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Abbreviation Definition Abbreviation Definition
BDO 1,4-butanediol N435 Novozym 435
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BHMF bis(hydroxymethyhfuran pNPB p-nitrophenyl butyrate
FDCA 2,5-Furandicarboxylic acid PBF pon(bL_Jterne 2.5-
furandicarboxylate)
AEC acyl-enzyme complex PBA poly(butylene adipate)
atRA all-trans retinoic acid PBI !ooly(butylene
isophthalate)
BSA bovine serum albumin PBP poly(butylene pyridinate)
BHA butylated hydroxyanisole PBS poly(butylene succinate)
BHT butylated hydroxytoluene PBS-DLS poly(butylene succinate-
dilinoleic succinate
CALB Candida antarctica lipase PBT poly(butylene
B terephthalate)
LCR Candida rugosa lipase PEF Poly(ethylene furanoate)
CAP cellulose acetate phthalate PEN poly(ethylene
naphthalate)
diethyl furan-2,5- .
DEF dicarboxylate PES poly(ethylene succinate)
. . poly(ethylene
DES diethyl succinate PET terephthalate)
Differential Scanning L
DSC Calorimetry PLA poly(lactic acid)
DMEDCA dlmethyl 2,5- PPE poly(propylene 2,5-
furandicarboxylate furandicarboxylate)
DMS dimethyl succinate PTT poly(trimethylene
terephthalate)
eROP enzymatllc ring-opening PVA poly(vinyl alcohol)
polymerization
EAM enzyme-activated PVL poly(8-valerolactone)
monomer
EG ethylene glycol PCL poly(e-caprolactone)
Fourier Transform Infrared
FTIR Spectroscopy PS polystyrene
GPC Gel Permeation ROP rlng—opgnlng
Chromatography polymerization
ILs ionic liquids SSP Solid state polymerization
LCC Lea.f and branch compost <A succinic acid
cutinase
LBC Ilpase.from Burkholderia TBT tetrabutyl titanate(IV)
cepacia
PPL lipase from porcine The The_rmoblftda alba
pancreas cutinase
MCs microcapsules TfC Thgrmobtftda fusca
cutinase
MW molecular weight TGA Thermggrawmetrlc
Analysis
NPs Nanoparticles TTIP titanium

tetraisopropoxide




Given the fossil fuel crisis and the steady consumption of finite resources, green polymers are
becoming necessary. The term “green” describes materials that present green properties (such
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
metal catalyst residues and side reactions’ by-products and controlled molecular weight. In this
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, and the immobilized Candida antarctica Lipase B
was used as a biocatalyst in solvent-free systems to produce PBS and PBF via two-stage
processes. The first step was conducted under milder conditions compared to chemical routes
(40 or 50°C, atmospheric pressure, 24 h) to minimize possible monomers’ losses. The second
stage’s conditions (reaction temperature, pressure, time) were thoroughly investigated. Based
on the reaction temperature investigation, conducted under 200 mbar, 90°C was indicated as
the optimum temperature for both PBS and PBF. The reduced pressure (20 mbar) slightly
increased the molecular weight (MW) of PBS, reaching the values of 2500 and 6700 g-mol™ (M,,
and M,,, respectively) and did not affect the MW of PBF, remaining 1800 and 1900 g-mol™. The
investigated increased reaction times were found to negatively affect the enzymatic
polymerizations of both PBS and PBF at both 90 and 95°C. The system may have reached
equilibrium due to the active end groups consumption, while the increased by-product
amounts requiring a higher vacuum to be removed, led to by-product accumulation within the
reacting particles and alcoholysis reactions. At 95°C, the enzyme'’s thermal inactivation was the
main reason for the observed MW decreases.

Thanks to the simplicity of the applied processes (low-temperature bulk polymerization
technique, not requiring multiple solvents for the final product isolation), both the prepolymers
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 novel, non-commercially available enzyme known for degrading plastic was also used as a
biocatalyst in a solvent-free system to produce PBS for the first time. The protein expression
and immobilization of a thermostable variant of the Leaf and branch compost cutinase (LCC),
LCC'C, as well as the biocatalyst characterization, were conducted by the Industrial
Biotechnology & Biocatalysis group at the Biotechnology Laboratory of NTUA. Thus, the



immobilized biocatalyst was used in a two-step process. The reaction temperature of the first
step was investigated (50-70°C), and it was conducted under atmospheric pressure for 24 h to
study the enzyme's efficiency in the polymerization. The second stage was conducted at 80°C,
under 200 mbar, for 2 h to favour the polymerization reaction. PBS was successfully synthesized
in all the tested temperatures, and the achieved MW values reached 1400 and 1500 g-mol
(M,, and M,,). The synthesized prepolymers presented several advantages, including narrow
molecular weight distributions and increased susceptibility to post-polymerization (AM,, and
AM,, up to 150 and 350 %, respectively), rendering them promising candidates for applications
such as drug delivery systems.

The enzymatically synthesized PBS prepolymers were then subjected to different post-
polymerization methods, including solid state polymerization (SSP) and low-temperature melt
post-polymerization. SSP was examined for different reaction temperatures, but it was found
ineffective in terms of significant MW increase. On the other hand, melt post-polymerization,
conducted at 110°C under reduced pressure of 20 mbar for 4 h, with the addition of a drying
step to remove any possible absorbed moisture from the prepolymer, led to AM,, and 4M,, of
76 and 94 %, respectively. PBF was also submitted to melt post-polymerization at three
different temperatures (85, 95 and 105°C). Its susceptibility to post-polymerization was
confirmed, especially at 105°C; the monitored AM,, and AM,, were 6 and 12 %, respectively,
and an increasing trend was observed.

Finally, the enzymatically synthesized, scaled-up and upgraded PBS was examined as a carrier
for controlled release systems, in collaboration with the Organic Chemistry Laboratory, NTUA
research team. Unloaded nanoparticles were firstly successfully formed (hydrodynamic
diameter ca. 470 nm), and then, the naturally occurring antioxidant flavonoid, naringin was
encapsulated with a sufficient encapsulation efficiency of 68 %. The system'’s controlled release
was assessed via preliminary in vitro release experiments. Despite its low molecular weight, the
enzymatically synthesized and upgraded PBS was a promising candidate carrier in controlled
release systems, especially for long-term release applications.

Keywords: Biocatalysis, poly(butylene succinate), poly(butylene 2,5-furandicarboxylate), post-
polymerization, SSP, encapsulation
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Aoupavovtag VoYLV TN CUVEXH KATAVAAWGCN TWVY OPUKTWYV TIOPWVY KAl TO yeyovog OTL
TIPOKELTOL YL TIETEPATHUEVEG TIPWTEG VAEG, N XPNON TIPACIVWY TIOAUUEPWY KPIVETOL TIAEOV
avaykaia. O 6pog «TPACIVa» TIEPLYPAPEL VALK TIOU TIAPOUCLALOVV «TIPACLVEG» LOLOTNTEQ
(r.x. BloAoykn TpogAeuon Kat/f} BLOATIOKOSOUNCIUOTNTA) KOL TIAPAYOVTOL PHECW BLWOLUWV
Slepyaotwyv Tov Segdyovtal LTO ATILEG CUVONAKEG KAL SEV OTIAULTOUV XNILIKOUEG KATOAUTEG N
TOEIKOVUG SLoAUTEG. Tl TPAYHATIKA TIPAoIval VAKX o@sidouv va ouvduddouv autd T
XOPOKTNPLOTIKA. ZUVETIWG, T €VCURIKA OUVTEDELUEVD, TIPOEPXOUEVA OTIO QVOAVEWOLUEG
TIPWTEG VAEG kKa/n BlodlaoTiwpeva oAupepn Suvavtal va BewpnBovv TIPayHATIKA TIPACIVA.
O Paolkog OTOXOG TNG TOPOVCOG EPEVVNTIKNG €PYQOiOg ATV N Topaywyr Twv
TIPOEPYOUEVWV ATIO VAVEWOLUEG TIPWTEG VAEG TIOAUEPWV TIOAV(NAEKTPLIKOG BOVTUAECTEPAG)
(poly(butylene succinate) r) PBS) kot toAu(2,5-pouvpavodikog BoutuAseotépag) (poly(butylene
2,5-furandicarboxylic acid) ) PBF) péow Plwolpwv odwv (evQUUIKOG TIPOTIOAUUEPLONOG OF
OUVSUAOMO HE XOUNANG BeppoKpaciag HETATIOAVUEPLONO). EKTOC TOU TTPACIVOU XOPaKTHPA
TOUG, GAAQ XOPOKTNPLOTIKA TWV UVAIKWVY OTO OTIOIt OTOXEVOUME QTOTEAOUV N LWnAn
KABapOTNTA WG TPOG  VUTIOAEIUHATA  METOAAIKWY  KOTOAUTWVY KOl TIPATIPOIOVTA
TIOPATIAEUPWY AVTIOPACEWY KOL TO EAEYXOUEVO HOPLOKO TOUG BA&poG. Me Tov TpOTO auTo,
TIAPAYOUHE VAKX UPYNAOU €PEVVNTIKOU KOl PBLORNXAVIKOU €VOLOPEPOVTOG, KaBwg eival
KATAAANAQL YLt XPON O€ OTAUTNTIKEG EQPAPHUOYEG OTIWG VYNANG KaBapOTNTAG CUOTHUATY
EYKAELOMOV (TL.X. ouokevaoia Tpo@itwy i BloiaTpikn).

O evQUULKOG TIOAVHEPLOPOG TIPAYHATOTIOONKE PE TN XPHON TOL OKIVNTOTIONHEVOU EVOUUOU
Candida antarctica Lipase B, xwpi¢ Tn xprion StoAutwy, yla tTnv mapaywyr Twv PBS kot PBF,
peow Sepyaatwv dVo otadiwv. To TPWTo 0TASI0 TIpAyUATOTIOONKE 08 ATILeG oLVONKeG (40
N 50°C, atpoo@alplkn Tieon, 24 wpeg) wWoTe va eAaxlotomolnBsl n TOAVOTNTA ATIWAELAG
povouepwv. Ou ouvBnkeg touv deutepou otadiov SiepeuvnONKav evOEAeXWG. ApPXLIKE, T
TPOIOVTA EVCUHLIKOU TIPOTIOAVUEPLOPOU TEONKAV 0 AVOAVCELG PACUATOOKOTIOG TTUPNVLIKOU
HoyvnTikoy ouvtoviopol ("H-NMR) kal @oopatooKoTio umepuBpOoU HE UETOOXNUATIOUO
Fourier (FTIR), wote va TawtomoinBovv ot emavoAapPoavopeve SOMIKEG HOVASEG TWV
TIOAUMEPWV. XTN OLVEXELR, Bdoel Tng Slepevvnong Tng Beppokpaciag avtidpaong o Tieon
200 mbar, ot 90°C avadeixOnkav wg BEATIoTn Beppokpacia Tooo ya To PBS 600 Kkat yia To
PBF, kupiwg pECW TOU TIPOCSIOPLOPOY TWV HOPLOKWY TOUG POpWwV HE XPWHOTOYPOPia
StéAevong péow minktNg (GPC). TNV mepintwon tou PBS, ta poplakd Bapn Twv mpoidovtwy
Twv 90 kat 95°C Atav Ta péylota (M, éwg 2300 kat M, éwg 5000 g-mol™). Itnv mepimtwon
Tou PBF, evtomiotnkav dvo Stakpitol TANBLoUol SLaQOPETIKWY HOPLOKWY Bapuwv, Ol TIUEG
TwV omoiwv dev SlagopomoBnkav pe oAAayn tng Beppokpaaioag aviidpaong Qotdoo,
StamotwOnke 6TL TO TTOCOOTO TOU TANBUGHOU HE TO PEYLOTO HOPLAKO Bapog auEnBnke otoug
90°C. H epappoyn pelwpevng mieong (20 mbar) apovoiooe eha@pwg BeTikn emidpaon ota
noploakd Bdpn tov PBS (M, 2500 kou M, 6700 g-mol™), vy Ssv emtnpéace ta poplakd Bépn
Tou PBF mou mapépevav 1800 kot 1900 g-mol™ (M, kou M, avtioTtoiKa) yia toug 90°C. AuTh
N SLAPOPETIKN CUUTIEPLPOPA TWV SVO CUOTNUATWY ATod0ONKe 0T SLAPOPETIKN Soun TwV
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TOAUHEPWY. O  OAslQaTIKOG ToAveoTépaG PBS  emutpémel tnv  amopdkpuvon  Tou
oxnHotl(OpeEVOL  TtapampPoiovtog (abavoAn) péow eatpiong kat  Sidxuong evoow
€QaPUOCeTal TO VYNAGTEPO KeVO (20 mbar). ATd TNV GAAN TAELPE, O OAELPAPWHATIKOC
ToAveoTéPaG PBF, AOyw Twv oykwdwv SOKTUAIWVY TIOU TEPLEXEL TNV EMAVOAXUPAVOUEVN
SOMIKNA TOV poVAda, Suoxepaivel TNV ATIOUAKPUVON TOU TIPATIPOIOVTOC KOl EVOEXOMUEVWG
amaLTeiTal EQappoyn okOpa vPnAdTepoL Kevou. QoTO00, AOYyW TWV OXETIKA XOUNAWY
poplakwy Bapwv tou PBF, n epappoyn vPnAdOTEPOU KEVOU EUTIEPLEXEL TO KIVOUVO OTTWAELOG
oAlyopepwyv Adyw e&dxvwong. ‘Ocov agopd otoug 95°C, n pewwpevn Tiieon emnpéaoe
aPVNTIKA KAl T S0 CLOTAMATA, YEYOVOG TIoV aTtodOONKe 0T PELWMEVN EVEPYOTNTA TOU
evQOMOU OTn OUYKeKPLUEVN Oeppokpacia. lMpoidovia XoApNAOTEPOL HOPLAKOU BApoug
oxnuati(ovTal Kol omopokpUvovTIal Aoyw €§dxvwong SlOTapACoOVTAG TN XNMUIKN
looppotiae NG avtidpaong. Emopevwg n Siepedivnon yua Toug xpovoug avtidpaong
ovvexiotnke ota 20 mbar ywx to PBS kat 200 mbar ywx to PBF ywa Tig Oeppokpaaieg twv 90
kot 95°C. OL au€npevol xpovol avTtidpaong EMNPENCAV APVNTIKA TOV TIOAUHEPLOPO Twv PBS
kot PBF, tooo otoug 90, 600 kat otoug 95°C, uttodelkviovtag OTL TO CUOTNUA EPTACE OF
LooppoTTiat AOYWw TNG KATOAVAAWGONG TWV aKpaiwyv SpAOTIKWY OPASWY KAl TwV ouEnUEvWY
TIOCOTATWY TIAPATIPOIOVTWY, YL TNV XTOPAKPUVON TWV OTIOIWY eVOEXOUEVWG OTIAUTEITAL N
€QapUOyn VWNAOTEPOU KEVOU. XUVETIWG TO TIOPATIPOIOV OUCCWPEVETAL METAED TwV
QVTIOPWVTWVY HOPIWY, KABLOTWVTOG ETOL TA OALYOUEPT) EVAAWTA 08 OAKOOALON. ZToug 95°C,
ToPATNPNONKE TEPATEPW Melwan TNG eVOUUIKNG EVEPYOTNTOG, N OTOIX QATIOTEAECE TOV
Baolkd AOYO OXNUATIOUOU TIPOIOVTWY XOAUNAOTEPWY HOPLOKWY BopwVv.

Xapn otnv omAodTNTA Twv OSLEPYOOLWY TIOU E€QAPUOTTNKAV (XOAUNANG Beppokpaaiog
TIOAUMEPLOPOG MALaG XwPig TN XPAon TTOAAWY SLOAVTWV YLt TNV ATIOROVWON TOU TEAIKOU
TPoildVTOG), ot Slepyacieg ouvBeong Kol Twv SV0 TIPOTIOAVUEPWV OTLG BEATLOTEG GUVONKEG
(PBS: 90°C, 20 mbar, 2 h kou PBF: 90°C, 200 mbar, 2 h) kAipokwOnkav smtuxwe. Etoy,
mapoAn@Onkav €wg 20 g PBS kat 6 g PBF yla Tpwtn QOpQ&, KOAUTITOVTOG TO OXETIKO KEVO
mov €xel mapatnpnBei otn PPAoypapia. Ta to PBS twv 20 g moapatnpndnke MiKpn
LTTORABOULION OTLG BEPLKEG LOLOTNTEG KABWG KOL OTA LOPLAKA BApN O€ GXECN e TO TIPOIOV TNG
KAlpokag 1 g. H umoPaBuion autr) amodoBnke otnv emidpacn QAVOUEVWY HETAPOPAS
pédog, Ta omola gival vTovoTepa O PEYOAEG KALpakeG. ETl mapadelypaty, o oxnuATIoOpOG
HEYOAUTEPNG TTOCOTNTAG TIAPATIPOIOVTOG, EVOEXOMEVWG ATIALTEL TNV EQAPHOY VYNASGTEPOU
KeVOV. To TPOIOV KALMAKWONG 20 g OTOTEAEDE TO TIPOTIOAUMEPEG TIOV €V OUVEXEIX TEONKE O€
METATIOAUUEPLOPO. ATIO TNV GAAN TIAELPQ, N TILO TIEPLOPLOMEVN KAMAKwWON TG Slepyaaiag
ouvBeong tTou PBF (¢wg 6 g), 0drynos oTov oXNUATIOHO TIPOIOVTWY e TIAPOUOLEG IOLOTNTEG
O€ OXE0N ME TN MKPN KAk (1 g). ZTNV TepimTwon auTr, TO TTPOIOV TwV 3 g ETIAEXONKE W(
TO TIPOTIOAUMEPEG TIOU TEONKE O METATIOAUHMEPLOMO, AOyw TNG €AAPPWG KOAVTEPNG
HOpP@POAOYIOG TIOV TIAPOVCIAOE OE OXEON UE TO TIPOIOV TWV 6 g.

2Tn CUVEXELD, VA KALVOTOMO, UN SLaBEotpo umtoplkd VU0, YWWOTO YL TNV LKAVOTNTA TOU
VO ATTOLKOSOEL TIAQOTIKY, XPNOLUOTIORONKE Yl TIPWTN POPA WC BLOKATOAVTNG Yl TN
ouvBeon PBS, xwpig T XprAon OSLAUTN. ZUYKEKPLUEVA, TIPAYHATOTOONKE amod TNV
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gpeuvnTikn opdda Industrial Biotechnology & Biocatalysis Tou Epyaotnpiou Biotexvoloyiag
Touv EMM, n ékppaon tng mpwrteivng kaBwg Kot n akwntomoinon uog Osppootabepnc,
TETPATAACG HETOMOENG TNG kouTwvéong Leaf and branch compost cutinase (LCC), LCC'C.
ErumAéov, TPAyHATOTIONONKE XOPOAKTNPOMOG TOu eVv(QUHOU, TO OTolo &V oguvexeia
XpnootoOnke wg PlokataAlTng oe Siepyaoia Svo otadiwv. H Beppokpaacia Tou Tipwtou
otadiov diepguvnBnke (50-70°C) yia 24 wPeG WOTE VA LEAETNOEL N ATOTEAEOUATIKOTNTA TOV
€VQOOU OTOV TIOAUUEPLOMO. To eUTEPO 0TASIO TTpaypatoTotlOnke otoug 80°C, 08 HELWHEVN
Tiiean 200 mbar, yiax Vo wpeg, wote va euvonbei n avtidpaon tou ToAvuepLopov. To PBS
OUVTEDNKE ETUTUXWCG OE OAeG TIG Beppokpaaieg kat T MB mou emitevxOnkav ntav 1400 kot
1500 g mol™ (M,, kot M,,). MeTa&) Twv TAEOVEKTNUATWY TWV TIPOIOVTWY CNUELLONKaY
OTEVEG KATAVOUEG OPLOKWV BAPLIV KOl XVENUEVN ETISEKTIKOTNTO OE HETATIOAVEPLOUS (AM,,
Kat AM,, £wg 150 kot 350%, avTioTo ), TToL Ta KABLGTOVV UTIOOXOUEVOLE UTIOWAPLOVE YLat
EPOPHUOYEG OTIWE CUOTAHUATA ATIOSETUEVONG OPACTIKWY OUCLWV.

To evQuuk& ocuvteBelpévo TpomtoAupepeg PBS (poidv kAipakoag 20 g) umoPAnBnke otn
OUVEXELX O OLPOPETIKEG HEBOSOUG HETATIOAVUEPIOUOY, OCUUTIEPIAAUPAVOLEVOL  TOU
MoAvpeplopov Xtepedg Katadotaong (MK 3 SSP) kot tou xapnAng Beppokpaociag
METaTOAVpEPIOpOU TAYHOTOG. O MK mpaypatomoOnke os SIAPOPETIKEG BepUOKPATiES,
WOTOO0O0 KPiONnke 0 OAEC TIG TIEPUTTWOELG AVATIOTEAECUATIKOG WG TIPOG TNV aENon Tou
MOplaKkoU  PBapoug  Kuplwg Adyw Twv XounAwv onpeiwv  t&Ewg. AvtiBeta, o
METATIOAUUEPLONOG THYUATOG TIOL TipaypatotoBnke otoug 110°C umo kevd 20 mbar yla 4
WPEG, Me TNV TPoobnkn €vog otadiou ERpavong wote va amopokpuvBouv miBavd
uTtoAgippata vypaaciog, odrynoes o aVENOELG poplakwy Bapwy AM,, kot AM,, 76 and 94 %,
avtiotolxa. OL OUVONKEG TOU HETATIOAUMEPIOMOV TAYHOTOG (Xpodvog, Beppokpacia)
SlepeuvnOnKkav TEEPALTEPW KAl SLTLOTWONKE OTL TOOO O€ PEYAAVTEPOUG XPOVOUG (>6 WPEC,
oe otaBepn Beppokpaaia 110°C) doo kat og VPNAOTEPEC Beppokpaaieg (> 130°C, yiax otaBepd
XPOvo avTtidpaong 4 wpeg) To TPoiov utoBabuideTal BepIKA Kol TTApATNPEITAL Helwan oTo
HOPLOKO TOU BAPOG, OAAG Kol UTTORABOUION TWV BEPUIKWVY OLOTATWV. ZUVETIWG, Ol CUVONKEG
avTidpaong 4 wpeg, 110°C, 20 mbar kpiBnkav WG BEATIOTEG YL TO CUYKEKPLUEVO CUCTNUAL.
ITN OUVEXELR, MEAETAONKE O UETATIOAUMEPLOMOG Tou PBF. To PBF T€OnKe QTOKAELOTIKA OF
METATIOAVMEPIOPO TAYHOTOG Yl Toug €€NG Aoyoug. [lMpwtov, o MMXK &ev kpiOnke
OTIOTEAEOPATIKOG OTNV avaPaBuion Tou TPoToAupepoV PBS. Ag0tepov, oL OyKWwOELG
UTIOKOTOOTATEG TOV PBF, kaBwg kat Ta idlaitepat vPnAd& toooatd akpaiwv VOPOEVAOUASWV
IOV &evToTioTNKAY, €lval TIOAY TIBVO va 08NYNnooUV Of TIEPAUTEPW TIOPEUTIOSION TNG
Stepyaoiag. Tuvenwg, To PBF umtePANON o€ HETATIOAVEPIOUO THYHUATOG KOL CUYKEKPLUEVD OFE
TPelg SlapopeTikeg Oepuokpaoieg (85 95 kat 105°C). BAoel TwWV OTOTEAEOUATWY,
eTMIBEPALWONKE N ETIOEKTIKOTNTA TOU TIPOTIOAUUEPOUG OF PETATIOAVUEPLONO, OLAUTEPO TTOVC
105°C. MoapdAo Tov oL AVEATELS TWV MOPLOKWY Bapwyv AM, and AM,, TIOU KATAYPAPNKAV
ATV XOUUNAEG (6 Kat 12%, avtiotol ), onpelwOnke avgnTikr Tdon.

To evQuukad ouvteBelgévo (Tpoidv  KAlAKkwong) kot avafobuopévo PBS  (mipoiov
METATIOAUUEPLOHOV TAYHATOG 0Toug 110°C, yia 4 wpeg) eAEyXONKe WG POPENG OE CUOTAUATA
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EAEYXOMEVNG QTTOSETUEVONG, OE OUVEPYOODIA e TNV €peuvnTik opdda Tou Epyaotnpiov
Opyavikng Xnueiog Tou EMI. Zto mAaiolo auTto, apx K& OXNUATIOTNKOAY KEVE VOVOSWHO TSI
wote  va  emPefoiwbel N katoAAnASdTNTAL TG UeBOSou  Tou  emAEXOnke
(Yyohaktwpotomoinon/eEdton StoAutn). Atd tn Sadikaoia moprixOnoav vavoowpatidla
VOPOSVVAUIKAG SLoUETPOL TiEPITIOV 470 NM. ZTN OUVEXELX, TIPAYHXTOTIOONKE EYKAELOUOG
PAABoVOoELSOUC AVTIOEEIOWTIKOU (VapLvyivn), WG HOVTEAO SPATTIKNG OVGLOG TIPOG EYKAELOUO,
o€ oWHATIO TOu eVQUULIKA ouvTEBELEVoL (Kat avaBabuiopévou) PBS, yia tpwtn @opd. H
amod0o0n EYKAELOMOU KPIONKe IKavOTIOINTIKA (68 %) Ot Oxéon ME TIUEG QVTIOTOLXWV
OUOTNUATWY TIOU ocuvvavtwvtal otn PipAoypagio. H eAeyxduevn oamodéopeuon ToOU
OVOTAMOTOG aELOAOYNONKE HECW TIPOKATOPKTIKWY (N Vitro TEPAPATWY OTTOSECHEVONG.
JUUTIEPOACUATIKA, TIAPAX TO XOUNAO TOU HOPLAKO BAPOC, TO eVOUMIKA OUVTEDEIPEVO KOl
avofoBuiopévo PBS amedeixOn umooxOHEVOG LUTIOWNPLOG YLt CUOTAMOTO EAEYXOMEVNG
OTIOSECHUEVONG, ELOIKA YLO EPAPUOYEC TIAPATETANEVNG ATIOOETUEVTNG,.

A€l KAed:  BlokatdAuon, TOAV(NAEKTPIKOG POUTUAECTEPAG), TIOAU(POUPAVOSUKOG
BouTLAEOTEPQAG), LETATIOAVUEPLONOG, MK, YKAELOUOG
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Even though most plastics are still fossil-based, the fossil fuel crisis has become more and more
evident, especially since the late 1990s [1]. Given the steady consumption and the fact that
fossil fuels are finite resources, their depletion seems unavoidable. As a result, greener
materials, e.g., bio-based and/ or biodegradable polymers, and greener processes, e.g.,
enzymatic polymerization, are becoming necessary.

An illustrative example constitutes the increasing interest in the Twelve Principles of Green
Chemistry, introduced in 1998 by Paul Anastas and John Warner [2]. The twelve Principles
include: 1. Prevention: it is better to prevent waste than to treat or clean up waste after it is
formed; 2. Atom Economy: Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product; 3. Less Hazardous
Chemical Synthesis: Whenever practicable, synthetic methodologies should be designed to use
and generate substances that pose little or no toxicity to human health and the environment;
4. Designing Safer Chemicals: Chemical products should be designed to preserve the efficacy
of function while reducing toxicity; 5. Safer Solvents and Auxiliaries: The use of auxiliary
substances (e.g., solvents, separation agents, etc.) should be made unnecessary wherever
possible and innocuous when used; 6. Design for Energy Efficiency: Energy requirements
should be recognized for their environmental and economic impacts and should be minimized.
Synthetic methods should be conducted at ambient temperature and pressure; 7: Use of
Renewable Feedstocks: A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable; 8. Reduce Derivatives: Unnecessary
derivatization (use of blocking groups, protection/deprotection, temporary modification of
physical/chemical processes) should be minimized or avoided if possible because such steps
require additional reagents and can generate waste; 9. Catalysis: Catalytic reagents (as selective
as possible) are superior to stoichiometric reagents; 10. Design for Degradation: Chemical
products should be designed so that at the end of their function, they break down into
innocuous degradation products and do not persist in the environment; 11. Real-time analysis
for Pollution Prevention: Analytical methodologies need to be further developed to allow for
real-time, in-process monitoring and control before the formation of hazardous substances,
and 12. Inherently Safer Chemistry for Accident Prevention: Substances and the form of a
substance used in a chemical process should be chosen to minimize the potential for chemical
accidents, including releases, explosions, and fires.

Demonstrating the timelessness of the issue, some years later, in 2014, Dubé and Salehpour
[3] reviewed and applied the principles of Green Chemistry to polymer production. Focusing
on the "Use of Renewable Feedstocks”, the researchers presented the main renewable
monomers classified from the following starting materials: 1. Vegetable oils (such as soybean
oil, castor oil, palm oil), 2. Lignin fragments (such as cellulose, chitin, chitosan, starch, lactic



acid), 3. Sugars, 4. Rosin (resin acids), 4. Glycerol, 6. Furans (furfural, furfuryl alcohol), 7. Tannins,
8. Suberin, 9. Terpenes, and 10. Others (citric acid, tartaric acid, carbon dioxide). Even though
renewable monomers are attractive due to their abundance and, in some cases, low cost,
disadvantages like achieving a high monomer purity from bio-based sources and, therefore,
high molecular weight polymer production still exist. In the context of the “Desing of
Degradation” principle, the authors also highlighted the value of biodegradable polymers such
as PLA, polyhydroxyalkanoates (PHAs), and starch. The main disadvantages of these materials
are their poor mechanical strength and barrier properties, increased vulnerability to hydrolysis,
and significant sensitivity to solvents (including water) and temperature, respectively.

Since bio-based and/ or biodegradable polymers constitute significant parts of the Green
Chemistry, it is worth focusing on and accurately defining the relevant terms. Bio-based
polymers are defined as materials obtained from renewable resources [4]. Bio-based polymers
include (a) natural polymers obtained from biomass (e.g., agropolymers originated from
agroresources such as starch and cellulose); (b) polymers synthesized from microorganisms
(e.g., PHAs); (c) polymers originated from bio-based monomers, synthesized in laboratories or
by industry (e.g., PLA, PBS, PEF) [5]. When economically competitive, these polymers could
replace conventional, fossil-based polymers [6]. It is of high essence that there is an increasing
interest in bio-based materials in the open literature [7-9].

Biodegradable polymers are polymeric materials that can be degraded in the environment via
the enzymatic action of microorganisms, which can be measured by standardized tests in a
specific time interval reflecting available disposal conditions [10]. At the end of biodegradation,
they are meant to be broken down into biomass, carbon dioxide and water [11]. A subset of
biodegradable polymers may also be compostable with specific reference to their
biodegradation in a compost system. These must be capable of undergoing biological
decomposition in a compost site so that the plastic is not visually distinguishable and breaks
down to carbon dioxide, etc, at a rate consistent with known compostable materials (e.g.,
cellulose) [10]. The use of biodegradable polymers, however, is not a “panacea”, given that
when they are left to degrade on their own in anaerobic landfill leachate or marine conditions,
the degradation kinetics is much slower and significantly higher times are required to reach a
high degree of disintegration compared to industrial composting [12,13]. On that basis,
biodegradable polymers seem to be a promising alternative to nondegradable fossil-based
polymers, providing their end-of-life management options will be further studied, especially
when they are to be released into the environment [14].

Among bio-based and/or biodegradable polymers, the most promising ones are the already
commercially available aliphatic and alipharomatic polyesters. In this context, we will focus on
the enzymatic polymerization of the aliphatic PLA and PBS, as well as on a novel category of
alipharomatic furan-based polyesters (e.g., PBF) (Table 1). Even though furan-based polyesters
are not biodegradable, their bio-based character and excellent properties make them
promising sustainable candidates for future applications, especially when synthesized via a
sustainable method such as enzymatic polymerization.
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Table 1. Structures of PLA, PBS and PBF

Polymer Structure
PLA /P\H/’}
0 n )
o]
PBS N N
PBF 1 ’ ) 0

In particular, poly(lactic acid) (PLA) is a bio-based, biodegradable and biocompatible polyester,
able to be used for bioapplications and pharmaceutical applications (e.g., sutures, scaffolds
and drug delivery systems) [6,15], as well as in packaging, as it is a promising alternative to
polystyrene (PS) and poly(ethylene terephthalate) (PET) [16]. PLA is becoming increasingly
popular as a packaging material, providing consumers with extra end-use benefits such as
avoiding paying the “green tax” in Germany or meeting environmental regulations in Japan
[17]. However, when PLA is conventionally produced — via direct condensation polymerization,
azeotropic dehydration condensation or lactide ring-opening polymerization (ROP) [18] —
either impurities or catalyst residues (organometallic, cationic, organic or bifunctional [19])
unavoidably remain in the final product, making it inappropriate to be used for food contact
applications. Indicatively, according to the standards for compostable and biodegradable
polymer packaging, the level of heavy metals should not exceed the maximum allowable level,
which is 150 mg-kg™" on dry substance [20]. The most commonly used industrial production
method for PLA is ring-opening polymerization (ROP) of the lactone monomers, and tin(ll)
octoate (stannous bis(2-ethylhexanoate): Sn(Oct),) is the most popular catalyst [21]. Sn(Oct). is
biologically safe and approved by the FDA (the US Food and Drug Administration) for use in
both food and medical applications [21]. However, the approval is dependent on empirical
safety data and studies with long-term liberation and physiological effects of tin-ions from
large tissue-embedded scaffold-matrices have not yet been conducted and may impose a
different level of risk [22]. It becomes thus clear that there is a need to establish another PLA
production method, not strictly requiring the removal of the used catalysts’ residues, such as
enzymatic polymerization.

As a bio-based, biodegradable and biocompatible polyester, poly(butylene succinate) (PBS)
can be used in the biomedical field. At the same time, it is also ideal for single-use food
packaging, as it can degrade at high rates over short periods (see Chapter 2.1). Nevertheless,
metal-based transesterification catalysts, including titanium(lV) tert-butoxide, tin(ll) 2-
ethylhexanoate, antimony(lll) oxide, titanium(lV) isopropoxide, titanium(lV) isobutoxide,
zirconium (IV) n-butoxide, antinomy (Ill) n-butoxide, hafnium (IV) n-butoxide, bismuth (lll) neo-



decanoate, germanium (IV) oxide, as well as high reaction temperatures are required for the
conventional PBS synthesis [23]. The use of that kind of catalyst, along with the high reaction
temperatures, usually causes the final product’'s yellowing as well as side reactions (e.g., the
dehydration of 1,4-butanediol (BDO) towards THF) [24,25]. As a result, removing catalyst
residues is unavoidable, especially when PBS is to be used for biomedical and food packaging
applications. On the other hand, another approach is PBS enzymatic polymerization, where
non-toxic enzymes are used as catalysts that do not have to be completely removed from the
final product, making it appropriate for biomedical and (active) food packaging applications.

Poly(ethylene furanoate) (PEF) is a bio-based alternative to PET [26] specifically for packaging
applications, presenting superior barrier properties compared to it (19 times decreased CO>
permeability, 11x decreased O, permeability, 31x diffusivity) [27]. Up to date, PEF is produced
via a two-stage melt polymerization method, carried out under hard conditions (e.g., high
temperature of 230°C) in the presence of metal catalysts (Sb, Ti, Ge and Sn) [27,28]. However,
this route negatively affects the final product’'s properties, including coloration, thermal
instability and decreased electrical performance. Additionally, potential environmental and
health problems may be caused mainly by the high applied temperatures and the metal
catalyst residues that are hard to remove [28]. It is of high essence, though, that to obtain a
sustainable polymer, the bio-based character of the final product is not sufficient; a sustainable
synthetic route, conducted under mild conditions, not requiring the use of metal catalysts (e.g.,
enzymatic polymerization), can be established and followed to produce a truly green product.
In light of the above, it is important to focus on sustainable polymerization methods, such as
enzymatic polymerization, that can produce sustainable polymers.

Biotechnology is increasingly finding applications in industry, even though traditionally, it was
restricted more to the research field. It encompasses a wide range of technologies and
practices involving manipulating living materials. Biotechnology consists of five fields: red,
dealing with medicine; green, dealing with agriculture; blue, dealing with marine and
freshwater environments; white, dealing with the chemical industry; and yellow, dealing with
environmental applications [29].

Focusing on white biotechnology, its main objective is to produce chemicals, materials or
biofuels using renewable biological resources by utilizing microorganisms or isolated enzymes.
These enzymes are highly significant due to their remarkable ability to catalyze specific
chemical reactions while adhering to environmentally friendly (or green chemistry) principles.
More specifically, in aqueous environments, lipases catalyze the hydrolysis of fatty acid esters
by a two-step mechanism that involves nucleophilic attack by a serine residue located within
the active site to produce an acylated enzyme and alcohol product, followed by nucleophilic
addition of a water molecule to liberate the fatty acid (Figure 1). On the other hand, when
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found in non-aqueous media, lipases can use other nucleophiles, such as methanol, to catalyze

esterification and transesterification reactions [30].
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Figure 1. Mechanism of the hydrolysis reaction of ester bonds catalyzed by esterases and
lipases [31].

Given the above, due to their remarkable selectivity and catalytic efficiency under mild
conditions, enzymes are an attractive and sustainable alternative to toxic catalysts used in the
polycondensation of functional monomers [32-35]. Bio-catalysis results in a high quality
polymer due to enzyme high enantio-, chemo- and regioselectivity and to consequent
restriction of side reactions. Furthermore, enzyme’s removal from the polymers is not that
stringent, something especially important for biomedical applications where organometallic
catalysts based on Ti, Zn, Al, Sn or Ge should be completely removed [36,37].

It is important to investigate the most recent developments in the enzymatic polymerization
of some of the most popular sustainable polymers (PLA, PBS, furan-based polyesters), greatly
impacting society, including scientific and industrial. In this context, the appropriate enzymes
to produce each polymer and their main characteristics are presented at the beginning of each
following chapter. The key experimental conditions of each applied synthesis method are
subsequently discussed. The applied synthetic methods are critically evaluated regarding their



environmental impact and capability to be used on an industrial scale. Finally, the most crucial
monitoring variables of each synthesized polymer are analyzed.

PLA can be enzymatically synthesized via either ROP of lactides or direct polycondensation of
lactic acid (Figure 2). ROP is a propagation process of cyclic monomers initiated by different
ions; for PLA production, the used cyclic monomer is a lactide, which is the cyclic dimer of lactic
acid. Polycondensation of lactic acid occurs by connecting carboxyl and hydroxyl groups
producing water simultaneously [38].

In most of the recently published works on the enzymatic polymerization of PLA, eROP is the
most preferred synthesis method [15,16,47,48,39-46]. The same trend has been observed for
the conventional synthesis of PLA, probably due to the wider range of molecular weight
polymers that can be achieved via ROP by controlling the purity of lactide. Polycondensation
is mostly used to produce PLA with low molecular weight using basic equipment and processes
[38]. Given that the enzymatically synthesized polymers usually present low molecular weights,
the eROP route seems to be more appropriate for the enzymatic synthesis of PLA. The crucial
process parameters will be discussed in the following.
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Figure 2. Enzymatic ROP of lactide (eROP) (a) and polycondensation of lactic acid (b).

Hydrolases and, more specifically, lipases are effective catalysts in the enzymatic
polymerization of aliphatic polyesters [49]. The most widely used enzyme for the synthesis of
PLA — via either eROP of lactones (cyclic esters) or direct polycondensation of lactic acid -

Novozym 435 (N435) [15,16,42,43,45-48,50], consisting of immobilized Candida antarctica
lipase B (CALB) physically adsorbed within the macro-porous resin Lewatit VPOC 1600 (activity
10000 PLU-g", optimum temperature 30-60°C) (Table 2). Other commercially available enzymes
that have been used for PLA enzymatic polymerization are Candida rugosa lipase (LCR) [39,51]
and the lipase from P. fluorescens (lipase AK), as well as lipases from Burkholderia cepacia (LBC)
and porcine pancreas (PPL) [41,43,44]. Another approach is to isolate, after screening, a strain
of a microorganism that produces the desired enzyme and then isolate it in a crude form in
the lab. In this context, Panyachanakul et al. [52] isolated a solvent-tolerant and thermostable
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lipase-producing actinomycete strain (A3301), identified as Streptomyces sp. The obtained
lipase's activity, optimum temperature and thermostability were 108 U-ml™, 60°C and 45 — 55°C,
respectively and it was able to tolerate 10 — 20% (v/v) hexane and toluene.

The mechanism of the lipases acting during the eROP of lactones has been studied in detail
(Figure 3). In brief, the active site of CALB contains the amino acids Ser105-His224-Asp187,
with Ser being the nucleophile, His the basic residue and Asp the acidic residue. Thus, a
hydrogen-bonding network (serine — histidine and histidine — aspartic acid) is formed. An acyl-
enzyme intermediate is formed by the reaction of the serine residue with the lactone, rendering
the carbonyl group more prone to nucleophilic attack. The next step, initiation, includes the
deacylation of the acyl-enzyme intermediate by an appropriate nucleophile such as water,
producing the corresponding w-hydroxycarboxylic acid/ester. When the nucleophile is an
alcohol or amine, the product contains the corresponding ester or amide as an end-group.
Finally, chain growth or propagation occurs by deacylation of the acyl-enzyme intermediate by
the terminal hydroxyl group of the growing polymer chain to produce a polymer chain
elongated by one monomer unit [53]. The mechanism of other types of reactions for the
preparation of PLA — including (direct) polycondensation of lactic acid — is similar to the
described above [54], starting with a stage of formation of an enzyme-activated monomer,
which further participates in the stages of chain initiation and growth. The nucleophilic attack
of the carbonyl carbon atom of the enzyme-activated monomer with the terminal hydroxyl
group of the chain leads to the elongation of the polymer chain by one monomeric unit.
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Figure 3. Mechanism of the lipase-catalyzed ROP of lactones: Formation of the acyl-enzyme
intermediate (a); Initiation (b); Propagation (c).

However, eROP of lactones kinetics is usually slow and only some monomers are polymerized
[43]. The type of enzyme obviously affects the polymerization rate, given that each enzyme
presents specific stability and catalytic activity under the applied experimental conditions.
Regarding lactide polymerization, N435 is the most efficient enzyme, presenting the highest
activity. Duchiron et al. [43] determined the optimal activity temperature for four different
lipases, including N435, by performing a simple esterification reaction and defined the initial
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reaction rate at different temperatures. As expected, N435 presented (four times) higher
activity compared to the other tested lipases (LBC, LCR, PPL) even at lower temperatures (e.g.,
30°C, 50°C, 70°C). The effect of the type of the enzyme, which is strongly related to its activity,
can be explained by the fact that the formation of the acyl-enzyme intermediate is the rate-
determining step of the enzymatic polymerization [53]. Duchiron et al. [43] conducted eROP of
lactide stereoisomers using N435 and B. cepacia to synthesize PLA. The authors stated that
reactions kinetics were slow compared to metal-based catalysts or organocatalysts, as
expected, since 80% monomer conversion was achieved after 24 and 48 h for N435 and LBC,
respectively. N435 being more effective compared to LBC, resulted in a significant yield (90%)
but slow kinetics and generally low molecular mass (less than 4000 g-mol™), probably attributed
to a weak affinity between lipases binding site and lactide.

Even though in most of the published works on the enzymatic polymerization of PLA, the
enzyme is not dried prior use, the water content in the enzyme has been found to play a crucial
role in the polymerization process. There are two types of water molecules associated with
enzymes; the "essential” or “free” or "hydration” water and the "bond” or “structural” water.
Essential water is found at the surface layer of the enzyme, while bond water is embedded
inside the enzymes’ molecules [46]. Zhao et al. [46] measured the ‘free water’ content in N435,
which was found in the range 0.77-1.97 wt%. The conducted eROP of L-lactide was catalyzed
by different batches of N435. The researchers found that the molecular weight of PLA
decreased with the increase in initial water content in the immobilized lipase. Only in a few
works there is a reference to the drying process of the enzyme. Indicatively, N435 has
undergone drying for one or two days under vacuum at room temperature [15,41] or for 2 h
in a high vacuum pump (Vacuubrand, Germany) [48]. Otherwise, it has been stored under
vacuum in a desiccator at 4°C [42]. On the other hand, using high vacuum for the enzyme'’s
drying may be a significant obstacle to a possible process scaling up. Another drying option
found in the open literature is freeze-drying [45,47]. Certain enzymes (e.g., C. rugosa) are
commercially available in the form of freeze-dried powders [43]. In this context, Duchiron et al.
[43] attempted to increase the PLA chains length and improve reaction kinetics via two
different approaches: a. freeze-drying of the enzyme to significantly reduce the hydration water
level without having a negative impact on the structural water content and b. addition of an
amino base, TEA (anhydrous triethyl amine), as a co-solvent to toluene, which was used as
solvent for the lactide’s eROP. The first approach aimed at controlling the relative rate of the
chain coupling (k) reaction concerning the water reaction rate (kw) and the water content in
the medium (Figure 4). The second approach was used to increase the relative constant of
coupling chain reaction (kc/kee); by adding TEA, the lactide solubility was enhanced and the
chain-ends of the formed oligomers were activated (Figure 5a). Due to its slight basic character
and nucleophilicity, TEA probably increased the reaction rate also by activating the monomer
for its ring-opening (Figure 5b). The enzymes’' freeze-drying (approach a) resulted in an
increase of 17 and 40% in the M, for N435 and LBC, respectively, while the TEA addition
(approach b) permitted a significant kinetic improvement (reaction was five times faster for
N435) and an increase of the molar mass (17% for N435).

11



o 1 o}
a) H © k °
] o—Lip + HO Lty 0—-y + Li—oOH
Ky
© a o a

(0] ke
_
b) "o O—tLip K
o] o) o
(e] (o]
) H, i +H. Kee 0 )
o] O—Lip 0 O—H =——= Hy oy + Lir—OH
LLL‘
fo) o}
b o ath

+ Lip— OH

Figure 4. Reaction pathways for enzymatic ring-opening polymerization of lactide: Water
reaction (a); Cyclisation reaction (b); Chain Coupling reaction (c).
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Figure 5. Oligomers chain-end activation (a) and nucleophilic activation of lactide (b)

Other approaches aiming at the improvement of enzymatic polymerization kinetics include the
immobilization of the enzymes. Immobilization of an enzyme aims at avoiding the aggregation
of the hydrophilic enzyme molecules, recycling the enzyme to reduce processing costs and,
preventing the contamination of the product by the enzyme protein [55,56]. Additionally,
immobilization enhances the enzyme properties by increasing the enzyme rigidity and heat
tolerance, which is caused by the low conformational flexibility of the enzyme and is generally
indicated by an increase in the optimum temperature and stability against inactivation [57].
When a non-immobilized lipase is submitted to heating, thermal deactivation occurs. The
protein unfolding is considered a major cause of this kind of deactivation. However,
Rhizomucor miehei lipase’s thermal deactivation, which was studied by Noel and Combes [58]
was attributed predominantly to the formation of aggregates rather than to protein unfolding.
Several commercially available enzymes, such as the N435, are adsorbed within resins
improving their stability and efficiency. Dusklnkorur et al. [42] conducted eROP of D-, L- and
D,L-lactide isomers while comparing free Candida antarctica lipase B (CALB) and its clay- and
acrylic resin-immobilized forms. It was concluded that CALB immobilized on neat and organo-
modified montmorilonite used for the D-lactide polymerization allowed to reach 70% of
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monomer conversion after 4 days, but led to small oligomers. This slower polymerization
kinetics compared with free CALB was partially attributed to hydroxyl groups at the clay surface
that could be involved as co-initiators during polymerization.

Since N435 is immobilized, it can be reused up to ten times for numerous reactions [59] Loeker
et al. [60] studied the eROP of poly(e-caprolactone) (PCL) in supercritical carbon dioxide; it was
found that reusing N435 led to the formation of high molecular weight values (M,, 34000-
37000 g-mol™) even after the enzyme's cleaning. On the other hand, the achieved mass yields
were lower after the first recycling step. This was attributed to either leaching of the lipase B
from the immobilization matrix or denaturation, leading to a partial loss in overall catalyst
activity. Poojari et al. [61] reported the N435 recovery and reuse for up to ten reaction cycles
during PCL synthesis in toluene at 70°C. High molecular weights (M,, 50000 g-mol™) were
constantly achieved. It was also stated that the multiple reuse cycles of N435 would be
unattainable if leaching of CALB occurred due to physical desorption during polymer synthesis
or if it was submitted to high mechanical shear (e.g., intense mechanical stirring). Very recently,
Adhami et al. [62] conducted eROP of lactones to produce PCL and poly(&-valerolactone) (PVL)
using N435 in a flow tubular reactor. Due to the decreased reaction time of each cycle, the
researchers synthesized PCL in toluene at 70°C while reusing the enzyme more than ten times.
More precisely, high efficiency of the enzyme was proved, as it was used about twenty times
in a flow tubular micro-reactor without the need for any extra step. The achieved molecular
weight and conversion values were slightly lower than the fresh enzyme after the eight run.

The selected enzyme's concentration is one of the most important parameters of the enzymatic
polymerization process. First, it has a considerable impact on the method’'s economical
sustainability. As already discussed, immobilization aims at the enzymes’ recycling; however, it
is crucial to use as little as possible enzymes’ quantity considering their high current cost
[63,64]. In most of the published works with N435, lipase from the B. cepacia and lipase
produced by Streptomyces sp. A3301, the selected average concentration is 10% relevant to
the monomer’s mass [16,41-45,52]. Of course, there are some exceptions; 2 and 3% of C. rugosa
lipase has been also used for eROP and direct polycondensation of lactic acid [39,51], while
20% of N435 (0.5 g of lactide, 100 mg of N435) has been used by Zhao et al. [46] for eROP.

Second, the selected enzyme’s concentration has a significant effect on the obtained product’s
properties. Zhao et al. [46] used 2% free CALB (0.5 g of lactide, 10 mg of free CALB) for the
eROP of the L-lactide and obtained a product of M,, 2800 g-mol™". When the enzyme’s quantity
increased to 10% (0.5 g of lactide, 50 mg of free CALB) the achieved M,, of the product was
17500 g-mol™ under the same experimental conditions.
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Table 2. Literature data on the enzymatic polymerization of PLA

Polymerization Range of achieved MW

Ref. Enzyme method Solvent T(°C) L (g'mol ") o
M, M,

[52] Stregtomyces polycondensation Toluene 60 - 525
lipase

[51] Candl:da rugosa Direct . i 100 1430-1480 i
lipase polycondensation

[40] CALB redesigned eROP Toluene 60 - 780

[50] Im. CALB polycondesation Isopropyl ether 60 - 2460

[42] Im. CALB eROP Toluene 70 - 2600

gy~ Condidarugosa eROP . 90 5400 2850
lipase

[43] N435 eROP Toluene, TEA 70 - 4900

[16] N435 eROP scCO2 65 12900 -

N,N-
[46] N435 eROP Dimethylacetamide 130 18800 -
(DMA)

[15] N435 eROP Toluene 60 - 12000

[44] B. cepacia lipase eROP scR134a 105 - 14000

[47] N435 eROP Toluene 80 - 26000

compressed R134a
[48] Im. CALB eROP and the 65 - 28000
IL [C4MIM] [PFg]’
[45] N435 eROP IL [HMIM][PFe]? 90 - 37800
[41] B. cepacia lipase eROP - 125 - 78100

"-butyl-3- methylimidazolium hexafluorophosphate, 21-hexyl-3-methylimidazolium hexafluorophosphate
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Another crucial parameter of enzymatic polymerization is the type of the used solvent when
solution polymerization is selected. The most commonly used solvent for both eROP of the
lactides and direct polycondensation of lactic acid is toluene [15,40,42,43,47,52]. In literature,
toluene has been evaluated along with other conventional solvents based on their
environmental risk. Toluene’'s environmental risk ranking was 0.7344, while water's 1.000 and
benzene’s 0.6098. Generally, toluene is characterized as usable but problematic [65], so not
fully aligning with the principles of green polymerization. Toluene is a volatile, non-polar,
aromatic hydrocarbon and along with hexane and benzene, they have been identified as
hazardous air pollutants, carcinogens, mutagens and reprotoxins [66]. Especially for toluene,
the primary target organ for chronic exposure is the central nervous system (CNS),
gastrointestinal (GI) tract, cardiovascular system, hepatic, renal, hematological and dermal
systems [67]. The replacement of toluene with a green solvent could be a solution to this
problem. Gu and JérOme, in their review paper [68], formulated the twelve criteria that a green
solvent needs to meet: availability, price, recyclability, grade (technical grade solvents are
preferred compared to highly pure solvents), synthesis, toxicity, biodegradability, performance,
stability, flammability, storage and renewability. It is stated there, without being proven, that
MeTHF, a commercially available solvent produced from renewable resources (lignocellulosic
biomass) resembling in many ways to toluene in terms of physical properties, could
theoretically replace it. However, it should always be considered that there is no absolutely
green solvent, as it is a relative term, always depending on the context of each application. The
only way to safely evaluate a solvent's level of greenness is to conduct an LCA [69].

Besides the sustainability issue, using low-polarity toluene is not ideal for eROP since lactides
present high polarity and low solubility [48]. In this context, other alternative approaches,
including ionic liquids (ILs) and supercritical fluids (SCFs), have been developed. ILs are
considered green alternatives as they have a negligible vapor pressure and, as such, do not
contribute to the volatile organic compounds problematic [69]. The term ILs includes
chemically different solvents and liquid groups with different characteristics, except that they
are all salts and liquids at low to moderate temperatures. Probably the most popular IL group
contains N,N'-diacyl substituted imidazolium cations combined with a convenient counterion.
The cations’ synthesis, however, involves non-green reactions, and there is no enzyme known
that could cleave the N-C- bonds. As a result, these cations are not biodegradable. Two other
IL groups are considered greener; the first includes ILs consisting of cations found in the
metabolism of living species or derived from them. Such cations can be based on choline,
betaine, carnitine or amino acids. The second group includes ILs containing ethylene oxide
groups. In contrast to other ILs, where the bulky cations energetically hinder crystallization,
their low melting temperature is the consequence of high entropy contributions caused by the
introduction of several ethylene oxide groups. Due to these structural features, these ions show
high flexibility and favor the liquid state [69].

However, ILs have attracted great attention in the 21 century due to their ability to replace
conventional solvents [65]. Most of the ILs that have been tested for ROP were inappropriate,
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except for 1-butyl-3-methylimidazoliumhexa-fluorophosphate ([BMIM] [PFe]) [46]. [BMIM]
[PF¢] efficiency could be attributed to the relatively high miscibility of PLA with [BMIM][PFe] (up
to 10% by mass) and its low tendency to decompose the polymer matrix during melt-mixing,
as it was studied by Gardella et al. [70]. [BMIM] [PF¢] has been used to some extent in eROP of
lactides [45,46]. On the other hand, ILs present certain drawbacks that should be considered.
Often their synthesis is not green at all and many of them are badly biodegradable and show
significant toxicity. Additionally, their price is relatively high, especially for reasonably pure ILs,
they often present high to very high viscosity and require high effort for their synthesis [69].

SCFs have also been used in eROP of lactides, probably due to the enhanced solubility of the
monomer and the growing polyester chains in this kind of media [16,44]. Generally, eROP is
conducted in a biphasic media system where the supercritical phase (e.g., supercritical carbon
dioxide) coexists with a liquid organic phase mainly composed of melted monomer, wherein
the formed PLA chains are soluble [16]. The polarity and hydrophobicity of SCFs such as 1,1,1,2-
tetrafluoroethane scR134a contribute to this enhanced solubility of the monomer and
subsequent polymeric products [44]. The use of SCFs may, however, influence enzyme activity
by direct pressure effect, which may lead to denaturation and by indirect effects of pressure
on enzymatic activity and selectivity; when supercritical CO; is used, lower catalytic activities
may be observed due to the formation of carbonic acid [71].

Another approach aiming to develop a green process for the enzymatic synthesis of PLA is the
combination of ILs and SCFs. According to Mena et al. [48], the use of a homogenous medium
composed of the ionic liquid [C4MIM] [PFe] with miscible compressed 1,1,1,2-tetrafluoroethane
(R134a), above the critical points of the mixture, led to the successful enzymatic syntheses of
linear and hyperbranched PLLA. The molecular weight of the obtained PLLA products were up
to 3-fold higher than those obtained with the ionic liquid medium (up to 28000 g-mol™).

It is always preferable to avoid using a solvent when it is not necessary. Bulk systems have also
been studied in the context of eROP of lactides [41,46,72]. Malberg et al. [41] observed that
lipase from B. cepacia was effective in both bulk and mini-emulsion eROP, while Zhao et al.
[46], who used N435 for the L-lactide, stated that most of the tested organic solvents led to
much lower molecular weights and yields compared to the bulk system, with the exception of
xylene and DMA at a low concentration. This behavior could be attributed to the fact that the
oligo(lactide) solidifies easily in bulk systems, creating a mass transfer barrier for continuing
the enzymatic reaction. Additionally, the water content in solvents may lead to unfavorable
side reactions, including polyester hydrolysis. On the other hand, using a solvent at a low
concentration (e.g., 0.25 mL for 0.5 g L-lactide) may be beneficial to produce higher molecular
weight PLA. Yoshizawa-Fujita et al. [72], who conducted eROP of the L-lactide, concluded that
the achieved monomer conversions and molecular weights for certain ILs were better than the
bulk and solution methods’ and they attributed this to the fact that the anion of ILs has a
molecular interaction during the polymerization. According to the researchers, the activity of
lipases is strongly affected by the anion species of the IL; ILs having [BF.], [PFe], and [NTf,] (from
the IL 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide or [C4MIM] [NTf,])
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anions induce the polymerization activity of lipases. However, chloride and [N(CN),] anions
have exhibited lipase deactivation due to the strong interaction of the lipase with the [N(CN)]
anion. Additionally, stability studies have indicated that lipases exhibit greater stability in ionic
liquids than in organic solvents, including hexane [73]. However, the polymer yields were
relatively lower than those of bulk polymerization because PLLAs present great solubility in ILs,
and it is thus difficult to be extracted at the end of the process.

The reaction temperature, time and pressure are also crucial factors for the properties of the
product to be obtained. In general, the enzymatic polymerization reaction rate increases with
temperature. The melting temperature of the L-lactide is 93°C, so when eROP takes place in
solventless systems, the first step is usually the lactide’s heating until it melts. In light of the
above, Rahmayetty et al. [39] tested different temperatures in the range of 70 — 130°C for eROP
of L-lactide in the presence of C. rugosa lipase (CRL). They concluded that the highest CRL
activity was obtained at 90°C for 72 h. The researchers noticed that above 90°C, the lipase
underwent discoloration from yellowish-white to dark brown and confirmed that high
temperatures caused denaturation of proteins of enzymes. Malberg et al. [41] conducted bulk
eROP for PLA synthesis at 100 and 125°C in the presence of lipase from B. cepacia for seven (7)
days. The bulk direct polycondensation method, which was conducted by Rahmayetty et al.
[51] in the presence of C. rugosa lipase, presents great interest regarding the applied
experimental conditions; the mixture of the monomer and the enzyme was heated at different
temperatures (60 — 120°C) and vacuum pressure of 0.1 bar for 72 h. The researchers found out
that the rising temperature causes the rising of viscosity and density of PLA solution. They also
confirmed that PLA’s yield is affected by temperature.

The applied reaction temperatures were slightly lower (60-90°C) when enzymatic
polymerization was conducted in toluene [15,40,42,43,47,52]. This could be attributed to the
relatively low toluene boiling point (110°C). Indicatively, Takwa et al. [40] conducted eROP in
the presence of wild type and redesigned CALB at 60°C, for 48 h, in D8-toluene, while
Panyachanakul et al. [52] conducted polycondensation in the presence of a lipase produced by
Streptomyces sp. A3301 at 60°C, for 8h, in toluene, under nitrogen atmosphere. Higher
temperatures are sometimes applied when ILs are used. For example, Zhao et al. [46] noticed
that a temperature of 130°C led to higher molecular weights and conversions than lower
temperatures (80-110°C) in [BMIM][PF¢], so 130°C was the selected reaction for the
polymerization process which was conducted for 7 days.

The most important parameter to evaluate the level of success of an applied polymerization
process is the molecular weight (MW) of the obtained product. Other important parameters
include the thermal properties glass transition and melting temperature, crystallinity and the
achieved process yield.

17



The MW of the obtained PLA grades of each research work could be classified into 3 categories;
oligomers or low-molecular-weight (<5000 g-mol™) PLA grades, moderate-molecular-weight
(5000-15000 g-mol™) and high- molecular-weight (> 15000 g-mol™") PLA grades.

The lowest obtained number-average molecular weight (M,, ) of the enzymatically synthesized
PLA grades was 525 g-mol™, synthesized via polycondensation in the presence of a lipase from
Streptomyces sp. (A3301), at 60°C, in toluene, by Panyachanakul et al. [52]. Based on their poor
properties, the produced short oligomers would not be able to be used in any application. Still,
as was suggested by the researchers, they could be applied as prepolymers for PDLLA synthesis
in other experiments and applications. Similarly, Rahmayetty et al. [51], who applied direct
polycondensation of lactic acid in the presence of C. Rugosa lipase, obtained low-molecular-
weight products in the range 1400 — 1500 g-mol ™. It could be very difficult to study and suggest
a scaling up of this process, given that a relatively high vacuum (0.1 bar) is required. In general,
the low molecular weights obtained in these works could be attributed to the applied direct
polycondensation, which produces low molecular weight products even when conventional
catalysts are used [38,74]. However, it is valuable that new enzymes were isolated and tested
for the enzymatic polymerization of PLA, and the academic community can undoubtedly make
good use of these data.

Lassalle and Ferreira [50] used immobilized CALB in isopropyl ether for 96 h to conduct direct
polycondensation. The obtained products were solids, presenting values of M,, between 400
and 2400 g-mol™ and LA conversion between 22 and 96%. The percentage of the solid PLA was
in the range of 2-55%. Since a polymer of these properties can be used for a limited number
of applications, a novel thermal treatment consisting of heating at 190°C, under vacuum, for
24 h was proposed to further increase the M,, giving promising results.

Regarding eROP, Takwa et al. [40] synthesized PLA of 780 g-mol™, corresponding to a degree
of polymerization (DP) of 4.5 lactide units at 60°C in toluene. They used the D-lactide and
compared the efficiency of the wild type and several mutants of Candida antarctica of lipase B
as biocatalysts. They found out that two mutants presented 90-fold increased activity
compared to the wild type, and the achieved conversion was 89%. Based on a molecular
dynamics simulation, the researchers concluded that the larger space created by a specific
mutation altered the orientation of the dilactyl moiety in the tetrahedral intermediate, thus
improving the deacylation step of the propagation in the ROP reaction drastically. On the other
hand, the relevant low molecular weight that was obtained is not in complete accordance with
the literature, as it is suggested that CALB has a good selectivity towards D-lactide (better than
L-isomer) [40,43].

Rahmayetty et al. [39] performed eROP of L-lactide in the presence of C. rugosa lipase at 90°C.
The resulting PLA presented M, of 2854 g-mol” at a yield of 93%. The crystallinity of the
enzymatically synthesized PLA was 31%, and its melting point (7r,) 120°C. It is known that PLA
is a semicrystalline polyester with a melting temperature between 170 and 180°C [75]. The
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lower melting point of the obtained PLA grade is attributed to its low molecular weight. This
product was recommended for biomedical applications.

eROP of D- and L-Lactides was conducted by Duchiron et al. and Dusklnkorur et al. [42,43].
Both the research groups used N435 and selected reaction temperatures of 90 and 115°C,
respectively. Duchiron et al. [43] obtained oligomers of M,, from 500 to 4900 g-mol”'and
confirmed the selectivity of N435 towards D-lactide and B. cepacia towards L-lactide. The most
important finding of this group was the activating role of TEA which, as an aprotic amino base,
permitted a significant kinetic improvement (5 times faster enzymatic reactions) and an
increase in the molar mass of the final product (17%). This approach could reveal new
opportunities for lipase reverse catalysis and make eROP a competitive method, comparable
with classical organometallic catalysis. Duskinkorur et al [42] achieved the complete
conversion of D-lactide to PDLA with M,, of 2600 g-mol™.

Moderate-molecular-weight PLA grades were synthesized via eROP by Guzman-Lagunes et al.,
Garcia-Arrazola et al. and Hans et al. [15,16,44]. Guzman-Lagunes et al. [44] and Garcia-Arrazola
et al. [16] used the L-lactide and the enzymes B. cepacia lipase and N435, respectively. It is of
high interest that both these groups used SCFs (scR134a and scCO;) to synthesize PLA of M,,
14000 g-mol™" (B <2) and M,, up to 12900 g-mol™, respectively. Of note that the grade of 14000
g-mol™ presented crystallinity of maximum 35% and melting temperature in the range of 170-
180°C, in agreement with the reported values of PLA [75].

Hans et al. [15] obtained via eROP of D-lactide a narrowly distributed polymer (B 1.1) with M,
of 12000 gmol”. The reaction temperature was 70°C and the researchers used a
monomer/toluene ratio of 1:2 (g:mL). They concluded that upon careful adjustment of the
reaction conditions, it is possible to obtain PDLA with reasonable molecular weights in high
yields enzymatically using the biocatalyst Novozyme 435.

Zhao et al. [46] conducted eROP at 130°C with the use of IL [BMIM][PFs] to produce PLA grades
of M,, around 20000 g-mol'or M,, around 10000 g-mol” (for an average D of 2), meaning
medium-molecular-weight polymers. The researchers stated that this polyester type could be
used as the soft block of thermoplastic elastomers or carriers for controlled drug delivery and
release.

It is interesting to observe that several high molecular weight PLA grades have been
synthesized enzymatically [41,45,47,48]. The highest molecular weight of enzymatically
synthesized PLA grades M,, 78100 g-mol™" was achieved by Mélberg et al. [41] with the use of
a lipase from B. cepacia at 125°C for 7 days in bulk. Chanfreau et al. [45] used the IL [BMIM][PFe]
to obtain PLLA of M,, 37800 g:-mol™". The measured PLLA yield was 63% and it was attained at
90°C. Omay et al. [47] and Mena et al. [48] synthesized PDLA and PLLA grades of M,, of 26000
g-mol™” and 28000 g-mol™, respectively. In both works, the used enzyme was N435, but PDLA
was synthesized in toluene at 80°C, while PLLA was synthesized in a homogenous media
composed of the ionic liquid [C4MIM] [PFe] in combination with miscible compressed 1,1,1,2-
tetrafluoroethane (R134a). This is very promising, given that the PDIs of the polymers were in
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the range of 1.1-1.7, indicating narrow distribution, the percentages of crystallinity of the PLLAs
were in the range 43-50%, which is expected for semicrystalline polymers, the Ty of the
polymers were the range of 48.8-62°C, in agreement with published reports, the melting
temperatures range between 109 and 138°C and the degradation temperatures of the
polymers were between 155 and 122°C.

Since the 1990s PBS and its copolymers have been highlighted in polymer science mainly due
to their ability to be used in biomedical and food packaging applications. PBS's
biodegradability makes it an appropriate material for soft-tissue repair and tissue engineering,
as well as in the single-use packaging sector. However, properties such as crystallinity play a
major role in the degradation process and may limit its suitability for soft-tissue applications,
mainly due to the relatively slow degradation and resorption rate [76]. Additionally, crystallinity
degree and crystalline morphology significantly affect the gas barrier properties of a packaging
material [77]. It is thus important to fine-tune the production process of PBS to obtain free of
catalyst residue grades appropriate for use in biomedical and packaging applications while
presenting controlled properties such as crystallinity. The most important parameters of the
recently conducted enzymatic polymerizations of PBS will be discussed in the following.

N435 has been used for every conducted enzymatic PBS polymerization for the last 20 years
(Table 3). There is only one work — published in 1998 — where the researchers used the lipase
from R. miehei to produce biodegradable aliphatic polyesters, including PBS [78]. Even though
the results were satisfying, and the lipase R. miehei generally seems adequate for esterification
reactions due to its high stability in anhydrous media and good esterification activity [79], it
has not been selected as a biocatalyst for the most recently conducted enzymatic
polymerizations where we will mainly focus.

Enzymatic polycondensation and ring-opening polymerization that has been analyzed above
for PLA occur through similar mechanisms and reaction intermediates (acyl-enzyme
intermediates) [80]. The lipase mechanism during polycondensation has been described in
detail by Hevilla et al. [80] and is depicted in Figure 6. In the first step, the primary alcohol from
the nucleophilic serine (-CH.OH) interacts with the carbonyl group of a substrate molecule
(carboxylic acid or its esters) RC(=0)-OR', forming a tetrahedral intermediate (*I). This
intermediate gets stabilized through three hydrogen bonds from glutamine (GIn 106, 1
hydrogen bond) and threonine (Thr40, 2 hydrogen bonds). Meanwhile, the imidazole group of
His224 residue pulls the proton from Ser105. As a result, the nucleophilicity of the oxygen is
increased enough to attack the carbonyl carbon of the substrate. In parallel, the carboxylate
group of Asp187 helps the His224 residue to pull the proton. Consequently, the acyl-enzyme
complex (AEC, *II), also known as enzyme-activated monomer specie (EAM), is formed while
liberating R'O-H (acylating step), which is removed from His224. In the deacylating step, a
nucleophile, e.g., a primary alcohol from a diol (R“O-H), reacts with the AEC carbonyl carbon

20



forming a new tetrahedral intermediate (*11l) which gets stabilized by the active site. Finally, the
enzyme is deacylated and regenerated after releasing the product (ester, polyester).

>
A
Acylation =P
R
‘
R o Deacylation R
g HO
o
A
-

Figure 6. Enzymatic polycondensation in the presence of CALB. *I) Tetrahedral intermediate,
*I1) acyl-enzyme complex (AEC), *Il) tetrahedral intermediate [80]

It has been observed that OH-rich PBS prepolymers are synthesized via enzymatic
transesterification [49], probably attributed to DES low internal carbon chain length (2) and
limited accessibility to the enzyme's active site.

To the best of our knowledge, there are no completed published studies on the kinetics of PBS
enzymatic polymerization. The only exception is a reference to El Fray and Gradzik's work [81]:
in this work, PBS was synthesized via enzymatic polymerization under varying pressures (0.3, 1
and 2 mmHg), in diphenyl ether at 80°C. The researchers observed that when the pressure of
the polycondensation stage changed, the conversion of the reaction corresponding to the
kinetics of polycondensation was altered. The highest molecular weight was obtained when
the lowest pressure (0.3 mmHg) was applied, and the achieved yield under these conditions
was 37%. The relevant low yield was attributed to the limited reaction time (9 h), and it was
stated that it probably should be extended.

Sonseca et al. [82] synthesized poly(butylene succinate-dilinoleic succinate) (PBS-DLS), a
biodegradable copolymer that may be used for applications requiring contact with the human
body. The researchers evaluated the kinetics of enzymatic transesterification using variable
amounts of hard/soft segments (70 to 50 wt% butylene succinate hard segments and 30 to 50
wt% dilinoleic succinate soft segments). Based on the '"HNMR analysis, it was found that
copolymer oligomers had been formed after 3 h of reaction (under atmospheric pressure and
N2). Additionally, the end groups of BDO, dimer linoleic diol (DLAOH) and DES were also
identified; after 24 h of total reaction and the application of slight vacuum (600 Torr), the end
groups from DLAOH disappeared, and the proton signals from ester formation increased,
indicating that DLAOH was incorporated into the chains of the oligomers. At the end of this
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low-vacuum stage, the BDO and DES end groups also decreased, indicating the conversion of
the initially formed products into higher molecular weight oligomers. In the next step, the
vacuum pressure increased, and a more than 2-fold increase in M, of all copolymers was
observed from 21 to 48 h reaction time. It was concluded that the DLAOH had a significant
effect on the molecular weights of the copolyesters; the high incorporation of DLAOH into the
PBS backbone led to the formation of copolyesters of increasing molecular weights with an
increasing amount of soft segments. It was also found, though, that the efficacy of the DLAOH
incorporation was limited by the catalytic pocket size of the enzyme and its hydrophobic nature
favoring the formation of long PBS sequences, especially at the early synthesis stages.

For N435 and PBS, it has been confirmed that the enzymes' drying before use is crucial for the
polymerization process, as four modes of reversible reactions may occur during the lipase-
catalyzed polyester synthesis, inducing hydrolysis, esterification, transesterification (alcoholysis
and acidolysis) and interesterification [27]. On the other hand, even though a dry enzyme is
usually more efficient and better resistant against microbiological degradation or chemical
inactivation [83], the use of vacuum for the enzyme's drying is a limiting factor to a
polymerization process scaling-up. In addition to that, the use of a solid, dried enzyme presents
more drawbacks. Considering the cost aspect, it is quite expensive to evaporate water to obtain
the enzyme in the solid form. Additionally, the enzyme could be inactivated by the drying
process. Thus, liquid enzyme formulations are an alternative to the use of solid enzymes. The
choice of solvent system for the liquid formulation is very important. Even though water is the
common solvent for enzymes, co-solvents are often added to improve the stability of the native
protein. They are often added in high concentrations and can either be other solvents (e.g.,
glycerol) or solids (e.g., sucrose), aiming to reduce water activity [83].

However, the usage of dried enzymes in enzymatic polymerization of PBS is widespread; Pellis
et al. [33] dried N435 under vacuum for 96 h at 25°C and stored it in a desiccator before use,
while Jiang et al. [84] placed CALB into a 25 mL flask and stored it in a desiccator with
phosphorus pentoxide at room temperature under high vacuum for 16 h. P,Os was used also
by Sugihara et al. [85] for the enzyme's drying under vacuum at 25°C for 2 h. Azim et al. [86]
and El Fray et al. [81] used N435, predried under 0.1 mmHg vacuum at 25°C for 24 h

Enzymatic polymerization's kinetics is usually slow, and thus, immobilization is an approach
aiming at its improvement. Interestingly, the activity of polymer-immobilized CALB (N435) may
depend on the enzyme storage time, as was recently stated by Pospiech et al [87]. The
researchers used lipase CALB for melt polycondensation of aliphatic polyesters, including PBS
and observed that the enzymatic activity of immobilized CALB, which influenced the achieved
molar mass of the obtained products, was affected by the time of the storage. Indicatively, the
activity of CALB at 50°C stored for 2 years was found 1400+100 U-g”', while fresh CALB's was
2900+700 U-g™'. PBS grades of M,, 11000 g-mol™" and 2900 g-mol™" were synthesized using fresh
and 2-year-stored CALB, respectively. Even though the measurements' standard deviations
were significant (7-24%), the enzyme’'s degradation could probably be attributed to
inappropriate storage conditions e.g., temperature above 25°C.

22



The reusability of N435 during transesterification reactions has been studied by Nasr et al [88].
The researchers used 1,6-hexanediol and diethyl adipate in bulk and solvent (diphenyl ether)
systems to produce enzymatically poly(hexylene adipate). Constant M,, values of the polyester
were achieved over three consecutive cycles in bulk, even at relatively high temperatures
(100°C), while a 17% decrease of the M,, values was observed in the solution system. The
decreased N435 activity was attributed to the better heat transfer in the solution system
compared to the bulk, rendering the enzyme more prone to elevated temperatures leading to
degradation or leaching. Additionally, given that N435 is prepared via interfacial activation of
lipases to supports with hydrophobic surfaces, it becomes more susceptible to be released in
the presence of organic solvents such as diphenyl ether.

PBS has been synthesized enzymatically via esterification or transesterification of succinic acid
or diethyl succinate, respectively. In contrast to the conventional PBS synthesis, which usually
includes esterification, transesterification is the most commonly applied enzymatic
polymerization route. This is attributed to the fact that lipases, including N435, present higher
specificity to esters and alcohols than acid substrates.

Typical monomers that have been used for PBS enzymatic polymerization via transesterification
are BDO and diethyl succinate (DES) or dimethyl succinate (DMS) [33,36,81,84-86,89]. A
commercial-scale process to produce bio-based BDO (from sugar) has already been developed
and published [90], while bio-based DES has already been used for PBS enzymatic co-
polymerization with dilinoleic succinate [91]. The use of these bio-based monomers is
completely in line with the principles of green polymerization.

The selected enzyme's concentration for PBS enzymatic polymerizations is 10-40% relative to
monomers [33,36,81,84-86,89,92]. Most researchers, especially in recent works, have used only
10% wt relative to monomers. Considering the principles of circular economy, the use of small
quantity of reusable materials including enzymes is always desirable. On the opposite side,
using large quantities of enzymes would significantly increase the whole process cost. Besides,
it is well known that small quantities of an enzyme compared to their substrate are sufficient
to lower down the activation energy of the reaction during catalytic action [93].

A crucial parameter for equilibrium reactions is removing the polycondensation by-product.
The use of diesters such as DES or DMS instead of dicarboxylic acids can shift the equilibrium
towards polymerization, as it results in much volatile by-products (alcohols) compared to water.
In that sense, in most of the conducted PBS enzymatic polymerizations, two-stage
polymerization routes with increasing vacuum/temperature are applied to achieve higher-
molecular-weight polymers.
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Table 3. Literature data on the enzymatic polymerization of PBS

Range of achieved MW(g-mol-")

Ref. Enzyme Solvent T(°C) L L
M, M,
[33] N435 - 85 1094 851
[49] N435 Isooctane 50 2000 -
[94] N435 - 60 2550 1700
[95] N435 - 90 4000 1400
[81] N435 Diphenyl ether 80 - 840-2550
[36] N435 Diphenyl ether 75 - 3910
[84] N435 Diphenyl ether 80 11520 4463-6017
[86] N435 Diphenyl ether 60-90 - 2000-7000
[87] N435 - 130 23600 11700
[86] N435 - 80-95 38000 27340
[89] N435 - 95 44000 -
[92] N435 Toluene 95 73000 -
[85] N435 Toluene 100-120 130000 81250

Pellis et al. [33] conducted two-step enzymatic polymerizations; the first stage was conducted
at 85°C for 5 h under atmospheric pressure. Subsequently, a vacuum of 20 mbar was applied
for 18 more hours while maintaining the reaction temperature at 85°C. At the end of the first
stage, oligomerization was achieved, while during the second stage, the vacuum effectively
removed the alcohol by-product and enabled the elongation of the polymeric chain length.
Kanelli et al. [36] conducted PBS enzymatic polymerization through a two-stage route. The first
one was applied at 75°C for 2 h under nitrogen atmosphere considering BDO high volatility
and the second at 75°C for 2 h under a vacuum of 20 mbar. The researchers also observed that
the product's morphology was improved when prolonging both stages (first stage: 5 h and
second stage: 24 h). In the work of Azim et al. [86] the polycondensation reaction took place
for 21 h and then, the polymerization temperature increased from 80 to 95°C. During the
second stage, the polymer remained soluble in so that the reaction proceeded in a single liquid
phase that facilitated further molecular weight increase. Sugihara et al. [85] applied direct
polycondensation of BDO with dimethyl succinate at 100°C for 24h. They concluded that the
ring-opening polymerization of lactones is probably a better method when aiming at high-
molecular-weight polyesters, including PBS. The achieved molecular weight was low and it was
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attributed to the reverse reaction and transesterification. A two-stage method was also
selected by El Fray et al. [81]. The reaction occurred at 80°C for 2 h under atmospheric pressure,
which was subsequently reduced to 0.03 mmHg. As a result, the obtained polyesters’ molecular
weight and melting points increased while the-OH groups number decreased.

The achieved molecular weight of an enzymatically synthesized polymer is one of the most
important parameters to evaluate the efficiency of the selected enzyme and the applied
process. The MW of the synthesized PBS grades will be classified into 3 categories; oligomers
or low-molecular-weight (< 10000 g-mol™) PBS grades, moderate- (10000-80000 g-mol™") and
high- (>80000 g-mol™") molecular-weight PBS grades.

The enzymatically synthesized PBS grade with the lowest weight-average molecular weight
(1094 g-mol™) was obtained in a bulk system at 85°C for 24 h (under atmospheric pressure the
first 6 h and 20 mbar for 18 h) [33].The researchers tested different diesters and concluded that
there is a strong effect of the selected alkyl group of the diester (dimethyl, diethyl and dibutyl)
for all polyesters; more precisely, lower molecular weights and monomer conversions were
obtained using dibutyl esters since it was more difficult to remove the butanol by-product
during the reaction due to its higher boiling point (relative to methanol and ethanol). Uyama
et al. [94] synthesized low molecular-weight PBS (M,, 2550 g-mol™) in a bulk system at 60°C.
The researchers confirmed that the methylene length of the monomers strongly affected the
polymerization characteristics. Other low-molecular weight PBS grades (M,, 2500-7000 g-mol’
") were also obtained through solution polymerizations; diphenyl ether was used [36,81]. El
Fray et al. [81] obtained PBS of M,, 2500 g-mol'and T, 110°C, at a reaction temperature 80°C
and pressure of 0.3 mmHg for 9 h with the use of diphenyl ether. They confirmed that the
decreased pressure during the polycondensation reaction increased the molecular weight,
reduced the -OH groups number and increased the melting point of the products. However,
the achieved process yield (app. 40%) and the molecular weight were low, indicating that the
reaction time should be extended. Kanelli et al. [36] synthesized a sticky PBS grade of M,, 3900
g-mol”, which was subsequently upgraded via solid-state post-polymerization. The SSP
process was examined under reduced pressure for 24 h at 84°C and a simultaneous increase in
Tm and AH was observed, implying a crystal reorganization/perfectioning. Consequently, a two-
step SSP process was conducted for 36 h; the first step, which served as a pre-crystallization
step, was conducted at 77°C for 24 h while the second was conducted at 90°C for 12 h. The
molecular weight and Tn were significantly enhanced (AM, 67%) with simultaneous
improvement of prepolymer physical characteristics, as the stickiness disappeared. Gkountela
et al. [49] recently synthesized PBS of M,, 2000 g-mol™ and T, 78°C, in isooctane at 50°C. This
prepolymer was subsequently submitted to a post-polymerization stage, including a first step
of heat treatment at 80°C for 2 h and then the second step at 90°C for 8 h to upgrade its quality
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in terms of molecular weight and thermal properties. The final product presented an increase
of 26°C in the T, and 126% in the M,,.

Concerning the moderate-molecular weight grades, Jiang et al. [84] synthesized fully bio-based
poly(butylene succinate) and poly(butylene succinate-co-itaconate), given that all the used
building blocks and catalysts were generated from renewable resources. The synthesized PBS
grade presented M,, 11500 g-mol™ and T of 112.9°C, which is very close to a commercial PBS
Tm of My, 75000 g-mol™ (ca. 114°C [96]). The applied process included a first step at 80°C for
2—-24 h under atmospheric pressure and a nitrogen atmosphere. A second step under very low
pressure (2-40 mmHg) was applied for another 94 h at the same temperature. Azim et al. [86]
synthesized PBS of M, 38000 g-mol'. However, the researchers used diphenyl ether as the
solvent and applied a very high vacuum; the process was carried out first at 80°C for 5-21 h at
1.8-2.2 mmHg to form PBS oligomers and subsequently, the reaction temperature was raised
to 95°C at 1.8-2.2 mmHg. An et al. [89] also applied a very high vacuum of 10 mmHg at 95°C
for 25 h to produce PBS with a molecular weight of M, 44000 g-mol™. Ren et al. [92] applied a
two-step route for the synthesis of bio-based PBS using succinic anhydride and BDO. In the
first step, the polycondensation reaction took place for 12 h at 95°C in the presence of succinic
acid. The nucleophilic attack to succinic anhydride by BDO facilitated the polycondensation via
esterification between di-acidic and diol units. A linear oligomer was formed, enabling the
solvation of monomers and thus paved the way for the following lipase-catalyzed
polymerization in the presence of N435 in toluene. The researchers did not apply vacuum to
remove the by-product, but a hydrous azeotrope (water with toluene) was formed, facilitating
the reuse of both the lipase and the solvent while minimizing energy consumption. The
obtained PBS grade presented M, 73000 g-mol™. It is of high essence that the recovered lipase
catalyst was tested and presented a similar performance after six cycles.

An interesting approach to synthesize high-molecular-weight PBS (M,, 130000 g-mol™) was
suggested by Sugihara et al. [85]. The researchers developed a new strategy for the green
production of bio-based plastics, including PBS. In the first step, a cyclic oligomer was
produced by the lipase-catalyzed condensation of dimethyl succinate and BDO in a dilute
toluene solution. In the next step, ring-opening polymerization of the cyclic oligomer took
place in a more concentrated solution or in bulk with the same lipase. The conventional, direct
polycondensation route was compared to this new strategy. In this context, PBS was
synthesized enzymatically through polycondensation of BDO and dimethyl succinate. During
polycondensation, methanol was removed using molecular sieves 4A and the obtained
polyester presented M,, of 45000 g-mol™. However, it was stated that lipase itself contains
water and thus, complete removal of the small molecules, such as methanol and water, is
difficult. So, the researchers concluded that to obtain a higher molecular weight polyester, the
ring-opening polymerization of cyclic oligomers is the most effective route for such a lipase-
catalyzed polymerization.
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2,5-Furandicarboxylic acid (FDCA) is a bio-based compound consisting of two carboxylic acid
groups attached to a furan ring. FDCA'’s chemical structure, along with its thermal stability and
aromatic nature, make it capable of replacing terephthalic acid, which is used to produce
polymers such as PET and poly(butylene terephthalate) (PBT). FDCA is one of the monomers
for poly(ethylene 2,5-furandicarboxylate) (PEF) and poly(butylene 2,5-furandicarboxylate) (PBF)
[97]. Avantium catalytically converts plant-based sugars into FDCA to produce 100% plant-
based, 100% recyclable and degradable PEF, which presents superior performance, including
barrier properties, compared to PET. According to Gert-Jan M. Gruter and Thomas B. van Aken
from Avantium [98], “a strong barrier preventing oxygen from entering the bottle (relevant for
juice and beer) and CO; leaving the bottle (relevant for any carbonated beverage) was an
unmet need in the market”. As a result, special coatings, additives (scavengers) or nylon layers
were used for PET bottles to improve this barrier. This practice increased the process and final
product’s cost and made PET's recycling more difficult. PEF monolayer was a great step toward
solving this unmet market need.

Furan-based polyesters have been gaining popularity very recently and their conventional
synthesis has started being studied. Papadopoulos et al. [99] synthesized PEF from FDCA and
ethylene glycol (EG) and tested two different antimony catalysts (antimony oxide and antimony
acetate) and different reaction temperatures while applying a two-step polycondensation
method. The authors concluded that for the first step of the polymerization, i.e. the
esterification of FDCA with EG to afford PEF oligomers, Sb,Os was more active than
Sb(CH3COO0); at lower temperatures (160°C), while in the second step of the polymerization,
Sb,0s exhibited the highest activity. Zhu et al. [100] synthesized PBF with the use of titanium
tetraisopropoxide (Ti[OCH(CHs).]4) as a catalyst at temperatures in the range 150-200°C by
melt condensation polymerization. It was concluded that the synthesized PBF presenting
excellent thermal stability, strength and ductility could probably replace PBT. Poulopoulou et
al. [101] synthesized bio-based PBF with the use of tetrabutyltitanate (TBT) by melt
polycondensation. The researchers also prepared blends with its terephthalate counterpart,
PBT and studied the thermal properties of the homopolymers and the blends by employing
both conventional and fast scanning calorimetry. Thus, amorphous samples were obtained to
reveal the glass transitions of the polymers and improve the blends miscibility.

It is important, though, to investigate all the alternative furan-based polyesters’ synthetic
routes that could provide us with truly green products — in terms of performance properties
and synthesis process. In that sense, even though furan-based polyesters’ enzymatic synthesis
has not been studied greatly, the most important parameters of the synthesis processes will
be discussed to provide valuable guidance on their enzymatic synthesis in the coming years.
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The only enzyme that has been used for the synthesis of the furan-based polyesters so far is
Novozyme 435 (N435) (Table 4). Even though numerous aliphatic polyesters have already been
successfully synthesized via N435-catalyzed polymerization, the number of the enzymatically
synthesized alipharomatic and aromatic polyesters is limited. This is attributed to the high
melting temperature (Tm) of alipharomatic and aromatic polyesters and their low solubility in
the reaction media, as well as the lack of reactivity of aromatic monomers in enzymatic
polyesterification [27].

Table 4. Literature data on the enzymatic polymerization of furan-based polymers
Range of achieved

Ref. Polymer Enzyme Solvent T(°C) MW(g-mol-")

M, M,
[102] PBF N435 - 50 600 500
[103] PBF N435  Diphenylether 80-140 5500 1600

Furan-based copolyesters
(P(FMF-co-OF))
Furanic-aliphatic poly(ester
amide)s (PEAF12)

[104] N435  Diphenylether 80-95 35000 -

[105] N435 Toluene 90 21000 -

It can be assumed that the enzymatic production of furan-based polyesters in the presence of
lipase N435 occurs through the already described enzymatic polycondensation mechanism
and reaction intermediates. Maniar et al [104] who used dimethyl 2,5-furandicarboxylate
(DMFDCA), 2,5- bis(hydroxymethyl)furan (BHMF), aliphatic linear diols and diacid ethyl esters
to synthesize furan-based copolyesters, studied in detail the synthetic mechanism of the
copolymerization, firstly by varying the aliphatic linear monomers: the methylene units of the
tested diols were 4, 6, 8, 10 and 12. The results indicated that Candida antarctica lipase B (CALB)
prefers longer linear diols (n = 8,10 and 12) compared to shorter linear ones (n = 4 and 6). The
copolyester P(FMF-co-OF), synthesized with the use of 1,8-ODO, presented the highest
degrees of polymerization. The researchers observed that when the chain length was decreased
to 6 and 4 (1,6 hexanediol (or 1,6-HDO) and 1,4-BDO), the DB, and DP, of furan-based
copolyesters significantly decreased. A second approach of the researchers to evaluate the
synthetic mechanism was by changing the aliphatic monomers from diols to diacid ethyl esters.
Based on the obtained results, a significant decrease in the molecular weight was observed. In
light of the above, the researchers presented the proposed copolymerization mechanism,
depicted in Figure 7. The polymerization starts with the formation of the acyl-enzyme complex
and continues with polycondensation. During the polycondensation, an intermediate product
(b) that can inhibit the polymerization is formed. Steric hindrance of (b) creates structure
incompatibility with the enzyme active site and consequently, the polymer growth is
terminated. When diacid ethyl ester is used, the OH functionality in (b) may also transform into
BHMF ether, eventually terminating the copolyester chain elongation.
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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

Figure 7. Proposed copolymerization mechanism of CALB-catalyzed formation of P(FMF-co-
DOF) [104].

The enzymatic polymerization kinetics of furan-based polyesters has not been studied yet.
However, Jiang et al [106] studied the kinetics of the enzymatic synthesis of 2,5-
furandicarboxylic acid-based alipharomatic polyamides. The relevant conclusions could be
valuable information for a future furan-based polyesters enzymatic polymerization kinetics
study. The researchers produced a series of FDCA-based alipharomatic polyamides using N435,
bio-based DMFDCA and aliphatic diamines differing in chain length (C4-C12).

A one-stage method (90°C in toluene) was applied, and the researchers found that N435
presented the highest selectivity towards 1,8-octanediamine (1,8-ODA) among the tested
aliphatic diamines. Based on the results of the enzymatic polymerization kinetics study, M,,
increases significantly with the increase of polymerization time. Additionally, phase separation
of the FDCA-based oligoamides/polyamides occurs in the early stage of polymerization and
the resulting product undergoes a subsequent enzymatic solid-state polymerization. However,
due to the phase separation and the low efficiency of the enzymatic solid-state polymerization,
a large proportion of the resulting polyamides possess low molecular weights. As a result, only
less than 50% of the products can be obtained after purification.

The water content seems to be the most important factor for the enzymes' efficiency in
polymerization processes. Jiang et al [103] who produced furanic-aliphatic polyesters
including PBF, used CALB, which was predried overnight in the presence of phosphorus
pentoxide (P,Os) at room temperature under high vacuum. Comerford et al [102] who
produced oligoesters such as PBF, used CALB, which was submitted to drying under vacuum
for 48 h at 25°C and stored in a desiccator prior use. Maniar et al. [104] who synthesized furan-
based copolyesters and furanic-aliphatic poly(ester amide)s, used CALB, predried in the
presence of P,Os in a desiccator at room temperature under high vacuum for 16h. In addition
to eliminating the enzyme's water content, selecting an immobilized enzyme such as N435
aims to improve the enzymatic polymerization kinetics, which is expected to be slow.
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DMFDCA is a bio-based diester that is used as a monomer in all the furan-based enzymatic
polymerizations [102—-105]. This is attributed to its better solubility in the reaction medium (e.g.,
diphenyl ether) under mild conditions and the lower melting temperature of DMFDCA (T
112°C) than FDCA (Tm 342°C) [103]. It is also known that lipases including N435 present higher
specificity to esters and alcohols than acid substrates. Various potentially renewable aliphatic
diols, BHMF and diamines or amino alcohols are used too as monomers/comonomers.

There doesn't seem to be a specific trend regarding the most appropriate enzyme
concentration. For PBF synthesis, Jiang et al. [103] used 0.4 g of CALB with 5.4304 mmol (0.999
g) of DMFDCA corresponding to 40 wt% of the monomer, while Comerford et al. [102] used
10% of the total amount of the monomers. Maniar et al. [104,105] used 20 wt% and 15 wt% in
relation to the total amount of the monomer for the synthesis of furan-based copolyesters and
furanic-aliphatic poly(ester amide)s respectively.

The by-product removal, strongly affecting polycondensation reactions’ equilibrium, is
achieved firstly with the use of diesters resulting in much volatile by-products (alcohols)
compared to water from dicarboxylic acids and secondly with the application of vacuum,
usually via a two-stage synthesis route. Jiang et al. [103] conducted enzymatic polymerization
of DMFDCA and different aliphatic diols in diphenyl ether and tested two different synthetic
routes. The first route included a first stage at 80°C for 2 h under an atmospheric nitrogen
environment and a second at 80°C under reduced pressure (2 mmHg) for 72 h. The second
tested route was a temperature-varied two-stage method; the first stage was performed at
80°C for 2 h under a nitrogen atmosphere. At the second stage, the pressure was reduced to 2
mmHg while maintaining the reaction temperature at 80°C for the first 24 h. The temperature
was subsequently increased to 95°C for another 24 h. Finally, the reaction temperature was
regulated at 95, 120 or 140°C for the last 24 h. Based on the enzymatic synthesis process which
was applied by Comerford et al. [102] the reaction occurred at 50°C for 6 h at a pressure of
1000 mbar. A vacuum of 20 mbar was subsequently applied for an additional 18 h, maintaining
the reaction temperature at 50°C. The total reaction time was 24 h. According to Maniar et al.
[104] in the first step of the reaction, the monomers mixture (e.g, DMFDCA, BHMF, diethyl
succinate) in the presence of diphenyl ether was heated 80°C for 2h under a nitrogen
atmosphere. At the subsequent second stage, the pressure was reduced stepwise to 2 mmHg
while maintaining the reaction temperature at 80°C for the first 48h. Finally, the reaction
temperature was increased to 95°C under full vacuum for the last 24h. Maniar et al. [105]
produced furanic-aliphatic poly(ester amide)s via a one-stage method; the reaction took place
at 90°C in the presence of toluene under a nitrogen atmosphere for 72 h.

The main disadvantage of the applied enzymatic polymerization/copolymerization methods is
using the high-boiling point diphenyl ether as already discussed, along with the high vacuum
requirement, impeding a process scaling up. Lower-boiling point toluene for the furanic-
aliphatic poly(ester amide)s synthesis seems more promising; however, toluene is still not a
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green solvent. In this context, Maniar et al. [105] performed the polymerization to produce
furanic-aliphatic poly(ester amide)s in an ionic liquid ([BMIM][PFe] and [EMIM][BF.] or 1-ethyl-
3-methylimidazolium tetrafluoroborate) as the reaction solvent.

The enzymatically synthesized PBF grades presented weight-average molecular weight values
of 600-5500 g-mol™". Comerford et al. [102] synthesized the lowest molecular weight PBF grade
(M,, 600 g-mol”, M,, 500 g-mol™") and the polymerization was conducted in a solventless
system. The achieved low molecular weight could probably be attributed to the selected
polymerization method. More precisely, higher molecular weight polymers are usually
synthesized enzymatically via solution polymerization, given that the solution reaction system
presents lower viscosity, decreasing diffusion constrictions among polymer chain reactants,
monomers and oligomers. On the other hand, in bulk, the reaction medium has a higher
viscosity, reducing the diffusion of the reactants [107]. To upgrade the enzymatically
synthesized PBF oligoester, the researchers subsequently performed a thermal, catalyst-free
treatment. A M,, 3.3 times higher than the initial oligomer was achieved. Jiang et al. [103]
synthesized via a two-stage method (1% stage: 80°C, 2h, N> atmosphere and 2" stage: 80°C, 72
h, 2 mmHg) a PBF grade of M,, 1700 g-mol'and M,, 1200 g-mol . Considering that the major
obstacle for enzymatic synthesis of furanic-aliphatic polyesters at mild temperatures is the
phase separation mainly caused by the high T, and the low solubility of the final products, the
researchers performed the enzymatic polymerization at higher reaction temperatures. Thus,
they applied a temperature-varied two-stage method (1* stage: 80°C, 2 h, N> atmosphere and
2" stage: a. 80°C, 24 h, 2 mmHg, b. 95°C, 24 h, c. 95, 120 or 140°C, 24 h). When the reaction
temperature of the last 24 h of the 2" stage (c) was increased from 80°C to 140°C, the
corresponding M, and M,, values increased from 1700 and 1200 g-mol™ to 5500 and 1600
g-mol™, respectively. The significant increase of molecular weights with reaction temperature
is first attributed to the fact that phase separation was delayed at higher reaction temperatures.
It can also be attributed to the fact that eliminating alcohol by-products and the residual water
is easier at higher temperatures, thus improving the enzymatic polycondensation efficiency.
Finally, the mobility of the amorphous phase of furanic-aliphatic polyesters, which is enhanced
at higher temperatures, facilitates the CALB-catalyzed solid-state polymerization. Concerning
the melting point of the synthesized PBF grade, it increased from 145 to 168°C when its M,,
increased from 1700 to 5500 g-mol ™. This indicates that the chain growth of PBF was limited at
the tested temperatures. As a result, the molecular weights of the obtained PBF increased with
reaction temperature but couldn’t reach higher values.

Maniar et al. [104] used DMFDCA, BHMF and different aliphatic linear diols to synthesize
various furan-based copolyesters with M,, up to 35000 g-mol'. More exactly, when 1,8-ODO
was used, P(FMF-co-OF) with DP, and DP,, 122 and 269 was formed, which was the highest
amongst the tested aliphatic diols.
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The first novel FDCA-based poly(ester amide)s were enzymatically synthesized by Maniar et al.
[105] and poly(dodecamethylene furanoate-co-dodecamethylene furanamide) (PEAF12)
presented the highest M, (21000 g-mol™). This material presented T and T4 of 92 and 395°C,
respectively, comparable to PEF, presenting Tn, of 211°C and T4 of around 389°C [107].

Solid state polymerization (SSP) belongs to the bulk polymerization techniques used for both
step- and chain-growth polymers with a strong industrial (and academic) interest in
condensation polymers. SSP includes the starting material heating in an inert atmosphere or
vacuum at a temperature below its melting point but permitting the initiation and propagation
of typical polymerization reactions.

The different versions of the SSP family are presented below. Direct SSP, the first version,
includes using dry monomers (e.g., polyamide salt, amino acids) as the starting material to form
polymers [108,109]. The second version, post-SPP, also known as SSP finishing, requires as
starting material a solid prepolymer, i.e., a low-molecular-weight polymer synthesized through
another polymerization technique, usually conventionally [110]. A very interesting case is the
combination of post-SSP with enzymatic prepolymerization, as these methods can be
considered eco-friendly [36,49,111,112] (Chapter 5.1). SSP is indeed a green method, given that
it is usually conducted at relatively low temperatures (below the prepolymer melting point); it
is also a solventless method and can be effective without catalysts. Post-SSP aims to increase
the prepolymer molecular weight and improve processability and end-product properties. On
that basis, SSP can be applied as an efficient recycling technique [25]. In this case, the starting
material can be a postconsumer polymer grade needing a molecular weight increase to be
processed without severe recycled material deterioration.

The main SSP rate-limiting steps are the following: the intrinsic kinetics of the chemical reaction,
the diffusion of functional end groups, the diffusion of the condensate in the solid reacting mass
(interior diffusion), and the diffusion of the condensate from the surface of the reacting mass
to the surroundings (surface diffusion) [110,113].

Regarding the mechanism of the post-SSP, Zimmerman and Kohan [114] suggested a two-
phase model according to which the polymerization proceeds by stepwise reactions in the
amorphous regions of the semi-crystalline polymer, where the end groups and low-molecular-
weight substances such as the condensates are excluded (Figure 8). It is assumed that reactions
and equilibrium in the amorphous regions are the same as for a completely amorphous or
molten polymer at the same temperature. The diffusion of end groups in the amorphous phase
is considered to occur either through the low-molecular-weight molecules (oligomers),
through the motion of the terminal segments (segmental diffusion) or through exchange
reactions (chemical diffusion) that allow reactive end groups to approach up to an appropriate
distance for reaction. Based on the two-phase model, it has also been proposed that two
categories of end groups exist in the amorphous polymer regions: active and inactive end
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groups include chemically dead chain ends and functional groups trapped in the crystalline
structure and cannot participate in the reaction. Based on the above, a more accurate definition
of SSP could be the following: heating of the prepolymer at a temperature between the glass
transition and the melting point (Tg and T, respectively) to make the end groups mobile
enough to react and promote condensation reactions in the amorphous regions.

Figure 8. Solid state polymerization: Two-phase model

The most critical parameter affecting the SSP process is the reaction temperature, interfering
with the chemical reaction, the mobility of the functional end groups and the by-product
diffusivity. It is thus crucial to optimize the T - T, to achieve increased polymerization rates
while avoiding undesirable phenomena such as sintering or agglomeration. It is also typical to
apply temperature-step processes aiming for gradual increases in the prepolymer softening
temperature, thus avoiding agglomeration and removing initial moisture and impurities [115].

The initial end-group concentration is a crucial parameter for SSP, affecting segmental mobility
and diffusion of the active chain ends [25]. It has been indicated that the lower the end group
concentration, the higher the achieved number-average molecular weight increase. This is
because the lower molecular weight prepolymers’ short chains can easily fit into crystal lattices
and form rigid crystals; as a result, a greater number of the end groups will get trapped and
become inactive.

Other important factors affecting the SSP effectiveness are the prepolymer geometry and the
gas flow rate. The first one affects the (interior) diffusion of the by-product within the polymer
particle. However, this influence gets weaker when diffusion and reaction control the process.
The inert gas flow affects the surface by-product diffusion. Acceleration of the gas flow
increases the mass and heat transfer rates in the gas-solid system and decreases resistance to
the by-product diffusion from the particle surface to the bulk of the gas phase. These two
parameters strongly depend on the chemical reaction characteristics, such as the equilibrium
constant, which is proportional to the by-product removal requirements [110].

Crystallinity also influences the SSP rate due to its interaction with other controlling critical
parameters, including end-group mobility and by-product diffusion. Based on the two-phase
model, an increase in crystallinity leads to a higher concentration of end groups rejected in the
amorphous phase and, thus, to an increase in the reaction rate. On the other hand, a very high
degree of crystallinity could limit the by-products' removal from the reacting mass due to
rigidity and the well-organized crystal lattice an thus it is not desired in most SSP processes
[113].
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The last factor that may increase the slow SSP reaction rates is the use of appropriate catalysts.
The SSP reaction rate is generally low without catalysts as it is limited to the diffusion of the
autocatalyzing acid chain end groups. Typical catalysts are acidic compounds (e.g., H3POs,
HsBOs, H2SO4) that can easily be diffused into the reacting mass [110].

The relatively slow reaction rates that are expected during SSP may sometimes lead to the
selection of melt polymerization, especially when using catalysts is to be avoided. However,
except for its green character (low temperature, solventless process, can be a continuous
operation), SSP presents several advantages over melt polymerization. Thanks to the relatively
low reaction temperatures, side reactions are usually avoided, and as a result, the products
usually present increased thermostability compared to the grades prepared in the melt state.
Regarding the economic aspect, using uncomplicated, inexpensive equipment renders it viable.

The most typical fossil-based polymers that have been submitted to SSP include polyamides
and polyesters including poly(ethylene terephthalate) (PET), poly(butylene terephthalate) (PBT),
poly(ethylene naphthalate) (PEN) and poly(trimethylene terephthalate) (PTT) [108]. Especially
PET is the most studied polyester submitted to SSP due to its industrial importance. The factors
of the highest interest include reaction temperature, pellet size, crystallinity level, nature and
rate of carrier gas and catalyst concentration. An interesting finding is the increased diffusivity
of water instead of ethylene glycol (EG), rendering the SPP diffusion controlled. Due to this
phenomenon, an optimal COOH/OH molar ratio (typically 0.3-0.8 depending on the SSP
conditions) in the starting prepolymer is usually required to reduce the SSP time and achieve
high MW values. Another approach to reach high MW values is to stop SSP after a given time,
melt the polymer, and then restart SSP on the particle obtained after solidification of the
molten polymer. In this case, issues such as the reduced segmental mobility of end groups
during SSP are solved.

In light of the above, SSP is an industrialized method typically used to produce or upgrade
fossil-based polyamides and thermoplastic polyesters. Besides, it was not considered feasible
in the open literature for the case of aliphatic polyesters due to their low melting points [116],
rendering the by-product removal very difficult. However, our research group has successfully
applied it to bio-based and biodegradable linear polyesters such as PLA and PBS.

Regarding bio-based and biodegradable linear polyesters, it is crucial to study the influence of
the most critical parameters affecting the SSP process to avoid sintering phenomena usually
occurring at reaction temperatures close to the melting point and to achieve high post-
polymerization rates. Starting with PLA, indicative works dealing with SSP are presented in Table
5. It is interesting that in some works, SSP also served as a monomer removal method from
ROP-derived PLA. In other words, crystallization occurring simultaneously with SSP may result
in excluding reactive ends and monomers in the amorphous regions and reaching a
polymerization conversion of 100%. Emphasis is also put on prepolymer pretreatment.
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Table 5. Indicative literature conditions for melt synthesized PLA solid state polymerization [115]

o e - - Range of MW (g-mol-
Prepolymer Precrystallization conditions SSP conditions

"
Temperature Time Pressure Temperature Time Vacuum . N
. Catalyst Initial Final
(°C) (min) (torr) (°C) (h) (torr)
Stannous
40000- 52000-
[117] PLLA 100-140 9 n.a. 2-ethyl
10000 74000
hexanoate
SnC|2
[118] PLAA 105 60-120 0.5 130-155 10-55 0.5 13000 670000
2H,O/TSA
SnC|2
[119] PLAA 60 60 0.5 150 10 0.5 13000 320000
2H,O/TSA
SnC|2
[120] PLAA 105 15-90 135 15-50 n.a. 18000 80000
2H,O/TSA
i
[121] PLA 98-150 5-12 na n 26000 228000
octanoate
tin
PLA octanoate
[122] nanocomposites 150-160 5-10 n.a. clay: 21000 138000
(clay) cloisite 20
A
SnClz
[123] PLAA/PDLA 140-160 30 0.5 22000 141000
2H,O/TSA
PLLA/PDLA (1:1 SnCl;
[124] 140-160 30 0.5 31000 202000
wt) 2H,O/TSA

n.a.: not available
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More exactly, precrystallization seems important to be conducted before PLA SSP to increase
prepolymer melting point and to avoid sintering phenomena, as well as to exclude monomer
and catalyst in the amorphous regions of the polymer to accelerate SSP reactions, similar to
PET SSP.

Vouyiouka et al. [115] submitted PLA to solid state polymerization (SSP) in a fixed bed reactor
under nitrogen flow (gas flow rate at ca. 150 mL'min™") to examine technique efficiency for
increasing the molecular weight and hence permitting the reduction of the melt polymerization
residence times. In this context, prepolymers were produced through solid state hydrolysis of
high-molecular-weight commercial PLA to provide starting materials of appropriately reactive
carboxyl and hydroxyl end groups. The fine-tuning of the reaction temperature indicated that
temperatures below 130°C are the most appropriate, as above 130°C, sintering phenomena
occur, especially when Ti-Tssp reaches very low values (<2.5°C). Additionally, at 140°C, despite
the quasi-melt transition of reacting particles, theoretically favoring reacting groups' mobility
and by-product removal, the SSP rate was low independently of starting MW, and the change
in MW varied from 5 to 22%. Similar SSP rates were indicated for the lower temperatures of
120 and 130°C.
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Figure 9. Change of viscosity-average molecular weight with respect to reaction temperature
during SSP under flowing nitrogen nitrogen for 32h, with starting PLA grades of M,, < 25000
g-mol[115]

The initial molecular weight of the prepolymer was the next factor for PLA SSP to be
investigated. For the effective reaction temperatures (i.e., 120 and 130°C), it was found that the
lower molecular weight grades presented increased susceptibility to SSP and a critical starting
M, of 25000 g-mol™" was revealed. More specifically, a PLA grade of initial M,, of 14100 g-mol
after being submitted to SSP at 120 for 32 h, reached 23700 g-mol‘1, i.e., a 68% increase in
molecular weight was achieved (Figure 9). On the contrary, the grades of higher MW (presented
significantly lower MW increases after SSP. For instance, a PLA grade of initial M,, of 55600
g-mol™ reached 64800 g-mol™" and was thus limited to a 16% increase. Finally, in some cases,
SSP resulted in reduced molecular weight values compared to the initial, attributed to
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degradation reactions, such as hydrolysis of ester groups due to water traces, lactide formation
and/or vinyl chain ends formation, that may occur during SSP. The high impact of the MW of
the PLA prepolymer on the SSP effectiveness has been explained as follows. The low MW PLA,
presenting a relatively low Tq, possesses a high chain end concentration, leading to greater free
volume and, thus, greater segmental mobility. As the prepolymer MW increases (higher Tg), the
concentration of chain ends decreases, as does the free volume. Given these, the by-product
diffusivity also decreases, thus leading to lower SSP rates.

The use of a catalyst during PLA SSP was also investigated [125]. More specifically, commercial
phosphorous-containing organic additives (trisphenylphosphite, tris(nonylphenyl)phosphite,
trislaurylphosphite, tris(octadecyl)phosphite, tristearylsorbitoltriphosphite,
tris(octadecyl)phosphate, trislaurylphosphate, or mixtures of them), typically used as
processing stabilizers were used and found effective leading to MW increases by 15-30%
depending on the initial molecular weight of the prepolymer. Besides, the degree of
crystallization and the branching density of the prepolymer increased after the SSP.

Interestingly, SSP has also been applied as a post-polymerization step for PLA microcapsules
(MCs) [126]. PLA MCs were submitted to SSP to tailor the polymeric shell properties, i.e., MW
and crystallinity, significantly affecting the release profile of the encapsulated substance. Semi-
crystalline PLA MCs (M,, 21.200 - 150.200 g-mol™, particle size at ca. 2.8 um, T, 163-168°C) were
formed. The SSP was conducted at 135°C, and even though the spherical topology of the
microcapsules was not fully maintained since particle aggregation occurred, the achieved MW
increase was 70 % for the MC of the lowest initial molecular weight, along with an increase in
crystallinity up to 60%. It was thus concluded that adapting the SSP process from the
conventional bulk polymer scale to the microcapsule geometry scale is feasible and valuable
to overcome the conventional encapsulation drawbacks and produce customized application
products.

Melt polymerization products such as PBS usually suffer from drawbacks associated with the
high reaction temperatures and residence times in the melt and yellowing caused by titanium-
based catalysts. PBS synthesis requires high esterification temperatures for prolonged times
and the application of vacuum favoring BDO loss (boiling point, Ty, 230°C), its dehydration to
tetrahydrofuran, and other side reactions, all resulting in a disturbed end-group balance and
impaired properties such as hydrolysis stability. Thus, investigating alternative PBS synthesis
methods conducted at milder conditions is necessary. Except for the PBS enzymatic
polymerization, discussed in Chapter 2, an alternative could be the SSP. Even though PLA SSP
has been studied to an extent in the open literature (see Chapter 1.2.2.1), the SSP of PBS is very
limited. This is probably attributed to the lower operating temperatures (<114°C) compared to
PET (T 260°C) and even PLA (T, 150-160°C), which are anticipated to result in slower overall
process kinetics. Some works of our group focusing on the application of SSP on PBS as a
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finishing step after enzymatic prepolymerization are presented in Chapter 5.1. Besides these
works, Papaspyrides et al. [25] studied the feasibility of SSP on fossil- and bio-based PBS.

More precisely, fossil-based and true bio-based poly(butylene succinate) (PBS) prepolymers
were synthesized and submitted to solid-state polymerization (SSP) in the proximity of the
polyester melting point (Tm) for reaction times up to 29 h under flowing nitrogen. Starting with
the fossil-based grade, the effect of the reaction temperature was the first parameter to be
examined. When SSP was conducted at 8.2°C below the melting point of the prepolymer
(113.2°C), no significant MW increase was achieved (i.e, AM,, 9%). However, for a Tm-Tssp Of
3.2°C M,, increased by 169%. Interestingly, when SSP was conducted at the lower temperature,
8.2°C below the Ty, an increase in the crystallinity was observed, implying crystal thickening.

The next examined parameter was the prepolymer MW, and therefore, three different MW PBS
grades (M,, 18000, 46500 and 85700 g-mol™) were submitted to SSP at ca. 3°C below the
prepolymers’ melting points for 24 h. The low MW grade presented the highest M,, increase
of 64%, followed by the medium and the highest MW grades (21 and 8% respectively). In
agreement with the PLA SSP results, this trend was attributed to the high chain end
concentration in the amorphous regions of the low MW prepolymer, increasing the free
volume, segmental mobility and byproduct diffusivity.

One of the most important parameters of the PBS SSP is the end-group imbalance. To study
the effect of this parameter, two similar MW PBS grades with different initial [COOH] (Figure
10) were submitted to SSP at ca. 3°C below the prepolymers’ melting points for 24 h. The grade
with the higher initial [COOH], F3, presented significantly limited SSP effectiveness (AM,, 5%),
in contrast to the almost balanced structure grade, F2, which presented an MW increase of
64%. It was thus indicated that the COOH-terminated macromolecules were inactive for further
polycondensation.
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Figure 10. Mapping of the susceptibility of PBS prepolymers to SSP [25]
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The last parameter to be examined was the addition of a precrystallization step. With the low
MW, almost balanced PBS grade as initial material and taking advantage of the SSP-increasing
Tm, @ two-step process was conducted for a total time of 29 h, with the first step (5 h, 113°C)
serving as a precrystallization step, similar to PET and PLA technology, and the second step
reaching higher reaction temperature (118°C) to favor MW build-up. The SSP rate was found
to increase and a higher than triple increase in the M,, was monitored. In addition, there was a
significant increase in the prepolymer melting point (ATn ~ 13°C) and the degree of
crystallinity.

A precrystallization step was necessary for the bio-based PBS grade due to its high T, deviation
(115.7 £ 2.9°C). The optimized precrystallization step (105°C, 4h) followed by the SSP stage
(114°C, 24 h) led to no sintering issues, but the relevant MW increase was lower than the fossil-
based grades (4M,, 23 %). Additionally, even though there was a significant increase in the T,
for the first time after the SSP process, a multiple-melting behavior was observed; the first
endotherm was attributed to secondary crystallization or thinner/imperfect lamellae,
developed in the case of bio-based PBS, whereas the second endotherm may be attributed to
the isothermally grown crystals or dominant lamellae.

The decreased susceptibility of the bio-based PBS grade was attributed to the dominating
COOH-rich polymer chains, attributed to either BDO loss during melt polymerization or acidic
impurities of the bio-based SA monomer. Different approaches were examined, including
prepolymer purification and blending with PBS oligomers rich in OH end groups to approach
stoichiometric balance (r=1). Both the tested approaches resulted in a slight improvement in
terms of the achieved AM,, ranging between 27-33 %, while sticking problems arose after the
second approach, probably due to the oligomer incorporation.

Since PBS is sensitive to hydrolytic degradation, SPP was effective as a PBS recycling/repairing
technique. The hydrolyzed PBS grades presented a significant increase in the defined IV, with
the fossil-based reaching the value of the initial material and the bio-based a 27% increase.
The prepolymers' thermal properties were also upgraded with a AT, of almost 8°C and ATy of
9°C, returning to the relevant value of the initial material. A slight decrease in the crystallinity
of the post-polymerized samples was monitored and attributed to the short SSP time, which
was inadequate for reorganizing the polymeric chains into thicker crystalline domains.
However, longer SSP times further improved the crystallinity values, reaching up to 90%.

Jbilou et al. [127] also applied SSP on PBS and monitored it using a fluorescent probe: 9-2-
carboxy-2-cyanovinyl)julolidine or CCVJ. CCVJ is a molecular rotor incorporated in the PBS bulk
(100 ppm) for fluorescent labeling. Different commercial and synthesized PBS grades with
different MW were used; the commercial grade presented M,, and M,, of 36000 and 136000
g-mol™, respectively, while the synthesized grades were in the ranges 5600-44000 g-mol™ M,,
and M, 9100-72000 g-mol™. Single- and two-step SSP processes were examined. After the
single-stage SSP, conducted at 110°C for 24 h, the PBS grades presented AM,, increases of up
to 22%, while a slight increase in the prepolymers T, of almost 4°C was monitored,
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accompanied by a significant increase in the crystallinity (from 58 to 96 %). When the PBS-
labeled grades were submitted to a two-step SSP (1% step: 5h at 113°C, 2" step: 24 h at 118°C),
a MW increase of 2.75-4.2 times was monitored. The melting points increased with SSP time,
displaying a fast initial increase followed by a slower rise, probably within DSC errors (Figure
11). In particular, T increased linearly with SSP time within the first 7 h, reaching values above
121°C. This was attributed to the linear increase of the spherulite radius over time at a fixed
temperature. After 7 h of SSP, the melting point increase rate was significantly reduced,
obviously due to the performed MW build-up, which restrains the perfectioning/thickening of
the crystals (more entanglements at the expense of chain foldings).

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)

Figure 11. Melting point change of different PBS grades in the course of SSP [127]

Even though the SSP of poly(ethylene furanoate) has been examined to an extent in the open
literature [128-130], the SSP of poly(butylene 2,5-furandicarboxylate) is almost absent with
only one relevant work dealing with the SSP of PBF.

PEF seems susceptible to SSP, as significant MW and IV increases have been reported in the
open literature. Knoop et al. [131] showed that after 72 h of SSP, the molecular weight of PEF
presented a ten-fold increase, while Hong et al. [132] applied SSP for 48 h, and the initial
intrinsic viscosity of PEF 0.6 dL-g™" reached 0.72 dL-g™". In addition, the Bikiaris research group
has thoroughly investigated the effect of different nano inclusions [130] and different catalysts
on the molecular weight of the polyester [128,129,133], the effect of which has also been
studied by other research groups [134,135].

Papadopoulos et al [136] synthesized PBF with the conventional two-step melt
polycondensation (in the presence of tetrabutyl titanate(IV) (TBT) as catalyst), followed by solid-
state polycondensation conducted at different temperatures and times. The procedure of solid-
state polymerization took place in an apparatus containing four test tubes, connected to a
vacuum line and submersed in a thermostated salts bath. 3 g of milled polymer were placed in
a glass tube under vacuum (3—4 Pa). The reaction was carried out at a constant temperature of
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155, 160 or 165°C, and the tubes were removed from the bath after 1, 2, 3 and 4 h. Given the
amorphous character of the synthesized PBF, before the SSP process, it was annealed overnight
at 100°C to increase crystallinity and remove any water that could interfere with SSP.

The first parameter to be examined was the IV, and it was concluded that increasing the
reaction temperature the IV increase is favored since both transesterification and esterification
are accelerated (Figure 12). These reactions are regulated by the diffusion of the respective
glycol and water, and as the SSP temperature decreases, the diffusion of the glycol becomes
slower. This explains the slow increase of IV at 155 and 160°C. At 165°C a rapid rise of the
intrinsic viscosity values was observed during the first two hours, attributed to enhanced
mobility of the macromolecular chains of PBF, resulting in an increased reactivity of the
hydroxyl and carboxyl end-groups, and, thus, higher molecular weights.
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Figure 12. Evolution of the intrinsic viscosity (IV) with time during SSP of PBF at different
temperatures. The continuous line represents simulation results [136]

Another factor studied was the concentration of carboxyl end-groups, which decreased with
time and increased temperature. The evolution of the carboxyl end-group concentration,
however, depends essentially on time: there is a continuous downward trend with increasing
time, whereas the variation is less significant when increasing the temperature.
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Figure 13. Evolution of hydroxyl (-OH) end-groups concentration with time during SSP at
different temperatures. The continuous line represents simulation results [136]
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The hydroxyl end group concentrations were also studied regarding the reaction temperature
and time during SSP. In agreement with the IV monitored trend, there is a rapid reduction in
the calculated hydroxyl end-group concentration during the first 2 h, which becomes slower
afterward (Figure 13).

Regarding the SSP products' thermal properties, both melting temperature and crystallinity
reached higher values with increasing SSP time and temperature following the molecular
weight increase (Figure 14). Except for PBF, poly(propylene furanoate) (PPF) was also
synthesized and submitted to the identical SSP processes. Interestingly, PBF reached a higher
crystallinity degree than PPF (44.8 and 41.5, respectively), even though the starting degree of
crystallinity was lower for PBF (28.7 and 32.4 % for PBF and PPF, respectively). The researchers
thus confirmed that SSP takes place in the amorphous regions of the polymer. As crystallinity
greatly influences the diffusion rate and the mobility of the polymer chain end-groups, which
are located in the amorphous phase of semi-crystalline polyesters, it was stated that the rapid
increase in molecular weight of PBF was linked to its lower degree of crystallinity. The unwanted
byproducts were removed more easily, thus, the molecular weight increased faster.

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

§

w
a

w
w3
P

Crystallinity (%)
S

g

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)

Figure 14. Evolution of the crystallinity degree with time and temperature of SSP for (a) PBF
and (b) PPF [136].

Nanoparticles (NPs) are dispersions or solid particles with sizes typically ranging from 10 to
100 nm and sometimes up to 1000 nm [137-141]. The impact of the nanoscale on materials
and systems is often related to the surface-to-volume ratio, which leads to increased surface
activity. Nanomaterials present unique physical and chemical characteristics such as diffusivity,
strength, solubility, chemical, mechanical and kinetic stability and lower density [142]. Overall,
nanomaterials represent a powerful interdisciplinary tool for developing innovative products.

Nanoparticles for bioactive compounds are continuously evolving and find applications in
various fields. Their primary role is to protect the encapsulated compound from the
environment and, consequently, degradation while simultaneously modifying the
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physicochemical characteristics of the entire system. Drug delivery systems play a crucial role
in the pharmacological action of the molecule, as they can influence its pharmacokinetics, the
drug release rate, the region and duration of its action and thus its side effects. The different
metal nanoparticles and other nano-size materials that have been introduced as drug delivery
systems and diagnostics are presented in Figure 15 [143].

Solid Lipid Carrier

Nanogel Q Dots hiphilic Cyclod ins Viral Carrier

Figure 15. Different types of nanocarriers (nanoparticles) serve as drug delivery [143].

Among the different types of nanocarriers, polymeric nanoparticles (NPs) have attracted the
scientific community's interest in recent years due to their promising properties. They can be
derived from either synthetic polymers (such as poly(lactic acid), poly(glycolic acid), poly(lactic-
co-glycolic acid), poly(e-caprolactone)) or natural polymers (such as collagen, chitin, chitosan,
keratin, silk, elastin, starch, cellulose, pectin, etc) [144].

Polymeric NPs can maintain high stability in systemic circulation with an enhanced half-life,
which can be further optimized by controlling the release of therapeutic agents from the NPs.
Moreover, polymeric molecules have various solubility profiles in various solvents. This is
advantageous for surface modification or functionalization to achieve different purposes of
delivery and targeting. Subsequently, both doses and frequency of administration of
therapeutic agents can be reduced due to high payloads into nanocarriers, leading to superior
efficacy and minimizing the side effects. Besides, polymeric NPs of desired physicochemical
properties can preserve their content from hepatic metabolism and enzymatic degradation
[145].

It is useful at this point to note that the term nanoparticle is a collective name for both
nanospheres and nanocapsules. Nanospheres have a matrix type of structure (Figure 16). Drugs
may be absorbed at the sphere surface or encapsulated within the particle. Nanocapsules are
vesicular systems in which the drug is confined to a cavity consisting of an inner liquid core
surrounded by a polymeric membrane. In this case, the active substances are usually dissolved
in the inner core but may also be adsorbed to the capsule surface [139].
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Figure 16. Different possibilities of the drug association with nanospheres and nanocapsules
[146].

To receive NPs in the desired form, the appropriate production method has to be selected.
Emulsification-solvent evaporation was the first method developed to prepare polymeric NPs
from a preformed polymer (Figure 17). It is one of the most popular methods thanks to its
easiness [147] and the one selected in this work to form enzymatically synthesized PBS
nanoparticles. In this method, the preparation of an oil-in-water (o/w) emulsion is initially
required, leading to nanospheres production. Firstly, an organic phase is prepared, consisting
of a polar organic solvent in which the polymer is dissolved, and the active ingredient (e.g.,
drug) is included by dissolution or dispersion. Dichloromethane and chloroform are the most
commonly selected solvents, which, however, due to their toxicity, recently have been replaced
by ethyl acetate [36], presenting a better toxicological profile and, therefore, being more
suitable for biomedical applications. An aqueous phase containing a surfactant (e.g., polyvinyl
alcohol; PVA) has also been prepared frequently. The organic solution is emulsified in the
aqueous phase with a surfactant, and then it is typically processed by using high-speed
homogenization or ultrasonication, yielding a dispersion of nanodroplets. A suspension of NPs
is formed by evaporation of the polymer solvent, which is allowed to diffuse through the
continuous phase of the emulsion. The solvent is evaporated either by continuous magnetic
stirring at room temperature (in case of more polar solvents) or in a slow process of reduced
pressure (as happens when using e.g., dichloromethane and chloroform). After the solvent has
evaporated, the solidified nanoparticles can be washed and collected by centrifugation,
followed by freeze-drying for long-term storage. This method leads to the formation of
nanospheres [146].
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Figure 17. Schematic representation of the solvent evaporation method [146].

Another method leading to nanospheres is the emulsification/solvent diffusion method (Figure
18). This method forms an o/w emulsion between a partially water-miscible solvent containing
polymer and drug and an aqueous solution with a surfactant. The internal phase of this
emulsion consists of a partially hydro-miscible organic solvent, such as benzyl alcohol or ethyl
acetate, which is previously saturated with water to ensure an initial thermodynamic balance
of both phases at room temperature. The subsequent dilution with a large amount of water
induces solvent diffusion from the dispersed droplets into the external phase, forming colloidal
particles. Generally, this method produces nanospheres, but nanocapsules can also be
obtained if a small amount of oil (such as triglycerides: C6, C8, C10, C12) is added to the organic
phase. Finally, depending on the boiling point of the organic solvent, this latter stage can be
eliminated by evaporation or filtration. In the end, obtaining NPs with dimensions ranging from
80 to 900 nm is possible. This method is frequently applied for polymeric NPs production
despite the requirement of a high volume of the aqueous phase, which must be eliminated
from the colloidal dispersion, and despite the risk of diffusion of the hydrophilic drug into the
aqueous phase [146,147].
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Figure 18. Schematic representation of the emulsification/solvent diffusion method [146].

The above-described emulsification/solvent diffusion method can be considered a
modification of the emulsification/reverse salting-out method. The salting-out method
separates a hydro-miscible solvent from an aqueous solution through a salting-out effect that
may form nanospheres (Figure 19). The main difference is the composition of the o/w emulsion,
formulated from a water-miscible polymer solvent, such as acetone or ethanol, and the
aqueous phase contains a gel, the salting-out agent and a colloidal stabilizer. Examples of
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suitable salting-out agents include electrolytes, such as magnesium chloride (MgCly), calcium
chloride (CaCly) or magnesium acetate [Mg(CHsCOO),], as well as non-electrolytes, e.g.,
sucrose. The miscibility of acetone and water is reduced by saturating the aqueous phase,
which allows the formation of an o/w emulsion from the other miscible phases. The o/w
emulsion is prepared under intense stirring at room temperature. Then, the emulsion is diluted
using an appropriate volume of deionized water or an aqueous solution to allow the diffusion
of the organic solvent to the external phase, the precipitation of the polymer, and,
consequently, the formation of nanospheres. The remaining solvent and salting-out agent are
eliminated by cross-flow filtration. The condition of complete miscibility between the organic
solvent and water is not essential, but it simplifies the execution process. The dimensions of
the nanospheres obtained by this method vary between 170 and 900 nm. The average size can
be adjusted to values between 200 and 500 nm by varying the polymer concentration of the
internal phase/volume of the external phase [146,148].
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Figure 19. Schematic representation of the emulsification/reverse salting-out method [146].

Nanoprecipitation is also designated as a solvent displacement method, requiring two miscible
solvents (Figure 20). The internal phase consists of a polymer dissolved in a miscible organic
solvent, such as acetone or acetonitrile. Because of immiscibility in water, they can be easily
removed by evaporation. The principle of this technique relies on the interfacial deposition of
a polymer after the displacement of the organic solvent from a lipophilic solution to the
aqueous phase. The polymer is dissolved in a water-miscible solvent of intermediate polarity,
and this solution is added stepwise into an aqueous solution under stirring (in a dropwise way)
or by controlled addition rate. Due to the fast spontaneous diffusion of the polymer solution
into the aqueous phase, the nanoparticles form instantaneously to avoid the water molecules.
As the solvent diffuses from the nanodroplets, the polymer precipitates in nanocapsules or
nanospheres. Generally, the organic phase is added to the aqueous phase, but the protocol
can also be reversed without compromising the nanoparticle formation. Usually, surfactants
can be included in the process to guarantee the stability of the colloidal suspension, although
their presence is not required to ensure the formation of nanoparticles. The obtained
nanoparticles are typically characterized by a well-defined size and a narrow size distribution,
better than those produced by the emulsification solvent evaporation procedure.
Nanoprecipitation is a method frequently used to prepare polymeric NPs with around 170 nm
dimensions, but it also allows the acquisition of nanospheres or nanocapsules. Nanospheres
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are obtained when the active principle is dissolved or dispersed in the polymeric solution.
Nanocapsules are obtained when the drug is previously dissolved in an oil, which is then
emulsified in the organic polymeric solution before the internal phase is dispersed in the
external phase of the emulsion [146,148].
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Figure 20. Schematic illustration of the nanoprecipitation method [146].

Nanoparticles are known to be used in the biomedicine and pharmaceutical sector. As effective
drug delivery systems, different NPs have been used to treat diseases such as asthma, cancer,
lung infections [149,150], and as transdermal delivery patches, designed to provide the
controlled and sustained release of active substances to the systemic circulation after crossing
the skin barrier, mostly by diffusion and resulting in a prolonged and adequately constant
absorption [151] rate. Some of the most commonly selected polymers for NP applications
include poly(lactic acid) (PLA), cellulose acetate phthalate (CAP), poly(e-caprolactone) (PCL) and
poly (D, L- lactide-co-glycolide) (PLGA)[139].

Except for the biomedical sector, nanoparticles, and especially polymeric nanoparticles, are
promising candidates for the packaging sector too, as they can be used for the protection of
nutraceutical ingredients from decomposition, bioactive transport, controlled release of
analyte from coatings, unwanted taste masking, and as smart packaging of food materials.

It is important at this point to define the term smart packaging. Smart packaging is a broad
term that describes new packaging concepts, most of which can be classified in one of two
main categories: active or intelligent packaging (Figure 21). An active package is the one that
modifies the condition of packaged foods to extend shelf-life or improve their safety or
sensorial properties, keeping their quality. Sometimes this is achieved by the intrinsic
properties of the polymer and others adding some specific additives in the packaging material
or in the headspace in order to attain a better package yield [152,153]. In this sense, the
European Community regulation defines active materials and components as those aimed at
extending shelf-life or keeping or improving the condition of packaged foods, designed to
deliberately incorporate components that release or absorb substances toward or from the
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packaged foods and the environment surrounding the foods (Framework Regulation on Food
Contact Materials 1935/2004 and 450/2009, 2020). Although bioactive packaging can also be
considered in this category, they have another purpose that is to provoke a direct and positive
impact on consumers' health through the generation of healthier packaged foods. On the other
hand, an intelligent package as a packaging system capable of carrying out intelligent
functions, such as detecting, registering, locating, communicating and applying scientific
logics, in order to ease decision-making, extend shelf-life, improve safety and quality, provide
information and warn of possible problems. The European Community Framework Regulation
(Framework Regulation on Food Contact Materials 1935/2004 and 450/2009, 2020)
acknowledges them as those materials and objects that control the state of packaged foods or
the environment surrounding them. These systems, which are attached as labels or
incorporated or printed on the food packaging material, offer better possibilities to check
product quality, track critical items and provide more detailed information during the food
supply chain (storage, transport, distribution and sale). They can also inform about product
history such as storage conditions, composition of headspace, microbial growth, etc. Intelligent
packages do not act directly to extend food shelf-life and do not aim at releasing their
components onto the food, as active packaging does. Instead, intelligent packages have the
aim to convey information related to food quality to manufacturers, retailers, and/or
consumers. These definitions imply product-package-environment interactions. Thus, active
packaging would be considered as an extension of the protection and preservation function of
traditional food packaging, while intelligent ones can be considered as an extension of their
communication and marketing function. So, smart packaging gives a total packaging solution:
on the one hand, it monitors changes in the product or the environment (intelligent packaging),
and on the other hand, it acts upon these changes (active packaging).
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Figure 21. Schematic diagram of active and intelligent packaging concepts [154].

When active agents are incorporated into the packaging material, coated on its surface, or also
inside certain elements associated with the package, such as bags, labels, pads, bottle caps
instead of being applied directly on foods, lower concentrations are achieved, thus limiting
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undesired flavors and smells to foods [155]. These active compounds are added to release or
absorb substances to/from the packaged food or its surrounding environment, or to make
changes in food composition or organoleptic features as long as these changes adjust to
current regulations. These active agents may migrate (partially or completely) through gradual
diffusion into the food or headspace or act only when the food is in direct contact with the
packaging[154].

Active agents incorporated into polymer matrices may include antimicrobials, antioxidants,
moisture absorbers, oxygen, carbon dioxide (CO,) and ethylene (C;Hs) scavengers, carbon
dioxide generators, flavor/smell capturers.

Among the above-mentioned active agents, it is worth focusing on the antioxidants, as lipid
oxidation is the second cause of food spoilage after microbial growth. Foods with high lipid
content, and especially those with a high unsaturation degree, such as nuts, vegetable and fish
oils, meat and fishing products, are susceptible to oxidation. Lipid oxidation in food products
results in the development of rancid smells, making the product unacceptable for human
consumption. Other negative effects are aldehyde formation and nutritional quality loss
produced by the degradation of polyunsaturated fatty acids. There are two main action
methods for antioxidant packages: (i) the addition of antioxidant compounds or (ii) the
elimination of undesired compounds that can accelerate oxidation reactions, such as O, [154].

Synthetic antioxidants, such as butylated hydroxytoluene (BHT) or butylated hydroxyanisole
(BHA), have been added to PLA, gelatin, carrageenan, gum cordia and carboxymethyl cellulose
films proving to effectively reduce lipid oxidation in several foods. However, the use of natural
antioxidants like pure compounds (e.g., tocopherols, caffeic acid, chlorogenic acid, ferulic acid,
rosmarinic acid, salvianolic acid, carnosic acid and ascorbic acid carvacrol, thymol, carnosol,
quercetin, luteolin, apigenin, eriodictyol, catechin, rutin), plant and fruit extracts (e.g., rosemary,
grape seed, green tea, oregano, murta, mint, marjoram, savory, and pomegranate peel), and
essential oils or oleoresins from herbs and spices (e.g., cinnamon, lemongrass, clove, thyme,
ginger, sage, oregano, pimento and bergamot) is currently preferred. Likewise, it is important
to mention the potential use of extracts obtained from plant by-products like barley husks,
pomegranate peel, olive leaves, as sources of antioxidant agents. The antioxidant properties of
peptides obtained from diverse food proteins were also. Over the last years, several studies
have been published dealing with addition of different antioxidant compounds to
biodegradable and biobased polymers and their assessment in diverse food systems [154].

Acting as antioxidants, free-radical scavengers can donate hydrogen to reactive free radicals
and convert them into (fairly) stable products unable to participate in initiation or propagation
reactions. In addition to primary antioxidants, other additives like chelating agents, ultraviolet
absorbers, singlet oxygen quenchers, and oxygen scavengers are also used to reduce the
oxidation rate in active packaging. Metal pro-oxidants (e.g., iron or copper derivatives) could
be converted into stable products using metal chelators such as ethylenediaminetetraacetic
acid (EDTA), poly (acrylic acid), citric acid, and lactoferri). Some examples of UV absorbers are
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lignin, naringin, boric acid, bixin, a-tocopherol, ellagic acid, natural extracts rich in phenolic
compounds, and pigments like phtalocyanine and TiO..

The adequate selection of the antioxidant compound to be incorporated in the polymeric
matrix is very important and should be considered for each application. The antioxidant
compound and polymer matrix should be compatible to achieve a homogeneous distribution,
and the antioxidant partition coefficients in the different phases must that favor their release
toward the food or headspace [154]. Once released, the antioxidant solubility features could
determine its efficacy, so in turn the antioxidant must be selected depending on food type.

Interestingly, PBS has recently been used as a matrix for active agents, including antioxidants
(Table 6). As discussed in Chapter 2.1, the tested active agents include quercetin, a natural
polyphenolic antioxidant [156] and kesum, a new antimicrobial active agent [157]. In both
cases, PBS films acted as food packaging materials (e.g., chicken fillet package). Solution casting
was the selected method for active agent incorporation and film processing. PBS has also been
processed by melt extrusion to disperse the active agent (melt mixing) and compression
moulding at relatively low temperatures and short times to form the film [158]. Only in one
research work PBS (homopolymer) has been used as a matrix for an encapsulation system in a
tissue engineering application. The used method was the double emulsion/solvent
evaporation, and the selected agents were a hydrophilic and a hydrophobic bioactive agent
(i.e., bovine serum albumin (BSA) and all-trans retinoic acid (atRA), respectively) [159].

Table 6. Active agents incorporated in PBS matrices, incorporation methods and formulations

Reference Active agent Activity Incorporation method Formulation
[156] Quercetin Antioxidant Solution casting Film
[157] Kesum Antimicrobial Solution casting Film

CD-lim . . Film (after
. . o . Extrusion (135°C, 3 min, 40 .
[158] inclusion antimicrobial ) compression
rom
complex P moulding)
bovine serum
albumin (BSA) Cell .
. L Double emulsion/solvent .
[159] and all-trans differentiation . Microcapsules
o evaporation
retinoic acid agents
(atRA)

Considering the compatibility of PBS with different active agents, its potential to act as a matrix,
along with its green character (biobased and biodegradable) and its approval as a food contact
material, it seems that PBS emerges as a promising alternative for fossil-based polyolefins
(mainly PP) to be used in the (active) food packaging sector.

50



Nowadays, environmental concerns that were once theoretical are becoming more and more
evident in our everyday lives. Plastic pollution is probably the major concern as it is known that
plastics can take hundreds of years to decompose, leading to widespread pollution in the
oceans, rivers and landfills. At the same time, they are typically derived from petroleum, which
is a finite and non-renewable resource. It becomes thus clear that actions need to be taken to
eliminate these phenomena affecting people and the planet's future.

Part of the problem could be addressed by using green materials. Green plastics, i.e., highly
modified polymeric materials originating from renewable resources (bio-based) and presenting
sustainable disposal options (e.g., biodegradable, compostable), are gaining increasing
academic and industrial interest. However, the green properties of these materials are not
enough to ensure their truly green character, as their conventional production process is
conducted under hard conditions (i.e., usually temperatures higher than 200°C are applied), in
the presence of metal catalysts, the residues of which are difficult to be totally removed from
the final products. These requirements negatively affect not only the final products’ properties
(e.g., coloration, thermal instability) but also the environment and the people's health.

It is thus challenging to deal with the establishment of one (or more) method(s) aiming at
sustainably synthesizing sustainable materials. Enzymatic polymerization was selected to be
the heart of this research. The target polymers to be enzymatically synthesized were the
aliphatic, bio-based and biodegradable poly(butylene succinate) and the alipharomatic, bio-
based poly(butylene 2,5-furandicarboxylate), as representatives of their categories.

Considering the limitations of the enzymatic polymerization, i.e., the low molecular weights
achieved, we decided to focus on the enzymatically synthesized prepolymers upgrade through
sustainable methods conducted at relatively low temperatures, not requiring the use of
solvents, such as solid-state (SSP) and melt post-polymerization.

To produce green and competitive materials, their capability to be used in applications should
have been examined. In this context, this research would be completed with a case study using
an enzymatically synthesized and upgraded polymeric material in some application (e.g., active
food packaging).

The present work aimed to synthesize and upgrade poly(butylene succinate) and poly(butylene
2,5-furandicarboxylate) via sustainable methods, i.e., enzymatic polymerization and solid-state
or low-temperature melt post-polymerization.

In this context, the first chapter presented an overview of the advances in enzymatic
polymerization of the most promising, aliphatic (PLA, PBS) and alipharomatic (furan-based)
green polymers. Additionally, the main aspects of solid state polymerization (SSP) were
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analyzed, focusing on its application on PBS and PBF. Finally, an introduction to the polymeric
encapsulation systems was conducted with an emphasis on PBS.

In the second chapter, the enzymatic polymerization of PBS was examined using the
commercially available, immobilized enzyme N435. The applied process was solventless, and
the most critical parameters (i.e., reaction temperature, pressure, and reaction time) were
investigated. Emphasis was put on scaling up the process to fill the relevant gap in the open
literature.

In Chapter 3, the enzymatic polymerization of PBF was examined using N435, similar to the
second chapter. The most critical process parameters (i.e., reaction temperature, pressure and
reaction time) were investigated, and the process potential of scaling up was studied.

The next Chapter examined a novel, non-commercially available enzyme, LCC'““C, on the PBS
synthesis. It is of high interest that this enzyme is known for its plastic-degrading activity, and
to the best of our knowledge, it has never been used as a biocatalyst for polymer synthesis.

After completing the prepolymers enzymatic prepolymerization investigation, the synthesized
prepolymers were submitted to post-polymerization, and the results are presented in Chapter
5. PBS was used as a model-prepolymer and submitted to solid-state and low-temperature
post-polymerization; the critical parameters (reaction temperature and time) were investigated.
PBF was also submitted to low-temperature melt-post polymerization to study its susceptibility
to the process.

Chapter 6 examined the enzymatically synthesized and upgraded PBS as a carrier in controlled
release systems. As analyzed in Chapter 6, PBS nanoparticles were formed, and the naturally
occurring antioxidant flavonoid, naringin, was selected as a model-bioactive agent to be
encapsulated. Preliminary in vitro release tests were conducted to monitor the system's release
rate, considering the matrix's relatively low molecular weight.

In the last chapter, the general conclusions of this research were presented, along with several
suggestions for future work.
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PBS is a semicrystalline, thermoplastic polyester presenting glass transition temperature of -
30°C, melting point of 114°C, thermal stability up to 220°C and decomposition temperature
above 390°C. Thanks to its thermal properties and structure, PBS presents increased flexibility
and satisfactory processability, being thus appropriate for film applications, e.g., in biomedicine
and the food packaging sector [32,49,160,161].

As regards biomedical applications, PBS-based polymers are emerging as candidate
biomaterials since they possess interesting physical properties, such as high crystallization
ability with mass fraction crystallinity (x.) in the range of 65-71% [162], tailored surface
wettability (water contact angle = 25-117°) [162-165] as well as mechanical properties that can
be properly tuned influencing material biodegradation rate and biocompatibility. PBS can be
used in bone tissue engineering and has been found superior to PLA regarding human
mesenchymal stem cell attachment, proliferation and osteogenesis [166]. Furthermore, except
for the satisfactory processability, PBS excellent hydrolytic degradability and hydrophilicity,
render it an alternative candidate novel biomaterial also for soft tissue repair [163]. Regarding
the packaging sector, according to the European Commission, packaging waste increased by
more than 20% over the last ten years and is forecast to soar by another 19% by 2023 [167].
PBS emerges as a promising alternative for polyolefins (mainly PP), considering its green
character (bio-based and biodegradable) and its approval as a food contact material [168]. PBS
has recently been introduced in the active food packaging sector too. PBS films modified with
quercetin, a natural polyphenolic antioxidant, have been tested as antimicrobial and
antioxidant food packaging materials [156], while PBS films filled with kesum, a new
antimicrobial active agent, have been submitted to in vivo direct food contact analysis in a
chicken fillet package [157]. In these studies, the incorporation of active agents and film
formation was achieved via solution casting method. PBS has also been submitted to melt
extrusion and compression moulding at relatively low temperatures and short times in a work
aiming at preparing bioactive packaging films [158]. More precisely, melt extrusion was
conducted in a twin screw extruder under mild conditions (135°C, for 3 min, 40 rpm) to disperse
the active agent CD-lim inclusion complex in a PBS matrix (melt mixing). CD-lim inclusion
complex consists of limonene, a volatile essential oil with antimicrobial properties,
encapsulated in B-cyclodextrins (B-CD) to protect limonene from oxidative degradation. The
composite was placed in a compression moulding press at 130°C, thus forming packaging
films.

All the abovementioned PBS grades were commercial or synthesized in labs, using chemical
catalysts with all the relevant drawbacks discussed in Chapter 1.1. Especially when it comes to
the packaging sector, where according to the compostable and biodegradable polymers
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packaging standards, heavy metals should not exceed the maximum allowable level of 150 mg
kg™ (i.e., 150 ppm) on dry substance [20], the conventional PBS production process becomes
problematic, given that heavy metals catalysts in metal amounts between 100 and 1500 ppm
(e.g., Ti 100-360 ppm, Sb 350-450 ppm, and Sn 450-1500 ppm) are required.

An alternative approach to producing high molecular PBS is the combination of
polycondensation with a finishing step of chain extension [169]. A chain extender with two
functional groups reacts with the terminal -OH or -COOH of PBS and couples two PBS chains.
However, the biosafety and biodegradability of PBS can be negatively affected and, thus, impair
the use of the chain-extended PBS as a food-contacting material [161].

The most common methods to remove metal-based catalyst residues from polymers, especially
when destined for food packaging applications, include solvent extraction and leaching.
However, these methods require several steps and many organic solvents and acids. Modern
approaches that have been found effective, such as using a high-pressure CO,/water binary
system as a green solvent to dissolve and remove zinc-based catalysts from polymers, present
high operation costs and need to be further optimized [20].

On the other hand, enzymatically synthesized PBS grades with a wide range of MW, from
oligomers M,, 800 g-mol™) [33] to high molecular weight grades M,, 81000 g-mol™") [85], have
been reported in the open literature (Chapter 1.1.1). The by-product removal, strongly affecting
the reaction equilibrium, has been indicated as one of the most crucial parameters of the
process. In this context, high-boiling point diphenyl ether is the most commonly used solvent,
permitting the application of a high vacuum to remove polycondensation by-products.
However, using various solvents (e.g., diphenyl ether for solution polymerization, chloroform
for filtration, methanol for precipitation) impedes the enzymatic polymerization processes’
scaling up [102]. Additionally, the requirement of high vacuum (i.e, 10 mmHg) [89] and
temperatures (>90°C) [85,87] for prolonged reaction times leads to increased MW but
increases the operating costs and energy consumption, thus opposing the green chemistry
principles. An alternative approach, permitting the process scale-up, has been suggested by
our group and included using low-boiling point solvents (e.g., isooctane), which are easy to
remove from the system. At the same time, mild conditions were applied (40-60°C,
atmospheric pressure), but the achieved molecular weights and melting points were low M,,
2000 g-mol™" and T 78°C [49]. In a recent paper, PBS enzymatic polymerization was conducted
in a solventless system, favoring scaling-up, at a “pre-melting” temperature (i.e., 90°C), and the
achieved MW reached the values of 1500 and 4000 g-mol™ (M,, and M,,, respectively) [95].
The main drawbacks of this process, probably hindering a significant MW build-up, are the co-
existence of melted and solid oligomers’ chains impeding the uniform mixing of the reacting
mass and the possible monomers’ loss before esterification at 90°C considering also the
applied high vacuum (0.1 atm).

Summing up, it seems that the main disadvantage of all the published works is their non-
scalability, attributed to the requirement of various solvents and/or the very high vacuum, even
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for the small scales, considering that mass transfer limitations (e.g., higher by-product removal
rate could be required) are expected to be more intense on large scales. In addition, the
requirement of high vacuum and temperatures for prolonged reaction times reduces the
environmental friendliness of the enzymatic polymerization. Thus, it can be concluded that
there's a need to synthesize enzymatically a PBS grade in larger quantities, always in line with
green chemistry, thus increasing not only the research but also its industrial interest.

The main objective of this chapter was to optimally synthesize PBS in a scalable enzymatic
polymerization process, in line with the green chemistry guidelines. On that basis, the process
was selected to be solvent-free and conducted under mild conditions.

In the first part of the chapter, the most critical parameters of the process, including reaction
temperature, pressure, and time, were thoroughly studied on a small scale of 1 g of the final
prepolymer. The prepolymers’ molecular weight, thermal properties, and morphology were
assessed for every process parameter.

Based on the optimized conditions, two consecutive scaling-up attempts followed in the
second part of the chapter. The first was to receive 10 g, and the second 20 g of the final
product. The scope of this study was to investigate the effect of the relative scaling up on the
prepolymer’s properties.

In the last part of this chapter, the effect of the monomers’ ratio was investigated. Since OH-
rich prepolymers are expected to present increased susceptibility to post-polymerization (see
Chapter 5), different molar BDO excesses from 5 to 20% were examined based on the relevant
data of the literature.

The monomers used for PBS synthesis were diethyl succinate or DES (CgH1404, purity 98%) and
1,4-butanediol or BDO (C4H100,, purity 99%), both purchased from Alfa Aesar, Germany (Table
7). Both monomers were in the form of liquids under room temperature (RT) conditions.

It is worth noting that BDO and succinic acid (SA), used for DES production, can be fossil-based
or bio-based (e.g. when produced by fermentation [170]). Bio-SA is already produced on an
industrial scale by companies such as Succinity Gmbh (a joint between Corbion Purac and
BASF), Reverdia, BioAmber and Myriant. Bio-BDO can be produced on an industrial scale
indirectly through bio-SA hydrogenation [171] or directly from carbohydrate feedstocks using
Escherichia coli stains [90].
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The used biocatalyst was the commercial product Novozym®435 (N435), supplied by
Novozymes, Denmark. N435 is the immobilized Candida antarctica Lipase B (CALB), which is
physically absorbed within the macroporous resin Lewatit VPOC 1600. The enzyme’s activity is
10.000 PLU-g™", and its optimum temperature is 30-60°C. N435 presents increased specificity
with esters and alcohols as substrates. Thus, PBS is herein synthesized via transesterification of
DES and BDO, even though the conventional synthesis (in the presence of chemical catalysts)
typically begins with the esterification of SA and BDO. Chloroform (HPLC grade, purity > 99.8%)
was purchased from Fisher Scientific (U.K.). All chemicals were used without further purification.

Table 7. Compounds used for the prepolymerization of PBS
Molecular MW Other

Compound Formula Structure (g'mol') characteristics Supplier
. Alfa Aesar,
BDO CiHi00:  Ho~ -~y 90.12 Purity 99% a Aesar
Germany
DES 174.19 Purity 98% Alfa Aesar,
Germany
N435 33 kDa Activity 10000 Novozymes,
[172] PLU-g™T Denmark
! . Fisher
G . 299,89
Chloroform CHCl3 R 119.38 Purity >99,8% Scientific, UK.

The activity of the lipase N435 assay was conducted at the Biotechnology Laboratory by the
Industrial Biotechnology & Biocatalysis group (NTUA). The protocol followed is described
below.

For the esterolytic activity determination, p-nitrophenyl butyrate (pNPB) was used as a
substrate. The esterolytic activity of the biocatalyst was assessed through reactions with pNPB
at 35°C for 35 min under agitation (1400 rpm), in an Eppendorf Thermomixer Comfort
(Eppendorf, Germany). Reactions consisted of 1 mL substrate solution containing 1.0 mM of
the substrate in 0.1 M citrate-phosphate pH 6.0, buffer, and 1 mg of biocatalyst. The release of
p-nitrophenol (pNP) was monitored at 410 nm, in a SpectraMax-250 microplate reader
(Molecular Devices, Sunnyvale, CA, USA), connected with the SoftMaxPro software (version 1.1,
Molecular Devices, Sunnyvale, CA, USA).

To calculate the biocatalyst activity, the enzyme (protein) loading onto the support must be
known. Based on the open literature, the loading of the CALB on the Lewatit support ranges
between 8.5 and 20% wt [173,174], while in some works, it is reported as 10% wt [36,175].
Considering that the ratio range is wide, the biocatalyst activity was calculated for the boundary
concentrations of 8.5 and 20%, as well as for the reported ratio of 10% wt and the results are
presented in Table 8.
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Table 8. Calculated activity values of N435, based on the different protein contents

Loading Activity Standard deviation Relative Standard Deviation
(Wprotein/Wecarrier, %) (Units'mg™") (Units'mg™") (RSD, %)
8.5 1.63-10°2 9.38-10* 6
10 1.39-10°2 7.98-10% 6
20 6.94-103 3.99-10* 6
*1.24-1072 *7.12:10* 6

*Mean value

Based on the assay results, the N435 activity ranges between 6.94-102 and 1.63-107, i.e., by an
order of magnitude. The measurement is considered reliable given the relatively low RSD of
6%, and an estimation of the mean value is 1.24-10 + 7.12-10 Units-mg"".

Stoichiometric amounts of DES (6 mmol, 1.04 g) and BDO (6 mmol, 0.54 g) were premixed in a
round-bottom flask and stirred (75 rpm) at 40°C in a rotary evaporator (Rotavapor R-210,
Bucchi, Switzerland) under atmospheric pressure. 10% wt N435 (relative to monomers) was
subsequently added, and a two-step prepolymerization process was applied. The first step was
conducted at 40°C, under atmospheric pressure for 24 h to minimize BDO losses through
limited transesterification reactions. Then, the temperature increased, and vacuum was applied.
At the end of the reaction, chloroform was added (4:1 wt relative to monomers) to dissolve the
formed polyester and the enzyme was subsequently filtered off. The remaining chloroform was
evaporated in a high-vacuum pump (Edwards RV5 Rotary Vane Pump, Edwards, U. K.) and the
formed polyester (w,,,) in the form of a colorless, free-flowing powder was stored in a
desiccator. The process yield (%) was calculated by Eq. (1):

. oY — Wexp
Process yield (%) = ——— - 100 (1
Wtheor

where wey,, is the experimental amount of the product (g), and wype,, the theoretical weight

of the product predicted by stoichiometric calculations (g).

The variation of enzymatic prepolymerization conditions resulted in three sets of prepolymers
(Table 9): samples A (reaction temperature, 80-95°C), samples B (reduced pressure value, 200
and 20 mbar), samples C (reaction time, 2 and 6 h). The sample B-90 was scaled up to prepare
adequate amounts (ca. 10 and 20 g) for the following post-polymerization attempts (Chapter
5).
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Table 9. Conditions of PBS enzymatic prepolymerization

Sample 1t step 2" step yl::;‘z;:)
T (°C) P (mbar) t (h) T (°C) P (mbar) t(h)
A-80 40 1000 24 80 200 2 56
A-85 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
B-90' 40 1000 24 90 20 2 81
B-95 40 1000 24 95 20 2 70
C-90 40 1000 24 90 20 6 83
C-95 40 1000 24 95 200 6 94

'B-90_10g, B-90_20g: scaled-up prepolymers (10 and 20g) with process yields 95 and 96%, respectively
and B-90_20g_5%, B-90_20g_10%, B-90_20g_20%: prepolymers synthesized using BDO excess (5, 10 and
20%) with process yields 99, 99 and 100% respectively.

'H-NMR spectroscopy was performed in CDCl; on a Bruker DRX 400 spectrometer, equipped
with a 5 mm "H/"C dual inverse broad probe operating at 400 MHz to verify the structure of
the formed polyesters. The number-average molecular weight (M,, g-mol™) and number-
average degree of polymerization (x;,) were also calculated by Egs. (2) and (3) respectively [176]

2
I, —Ig— 21
a 4 3_e.88_10+%€ .84_07+17d-89.11+1§e'45.06
M, = L L (2)
0.5'(7+ §)

where 88.10 is the molar mass (g-mol™) of 1,4-butyl segments, 84.07 is the molar mass (g-mol’
") of succinate segments, 89.11 is the molar mass (g-mol‘1) of 1,4-BDO end-groups, 45.06 is the
molar mass (g-mol™") of ester end-groups and I, is the integral of the 1,4-butyl segment signal
at 4.12 ppm, I is the integral of the succinate segment signal at 2.62 ppm, I is the integral of
the BDO end-group signal at 3.67 ppm and I, is the integral of the ester end-group signal at
1.25 ppm.

3)

|
g1

Xp=2"

where m, is the molecular weight of the repeating PBS unit (172 g-mol™).

The percentage of the ester-end group in respect to the total number of prepolymer ends was
calculated by Eq. (4):
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FTIR was performed on an Alpha Il (Alpha II, Bruker, Germany) using the ATR method with a
diamond crystal in the range of 400 to 4000 cm™' wavenumber region and a resolution 4 cm’™
(Figure 22). The prepolymers’ being in the form of powder, were submitted to the FTIR analysis

without prior processing.

Figure 22. Spectrometer Platinum-ATR ALFA Il Bruker

GPC was carried out with the use of Agilent 1260 Infinity Il instrument (Agilent Technologies,
Germany), equipped with a guard column (PLgel 5um) and two PLgel MIXED-D 5 pm columns
(Figure 23). Elution was carried out with chloroform (299.8% purity, Fisher Scientific, U.K.) at a
flow rate of T mL'min”". The analysis was performed using an Agilent 1260 Infinity Il refractive
index detector (RID) (G7162A). The calibration of the instrument was carried out with
polystyrene standards of molecular weight from 162 to 500000 g-mol™ (EasiVial PS-M 2 mlL,
Great Britain) and a universal calibration curve was constructed.

s e — &
Figure 23. Agilent 1260 Infinity Il instrument

59



Differential scanning calorimetry (DSC) measurements were performed in a Mettler DSC 1
STARe System (Figure 24). Heating — cooling — heating cycles from 30 to 150°C, cooling to
-10°C and finally heating to 150°C were conducted. All measurements were conducted under
N, flow (20 mL'min™"), with a rate of 10°C:min™". The melting points derived from the first and
second heating cycle are represented as Tm1 and T, and the relevant mass fraction crystallinity
was computed from the cooling and the second heating DSC curves (x. and x. %) according
to Eqg. (5a) and (5b). The melt crystallization point (7.), as well as the crystallization enthalpy
(AH,, J-g”") were obtained from the DSC cooling cycle.

AH

X (%) = AH; 100 (5a)

Xep(%) = M -100 (5b)
¢ AH,

Where AH; is the heat of fusion (J-g™"), AH, is the cold crystallization enthalpy (J-g"), AH, is the
heat of fusion of 100% crystalline PBS (J-g”") equal to 110.5 J-g” [177].

Figure 24. Mettler DSC 1 STARe System

Thermogravimetric analysis (TGA) was conducted in a Mettler TGA/DSC 1 thermobalance
(Figure 25) from 30 to 600°C, at a heating rate 10°C:min’" under N, flow (10 mL'min™"). The
onset decomposition temperature was defined as the temperature at 5% weight loss (Tqs%),
the degradation temperature (T4) was determined at the maximum rate of weight loss, and the
char yield as the % residue at 600°C.
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Figure 25. Mettler TGA 1 STARe System

The enzymatic prepolymerization process was conducted in two steps to minimize the
monomers' loss, especially due to the BDO's high volatility. The selected reaction temperature
of the first stage was 40°C, based on previous studies of the group, where BDO and DES'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
60°C) in the presence of N435 [49]. The bulk system was found 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
bulk at 40°C presented the highest M,, (2800 g-mol™), probably indicating increased enzyme
activity at this temperature.

The second stage’s reaction temperature (80-95°C, samples A) was firstly investigated for the
enzymatic polymerization of PBS. The relevant process yields were in the range of 56-91%, with
the lowest and the highest value for 80°C and 95°C, respectively (Table 9). For all samples A,
PBS repeating unit was verified via "H-NMR spectroscopy (Figure 26).
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Figure 26. "HNMR spectra of the prepolymers A-80, A-85, A-90 and A-95

The determined shifts were: 4.11-4.18 ppm (4H, -O-CH>-CH,—CH>—CH>-O- from the 1,4-butyl
segment of BDO), 2.62 ppm (4H, -CO-CH-CH>-CO-, from the succinate segment of DES),
1.65-1.75 ppm (4H, O-CH,—CH>-CH>-CH>-O, from the1,4-butyl segment of BDO), 3.65-3.69
ppm (2H, HO-CHz— CH>— CH,—CH>-0O, from the BDO end-groups) and 1.23-1.28 ppm (3H, CH3—
CH>—-O-CO-, from the ester end-groups). The BDO end-group HO-CH,—CH>—CH,—CH2>-0O (")
and the ester end-group CH3;-CH>-O-CO- () both give a signal at 4.12 ppm which is
overlapped with the main butylene signal (-O-CH>-CH>—CH,—CH>-0-) 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 detectable in polymers’ spectra due to intra-molecular
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 A-80, A-85, and A-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 A-80, A-85 and A-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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Figure 27. "HNMR spectra of the prepolymer B-90 and the monomers BDO and DES

The "HNMR-based molecular weight calculations (Figure 28) verified 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, for M, and X,, 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 PBS grades by the group and the relevant
results have already been published. More precisely, higher molecular weight PBS oligomers
(e.g., M,, 2000 g mol™") presented spectra with clearly separated peaks at 4.12 and 1.7 ppm in
contrast to the spectrum of lower molecular weight PBS oligomers (e.g., M,, 1250 g mol™),
where the same peaks were slightly separated. Similarly, Kang-Jen Liu used oligomers (n = 3
to 10) and high molecular weight grades of poly(dimethyl siloxane) (PDMS) to prove the strong
“short-range near-neighbor effect” on the NMR spectra as a function of chain length in bulk
and solution. The researcher interestingly observed that the “internal” methyl groups of the
polymer were distinguishable only when the chain length increased to n > 5. The main polymer
NMR peaks of the polymers were also 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.

Interestingly, the A-prepolymers M, values defined via GPC significantly differed (33-92%)
from the relevant '"HNMR-derived values (Figure 28, Table S1). This phenomenon is already
observed in the literature. Adams et al. [181] used "N NMR and GPC to calculate the molecular
weight of polyaniline samples. The GPC-calculated molecular weight values were found
artificially higher due to either incomplete polyaniline chain disentanglement in solution or the
polyaniline's stiffer nature compared to the used standard (PVP). Da Costa et al. [182] used four
PBS samples of different molecular weights to compare the '"HNMR- and the GPC-calculated
molecular weight values. The values presented significant deviations (3-100%). It was
concluded that NMR presents absolute, more accurate results than GPC.
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Figure 28. '"HNMR- and GPC-calculated M, and X, of the A-80, A-85, A-90 and A-95
prepolymers

Similarly, Izunobi and Higginbotham [183] assessed the molecular weight values of the
homopolymer a-methoxy-w-aminopolyethylene glycol (MPEG-NH;) and the block copolymer
a-methoxy-polyethylene glycol-block-poly-¢-(benzyloxycarbonyl)-L-lysine (MPEG-b- PLL(Z))
via different methods including GPC (calibrated with PS and PEG standards) and "HNMR. The
strong dependence of the GPC results on the calibrant was proved as the M,, values obtained
from the PS-calibrated curve were lower than the theoretical molecular weights of the
measured samples, whereas the opposite scenario occurred for the PEG standards. In
agreement with the abovementioned published works, the researchers concluded that "THNMR
is the most reliable technique to assess the molecular weight values, considering that there is
no need for calibration. In any case, in the present work, the trend of the monitored molecular
weights through 'THNMR and GPC is identical for every temperature except for 95°C. This
inconsistency of A-95 could probably be attributed to inhomogeneity of the prepolymer due
to partial loss of the enzyme’s reactivity at elevated temperatures.

The A-prepolymers’ chemical structure was also verified via PBS FTIR characteristic peaks
(Figure 29): 1712 cm™", C=0 stretching vibrations; 1154 cm™, C-O-C stretching vibration from
the ester groups; 1045 cm™, O-C-C vibration in the BDO segment; 953 cm™’, C-O symmetric
stretching mode and 805 cm™, CH. in the succinate in-plane bending mode [96,176]. The broad
band at around 3400 cm™ is attributed to the O-H stretch in the BDO end-group. The intensity
of the carbonyl stretch C=0 band (1712 cm™) is proportional to the concentration of the ester
bonds (COO) along the polymer backbone and at the end of the polymer chain. In this work,
where the synthesized PBS grades were oligomers, the contribution of the ester end-groups to
the overall carbonyl stretch C=0 band signal intensity is expected to be significant.
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Figure 29. FTIR spectra of the prepolymers A-80 (a), A-85 (b), A-90 (c) and A-95 (d).

Indeed, the carbonyl content, defined qualitatively based on the intensity at 1712 cm™!, was
found to decrease with temperature (Figure 30), showing that the peak intensity is mainly
related to the chain-end ester groups which are consumed with polymerization. The same
trend is also observed for the THNMR-calculated ester end groups percentage, which was also
found to decrease (eq.4, Figure 30). More precisely, the COO peak intensity and the ester end
groups percentage decreased slightly (3 and 11%, respectively) from 80 to 85°C, indicating that
the reaction temperatures below 85°C are insufficient to reach effective polymerization rates.
On the other hand, the highest percentage decrease of the carbonyl content (30%) and the
highest decrease of the 'HNMR-calculated ester end groups percentage (21%) were detected
above 85°C, indicating that increased polymerization rates and chain-end ester groups
consumption were achieved. The kinetic energy of the enzyme and the substrate chains was
sufficient, and the most successful collisions due to higher diffusion rates between the
enzyme’s active site and the substrates were favored at 90°C. Further increase of the reaction
temperature (from 90 to 95°C) did not have a significantly positive effect on the polymerization
rate, as the carbonyl content further decreased slightly by 4%, while the "HNMR-calculated
ester end groups percentage remained almost constant.

The intensity of the hydroxyl end-groups peak at 3400 cm™, which is much weaker and broader
than the COO band at 1712 cm™, was also examined for the A-prepolymers (Figure 30). The
most intense change was detected when the reaction temperature increased from 85 to 90°C
(50% decrease), similar to the carbonyl content. It is thus confirmed that above 85°C, increased
transesterification rates were achieved. At the lower temperatures of 80 and 85°C, the
transesterification rates were significantly lower, and OH groups appeared to increase at 85°C
compared to 80°C. This OH-end group concentration increase may indicate the initial
formation of OH-rich oligomers during lipase-catalyzed polymerization [49,184]: due to the
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low internal carbon chain length of DES its accessibility to the active site is limited, while diol
presence permits the nucleophilic attack of the intermediate complex.
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Figure 30. "HNMR-calculated ester end groups percentage (eq.4) and peak intensities
(transmittance percentage) at 1712 and 3400 cm™ for the prepolymers A-80, A-85, A-90, A-95.

In agreement with the decrease of COO intensity with temperature, the obtained GPC-
calculated average molecular weights significantly increased for reaction temperatures above
85°C (Figure 30, Table S1). In particular, the highest GPC-calculated M,, (2300 g mol") and M,,
(5100 g mol™") were observed at 90°C with a dispersity of 2.2, being close to the most probable
molecular weight distribution value. At 95°C, the average molecular weights seemed to
decrease (by 15%) compared to 90°C remaining though higher than the values at 80 and 85°C.
This behavior of lower polymerization rate at 95°C may be due to partial loss of the enzyme's
reactivity, while dispersity remained at similar values (2.1). A recent paper correlated this effect
of biocatalysis temperature to the melting of the formed PBS chains above 84°C [95]. More
precisely, based on the DSC results, the solid state of PBS below 83.6°C limited the diffusion of
polymer chains through the porous support to reach the enzyme's active site. According to the
researchers, PBS melting was possible above this temperature, and 90°C was thus found as the
optimal reaction temperature. Similarly, 90°C has been indicated as the optimal reaction
temperature of N435 in different polymerization systems (e.g., ring-opening polymerization of
g-caprolactone in toluene [185] and furanic-aliphatic polyamides synthesis in toluene [186]).

The percentage increase of the GPC-calculated average molecular weights for a AT of 5°C was
calculated to find the temperature coefficient values (Figure 31). A temperature coefficient (a)
describes the relative change of a property depending on a given change in temperature, and
it can be calculated as follows (Eq. 6).
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MW — MW,
a=——
MWref : (Tr - Tref)

(6)

Where a is the temperature coefficient (°C"), MW the M, or M,, at a selected reaction
temperature T, (g mol™), MW, the reference M,, or M,, (at 80°C, in g mol™), T the selected

reaction temperature (°C), Ty.f the reference reaction temperature (80°C).
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Figure 31. Temperature coefficient (a) and the ratios of the constants of the 2" order kinetics
(kZ/kZ_ref)

The negative and low M,- and M,,-based calculated temperature coefficients (-0.01°C™" and
0.01°C™" respectively) at 85°C (Figure 37), confirm that the polymerization reaction was not
favored at reaction temperatures below 85°C, probably due to decreased enzyme activity along
with the diffusion limitations due to the products’ solid state, considering the decreased M,,
values and process yields, especially at 80°C (Figure 28, Table 9). On the other hand, the
temperature increase from 85 to 90°C seems crucial for the system, as the temperature
coefficient maximizes at 90°C. Following the FTIR results, the further temperature increase up
to 95°C does not positively affect the polymerization rate, as the temperature coefficient
decreases, remaining though higher compared to the relevant value at 85°C.

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 reactions (including
hydrolysis), based on the following Flory theory-based equation (Eq. 7).
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Where k, the rate constant of the polymerization reaction (kg meq” h™), C, the initial
concentration of the ester- or hydroxyl-end groups (t=0) and t the reaction time (h).

The reaction temperature 80°C was considered as the reference reaction temperature and
kn
kref

based on Eq. 7, the ratios (where n: the different reaction temperatures and ref: 80°C) were

calculated (Figure 37). It is confirmed that the rate constants ratios increase with temperature
up to 90°C. In the range 80-90°C the temperature increase from 85 to 90°C is the most crucial,

as the ratio :ﬂ is 1.4 times higher than :ﬁ indicating that 90°C is the most promising reaction
ref ref

95

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

probably due to the beginning of the protein denaturation as it remained higher (26%) than
Turning to the thermal properties (Figure 32, Table S2), all the enzymatically synthesized
samples were submitted to a first heating cycle to erase their thermal history, which was
followed by cooling up to -10°C. The A-prepolymers crystallization temperatures (T.) were
correlated to prepolymerization temperature and thus to the achieved molecular weights
(Figure 33). The higher molecular weight prepolymers (A-90 and A-95) presented higher
crystallization temperatures (61 and 64°C respectively) in contrast to the lower molecular
weight A-80 (7. =53°C) and A-85 (T. =55°C). This trend is attributed to the increased ease of
chain folding of longer macromolecules and the decreased number of end groups that may
act as crystal defects, slowing down the crystallization process.
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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 calculated crystallinities, however, were found similar (xc 72-74%) during cooling (Table S2)
and in agreement with the relevant values reported in the open literature [162]. During the
second heating, cold crystallization occurred for all the A-prepolymers at 68-81°C, indicating
the formation of small crystals that didn't have enough time to be formed during cooling from
the melt. The higher molecular weight prepolymers (A-90 and A-95) presented increased AH,,
values (8 and 12 J-g™' respectively), confirming again their enhanced tendency to crystallize.
Multiple melting peaks were then monitored for all the A-prepolymers, indicating the existence
of different crystal populations (e.g., different lamellar thickness) with different melting stability,
a typical phenomenon for PBS. The first two melting peaks (77-92 and 84-100°C respectively)
are attributed to the original crystalline melting [187], while the third one, monitored at the
highest temperatures (93-107°C) corresponds to the recrystallization of the partially melted
crystals during heating and was found close to the typical Tm (114°C) of a commercial PBS
grade. As expected, the higher molecular weight prepolymers (A-90 and A-95) presented the
higher melting points (Figure 33) and sharper endothermic peaks (Figure 32c) similarly to
typical PBS thermographs. The melting enthalpies were also found increased for the higher
molecular weight grades A-90 and A-95, i.e,, 88 and 86 J-g™' respectively.
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Figure 33. Crystallization temperature (7c) and melting point from the second heating (Tmz2) of
the prepolymers A-80, A-85, A-90 and A-95.

Turning to TGA results, all A-prepolymers presented a single-step decomposition profile
(Figure 34), with Tgs% and T4 from 303 to 326°C and 382 to 398°C (Table S3). The monitored Tq
values were found similar to a commercial PBS grade (T4 at ca. 400°C) [96], and no mass loss
was monitored at temperatures related to the monomers evaporation (T, of BDO: 205°C, T, of
DES: 179°C) indicating also no residual monomers in the products (Figure 35b). The achieved
high thermal stability of the enzymatically synthesized PBS grades, despite their low molecular
weight, can be evidenced and attributed to the enzymes' selectivity, the applied mild
polymerization conditions and the absence of undesirable by-products and metal catalyst
residues that may accelerate thermal degradation reactions lowering thus the Ty.
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Figure 35. 2" heating DSC thermogram of B-90 and the monomer BDO (a) and 1 derivative
of the TGA curve of B-90, DES and BDO (b).

Given the improved characteristics of the A-90 and A-95 prepolymers, the reduced pressure
effect was studied at 90 and 95°C in order to enhance the rate of by-product (ethanol) removal
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, B-90 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 increased at 90°C (81%) compared to A-90 (75%), while it significantly
decreased at 95°C (Table 9): from 91% (A-95) to 70% for B-95. At the end of the reaction at
95°C under 20 mbar, the enzyme presented yellowish color (Figure 36a), indicating the
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 '"HNMR, and the molecular weights were
calculated via 'THNMR 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), C-95 (d), B-90 (e) and C-90 (f). Morphology of the prepolymers C-90 (b)
and C-95 (c)

According to the process yield values, GPC-calculated M, slightly increased with the reduced
pressure for the prepolymers synthesized at 90°C. On the other hand, B-95 presented
significantly lower molecular weight values, and GPC showed a narrower MWD (dispersity 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, A-90 and B-90 behaved similarly (Table S2). Melt
crystallization (T¢) occurred at ca. 61-64°C, and the presence of three melting peaks, all slightly
higher for B-90 (91, 99 and 105°C) is in line with the slightly increased molecular weight of B-
90 compared to A-90. On the other hand, the prepolymers synthesized at 95°C, presented
significantly different thermal properties. B-95 had significantly decreased T. (45°C) compared
to A-95 (64°C), and similar AH, 81 and 84 J-g™" (Figure 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
Tm compared to A-95. Indicatively, the third melting endotherm was found 107°C and 83°C for
A-95 and B-95 respectively. The AH,, values of B-95 were also found decreased (72 J-g™")
compared to A-95 (86 J-g").
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Figure 37. Cooling (a) and second heating (b) of the prepolymers A-95, B-95 and C-95.

The B-90 prepolymer also presented increased Tqs% (327°C, Table S3) compared to the A-90
(303°C), while the B-95 presented significantly decreased Tqys% (272°C) compared to A-95
(326°C). The Tq4s% 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°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.

Given the positive effect of the reduced pressure at 90°C and its negative effect at 95°C, a
higher reaction time (6 h) was also studied as parameter at 90°C, 20 mbar (C-90) and 95°C, 200
mbar (C-95). On that basis, the reference prepolymers were B-90 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.
Additionally, the enzyme collected at the end of the reaction at 95°C presented yellow color,
an indication of its thermal denaturation (Figure 36d). The process yield increased slightly for
C-90 and C-95 (Table 9) with the increase in the reaction time. For C-90, M,, increased up to
3100 g'mol™ being close to the B-90 value (2500 g-mol™"). However, M,, was found to decrease,
indicating the existence of competitive phenomena. The system may have reached equilibrium
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. Considering also the solid state character of the products at 90°C, it
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 a result, M,, of C-90 slightly increased in contrast
to M,,, which was found to decrease due to the longer macromolecules’ higher contribution to
the weight-average molecular weight calculation. For C-95°C, both molecular weight averages
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significantly decreased, confirming the enzyme'’s time-dependent thermal inactivation at 95°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, C-95 presented significant differences to A-95 including slower
crystallization kinetics, (26°C lower T, 8 J-g”' lower AH,). The increased AH, 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 macromolecules. Song and Sung [188]
who studied the crystallization of different PBS grades as a function of molecular weight (4600
— 27000 g-mol™) also noticed a significant increase at the AH, (from 18.1 to 19.7 cal-g™") when
the molecular weight increased from 4600 to 6300 g-mol™". Then AH, remained almost constant
up to 11000 g-mol™” and finally decreased at higher molecular weight values (18.7 cal-g”'at
27000 g-mol™). The fact that the higher molecular weight grade (27000 g-mol™") presented
lower T. and AH, values, can be attributed to the limited ease of chain folding due to the
increased viscosity of the medium. C-95 also presented significantly different melting points,
crystallinity and Tqgs%, all attributed to its lower molecular weight (Figure 37, Table S3).
Interestingly, the T4 of the prepolymers C-90 (383°C) and C-95 (383°C) were found similar to
the B-90 (384°C) and A-95 (385°C), respectively. Even though C-90 and B-90 presented similar
MW values, while C-95 presented a significantly decreased MW compared to A-95, the T4 in
both cases was not affected and the decomposition process was conducted in a single-stage.
This non-dependence of the T4 and the MW is attributed to the fact that the M,, of all the
prepolymers is higher than 1000 g-mol™. More precisely, in a work of the group, it was proved
that the enzymatically synthesized PBS grades with low molecular weights (M,, <1000 g-mol™)
decomposed at temperatures lower than 450°C and presented a two-stage decomposition in
most cases. On the contrary, higher molecular weight grades (M,, 1000 - 3000 g-mol™)
decomposed at temperatures higher than 450°C in a single-stage process. A similar trend has
been reported by Chrissafis et al. [189] for poly(ethylene succinate) or PES; it was proved that
PES of M,, 2300-3000 g-mol™” decomposed at temperatures lower than 200°C, with a three-
stage decomposition process. On the contrary, PES of M,, 3560-21480 g-mol ™' presented a clear
mass loss stage at temperatures higher than 290°C. The enhancement mechanism of thermal
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
degradation of poly(e-caprolactone) or PCL by TGA and FTIR. The researchers discovered that
the lower molecular weight PCL grade (10000 g-mol™") decomposed in a three-step mechanism
in contrast to the higher molecular weight (80000 g-mol™") for which a two-step decomposition
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 molecular weight grade, the monomer g-caprolactone was formed. It
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 decomposition is less (or even not at all) affected by the molecular weight
variations.

The prepolymers synthesized at 90°C under 20 mbar for 2 and 6 h (B-90 and C-90) presented
the highest performance in terms of molecular weight (M,, 2500 and 3100 g-mol™, M,, 6700
and 5200 g-mol™), thermal properties (Tm2 105 and 107°C) and morphology (colorless, free-
flowing powders). Even though their characteristics were similar, B-90 was selected to be scaled
up (10 and 20 g) as its synthesis reaction time was shorter (2 h), permitting thus lower energy
requirements in line with the main principles of green chemistry. It is also important that the
herein applied process can be easily scaled up, considering that it is a low-temperature bulk
polymerization technique not requiring multiple solvents for the final product isolation. The
scaled-up prepolymers were also received as colorless, free-flowing powders, and the achieved
process yields were 95-96%. The obtained molecular weight values were found to be lower
compared to the smaller scale grades (Table S1); especially the M,, presented the highest
decrease (53%) from the 1g- to the 20g-scale, indicating that the formation of the longer chains
was restricted, while the relevant decrease in the M,, values was less intense. This phenomenon
can be attributed to mass transfer limitations that are more intense on large scales. For
instance, the rate of by-product removal decreases as the produced ethanol is increased
(constant vacuum of 20 mbar). Additionally, the scaled-up prepolymers' OH end groups were
slightly lower than B-90 (52 and 53% for the 10 g and 20 g prepolymers instead of 60% for the
B-90, see Figure 30), showing that mass transfer limitations may also affect the reactants’
concentration and accessibility in the enzyme active site leading to a diverse distribution of
end groups on large scales.

The scaled-up prepolymers’ thermal properties were also lower compared to B-90 (Figure 38,
Table S2). The melting points derived from the first heating of the scaled-up prepolymers,
critical for the subsequent post-polymerization step, were found to decrease (103°C for the
10g and 98°C for the 20g) compared to B-90 (106°C). Slower crystallization kinetics, lower
crystallinity, second-heating melting points and Tgs% were monitored for the scaled-up
prepolymers. On the contrary, the obtained decomposition temperatures were similar, as they
are not that sensitive to molecular weight differences (Table S3).
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Figure 38. First heating (a), cooling (b) and second heating (c) of the prepolymer B-90 and the
scaled-up prepolymers (10 and 20 g)

The prepolymer B-90_20g was selected as the starting material for the following post-
polymerization tests (Chapters 5.4.1.1 and 5.4.1.2) due to its adequate available amount, good
thermal performance and morphology to permit applying and examine SSP as a possible
upgrading method.

In typical metal-catalyzed systems of esterification and trans-esterification stages for
poly(alkylene succinate) production, reaction mixture composition is tuned by adding
butanediol in slight excess. Thus, the equilibrium of the esterification reaction is shifted towards
the formation of the diester, and the formation of OH-rich oligoesters that will further react
during transesterification leads to a high yield of the final product. Jacquel et al [23]
synthesized PBS with different chemical transesterification catalysts and used a molar excess
of butanediol of 5%. Bikiaris et al. [24] synthesized different aliphatic polyesters, including PBS,
using a higher butanediol excess of 20% (molar ratio of acid/glycol 1/1.2). High reactive groups’
(such as OH) concentrations are also usually required during SSP as they affect the reaction
rates [115]. In this context, the monomers’ ratio was studied as a parameter for enzymatic
prepolymerization on the large scale of 20 g, and the selected conditions were identical to the
scaled-up prepolymer’s synthesis (Table 9). The selected BDO molar excesses to be examined
were 5, 10 and 20%, and the relevant products are coded as B-90_20g_5%, B-90_20g_10% and
B-90_20g_20%, respectively.
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The obtained products were colorless solids, with the B-90_20g_20% being stickier than the
90_20g_5% and B-90_20g_10%, probably indicating a lower degree of polymerization. This
morphology aligns with the achieved process yields; the lower BDO excess products (5 and
10%) presented a 99% process yield, similar to the B-90_20g prepolymer’s (96%, Table 9). On
the other hand, the B-90_20g_20% product’s process yield was calculated at 100% (Table 9),
which is extremely high and probably indicates a remarkable quantity of unreacted BDO in the
prepolymer mass, which could lead to a lower polymerization degree.

The products’ chemical structures were verified via '"H-NMR and FTIR, and the OH end groups
of the synthesized prepolymers were monitored (Figure 39). As was expected, the OH end
groups percentage significantly increased using BDO in excess, reaching the values from 64 to
81% (for the 5 and the 20% excess, respectively), all significantly higher than the stoichiometric
prepolymer B-90_20g (OH end groups percentage 53%). In agreement with the 'H-NMR, a
similar trend was observed in the FTIR results, with the intensity of the hydroxyl end-groups
peak at 3400 cm™ increasing with the BDO excess increase. It was thus confirmed that the BDO
excess overcame the large-scale mass transfer limitations, typically leading to diverse
distribution of end groups in the final products, as discussed in 2.4.2.
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Figure 39. Peak intensity at 3400 cm™, "H-NMR-calculated hydroxyl end groups percentage
and the analytically calculated slopes for the prepolymers B-90_20g, B-90_20g_5%, B-
90_20g_10% and B-90_20g_20%.

The OH end groups increased linearly with the BDO excess increase based on both the 'H-
NMR and FTIR methods (R% 0.9701 and 0.9968 for the 'H-NMR and FTIR, respectively).
However, when the slope was analytically calculated at each BDO molar excess, it was found to
decrease after 5% (Figure 39). This trend can be attributed to the very high abundance of BDO
(for excesses higher than 5%), probably leading to competing side reactions, leading to the
formation of undesirable byproducts (including short-chain oligomers such as dimers), as the
system tries to counteract the intense change in the monomers’ concentrations.
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The prepolymers’ molecular weight values were defined via "H-NMR and GPC, and the results
are presented in Figure 40. Based on the GPC-calculated results, the M,, did not show significant
changes, with the 20% BDO excess product presenting the highest decrease of 8% compared
to the stoichiometric B-90_20g. The decreasing trend of the prepolymers’ M,, was depicted
more clearly in the "H-NMR results, especially at the B-90_20g_20% prepolymer, which reached
the value of 600 g-mol™, thus confirming the negative effect of the high BDO excess on the
prepolymer in agreement with the abovementioned macroscopical observations (sticky
morphology). The M,, of the prepolymers was significantly affected by the BDO excess reaching
up to a 35% decrease for the 20% BDO excess. The lower molecular weights are generally
expected in step-growth polymerization when there are significant deviations from the
stoichiometric ratio of the monomers. In our system, the presence of high amounts of the
residual unreacted BDO could also negatively affect the enzyme’s function, leading to the
formation of numerous short-chain oligomers (e.g., dimers), as already discussed. The
formation of these shorter oligomers negatively affects the MW (especially the M,,) and
consequently, the polymer's dispersity, which was also decreased and significantly lower than
the most probable molecular weight distribution value.
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Figure 40. Number-average molecular weight values defined by GPC and "H-NMR (a) and
weight-average molecular weight values and dispersity values (b)

As regards the prepolymers’ thermal properties monitored via DSC, B-90_20g_20% presented
the lowest melting point during the first and the second heating (96 and 94°C respectively)
compared to the stoichiometric B-90_20g (98°C). The slowest crystallization kinetics and the
lowest crystallinity were also monitored for the 20% excess product (Table S2). The
decomposition temperatures of all the BDO excess products, defined through TGA, were
increased (Tq 400-401°C) compared to B-90_20g presenting Tq of 384°C (Table S3). This
behavior could be related to the increased OH-end group concentrations of the BDO excess
products, as these polar groups can form during heating intermolecular hydrogen bonds (e.g.,
with the PBS ester bonds) and thus increase the overall stability of the oligomer but further
investigation is required. The lowest Tqys% was also monitored for the B-90_20g_20% (233°C
instead of 315°C for B-90_20q), attributed to its lower molecular weight.
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Overall, the prepolymer B-90_20g_5% was selected as the starting material for the following
post-polymerization tests (Chapter 5.4.1.2.3) due to its adequate thermal performance and OH-
end groups percentage to study the effect of the OH-end group concentration on the post-
polymerization process.

This chapter examines PBS prepolymers synthesis via enzymatic polymerization using
immobilized Candida antarctica Lipase B as a biocatalyst in a solvent-free system. The
enzymatic synthesis was conducted in two stages, with the first at milder conditions (40°C,
atmospheric pressure, 24 h) to minimize possible monomers’ losses. The second stage's
conditions (reaction temperature, pressure, time) were thoroughly investigated.

Starting with the reaction temperature, the examined temperature window was 80-95°C. All
the synthesized prepolymers’ structure was verified via '"H-NMR and FTIR. The prepolymers
synthesized at 90 and 95°C (A-90 and A-95, respectively) presented superior properties
compared to the products of the lower reaction temperatures. More precisely, the molecular
weight values, were found to increase above 85°C, reaching the values of 2300 g-mol'and 5000
g-mol™ (M,, and M,,, respectively) at 90°C. This behavior of higher polymerization rate at 90°C
agreed with the open literature where 90°C has been indicated as the optimal reaction
temperature of N435 in different polymerization systems. At 95°C, the average molecular
weights decreased slightly (compared to 90°C), probably implying partial loss of the enzyme'’s
reactivity, but were still higher than the MW at 80 and 85°C. The different products were also
qualitatively compared based on the carbonyl and hydroxyl band intensities (transmittance
percentage), given that the contents are proportional to the relevant values. The highest
percentage decrease of the carbonyl content (30%) and the highest decrease of the '"HNMR-
calculated ester end groups percentage (21%) were detected above 85°C, indicating that the
contribution of the ester end-groups to the overall carbonyl stretch C=0 band signal intensity
is significant when oligomers are examined. In line with the GPC results, it was shown that
increased polymerization rates and chain-end ester groups consumption were achieved at
90°C. At this temperature, the kinetic energy of the enzyme and the substrate chains was
sufficient, and the most successful collisions due to higher diffusion rates between the
enzyme’s active site and the substrates were favored. Further increase of the reaction
temperature (from 90 to 95°C) did not significantly affect the polymerization rate. The thermal
properties of the prepolymers synthesized at 90 and 95°C were also superior, with higher
crystallization temperatures (7. up to 64°C) and higher melting points (Tmz2 up to 107°C).

Given the improved characteristics of the A-90 and A-95 prepolymers, the reduced pressure
effect was studied at 90 and 95°C (prepolymers B-90 and B-95, respectively) to enhance the
by-product (ethanol) removal rate via evaporation and diffusion. The applied reduced pressure
had a positive effect at 90°C, but a negative effect at 95°C. The morphology of B-90 was similar
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to that of A-90, namely free-flowing powder. Higher MW were determined for the B-90, namely
2500 and 6700 g-mol' (GPC-derived M,, and M,,, respectively) and similar thermal properties
(e.g., Tm2 105°C). On the contrary, B-95 was a sticky bulk material, significantly different from
A-95. B-95 also presented significantly reduced MW compared to A-95, reaching the values of
1400 and 2000 g-mol™ (GPC-derived M, and M,,, respectively). The thermal properties of B-95
were also downgraded, with broad endotherm peaks, decreased Tm> (83°C), and decreased
thermal stability, indicated by the significantly lower Tqs%, which is highly sensitive and
correlated to the molecular weight changes. Finally, at the end of the reaction at 95°C under
20 mbar, the enzyme presented yellowish color, indicating the beginning of its denaturation,
which probably led to the formation of lower molecular weight oligomers that are more
susceptible to sublimation, leading also to a lower yield.

Higher reaction time (6 h) was also studied as parameter at 90°C, 20 mbar (C-90) and 95°C, 200
mbar (C-95), with the reference prepolymers being B-90 and A-95 respectively. Reaction time
did not significantly affect polymerization at 90°C, in contrast to 95°C, where a clearly negative
effect was monitored. For C-90, M,, increased up to 3100 g-mol™ being close to the B-90 value
(2500 g-mol™), but M,, was found to decrease, indicating the existence of competitive
phenomena. The chemical reaction equilibrium may have been reached due to increased active
end-group consumption. High by-product amounts were formed requiring a higher vacuum
to be removed, thus leading to ethanol accumulation within the reacting particles and
alcoholysis reactions. The thermal properties of B-90 and C-90 were found similar. On the other
hand, for C-95°C, both molecular weight averages significantly decreased to 1100 and 3800
gmol™ (M, and M,,, respectively), confirming the enzyme’s thermal inactivation at 95°C also
indicated by its yellow color at the end of the reaction. Regarding the C-95 thermal properties,
it presented slower crystallization kinetics, significantly lower melting points, crystallinity and
Ta5% all attributed to its lower molecular weight.

The prepolymers synthesized at 90°C under 20 mbar for 2 and 6 h (B-90 and C-90) presented
the highest performance in terms of molecular weight, thermal properties and morphology.
Even though their characteristics were similar, B-90 was selected to be scaled up (10 and 20 g)
as its synthesis reaction time was shorter (2 h), permitting thus lower energy requirements in
line with the main principles of the green chemistry. The herein applied process was
successfully scaled up, thanks to its simplicity as it is a low-temperature bulk polymerization
technique not requiring multiple solvents for the final product isolation. Thus, 20 g of
enzymatically synthesized PBS were received for the first time, filling the relevant gap in the
open literature as discussed in the introduction part. The scaled-up prepolymers’ morphology
was as expected (colorless, free-flowing powders), but the obtained molecular weight values
were found to be lower compared to the smaller scale grades due to mass transfer limitations
that are more intense on large scales. Additionally, the scaled-up prepolymers' OH end groups
were slightly lower than B-90 probably due to the mass transfer limitations affecting the
reactants’ concentration and leading to a diverse distribution of end groups on large scales.
The scaled-up prepolymers’ melting points derived from the first heating, critical for the
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subsequent post-polymerization step, were found to decrease (103°C for the 10g and 98°C for
the 20g) compared to B-90 (106°C). Slower crystallization kinetics, lower crystallinity, second-
heating melting points and T4s% were monitored for the scaled-up prepolymers. On the
contrary, the obtained decomposition temperatures were similar, as they are not that sensitive
to molecular weight differences.

The last examined parameter was monomers' ratio, studied on the large scale of 20 g, applying
the optimized prepolymerization conditions. The selected BDO molar excesses to be examined
were 5, 10 and 20%. The OH end groups increased linearly with the BDO excess increase based
on "H-NMR and FTIR. However, when the slope was analytically calculated at each BDO molar
excess, it was found to decrease after 5%. The M,, of the prepolymers was significantly affected
by the BDO excess reaching up to a 35% decrease for the 20% BDO excess. The observed MW
decrease can be attributed to deviation from the stoichiometric ratio of the monomers, while
the high amounts of the residual unreacted BDO could negatively affect the enzyme function,
leading to the formation of numerous short-chain oligomers (e.g., dimers). The 20% BDO
excess product presented the lowest melting points, the slowest crystallization kinetics and the
lowest Tqs%, all attributed to its lower molecular weight.

Summing up, PBS prepolymers were enzymatically synthesized through a process designed in
line with the green chemistry guidelines, i.e., solvent-free process, easiness of workup, and low
energy requirements due to low reaction temperatures and times. The main advantage of this
process is its scalability potential, thanks to its simplicity. The herein prepared pure, controlled
low molecular weight and crystallinity PBS permits tunable degradation rates needed in
controlled release applications, and it is thus appropriate for biomedical materials and
biodegradable plastics for packaging. It is thus a product presenting increased primarily
research and secondarily industrial interest.
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In 2004, the US Department of Energy published a list of 12 high-value-added chemicals
obtained from sugars (updated in 2010), among which 2,5-furan dicarboxylic acid (2,5-FDCA)
can be found. This monomer has attracted the attention of important companies, such as ADM,
DuPont, Avantium and BASF, interested in its industrial production, as it is characterized as “a
sleeping giant” due to its structural similarity with terephthalic acid employed in the production
of important thermoplastic polyesters like poly(ethylene terephthalate) (PET) and poly(butylene
terephthalate) (PBT) [191].

Among the FDCA-based polyesters (i.e., poly(ethylene 2,5-furandicarboxylate) (PEF),
poly(propylene 2,5-furandicarboxylate) (PPF), poly(butylene 2,5-furandicarboxylate) (PBF)), PBF
undoubtedly occupies a privileged position due to its resemblance to the engineering plastic
poly(1,4-butylene terephthalate) [192]. Although PBF presents similar morphological, thermal,
and mechanical properties to PBT due to their similar chemical structures (the furan ring
replaces the benzene ring), it is more hydrophilic than PBT and, therefore, more prone to attack
by microorganisms [193]. PBF has also shown potential for usage in multilayer packaging
materials due to its exceptional gas barrier properties [136]. Guidotti et al. [191] synthesized
homopolyesters of 2,5-FDCA with high molecular weight by two-stage melt polycondensation,
starting from dimethyl ester of 2,5-FDCA and glycols of different lengths (the number of
methylene groups ranged from 3 to 6). The synthesized polyesters were then processed into
free-standing thin films (thicknesses between 150 to 180 um) by compression molding. The
researchers concluded that the polyesters containing short glycolic subunits, i.e., PPF and PBF,
could be suitable to produce rigid packages with outstanding barrier properties to CO, as in
the case of bottles for soft drinks.

A 2010 patent has already mentioned PBF synthesis, albeit no specific detail was reported then
[194]. Later, several independent studies [195,196] reported its synthesis by reacting FDCA with
1,4-butanediol through a two-stage approach in the presence of titanium-based catalysts,
including TBT (tetrabutyltitanate) and TTIP (titanium tetraisopropoxide) as catalysts (See
Chapter 1.2.1.2.1). As already discussed, using metal catalysts can be a significant drawback,
especially when the final product is used for food contact applications, as they can be toxic to
the environment and people.

A promising alternative is enzymatic polymerization, which avoids using toxic catalysts.
However, the relevant literature is very limited, with only two published works enzymatically
synthesizing PBF with M,, and M,, up to 1600 and 5600 g-mol ™.
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Thus, PBF seems to be a polymer with great potential to be used as a packaging material in
the coming years. It is thus crucial to invest in green methods to safely synthesize it and
probably upgrade PBF, for instance, when produced via enzymatic polymerization.

The main objective of this chapter was to examine the immobilized Candida antarctica Lipase
B as a biocatalyst in a solvent-free system to produce poly(butylene 2,5-furandicarboxylate)
(PBF) in a scalable process.

In the first part of the chapter, the most critical parameters of the process, including reaction
temperature, pressure, and time, were studied on a small scale of 1 g of the final PBF
prepolymer. The prepolymers’ molecular weight, thermal properties, and morphology were
assessed for every process parameter. Additionally, an assay of the recyclability potential of the
enzyme was conducted.

In the second part of the chapter, two consecutive scaling-up attempts to receive 3 and 6 g of
the PBF prepolymer and study the scalability of the process occurred. This study also aspired
to investigate the relative scaling-up effect on the prepolymer’s properties.

For PBF synthesis, diethyl furan-2,5-dicarboxylate or DEF (C1oH120s, purity >95%) was used. DEF
was purchased from Biosynth, Switzerland (Table 10) and was in the form of a yellow powder.
It is worth noting that DEF (also known as DEFDCA) and dimethyl furan-2,5-dicarboxylate (DMF
or DMFDCA) are the most common FDCA derivatives that are usually preferred over FDCA to
facilitate polymerization reactions; these derivatives present increased reactivity, solubility in
the reaction mixtures and lower melting temperatures [197]. Additionally, using a diester such
as DEF is crucial for our case, where enzymatic polymerization is conducted using biocatalyst
N435, presenting increased specificity with esters.

Table 10. Compounds used for the prepolymerization of PBF

Molecular MW Other )
Compound Structure 1 . Supplier
Formula (g-mol™’) characteristics
DEF CeHuOs L 2122 Purity >95%  Biosynth, Switzerland
Hexane CeHia o™~ 86.18 Purity 95% Fisher Scientific, U.K.
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BDO and the N435, both presented in Chapter 2.3.1, Table 7, were also used for the PBF
polymerization. Hexane was purchased from Fisher Scientific, U.K. All chemicals were used
without further purification.

The assay of the N435 activity was conducted as described in Chapter 2.3.1.1. Since the
reusability potential of the biocatalyst N435 was to be assessed (Chapter 3.4.1.2), the protein
loading was considered 10% wt (see Chapter 2.3.1.1) for every calculation included in the
reusability study.

Stoichiometric amounts of DEF (6 mmol, 1.27 g) and BDO (6 mmol, 0.54 g) were premixed in a
round-bottom flask and stirred (75 rpm) at 50°C in a rotary evaporator (Rotavapor R-210,
Bucchi, Switzerland) under atmospheric pressure. 10% wt N435 (relative to monomers) was
subsequently added, and a two-step prepolymerization process was applied.

Table 11. Conditions of PBF enzymatic prepolymerization

Sample 1%t step 2" step
T (°C) P (mbar) t (h) T (°C) P (mbar) t (h)

D-75 50 1000 24 75 200 2
D-80 50 1000 24 80 200 2
D-85 50 1000 24 85 200 2
D-90’ 50 1000 24 90 200 2
D-95 50 1000 24 95 200 2
E-90 50 1000 24 90 20 2
E-95 50 1000 24 95 20 2
F-90 50 1000 24 90 200 6

F-90_24 50 1000 24 90 200 24
F-95 50 1000 24 95 200 6

'D_90_3g, D-90_6g: scaled-up prepolymers (3 and 6 g respectively)

The first step was conducted at 50°C, under atmospheric pressure, for 24 h to minimize BDO
losses. Then, the temperature increased, and vacuum was applied. At the end of the reaction,
chloroform was added (4:1 wt relative to monomers) to dissolve the formed polyester and the
enzyme was subsequently filtered off. The remaining chloroform was evaporated in a high-
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vacuum pump (Edwards RV5 Rotary Vane Pump, Edwards, U. K.), and the formed polyester, a
yellowish sticky gel, was stored in a desiccator. The process yield (%) was calculated as in 2.3.2.
When needed, the product was dispersed in hexane to dissolve residual DEF and the
undissolved oligomer was subsequently filtered off.

The variation of enzymatic prepolymerization conditions resulted in three sets of prepolymers
(Table 77): samples D (reaction temperature, 75-95°C), samples E (reduced pressure value, 200
and 20 mbar), samples F (reaction time, 2 and 6 h). The sample D-90 was scaled up to prepare
a higher amount (ca. 3 g) for the following post-polymerization attempts (see Chapter 5).

'H-NMR spectroscopy was performed in CDCl; on a Bruker DRX 400 spectrometer, equipped
with a 5 mm "H/"C dual inverse broad probe operating at 400 MHz to verify the structure of
the formed polyesters. The number-average molecular weight (M,,, g-mol™) was calculated by

Eqg. (8):
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where 88.10 is the molar mass (g-mol™) of 1,4-butyl segments, 122 is the molar mass (g-mol™)
of furanoate segments, 89.11 is the molar mass (g-mol™) of 1,4-BDO end-groups, 45.06 is the
molar mass (g-mol") of ester end-groups and I, is the integral of the 1,4 butyl segment signal
at 4.35-4.43 ppm, I, is the integral of the furanoate segment signal at 7.20 ppm, 14 is the
integral of the BDO end-group signal at 3.67 ppm, I, is the integral of the ester end-group
signal at 1.25 ppm and I is the integral of the ester signal at 1.40 ppm.

The number-average degree of polymerization (x,) was calculated by Eq. (3) (see Chapter
2.3.3.1) for am, of 210 g-mol™ (i.e., the molecular weight of the repeating PBF unit).

The percentage of the hydroxyl-end group in respect to the total number of prepolymer ends
was calculated by Eq. (9):
I

hydroxyl end groups percentage (%) = -100 9)

I

I
le d
3 +

2

FTIR was performed as described in 2.3.3.2. The prepolymers, in the form of sticky powders,
were submitted to the FTIR analysis without prior processing.
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GPC was carried out as described in 2.3.3.3. The calibration of the instrument was carried out
as described in 2.4.3. The calibration curve was not used for the MW determination due to
lacking Mark-Houwink (K and a) constants for the specific polymer-solvent system.

Differential scanning calorimetry (DSC) measurements were performed in the system described
in 2.3.3.4. Heating — cooling — heating cycles from 20 to 180°C, cooling to —90°C, and heating
to 200°C were conducted. All measurements were conducted under N; flow (20 mL:-min™"), with
a 10°C:min’' rate. The relevant mass fraction crystallinity (x.) was computed from the cooling
DSC curves according to Eq. (5a), for the heat of fusion of 100% crystalline PBF (AH,) equal to
129 J-g™" [198].

Thermogravimetric analysis (TGA) was conducted as presented in 2.3.3.5.

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 50°C instead of 40°C, which was the optimum first-stage reaction temperature for
the case of PBS. This temperature was selected to have DEF in the liquid (melt) state, thus
ensuring that the monomers mixing and diffusion into the enzyme’s support to reach the
enzyme'’s active site would be facilitated. The reaction temperature of the second step (75-
95°C, samples D) was the first parameter of the PBF enzymatic polymerization to be studied.
All the calculated process yields were higher than 100%, indicating the presence of residual
monomers in the oligomers’ mass, probably the solid DEF, as liquid BDO is expected to be
removed during drying.

All the products' repeating unit was verified via 'H-NMR spectroscopy, and the obtained
spectra were similar. Indicatively, the D-90 spectrum is presented in Figure 41 compared to the
relevant blank sample, the monomers (BDO and DEF), and the monomers’ mixture spectra. The
determined shifts of the herein synthesized prepolymers were: 7.20 (2H, -CH=, protons a from
the furan segment of DEF), 4.35-4.43 (4H, -O-CH>—CH,-CH>-CH>-O-, protons b from the butyl
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segment of BDO), 1.80-1.91 (4H, -CO-O-CH,-CH:-, protons ¢ from the butyl segment of BDO),
all verifying the repeating unit of PBF [103]. Regarding the end-group protons, the determined
shifts were: 3.68-3.75 (2H, HO-CH>-CH>—-CH,—CH>-O, protons d from the BDO end-groups)
and 1.25-1.28 (3H, CH3-CH,-O-CO-, protons e from the ester end-groups, Figure 41 and
Figure 42a) [49]. The BDO end-group HO-CH,-CH,—CH>-CH>-O (b"") and the ester end-group
CHs-CH-O-CO- (b") both give a signal at 4.35-4.43 ppm, which is overlapped with the main
butylene signal -O-CH>-CH>—CH,-CH>-O- (b) of the repeating unit [199].
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Figure 41. 'THNMR spectra of the prepolymer D-90, the blank sample, the monomers, and the
monomers’ mixture. The signals in boxes are zoomed in Figure 42.

Secondary peaks were also monitored, except for the main shifts of the repeating unit (protons
a, b and c¢) and the end groups (protons d and e). As regards the furan segment at 7.20, in the
prepolymer’s spectrum, a double peak was monitored (a and a’ protons). The first one, a, is
attributed to the prepolymer furan segment, as discussed above. The other, a’, which is also
monitored in pure DEF, monomers’ mixture and the blank sample’s spectra as a single peak
(Figure 42b), is attributed to the DEF furan ring, indicating residual DEF in the prepolymer’s
mass. The presence of residual DEF in the prepolymers is also indicated by the e’ protons (shift
at about 1.40), which are also monitored in DEF, monomers’ mixture and the blank sample’s
spectra. This peak at about 1.40 is attributed to the DEF group CH3-CH;-, which differs from
the e protons (shift at 1.25-1.28) of the prepolymer’s ester end groups (Figure 41 and Figure
42a). Even though the chemical structures of the pure DEF (protons e’) and the prepolymers
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,
Figure 26). This 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. Montejo et 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 neighbouring 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 "THNMR spectra of the polymer
compared to the relevant monomer. As regards the other monomer, BDO, the hydroxyl end
group peak (3 ppm), monitored in the BDO spectrum, is absent in all prepolymers spectra
(Figure 41). The resonance signal of the end unit (-OH) proton is typically not detectable in
polymers’ spectra due to intra-molecular hydrogen bonding (e.g., between hydroxyl groups
and the ester bonds), as discussed in Chapter 2.5.1. It is thus considered that there is no residual
unreacted BDO in the prepolymers.

Finally, the ¢’ protons (shift at about 1.64-1.75), monitored in the prepolymer, the BDO and the
monomers’ mixture spectra correspond to the BDO end-group protons HO-CH,—CH>-CH>—
CH>—-O (Figure 42c¢). The difference between the ¢ (butyl segment from BDO of the repeating
unit) and ¢’ (BDO end group) protons is attributed to the fact that the first ones are more
protected as part of the repeating unit.
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Figure 42. Zoomed 'HNMR spectra of the prepolymer D-90, the blank sample, the monomers
DEF, BDO and the monomers’ mixture for the e (a), a and a’ (b), c and ¢’ (c) protons’ shifts.

Summing up, the presence of the protons a, c and e explicitly in the prepolymer’s spectrum
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 residues in the prepolymers are expected to be removed during the applied
drying process, in contrast to the solid DEF residues that have already been monitored in the
prepolymers. The identical spectra of DEF and the blank sample align 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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Chapter 3: Enzymatic prepolymerization of poly(butylene 2,5-furandicarboxylate) using the immobilized
Candida antarctica Lipase B (N435) as biocatalyst

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

The D-prepolymers’ chemical structure was also verified via FTIR [103,201] (Figure 44a): 3153
cm™, symmetric stretching vibration of the furan C-H; 3118 cm’, asymmetric stretching
vibration of the furan C-H; 2963 cm™', methylene C-H stretching vibrations; 1722 cm™, ester
C=0 stretching vibrations; 1574 cm™, C=C ring stretching vibrations of the furan rings; 1272
cm’’, 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™, C-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 the prepolymer D-90 (a) compared to the blank sample, the
monomers DEF, BDO and the monomers’ mixture (b).

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
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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. Five measurements were
conducted for each sample, and the averages were calculated and presented in Figure 45
boxplots.
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Figure 45. "HNMR-calculated BDO end groups percentage and peak intensities at 3375 cm’”’
(a) and 1722 cm™ (b) for the prepolymers D-75, D-80, D-85, D-90, D-95.

Starting with the OH content, it can be observed that it was similar for all the D prepolymers
based on the FTIR results, while a high dispersity was monitored, indicating decreased
repeatability of the measurement, probably due to the sticky morphology of the samples
(Figure 45a). However, the OH end groups were also defined via '"HNMR, and a clearer trend
was monitored. The OH end group percentage increased almost linearly (R* 0.828) with
temperature, especially after 75°C (R? 0.980 for 80-95°C). Extremely high OH end group
percentages were reached, such as 88% at 90°C, indicating the formation of OH-rich end group
oligomers. This behavior could mainly be attributed to sterical factors affecting the herein-
conducted lipase-catalyzed polymerization; the low internal carbon chain length (4) and the
bulky furan rings of DEF limit its access to the enzyme’s active site, while permitting diol
nucleophilic attack in the intermediate complexes present at lower extent compared to DES.
Additionally, increased OH-end groups are expected, as BDO is more reactive than DEF, mainly
due to its highly reactive hydroxyl groups. Besides this, aromatic monomers present decreased
reactivity in enzymatic polyesterification [27]; alipharomatic monomers (such as the herein
used DEF) present lower aromaticity compared to aromatic substrates (e.g., benzene [202]), but
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the furan ring is expected to show increased stability compared to a linear molecule such as
BDO. Maniar et al. [104] investigated the impact of aromatic unit content on enzymatic co-
polymerization of DMFDC, BHMF, aliphatic linear diols, and diacid ethyl esters. It was shown
that the furan co-polyester's MW was restricted by incorporating aromatic units in the
backbone, implying that the enzyme's substrate specificity determines the total enzyme
catalytic activity depending on the structural compatibility of the active site and the monomer
transition state. More specifically, the researchers used N435 to synthesize different furan-
based copolyesters in diphenyl ether via the following temperature-varied two-stage process:
80°C, under nitrogen atmosphere for 2 h (1% stage) and 80°C, at a reduced pressure of 2mmHg,
for 48 h, followed by 24 h at 95°C under full vacuum (2™ stage). According to the researchers,
when 2,5-furan di-methylene furanoate (FMF) molar feed fraction increased (from 25 to 50%),
the DP, and the DP,, of the examined co-polyester (poly(2,5-furandimethylenefuranoate-co-
dodecamethylenefuranoate) or P(FMF-co-DOF)) significantly decreased from 86 and 160 to 11
and 14, respectively. The corresponding M,, and M,, values were 13150 to 1860 and 24500 to
2300 g-mol™, respectively.

Interestingly, after 90°C, the OH content remained almost constant; only a 2% increase was
monitored when the temperature was turned from 90 to 95°C. Even though the reactants’
reactivity is expected to increase with increasing temperature [103], N435 has been found to
present decreased reactivity due to the beginning of protein denaturation and deactivation at
temperatures above 90°C. On that basis, the efficiency of the enzymatic polymerization
decreases, leading to the formation of products with properties (including the OH-end groups
concentration) similar to or lower than the 90°C product'’s properties. The same conclusion was
reached in the case of PBS (see Chapter 2.4.1.1, Figure 30). The '"HNMR-defined ester end-
group percentages at 90 and 95% were 38 and 39% (i.e., the OH end-group percentages were
62 and 61%, respectively), indicating the formation of products with similar properties.

Regarding the FTIR results and its decreased sensitivity to record the evolution of the OH end
groups, a baseline shift from 4000 cm™ (Transmittance: 99%) to 400 cm™ (Transmittance: 75%)
was monitored in all the prepolymers spectra (see Figure 44b), possibly implying surface-crystal
contact issues. The baseline shift in ATR is a defect fostering stronger signals at lower
wavenumbers (due to infrared penetration within the sample depending on the wavenumber),
thus leading to intense baseline shifts [203]. This defect’s intensity depends on the acquisition
quality, mainly due to the surface-crystal contact. Even though during spectra acquisition,
emphasis has been put on the ATR measurement protocol to minimize surface-crystal contact
issues, the sticky morphology of the materials is probably responsible for inhomogeneity in the
surface and thickness of the material. It is of high essence that the baseline shift phenomenon
in the FTIR spectra was not obvious for PBS (see Chapter 2.4.1.1), which was in the form of a
free-flowing powder providing a high, homogenous surface area.

Regarding the intensity at 1722 cm™ (Figure 45b), which is proportional to the concentration
of the ester bonds (COO) along the polymer backbone and at the end of the polymer chain,
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FTIR provided similar values, too. In the case of PBS, it has been found that the COO peak
intensity is mainly related to the chain-end ester groups (see Chapter 2.4.1). However, in this
case, as discussed above, the prepolymers present very high OH-end group concentrations
(OH end group percentages up to 90%, Figure 45a); thus, the polymer backbone ester bonds
are expected to dominate regarding the carbonyl stretch C=0 band at 1722 cm™. On that basis,
all the D-prepolymers' similar ester contents indicate similar molecular weight values. Small
differences between the ester contents probably couldn’t be monitored, considering the gel
morphology of the samples hindering the flowless surface-crystal contact.

The molecular weights were defined via GPC, and the prepolymers were washed with hexane
before being submitted to the analysis to remove the monitored in "THNMR residual DEF. The
monomers, BDO and DEF, were also submitted to GPC analysis for comparison. In the obtained
GPC chromatograms, three peaks (I, Il and Ill) were monitored for all the tested prepolymers
(Figure 46). Peaks | and Il, monitored at 16.6 - 17.1 and 17.2 - 17.8 mL, respectively, correspond
to PBF, in contrast to peak Ill, monitored at 17.8 - 18.8 mL, which is attributed to residual DEF.
The molecular weights (M,, and M,,) of this last peak were calculated at 500 g-mol™. The
difference between the real molecular weight of DEF (212 g-mol™") and the GPC-derived values
is attributed to the different chemistry of the standards used in calibration (PS) and the
examined sample. The relationship between molecular weight and size depends on the type of
polymer; thus, accurate molecular masses can only be obtained if the calibration standards and
the samples are the same type. However, as regards the prepolymers’ molecular weight values,
the deviations are expected to be small since the molecule structures of the prepolymers and
the standards are not significantly different (e.g., linear and branched polymers).

Peak Il
Peak | Peak Il

Refractive Index

D.75 M

DEF

BDO

15 16 17 18 19
Elution volume (mL)

Figure 46. GPC chromatograms of the prepolymers D-75, D-80, D-85, D-90, D-95.

The presence of two different peaks corresponding to the prepolymer indicates the existence
of two PBF populations of different molecular weights. The first peak represents the highest
molecular weight population, while peak Il indicates the presence of lower molecular weight
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oligomers in all the prepolymers. In GPC, each peak intensity strongly depends on the
concentration of the examined solutions. Even though the solutions have been prepared with
identical concentrations, the latter may be changed during dissolution, filtration or even the
measurement. As a result, the absolute intensities cannot be used to define the percentage of
each population in the final products. However, the ratios of the highest-molecular-weight
population (Peak 1) to the lower-molecular-weight population (Peak Il) and the monomer
residues (Peak Ill) can be calculated and considered reliable indications of the different MW
populations' distributions in each product.

In this context, the ratios of the intensities of Peak I/Peak Il, Peak I/Peak Ill and Peak Il/Peak III
were calculated (Figure 47). Even though peak Il is the dominant, presenting the highest
absolute intensity values, the ratio of Peak I/Peak Il intensities increases with temperature
increase and reaches the highest value at 90°C. Above 90°C, the same ratio slightly decreases,
remaining though higher than 75-85°C. This behavior could depend on the enzyme’s efficiency,
which is probably increasing above 85°C, maximizing at 90°C and slightly decreasing at 95°.
The same trend was monitored for the Peak I/Peak Ill ratio. Even though the monomer residues
are present in all the prepolymers, the intensity of the peak | ratio to the monomer residues
significantly increases at 90°C. Then, it lowers at 95°C in agreement with all the
abovementioned results, indicating the beginning of the enzyme’s deactivation, leading to
increased unconsumed monomer concentrations in the final products.
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Figure 47. Intensity ratios of peaks | and Il of the prepolymers D-75, D-80, D-85, D-90, and D-
95, monitored via GPC.

The Peak Il intensity is also affected by the temperature. Even though it depicts the lower
molecular weight PBF fraction, its percentage inside the product mass increases at
temperatures above 85°C compared to the monomer residues intensity (Peak Ill), and
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decreases after 90°C (Figure 47). This trend means that thanks to the enzyme’s high activity at
90°C, the highest quantity of the monomers is expected to be consumed, thus leading to less
residual DEF in the final product and, probably, higher molecular weight values.

The molecular weight values, defined through GPC and 'HNMR, are presented in Figure 48.
Both the M,, and M,, of Peak | were found similar up to 85°C, and a small increase was
monitored at 90°C, reaching the values of 1700 and 1900 g-mol™, respectively. Above 90°C, no
positive effect on the PBF enzymatic polymerization was noticed, confirming that the enzyme's
efficiency maximized at 90°C and then thermal deactivation began. The same trend was
monitored in 'THNMR, with lower molecular weight values defined. This phenomenon is already
mentioned in the open literature and is mainly attributed to the strong dependence of the GPC
results on the calibrant (see Chapter 2.4.1.1). In addition, in "THNMR, the distinct populations of
different molecular weights cannot be detected, resulting in average MW values in contrast to
GPC.
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Figure 48. Molecular weights (M,, and M,,) and number-average polymerization degree of the
prepolymers D-75, D-80, D-85, D-90 and D-95 (Peak ).

In contrast to the high-molecular-weight population (Peak 1), the lower molecular weight values
(Peak Il) didn't seem affected by the reaction temperature. More exactly, the dominant
population presented no shifts in the chromatogram and stable molecular weight values of
1000 g-mol™ for both M,, and M,, (Table 12). The non-dependency of the lower molecular
weight population is in line with the step-growth polymerization main principles. During the
first hours, the slow reaction between the monomers leads to the formation of very low MW
oligomers and insignificant MW increase. The formed oligomers react with each other for
higher reaction times, leading to a noticeable MW increase.
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Table 12. 'HNMR- and GPC-calculated M,, M, and dispersity D of the enzymatically
synthesized PBF prepolymers

THNMR-
calculated GPC-calculated
Sample M, (g mol”) M,, (g mol™) M,, (g mol™) ()
D-75 300 1700 1000 500 1800 1000 500 1.02 103 105
D-80 400 1700 1000 500 1800 1000 500 1.02 1.03 105
D-85 400 1700 1000 500 1800 1000 500 1.03 103 104
D-90 600 1800 1000 500 1900 1000 500 1.04 103 104
D-95 600 1800 1000 500 1900 1000 500 1.04 103 104
E-90 400 1800 1000 500 1800 1000 500 1.02 103 105
E-95 200 1400 800 400 1400 800 400 1.03 1.03 1.05
F-90 300 1600 900 400 1600 900 400 1.04 1.03 1.05
F-90_24 400 1700 900 400 1800 900 400 1.06 1.03 1.03
F-95 200 1500 900 400 1600 900 400 1.04 1.03 1.05
D-90_3g 300 1600 900 400 1700 900 400 1.06 1.03 1.05
D-90_6g n.d. 1600 900 400 1600 900 400 1.04 1.03 1.05

Even though the achieved MW values are not considered high, they seem satisfying compared
to relevant values reported in the open literature. Comerford et al [102], synthesized PBF
oligomers in the presence of N435 based on the following solvent-free process: 50°C for 6 h
at atmospheric pressure and 18 h at 20 mbar maintaining the reaction temperature. The
achieved MW values were 600 and 500 g-mol™” (M,, and M, respectively). The low achieved
MW was probably due to the low reaction temperature compared to the herein-applied
process.

It is of high essence that even though the enzymatic polymerization of PBF is very limited in
the open literature, the phenomenon of the co-existence of two molecular weight PBF
populations has been mentioned once. More precisely, Jiang et al. [103] synthesized PBF using
N435 in diphenyl ether. The first stage was conducted at 80°C for 2 h under nitrogen
atmosphere. Then, the pressure was reduced to 2 mmHg for 24 h while maintaining the
reaction temperature at 80°C, and then the reaction temperature was increased to 95°C for
another 24 h. Finally, the reaction temperature was regulated at 95, 120 or 140°C for the last
24h. The researchers found that the proportion of the low molecular weight fraction, which was
named oligo(butylene furanoate) or OBF and presented M,, of about 500 g-mol™, increased as
the reaction temperature increased from 80 to 140°C. This trend was attributed to different
reasons, including the high crystallization ability of OBF and the lower catalytic reactivity of
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CALB at temperatures above 90°C. Another factor leading to the increase of the low molecular
weight fraction, could be the diol dehydration due to the elevated reaction temperatures [103].
Since BDO could not react with the ester monomer at higher temperatures, the enzyme
catalyzed the recombination of the short-chained oligomers, increasing the low molecular
weight fraction. On the contrary, in our case, at 95°C, a decrease in both the high and low
molecular weight fractions was monitored, as mentioned above (Figure 47). This trend could
indicate that due to the deceased efficiency of the enzyme at 95°C the monomers’ reaction
was catalyzed by the enzyme, thus producing some oligomers of even lower MW (e.g., dimers)
and leading to decreased high- and low-molecular-weight fractions (of M,, 1900 and 1000 and
M, 1900 and 1000 g-mol™).

Turning to the thermal characteristics of the products, all the prepolymers were submitted to
DSC before and after washing with hexane (Figure 49). Also, the monomers BDO and DEF were
submitted to DSC for comparison reasons. During the first heating (Figure 49a), a broad
endotherm, indicating the formation of an oligomer, was monitored for the D-90 sample at 30
to 85°C. It is of high essence that after washing with hexane, there was a clearer distinction of
the endotherm into two broad but separated melting peaks. The first endotherm, at 48°C,
indicates residual DEF, in line with the abovementioned results; pure DEF presented a sharp
melting point at about 50°C. The second endotherm, at 75°C, is attributed to the PBF oligomer
melting. The first heating curves were similar for all the D-prepolymers.

During cooling, the hexane-washed D-90 crystallized slightly (AH. 2 J-g™") at 18°C (Figure 49b,
Table S4). For the unwashed D-90, crystallization occurred at 13.5°C (AH. 1 J-g™"), closer to the
DEF crystallization temperature (7. 9.5°C), probably indicating that crystallization of both the
oligomer and the residual DEF occurred, with the latter being more intense for the unwashed
D-90. The monitored crystallization temperatures are significantly lower than the chemically
synthesized PBF reported values in the open literature (T. ~108°C [204]), which is attributed to
the low molecular weight of the herein synthesized oligoesters. As already discussed (Chapter
2.4.1), the high molecular weight polymers typically present higher crystallization temperatures
due to increased ease of chain folding compared to the lower molecular weight grades and
the decreased number of end groups, acting as defects slowing down the crystallization
process. In addition, the presence of residual DEF in the prepolymer matrix may also hinder the
alignment of the formed chains. Except for the crystallization, another thermal transition was
monitored from -20 to -40°C during cooling for both the unwashed and washed with hexane
D-90 samples.

The same transition from -20 to -40°C was also monitored during the second heating of the
samples. Interestingly, Jiang et al. [103] who enzymatically synthesized PBF oligomers of M,,
5500 g-mol ™" and submitted it to DSC analysis, received an identical thermal transition at about
-30 to -40°C. Even though the morphology of this transition resembles a glass transition
temperature, the PBF Ty is reported to be significantly higher in the open literature (ca. 36-
44°C) [204-207]. This transition could be related to the existence of two molecular weight
populations observed in the present and the abovementioned work. More precisely, the lower
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molecular weight population, having minimal energy requirements, could acquire enough
mobility at very low temperatures to transition from a solid to a more flexible state. On the
other hand, the expected Ty (at about 36-44°C) is not monitored in the prepolymers' DSC
curves, probably because the higher molecular weight population is not dominant in the
oligomer mass, as evidenced by GPC. During the second heating, cold crystallization occurred
for the unwashed and hexane-washed D-90, which was followed by melting at about 75°C,
significantly lower than the chemically synthesized PBF melting point of 164-173°C [204-208],
attributed again to its lower molecular weight values. The monitored melting point after
washing was hexane was slightly higher that before (72°C). A shoulder is also monitored in the
product’s endotherm due to the residual DEF melting. Based on the second heating DSC curve,
the amorphous character of the herein synthesized PBF oligomers can be assumed even
though DEF residues melt in the same temperature window.

No BDO residues are observed since BDO presents its main melting peak at 19°C and an
endotherm at -30°C, probably attributed to impurities. More exactly, crude 1,4-butanediol is
known to contain impurities of low freezing points (e.g., 1,4-hydroxyacetoxybutane: -65°C; y-
butyrolactone: -44°C) and impurities forming azeotropic mixtures with 1,4-butanediol, being
thus difficult to separate through distillation [209]. Another explanation of the BDO double
endotherm could be the presence of two distinct solid forms [210], a phenomenon already
reported in the literature for 1,4-butanediol; however, this is not highly possible as the reported
melting points have been close to each other (16 and 19°C).
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Figure 49. DSC curves of the monomers BDO, DEF and the prepolymer D-90 before and after
washing with hexane: (a) first heating; (b) cooling; (c) second heating
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Regarding TGA, all grades presented a two-step decomposition profile (Figure 50). Molecular
weight is a critical parameter influencing polymers' thermal decomposition (see Chapter
2.4.1.3). More precisely, lower molecular weight polymer (and oligomer) grades such as PBS
and PCL have been found to decompose in multiple-step mechanisms in contrast to the higher
molecular weight grades that usually decompose in single- and sometimes two-step
mechanisms. The main reason for this different behavior is that the lower molecular weight
grades are more easily involved in different decomposition reactions due to increased end-
group concentration. However, the effect of the molecular weight on the decomposition
mechanisms seems to eliminate above a critical molecular weight. The first decomposition step
was conducted for all the prepolymers at 278°C and the second at about 384°C (Table 73),
slightly lower than the relevant value of the chemically synthesized PBF in the open literature
(i.e., 387°C) [204]. It is of high essence that Jiang et al. [103] reached similar conclusions, as the
enzymatically synthesized PBF grade presented a two-step decomposition profile, with the first
step before 350°C being attributed to the lower molecular weight population.

Table 13. Thermal properties (TGA) of the enzymatically synthesized PBF prepolymers

Sample Ta,5% (°C) T4 (°C) Residue (%)
D-75 174 281 386 5.31
D-80 226 280 380 2.75
D-85 178 275 384 2.37
D-90 211 278 382 3.39
D-95 181 268 382 3.24
E-90 203 271 385 0.66
E-95 183 272 384 2.73
F-90 159 275 382 1.15

F-90 24 199 282 385 2.19
F-95 180 278 384 1.47

D-90_3g 178 275 370 4.8

D-90_69g 169 274 385 2.28

Even though washing with hexane does not affect the decomposition temperature (7q) of the
prepolymers, Tqs% Was significantly affected as expected. D-90 presented Tqs% of 182°C, 29°C
lower than D-90 hex (Tqs% of 211°C). The DEF mass loss in D-90 was more intense due to its
higher amount. The monomers’ mass loss (due to evaporation) occurs at about 200°C,
significantly lower than the first decomposition step of the products. The monomers’ mixture
decomposes at 253°C, higher than the pure substances, probably indicating intermolecular
interactions (e.g., hydrogen bonding between the BDO hydroxyl groups and DEF ester bonds)
requiring additional energy to decompose, but still lower than the first decomposition step of
the products.
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Chapter 3: Enzymatic prepolymerization of poly(butylene 2,5-furandicarboxylate) using the immobilized
Candida antarctica Lipase B (N435) as biocatalyst
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Figure 50. TGA curves of the monomers BDO, DEF, monomers’ mixture and the prepolymer D-
90 before and after washing with hexane: (a) weight curves; (b) 1% derivatives

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 PBF. In 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°C)
was defined (Figure 51). As discussed in Chapter 3.3.1.1, the protein loading of N435 was
considered 10% wt and the relevant initial activity was calculated at 1.39-10° + 7.98-10*
Units'mg™", with an RSD of 6%.
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Figure 51. Initial activity of N435 compared to the defined activity at the end of the PBF
enzymatic prepolymerization reactions at 80, 85, 90 and 95°C
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Based on the assay results, the enzyme was significantly downgraded after the
prepolymerization reactions. Even for the temperature of 80°C, the enzyme activity decreased
by 76%, while at 95°C it 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 mass in polymerization reactions to synthesize PBS at 90°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 by-product 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% in the by-products’
amount was reached. The enzyme's activity was assessed after seven cycles, and almost 88%
decreased compared to the initial activity. To increase the enzyme's recyclability, the
researchers conducted a make-up procedure with 25% of its mass replaced by a new enzyme.
When it was submitted to a new synthesis cycle, the results obtained were higher than the fifth
cycle. As regards the MW of the obtained products, the M,, was unaffected until six reuse
cycles, in contrast to the M,, being in line with the monitored by-product amounts, remaining
similar for the first four cycles. Very low molecular weight oligomers (dimers or trimers) were
monitored after seven reuse cycles.

Other relevant studies focusing on the reuse of N435 are presented below. Nasr et al. [88] used
diethyl adipate (DEA) and 1,6-hexanediol in bulk and solution systems (diphenyl ether) at 100°C
with 10% wt of the enzyme. They concluded that the poly(hexylene adipate) M,, remained
constant over three cycles in bulk, while a decrease of 17% was observed in solution. Poojari et
al. [61] reported the N435 recovery and reuse for up to ten reaction cycles during PCL synthesis
in toluene at 70°C for 4h. High molecular weights (M,, 50000 g-mol™") were constantly achieved.
It was also stated that the multiple reuse cycles of N435 would be unattainable if leaching of
CALB occurred due to physical desorption during polymer synthesis or if it was submitted to
high mechanical shear (e.g., intense mechanical stirring). Weinberger et al. [211] used N435 for
the enzymatic polymerization of dimethyl adipate (DMA) and BDO at 70°C and 70 mbar for 4
h. The researchers found the enzyme stable for over nine cycles, with conversion rates between
92 and 94%. Finally, Adhami et al. [62] conducted eROP of lactones to produce PCL using N435
in a flow tubular reactor. Due to the decreased reaction time of each cycle, the researchers
synthesized PCL in toluene at 70°C for a reaction time of 30 min (for each cycle) while reusing
the enzyme more than ten times. The achieved molecular weight and conversion values were
slightly lower than the fresh enzyme after the eighth run.

Interestingly, even though N435 seems stable for several cycles in the open literature, in our
case, it was proved incapable of reusing after the first cycle. The common characteristic of all
the abovementioned systems is the monomers' aliphatic character. Considering this, one could
assume that the presence of the bulk furan rings in our system could affect the overall stability
of the enzyme. For instance, the increased tendency of the furan ring to interact (intermolecular
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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 the best of our knowledge,
only Jiang et al. [103] have attempted to synthesize PBF and investigate the enzyme's
recyclability. CALB was recycled from a temperature-varied two-stage enzymatic
polymerization with DMFDCA in diphenyl ether using the following conditions: (1) 80°C, 26 h;
(2) 95°C, 24 h; (3) 120°C, 24 h. Enzymatic ring-opening polymerization of e-caprolactone (CL)
was performed with fresh and recycled CALB to verify the enzymatic catalytic reactivity of the
recycled CALB. The polymerization reactions were conducted in toluene at 70°C for 24 h under
a nitrogen environment. The obtained PCL products formed with the recycled enzyme
presented the M,, and M,,, up to 62 and 60% decreased, compared to the fresh enzyme product.
Thus, it was concluded that the reactivity of the used CALB decreased and was attributed mainly
to the elevated temperatures leading to the unfolding and/or inactivating.

Given the improved characteristics of the D-90 and D-95 prepolymers, the reduced pressure
effect was studied at 90 and 95°C to enhance the by-product (ethanol) removal 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 verified via FTIR and "HNMR, and the hydroxyl
and ester contents were also monitored. Regarding the FTIR results, the ester and hydroxyl
contents were found to be similar for both 90 and 95°C (Figure 52a and b, respectively),
probably indicating surface-crystal contact issues, as an intense baseline shift was observed in
this case, too (see Chapter 3.4.1.1). On the other hand, 'THNMR revealed several differences in
the hydroxyl end groups of the prepolymers. In both E-90 and E-95, 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 95°C, can be also related to the enzyme thermal deactivation, which is
expected to begin at this temperature. Due to a slow reaction rate at 95°C, the recombination
through diffusion and reaction on the enzymatic support of the existing, non-sublimated OH-
rich oligomers, which would increase the calculated OH percentage of the prepolymer, did not
proceed sufficiently. On the contrary, at 90°C, where a higher reaction rate is expected (due to
increased enzyme activity), 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 consumed leading to a less intense OH-end
groups reduction.
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Figure 52. Peak intensity at 3375 cm™ and 1722 cm™ and "H-NMR-calculated hydroxyl end
groups percentage for the prepolymers (a) E-90 compared to D-90 and (b) E-95 compared to
D-95

The molecular weights of the samples, calculated via '"HNMR and GPC (Table 12), were also
affected by the reduced pressure. Based on the GPC results, E-90 presented similar molecular
weight values to D-90 (M,, 1800 g-mol™”; M,, 1900 and 1800 g-mol' for D-90 and E-90,
respectively). On the contrary, E-95 presented significantly lower molecular weight values than
D-95, reaching 1400 g-mol™ (M,, and M,, of D-95 were 1800 and 1900 g-mol™, respectively).
The M,, and M,, of the second peak were also affected, both reaching 800 g-mol™ (instead of
1000 g-mol™ of the D-95). A significant reduction (about 66%) was also monitored in the
'"HNMR-calculated M,, at 95°C in line with the abovementioned GPC results. The intense MW
reduction at 95°C can be attributed to the following interdependent reasons: first, the
unreacted BDO loss due to high vacuum disrupts the reaction's stoichiometric balance, leading
to low polymerization degrees. Second, the decreased enzyme efficiency at 95°C (due 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 90°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 thermal properties of the prepolymers weren't significantly affected by the reduced
pressure (Table 13). The decomposition occurred in two stages, attributed to the different
molecular weight populations, at 271-278°C (1% stage) and 382-385°C (2" stage) for the
prepolymers synthesized at 90°C (D-90 and E-90) and at 268-272°C (1* stage) and 382-384°C
(2" stage) for the prepolymers synthesized at 95°C (D-95 and E-95). The E-90 prepolymer's
Ta5% was found to be slightly lower than D-90 (203 vs 211°C), while Tq5%, was found similar for
the E-95 and D-95 (183 and 181°C, respectively). On that basis, it can be considered that the
prepolymers synthesized at 90°C are superior to those synthesized at 95°C, and the reaction
temperature is the most crucial parameter affecting their quality. It can be thus concluded that
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the process is mainly controlled by the chemical reaction itself, and not the by-product removal
rate through vacuum application.

It is of high essence that for the case of PBS, it was concluded that at the temperature of 90°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 furan rings of the alipharomatic
DEF and PBF compared to the alliphatic DES and PBS probably limit the ethanol molecules’
movement through the reaction mixture, thus impeding the ethanol removal via (evaporation
and) diffusion.

Given the insignificant effect of the reduced pressure at 90°C and its negative effect at 95°C, a
higher reaction time (6 h) was then studied as a parameter at 90 and 95°C, at a pressure of 200
mbar (F-90 and F-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 'THNMR results, the hydroxyl end group
percentage decreased slightly at 90°C and significantly at 95°C (Figure 53a and b, respectively).
The slight decrease in the F-90 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 90°C (see 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 D-90 (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 95°C for 6 h of reaction is related to the 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 FTIR results, the hydroxyl contents were similar for the prepolymers formed at
90°C and 95°C (Figure 53a and b, respectively), probably implying the already discussed
surface-crystal contact issues, considering also that an intense baseline shift was observed.
Similar ester contents were also monitored for the prepolymers synthesized at 90°C, while a
small but noticeable reduction was observed in the ester content of the prepolymer
synthesized at 95°C after 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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Figure 53. Peak intensity at 3375 cm™ and 1722 cm™ and "H-NMR-calculated hydroxyl end
groups percentage for the prepolymers (a) F-90 compared to D-90 and (b) F-95 compared to
D-95

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
95°C, with all the peaks being shifted to higher elution volumes, indicating lower molecular
weight values. More specifically, the M,, and M,, decreased by 11 and 16%, respectively, both
reaching the value of 1600 g mol™ at 90°C. It can be stated that the system may have reached
equilibrium due to increased active end groups consumption. Thus, increased by-product
amounts were formed, requiring a higher vacuum to be removed, leading to by-product
accumulation within the reacting mass and alcoholysis reactions. It is of high essence that the
same conclusions were reached when PBS was submitted for prolonged reaction times at the
optimum temperature of 90°C (Chapter 2.4.1.3).
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Figure 54. GPC chromatograms for the F-90 and F-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 90°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 'THNMR 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.
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Figure 55. Molecular weights of the D-90, F-90 and F-90_24 prepolymers

As regards 95°C, both M,, and M,, presented a decrease of 17%, reaching the values of 1500
and 1600 g mol™, respectively. Thus, the enzyme's time-dependent thermal inactivation
beginning at 95°C is confirmed, in line with the FTIR-defined ester content, which was reduced
for the prepolymer synthesized at 95°C for 6 hours. It is of high essence that the obtained MW
values are slightly higher than the relevant values of the prepolymer synthesized at 95°C under
reduced pressure (E-95), indicating the negative effect of the high vacuum (i.e., the unreacted
BDO loss, disruption at the reaction equilibrium as the low MW oligomers were sublimated) on
the polymerization (see Chapter 3.4.1.3). The same trend was monitored in the '"HNMR results
(Table 12), with the defined MW being significantly lower than the reference sample D-95,
implying the enzyme’s time-dependent inactivation at 95°C.

The monitored during TGA decomposition temperatures of the samples prepared at 90°C
remained similar as expected, in contrast to the Tqs% that presented significant differences
(Figure 56). In line with the GPC results, Tq4s% of F-90 was defined at 159°C, 52°C lower than the
reference prepolymer D-90 (Tqs% 211°C). The supplementary experiment product (reaction
time 24 h) presented a higher than F-90 T4s% of 199°C, but still lower than the reference
prepolymer. As regards the prepolymers prepared at 95°C, similar thermal properties were
monitored for them both (2 and 6 h), with Tqs% at 180-181°C (Table 73), implying that thermal
deactivation dominates the system and leads to the formation of products with inferior
properties.
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Figure 56. T4 and Tys% of the prepolymers D-90. F-90 and F-90_24

The prepolymers synthesized at 90 and 95°C under 200 mbar for 2 h (D-90 and D-95) presented
the highest performance in terms of molecular weight (M,, 1800 and 1900 g-mol™') and thermal
properties (Tm2 75 and 77°C, Tys% 211 and 181°C). Even though their characteristics were similar,
D-90 was selected to be scaled up (3 and 6 g) as its synthesis reaction temperature was lower
(90°C), permitting lower energy requirements in line with the main principles of green
chemistry. It is also important that the herein applied process can be considered scalable,
considering that it is a low-temperature bulk polymerization technique that does not require
multiple solvents for the final product isolation.

Regarding the scaled-up products’ macroscopical morphology, D-90_3g was similar to the D-
90 and all the synthesized on a small scale (1g) prepolymers, i.e., a sticky yellowish gel (Figure
57a). On the other hand, the D-90_6g was received in a flowing, dark yellow form (Figure 57b),
indicating a lower polymerization degree and probably a higher amount of residual DEF having
a similar dark yellow color.

The samples were submitted to GPC, and a noticeable decrease in the MW values was
monitored compared to the small-scale grade D-90 (Figure 58). The most significant decrease
was monitored in the M,, of the 6g-scale PBF grade, i.e,, 16%. Similar to the PBS scaling-up
process, the M,, was less affected (10%) compared to the M,,, implying that the formation of
the longer chains was restricted, probably due to mass transfer limitations that are more
intense on large scales. For example, the by-product quantity increases while the vacuum
remains constant, leading to reduced removal rates. In agreement with the GPC results, an
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Chapter 3: Enzymatic prepolymerization of poly(butylene 2,5-furandicarboxylate) using the immobilized
Candida antarctica Lipase B (N435) as biocatalyst

identical trend was monitored in the Tys9 values (Figure 58), defined via TGA, in contrast to the
maximum decomposition temperatures that remained constant, as they are not dependent on
the MW differences.

.

Figure 57. Morphology of the scaled-up prepolymers D-90_3g (a) and D-90_6g (b)

Except for the MW values, the scaled-up prepolymers’ OH end groups decreased compared to
the small-scale prepolymers. For instance, D-90_3g presented a hydroxyl end group
percentage of 65% instead of 88% (OH-end group percentage of D-90). Similarly to the PBS
scaling-up process, even though the formation of OH-rich oligomers is expected during lipase-
catalyzed polymerization, mainly due to the limited diester accessibility to the active site
(attributed to the low internal carbon chain length and the presence of bulky furan rings in the
case of DEF), the mass transfer limitations may affect the reactants’ concentration leading to a
diverse distribution of end groups on larger scales.

Overall, the scaled-up prepolymer, at the scale of 3 g, was selected to be submitted to the
following post-polymerization tests (Chapter 5.4.2) due to its similar morphology and MW
values with the product of the 1g-scale, D-90.
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Figure 58. Molecular weights and Tqs% of the scaled-up prepolymers D-90_3g and D-90_6g
compared to D-90
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This chapter examines the ability of immobilized Candida antarctica Lipase B as a biocatalyst
in a solvent-free system to produce PBF. The enzymatic synthesis was conducted in two stages,
with the first at milder conditions (50°C, atmospheric pressure, 24 h) to minimize possible
monomers’ losses. The second stage’s conditions (reaction temperature, pressure, time) were
thoroughly investigated.

The examined second-stage reaction temperatures were 75-95°C. All the synthesized
prepolymers’ structure was verified via '"H-NMR and FTIR, and residual DEF was detected. All
the formed prepolymers were found to be OH-rich, especially the ones synthesized at 90 and
95°C (D-90 and D-95, respectively), attributed to the limited DEF accessibility to the active site
due to low internal carbon chain length and the presence of bulky furan rings. The molecular
weights of the prepolymers synthesized at 90 and 95°C were found to be slightly higher
compared to the lower temperatures’ products, reaching the values of 1800 and 1900 g-mol™
(M,, and M,,, respectively), while two different MW populations were detected. The main
advantage of these prepolymers was that the highest molecular weight population maximized
at 90°C and slightly decreased at 95°C, probably implying partial loss of the enzyme's reactivity,
remaining though higher than 75-85°C. The thermal properties of all the prepolymers were
similar, with relatively low melting points (Tm> up to 75°C) compared to chemically synthesized
PBS grades due to their lower molecular weight values. A two-stage decomposition was
monitored for all the prepolymers attributed to the two different MW populations, in line with
the open literature.

An assay of the recyclability potential of the enzyme was also conducted, indicating that it
cannot be reused, in contrast to other systems analyzed in the open literature aiming at the
enzymatic synthesis of aliphatic polyesters. The faster enzyme deactivation for the case of PBF
could be attributed to the nature of the monomers (i.e., the presence of furan rings).

The reduced pressure effect was then studied at 90 and 95°C to enhance the by-product
(ethanol) removal rate via evaporation and diffusion. The applied reduced pressure did not
affect the prepolymers synthesized at 90°C but had a negative effect on the prepolymers
synthesized at 95°C. The decreased enzyme efficiency probably led to the formation of low
MW oligomers sublimated, abruptly interrupting the chain built-up. Thus, the determined MW
values were similar at 90°C and decreased at 95°C. On the other hand, the prepolymers' thermal
properties were not significantly affected by the reduced pressure.

The reaction time investigation indicated that longer reaction times negatively affected the
polymerization for both 90 and especially 95°C. As regards 90°C, it was attributed to by-product
accumulation within the reacting particles, leading to alcoholysis reaction. As for 95°C, both
M, and M,, presented a decrease of 17%, reaching the values of 1500 and 1600 g mol”,
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respectively. Thus, the enzyme'’s time-dependent thermal inactivation beginning at 95°C was
confirmed. The thermal properties of the prepolymer synthesized at 90°C decreased, while at
95°C remained low and constant.

The prepolymer synthesized at 90°C under 200 mbar for 2 h (D-90) was selected to be scaled
up (3 and 6 g) thanks to its superior properties compared to the other prepolymers. The herein-
applied process was successfully scaled up thanks to its simplicity, as it is a low-temperature
bulk polymerization technique that does not require multiple solvents for the final product
isolation. The D-90_3g morphology was as expected (yellowish sticky gel), while D-90_6g was
received in a flowing, dark yellow form, probably due to a higher amount of residual DEF. The
MW values decreased only slightly, especially at the 6g-scale (16% decreased M,,), indicating
the potential for a larger scaling up. The same trend was depicted for the thermal properties
of the scaled-up products. Finally, the scaled-up prepolymers’ OH end groups decreased
compared to the small-scale prepolymers, a phenomenon observed for the case of PBS, too,
attributed to mass transfer limitations that may affect the reactants’ concentration, leading to
a diverse distribution of end groups on larger scales.

Summing up, PBF prepolymers were enzymatically synthesized successfully through a process
designed in line with the green chemistry guidelines. The herein-applied, simple process was
also proved to be scalable. On that basis, a truly green, free of metal catalyst residues PBF
grade can be obtained, potentially used for packaging applications taking advantage of PBF
promising barrier properties.
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Cutinases are polyester hydrolases that can hydrolyze poly(ethylene terephthalate) (PET) to its
monomeric units. Leaf and branch compost cutinase (LCC) presents a relatively high PET
hydrolysis activity and thermostability [212], being thus one of the most important enzymes in
the developing cutinase-catalyzed PET recycling methods.

Sulaiman et al. [213] discovered LCC through a metagenomic screen of DNA from leaf and
branch compost. Although the native host of the enzyme is not known, it is of bacterial origin
based on its significant sequence identity with several bacterial cutinases (e.g., 52% with
Thermobifida alba cutinase, TbC; 46% identity with Thermobifida fusca cutinase, TfC). The
authors subsequently reported LCC's crystal structure and characterized its structural stability
and PET hydrolysis activity. LCC is highly thermostable with a Tr, of 86°C, which, in the presence
of 20 mM CaCly, increases by an additional 12°C. This is the highest cutinase thermostability
thus far reported.

Despite its high thermodynamic stability, LCC displays a surprisingly low kinetic stability.
Sulaiman et al. found the enzyme has half-lives of just 40 min and 7 min at 70°C and 80°C,
respectively [213,214]. Shirke et al [212] discovered that LCC displays a high aggregation
propensity, primarily contributing to its thermal deactivation. Aggregation is a colloidal
property arising when solute-solute (protein-protein) interactions are strong relative to solute-
solvent (protein-solvent) interactions. Electrostatic or hydrophobic attractions generally
dominate these interactions. Proteins in their native form often display a surface, which, at low
concentration and ambient conditions (native conditions), has a low aggregation propensity.
However, higher protein concentrations (such as those used for storage) may promote
aggregation and lead to formulation challenges. Furthermore, harsh reaction conditions (e.g.,
pH, chemical, temperatures, agitation) can induce conformational and protonation changes
leading to aggregation at lower concentrations [212].

On that basis, a thermostable variant of LCC (LCC'““®) that exhibits high specificity towards PET
and demonstrates remarkable efficiency in depolymerizing amorphized PET waste was
developed [215]. Notably, LCC'“C is the only enzyme to be industrialized for PET biorecycling,
with a processing temperature of 72°C, and is expected to be implemented on a large scale
soon [216].

Interestingly, even though the wild-type and the thermostable variant have been used in
several (PET) hydrolysis studies [212,215,217], they have never been used for the reverse
reaction, i.e., polyester synthesis. In this context, the thermostable variant of LCC, LCC'““, was
examined as a biocatalyst in the PBS synthesis.
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The main scope of this chapter was to examine the ability of a novel, non-commercially
available enzyme, LCC'“®, known for its plastic degrading activity, to act as a biocatalyst for
PBS synthesis for the first time.

In the first part of the chapter, the protein expression and immobilization, as well as the
biocatalyst characterization conducted at the Biotechnology Laboratory of NTUA by the
Industrial Biotechnology & Biocatalysis group, are presented. The biocatalyst characterization
included the investigation of its thermal stability (Tswb) and optimum temperature (Topt).

In the second part of the chapter, the products of the conducted enzymatic polymerization
attempts were evaluated. The enzymatically synthesized with the immobilized Candida
antarctica Lipase CALB (N435) PBS at the optimized conditions (i.e.,, B-90), investigated in
Chapter 2, was used as the reference material.

The materials used for PBS synthesis include the monomers, DES and BDO, and chloroform for
the final product isolation, all presented in Chapter 2.3.1.

Regarding the used biocatalyst, a quadruple variant of leaf branch compost cutinase (LCC'“S,

variant F2431/D238C/S283C/Y127G, wild-type LCC UniprotKB ID: G9BY57 excluding the native
signal peptide) was heterologously expressed in the bacterium E. coli and then immobilized on
the carrier EziG? Amber (EziG™, Figure 59) (EnginZyme, Sweden) by the Industrial
Biotechnology & Biocatalysis group (NTUA), based on the experimental procedures described
below. EziG?is a semi-hydrophilic carrier consisting of controlled porosity glass (CPG) beads.

Figure 59. Controlled porosity glass beads carrier EziG3 Amber (EnginZyme, Sweden)

The selected expression host was E. coli, the most widely studied heterologous expression
platform. The transformation was conducted based on the heat-shock protocol, ie,
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recombinant cells (E. coli BL21 DE3) and the plasmids (pET22b(+) containing the gene encoding
LCC'“) were inserted in an Eppendorf tube at 42°C for 80 s so that the cell membranes could
easily permit the plasmids penetration.

The sterilized (121°C, 20 min) nutrient medium with the appropriate selection antibiotic
(kanamycin 0.5 ul-mL™" of nutrient medium) and the recombinant cells were placed in Petri
dishes and incubated at 37°C overnight. The transformants were cultured in nutrient medium
at 37°C under agitation (180 rpm) and recombinant enzyme expression was induced by the
addition of 0.2 mM isopropyl 3-D-1-thiogalactopyranosidase (IPTG) for 16 h at 16°C. Since the
protein expression in bacteria is intracellular, centrifugation was conducted to isolate the
bacteria cells. The cells were then resuspended, the membranes disrupted (via sonication), and
centrifugation was used again to remove the cell debris. The proteins were purified via
Immobilized Metal Affinity Chromatography and submitted to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis to be identified. To receive the protein in a form free of
imidazole (used during Immobilized Metal Affinity Chromatography to remove the protein
from the columns) residues, dialysis occurs.

The immobilization of the protein was conducted using the above-mentioned carrier via
covalent binding. The carrier EziG* Amber has Fe(lll) particles on its surface, used to create
covalent bonds with the His-tag of the recombinant expressed enzymes, leading to their
immobilization.

The optimized protocol for the immobilization of LCC'““ follows. The carrier EziG* Amber was
weighed and suspended in a phosphate buffer 500 mM NaCl pH 7.3, containing the expressed
enzyme after purification. The ratio of the enzyme loading to the support material
(Wenzyme/Wearrier) Was optimized to 20%. The mixture was agitated in an orbital shaker (ZHICHENG
Analytical Instruments Manufacturing Co LTD, China) at 100 rpm for 3 h at 4°C. The optimized
procedure applied resulted in a 77% immobilization yield. At the end of the immobilization
procedure, the enzymatic solution was centrifuged, the buffer was removed, and the carrier
with the immobilized enzyme was dried through lyophilization. The biocatalyst was received in
the form of a free-flowing powder (Figure 60).
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Figure 60. Immobilized on the EziG3 Amber carrier LCC'“®

111



Calculating the mass of the final carrier and the mass of the immobilized enzyme (calculating
the absorbance at 280 nm of the non-immobilized enzyme in the enzymatic solution), loading
was defined as equal to 13% Wenzyme/Wbiocatalyst aNd 15% Wenzyme/Wearrier. This value is comparable
to the commercially available immobilized Candida antarctica Lipase CALB, the reported
loading of which is 8.5-20% Wt (Wenzyme/Wcarrier), @s discussed in Chapter 2.3.1.1.

Esterolytic activity of the biocatalyst was assessed through enzymatic reactions with p-
nitrophenyl laurate pNPL, at 35°C for 10 min under agitation (1400 rpm) in an Eppendorf
Thermomixer Comfort (Eppendorf, Germany). Reactions consisted of 1 mL substrate solution,
containing 1.0 mM of the substrate in 0.1 M phosphate-citrate buffer, 0.125% w-v"' gum arabic,
1% v/v Triton X-100 pH 6.0, and 0.5 mg of biocatalyst. The release of p-nitrophenol (pNP) was
monitored at 410 nm, in a SpectraMax-250 microplate reader (Molecular Devices, Sunnyvale,
CA, USA), connected with the SoftMaxPro software (version 1.1, Molecular Devices, Sunnyvale,
CA, USA).

The optimal temperature was assessed through reactions of the biocatalyst with pNPL,
following the standard pNP assay conditions, over a range of temperatures (50-80°C). The
release of p-nitrophenol (pNP) was monitored at 410 nm, in a SpectraMax-250 microplate
reader (Molecular Devices, Sunnyvale, CA, USA), connected with the SoftMaxPro software
(version 1.1, Molecular Devices, Sunnyvale, CA, USA).

The thermostability of immobilized LCC'““® was investigated by assessing the remaining activity
on pNPL, after incubation of the biocatalyst in 25 mM Tris-HCI, 150 mM NaCl pH 8.0 buffer, at
temperatures ranging from 60 to 80°C for a duration of up to 72 h, under standard pNP assay
conditions.

Stoichiometric amounts of DES (6 mmol, 1.04 g) and BDO (6 mmol, 0.54 g) were premixed in a
round-bottom flask and stirred (75 rpm) at 50-70°C in a rotary evaporator (Rotavapor R-210,
Bucchi, Switzerland) under atmospheric pressure. The selected biocatalyst concentration was
6.5 % wt (relative to monomers). Given the immobilized LCC'“® loading (Wenzyme/Wcarrier), Which
was 15% (see Chapter 4.3.3), the protein content was calculated at 0.97% wt relative to
monomers. This content was selected to be similar to the protein content used for the
enzymatic synthesis of PBS with the commercial enzyme N435 (see Chapter 2). In that case, the
used biocatalyst concentration was 10% wt relative to monomers; considering a loading
(Wenzyme/Wearrier) Of 10% wt for N435 (see Chapter 2.3.1.1), the protein content was 1% wt relative
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to monomers, i.e, similar to the LCC'® protein content. After the immobilized LCC'“®
biocatalyst addition, a two-step prepolymerization process was applied (Table 14). The first step
was conducted at 50-70°C, under atmospheric pressure for 24 h to minimize BDO losses
through limited transesterification reactions. Then, the temperature increased to 80°C and a
vacuum of 200 mbar was applied. At the end of the reaction, chloroform was added (4:1 wt
relative to monomers) to dissolve the formed polyester and the enzyme was subsequently
filtered off. The remaining chloroform was evaporated in a high-vacuum pump (Edwards RV5
Rotary Vane Pump, Edwards, U. K.). The same procedure (first step: 60°C, 24 h and second step:
80°C, 200 mbar, 2h) was applied without biocatalyst for comparison reasons (blank sample).

Table 14. Conditions of PBS enzymatic prepolymerization using the immobilized LCC'“®

Sample 1t step 2" step
T (°C) P (mbar) t (h) T (°C) P (mbar) t(h)
L-50 50 1000 24 80 200 2
L-60 60 1000 24 80 200 2
L-70 70 1000 24 80 200 2

"H-NMR was carried out as described in 2.3.3.1.

FTIR was carried out as described in 2.3.3.2.

GPC was carried out as described in 2.3.3.3.

TGA was carried out as described in 2.3.3.5.

The esterolytic activity of the immobilized LCC'“C® on pNPL was calculated equal to 0.693 *
0.080 unitsmgicc iccs.Based on the relevant assay, the immobilized LCC'“® presented the
maximum activity at 60°C (Figure 61a), which was thus considered its optimal temperature. On
that basis, the reaction temperature of the first step of the following polymerizations was
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investigated in the range of 50-70°C. The long duration of the first step and the atmospheric
pressure (no vacuum that could lead to monomers’ loss or oligomer sublimation) were the
appropriate conditions to examine the real LCC'““® efficiency on PBS enzymatic polymerization.
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Figure 61. Effect of temperature on the activity (a) and the stability (b) of immobilized LCC'“®
on pNPL.

The effect of temperature on the stability of the immobilized LCC'““® was also studied, and
based on the relevant results, the biocatalyst was found thermally stable at 60°C for the first
24 h of incubation, as the calculated activity loss was less than 20% (Figure 61b). On the other
hand, the immobilized LCC'“® thermal stability at 70°C decreased by almost 60% during the
first 24 h. As regards 80°C, the biocatalyst retained only 30% of its activity after the first 3 h of
incubation, and it was practically deactivated in 24 h of incubation (relative activity 17%). In this
context, the second stage of the following polymerizations was selected to be conducted at
80°C for 2 h under a vacuum of 200 mbar. The selection of these conditions aimed to favor the
PBS production by removing the by-product (ethanol) and shifting the reaction equilibrium to
the right, thus enhancing the enzymatically synthesized from the first stage oligomers' further
reaction.

The blank sample (Figure 62a) and the B-90 PBS prepolymer synthesized with N435 (Figure
62e) were used as reference materials to study the morphology of the immobilized LCC'“®
products. All the prepolymers synthesized with LCC'“® were in the form of sticky gels (Figure
62b-d), indicating a relatively low degree of polymerization. The product synthesized at 50°C
(L-50) presented a liquid-resembling morphology similar to the blank sample, while the
products synthesized at 60 and 70°C, L-60 and L-70, presented a drier morphology resembling
the reference PBS prepolymer, B-90 [218].
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Figure 62. Blank (reference) sample (a), prepolymers synthesized using the immobilized LCC'““°

at 50, 60 and 70°C (b-d), B-90 (e)

All the prepolymers were submitted to "H-NMR and FTIR to verify that PBS was successfully
formed. PBS repeating unit was verified via "H-NMR spectroscopy for all the LCC'“® products
(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 2.4.1.1, since the resonance signal of the end unit
(—OH) proton is typically not detectable in polymers’ spectra due to intra-molecular hydrogen
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, M,, 1200 g mol' and X,, 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 indicating a monomers’' mixture.
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Figure 63. "HNMR spectra of the prepolymers L-50, L-60, L-70, B-90 and the blank (reference)
sample
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The prepolymers’ chemical structure was also verified via FTIR and the PBS characteristic peaks,
presented in Chapter 2.4.1.1 were monitored (Figure 64). The main difference between the
LCC'“““ products and the B-90 sample’s spectra is that the latter presents an insignificant
baseline shift in contrast to L-prepolymers. As it is thoroughly discussed in Chapter 3.4.1.1, the
baseline shift in ATR is a defect fostering stronger signals at lower wavenumbers (due to
infrared penetration within the sample depending on the wavenumber), implying surface
contact issues. Significant baseline shifts were also observed for the PBF prepolymers (Chapter
3.4.1.1), which, similarly to the L-prepolymers, presented a sticky morphology, probably
responsible for inhomogeneity in the surface and thickness of the material submitted to the
FTIR measurement. It was thus concluded that the free-flowing powder form of the N435-
synthesized PBS provided a high, homogenous surface area, thus eliminating any surface
contact issues.
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Figure 64. FTIR spectra of the prepolymers L-50, L-60, L-70, B-90 and the blank (reference)
sample

Even though there may be surface contact issues, the prepolymers' hydroxyl and carbonyl
contents at around 3400 and 1710 cm™" were monitored via FTIR in the next step (Figure 65).
The OH content was similar for the temperatures of 50 and 60°C, while a small decrease was
monitored at 70°C. The same trend was depicted more clearly in the "H-NMR results, where a
reduction from about 60 (at 50 and 60°C) to 52% (at 70°C) in the OH-end group percentage
was monitored. Given that the boiling points of the monomers DES and BDO are similar (217
and 230°C), BDO is probably more prone to evaporation since its molar mass is significantly
lower than DES (90 g mol™ instead of 174 g mol™, respectively). Given that BDO evaporation
may begin at the temperature of 70°C, leading to a decreased availability and, thus, less OH-
rich oligomers.

Regarding the ester content, the relevant intensity presented a noticeable increase from 50 to
60°C and a slighter increase at 70°C. Considering that the intensity at 1712 cm™ is proportional

116



to the concentration of the ester bonds along the polymer backbone and at the end of the
polymer chain, the monitored increase could be attributed to two reasons: a) since the hydroxyl
end groups are decreased, the ester end groups increased. This could indicate that the peak
intensity is mainly related to the chain-end ester groups, which is expected since the
synthesized PBS grades were oligomers, and the contribution of the ester end-groups to the
overall carbonyl stretch C=0 band signal intensity is expected to be significant. This scenario
came true for the N435-synthesized PBS prepolymers (see Chapter 2.4.1.1). Regarding the
second reason, b) the ester end groups are limited because the LCC'“““-synthesized oligomers
are considered OH-rich (hydroxyl end group percentage up to 70%). This means the backbone
ester bonds are expected to dominate the 1712 cm™ signal. A similar trend was monitored for
the OH-rich (up to 90%) N435-PBF synthesized prepolymers (see Chapter 3.4.1.1). In that case,
the similar ester contents indicated similar molecular weight values. In this scenario, the small
increase in the ester content could indicate a small molecular weight increase. Overall, both
scenarios a and b may be true.
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Figure 65. "HNMR-calculated OH end groups percentage and peak intensities at 3400 cm™
and 1712 cm™ for the prepolymers L-50, L-60 and L-80

The prepolymers synthesized using the immobilized LCC'““® were then submitted to GPC, and
the obtained chromatograms are presented in Figure 66. All the prepolymers presented three
distinct populations with different molecular weights. Interestingly, all three populations were
detected in the reference, N435-synthesized prepolymers B-90. The obtained chromatograms
present significant differences from the blank reference sample’s chromatogram; in the blank
sample’s chromatograms, two broad, low-intensity, distinct peaks were determined, similar to
the monomers.
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Figure 66. GPC chromatograms of the prepolymers L-50, L-60, L-70, B-90, the blank (reference)
sample and the monomers (BDO and DES)

The results of the GPC analysis indicated products of similar MW values, reaching MW values
of 1400 g mol™ (M,,) and 1500 g mol™ (M,, ) at 60 and 70°C (Table 15). The similar MW values,
especially at 60 and 70°C, could imply that although the enzyme's activity decreases at 70°C,
the higher temperature favors the polymerization reactions. All the LCC'““® products can also
be considered monodisperse, as they present narrow MWD with B up to 1.33. Their narrow
distribution renders them valuable for requiring applications such as biomedical. Especially for
applications requiring nanometer-size processing (e.g., pharmaceutical products), narrow
molecular weight distributions and precise control of molecular lengths are necessary [219].
Even though biomacromolecules, such as DNA, have uniform molecular lengths (even though
their molecular weight is large), in the field of synthetic polymers, it is still difficult to achieve
uniform molecular lengths and weights; synthetic polymers typically present a polydispersity
in their degree of polymerization which impedes the precise control of their physical properties
and material functionalities. Of note, particle size, which is crucial for applications such as drug
delivery systems, is influenced by molecular weight distribution.

Table 15. "HNMR- and GPC-calculated molecular weights of the polymers L-50, L-60 and L-70

THNMR-calculated GPC-calculated
Sample M, (g mol”) M, (gmol") M, (g mol?) (P)
1300+70 1400+£90 1.08
L-50 300 700+28 800+29 1.14
300+8 40011 1.33
140016 1500+45 1.07
L-60 300 800x3 800+2 1.00
4001 4001 1.00
14001 1500+4 1.07
L-70 400 700+2 800+2 1.14
40014 400+3 1.00
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Even though the molecular weight of the prepolymers presented relatively small deviations,
significant differences were observed in the ratios of the intensities of the highest molecular
weight population (peak 1) and the medium molecular weight population (peak Il) compared
to the lowest molecular weight (peak Ill) population intensity (Figure 67). More exactly, when
the temperature increased to 70°C, both the higher and medium molecular weight populations
maximized compared to the lowest molecular weight population (Figure 67). It can be assumed
that, even though the activity of the immobilized LCC'“® decreased, the polymerization was
favored thanks to the increased temperature. The increased temperature probably enhanced
the already formed oligomer chains’ mobility, thus leading to increased possibilities of
recombination. Additionally, at the reaction temperature of 70°C, a quantity of the formed by-
product, i.e., ethanol, could have been evaporated (Ty,: 78°C).
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Figure 67. Intensity ratios of peaks | and Il of the prepolymers L-50, L-60 and L-70 monitored
via GPC

The enzymatically synthesized prepolymers' thermal behavior was studied via TGA. The
monitored decomposition temperatures were similar at about 400°C and slightly higher than
the decomposition temperature of the N435-synthesized prepolymer B-90. On the contrary,
the Tys% values presented an increasing trend with temperature (Table 16), which could be
related to the increased amount of the higher molecular weight population as reaction

temperature increases.

Table 16. Thermal properties defined via TGA of the prepolymers L-50, L-60 and L-70
monitored via GPC

Sample Tas% (°C) Ta (°C) Residue (%)
L-50 152 263 397 1.20
L-60 174 285 399 0.90
L-70 224 276 398 0.30
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However, the prepolymers decomposition was conducted in two stages, which is unusual for a
high-purity PBS grade as the herein synthesized. A supplementary experiment was conducted
to investigate the phenomena occurring during the first decomposition stage, and the
prepolymers were submitted to a short TGA analysis up to 360°C. The analyzed samples that
were received in a solid form were submitted to a GPC analysis. It was concluded that the
samples had been post-polymerized, and a significant molecular weight increase was
monitored. The obtained chromatogram of the L-60 sample is indicatively presented in Figure
68a, with the monitored peak corresponding to a M,, of 3300 g-mol” and M,, 5600 g-mol™.
Regarding the susceptibility to post-polymerization of the LCC'““® prepolymers, L-50 and L-60
were found to be more susceptible to post-polymerization compared to L-70, with M,, and M,
increases of about 150% and 350% (Figure 68b). This trend is probably attributed to the
increased amount of the higher molecular weight population in the L-70 sample, meaning
decreased concentration of active end groups, that are necessary for the post-polymerization
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Figure 68. GPC chromatograms of the prepolymer L-60 before and after post-polymerization
(a), M,, and M,, percentage increases after post-polymerization of the prepolymers L-50, L-60,
L-70

This chapter examined the ability of a novel, non-commercially available enzyme to be used as
a biocatalyst in a solvent-free system to produce PBS for the first time. Initially, a quadruple

C'C, was heterologously expressed

variant of the Leaf and branch compost cutinase (LCC), LC
and immobilized on a controlled-porosity glass carrier at the Biotechnology Laboratory of
NTUA by the Industrial Biotechnology & Biocatalysis group. The immobilized biocatalyst was
characterized in terms of optimal temperature and thermostability. It was concluded that

LCC'“® presented the maximum activity at 60°C, where it remained thermally stable for 24°C.

The immobilized LCC'““® was examined as a biocatalyst for PBS synthesis via a two-step process.
The reaction temperature of the first step was investigated (50-70°C), and it was conducted
under atmospheric pressure for 24 h to study the enzyme'’s efficiency in the polymerization.
The second stage was conducted at 80°C, under 200 mbar, for 2 h to favor the polymerization
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reaction. PBS was successfully synthesized in all the tested temperatures, confirmed by the 'H-
NMR and FTIR results. The obtained products were in the form of gels, with the ones
synthesized at 60 and 70°C being similar to the N435-products (Chapter 2). Interestingly, a
significant baseline shift was monitored in the obtained FTIR spectra, indicating crystal contact
issues, a phenomenon already observed in the case of the enzymatically synthesized PBF
prepolymers also being in a sticky gel form (Chapter 3.4.1.1). The synthesized prepolymers were
OH-rich, with a small decrease in the OH content observed at the higher temperature of 70°C.
A small increase with the temperature increase was monitored for the ester content. This could
be attributed to the reduction of the OH end group percentage and/or an increase in the
molecular weight values (i.e., an increase of the ester bonds in the oligomer backbone). Even
though the MW of the products were found to be similar, with three distinct populations,
reaching the values of 1400 and 1500 g mol" (M,, and M, ), the products of higher
temperatures had an increased amount of the higher molecular weight population.

One of the most significant advantages of the LCC'““® products is their narrow molecular weight
distributions (B up to 1.33), rendering them valuable for applications requiring uniform
molecular weight lengths, such as bioapplications, including drug delivery systems. Another
advantage of the synthesized PBS prepolymers was their susceptibility to post-polymerization,
which was revealed during TGA. The monitored AM,, and AM,, reached the values of 150 and
350%, respectively. The lower temperature prepolymers presented the highest susceptibility,
probably due to an increased amount of low molecular weight chains, leading to an increased
concentration of active end groups.

Summing up, a novel enzyme, LCC'“®, known for its ability to degrade plastic, was successfully
used for the first time as a biocatalyst for synthesizing PBS. The synthesized prepolymers
presented several advantages, including narrow molecular weight distributions and increased
susceptibility to post-polymerization, rendering them valuable candidates for demanding
applications such as drug delivery systems.
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Even though enzymatic polymerization presents numerous advantages, one of its limitations
is the difficulty of obtaining polyesters of appropriate molecular weight for the subsequent
processing and use [220]. It becomes thus important to combine the method of enzymatic
polymerization with adequate finishing steps, in order to upgrade the final products in terms
of molecular weight and of thermal properties. An interesting example is the combination of
enzymatic synthesis with post-polymerization reactions, such as solid state polymerization
(SSP). SSP is an eco-friendly solvent-free polymerization technique, which permits molecular
weight (MW) build-up via polycondensation reactions in the amorphous regions of semi-
crystalline solid prepolymers at temperatures lower than T [36,111,127,221], as it is thoroughly
described in Chapter 1.2.2. The combination of enzymatic synthesis and SSP has been already
examined by the group for different polyesters such as PE 8.12, PE 8.14 and PBS. Vouyiouka et
al. [111] suggested the following polymerization cycle for the production of the partially
renewable polyesters PE 8.12 and PE 8.14: a lipase-catalyzed prepolymerization step, combined
with a low-temperature post-polymerization step, in the melt or solid state. Kanelli et al. [36]
examined the production of PBS and other aliphatic polyesters with the following two-stage
procedure: (1) an enzymatic prepolymerization under vacuum, with diphenyl ether as solvent
and N435 as biocatalyst and (2) a low-temperature post-polymerization stage in order to
upgrade the polyesters properties. Especially for PBS, it was submitted to SSP under vacuum
at temperatures close to the prepolymer melting point (Tm-Tssp = 5 - 10°C). The upgrade
process was held in two stages, precrystalllization and SSP, and resulted in a AM,, of 67%, with
the M,, reaching the value of 6500 g-mol™ (initial M,, 3910 g-mol™"). Recently, Comerford et al.
[102] synthesized enzymatically aliphatic and aromatic oligoesters of M,, from 500 to 1000
g-mol”', namely poly(butylene adipate) (PBA), poly(butylene isophthalate) (PBI), poly(butylene
furanate) (PBF) and poly(butylene pyridinate) (PBP) with N435 in a solvent-free system. The
oligoesters/ di-esters were subsequently submitted to a thermal upgrade process, at three
temperatures (140, 150 and 180°C) under different surrounding atmospheres (air, vacuum, N»)
resulting in 8.5, 2.6, 3.3 and 2.7 times higher M,, values. However, in such studies of post-
polymerization, it is important to correlate the melting points of the enzymatically synthesized
prepolymers to the selected reaction temperature (T) of the finishing step, since post-
polymerization kinetics are highly sensitive to the difference between T and T. Thus, in the
most recent results of our group an optimized post-polymerization process, based on a finer
tuning of the reaction temperature (7;) was established and increased polymerization rate with
minimum material loss (e.g. oligomers sublimation) and almost null thermal degradation were
reached [49]. More precisely, PBS was synthesized enzymatically in the low boiling point
isooctane, and submitted to bulk post-polymerization in a TGA chamber serving as a micro-
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reactor. Bulk post-polymerization was conducted under nitrogen flow (10 mL-min™) and
resulted in a AM,, of 180%, with the achieved M,, being 5600 g-mol™ and the initial ca. 2000
g-mol™).

This chapter's scope was to upgrade the enzymatically synthesized PBS and PBF prepolymers
through improving MW and thermal properties while maintaining their truly green character,
as the selected upgrade methods are solventless, do not require catalysts, are conducted in
low temperatures, and are fully sustainable.

In the first part of this chapter, the enzymatically synthesized PBS on a large scale (20 g) was
used as the starting material to examine the efficiency of solid-state and melt post-
polymerization. The post-polymerized products were assessed based on their morphology,
molecular weight and thermal properties. After identifying the most efficient method, the next
goal was to optimize it, i.e., to investigate process parameters, including reaction temperature
and time and use an OH-rich prepolymer that could be more susceptible to post-
polymerization.

In the second part of this chapter, the enzymatically synthesized and scaled-up (3 g-scale) PBF
was also submitted to melt post-polymerization. The main objective was to study the
susceptibility of the enzymatically synthesized PBF prepolymer to melt post-polymerization. In
this context, a screening study of the reaction temperature of melt post-polymerization was
conducted.

Thanks to the simplicity of the applied post-polymerization methods (i.e., solid-state and melt
post-polymerization), the only required materials are the starting prepolymers. On that basis,
the herein used materials include the synthesized with N435 on the large scale PBS (B-90_20g,
see Chapter 2.4.2), the synthesized with N435 on the large scale PBS with 5% BDO excess (B-
90_20g_5%, see Chapter 2.4.3), and the synthesized with N435 on the 3-g scale PBF (D-90_3g,
see Chapter 3.4.2).

All the post-polymerization processes were conducted with the use of ca. 1 g of each
prepolymer in a round-bottom flask in a rotary evaporator (Rotavapor R-210, Bucchi,
Switzerland) under reduced pressure (20 mbar) and stirring (75 rpm). The prepolymer B-90_20g
was submitted to SSP and melt post-polymerization. The selected SSP temperature was close

123



to the initial melting point (Tm-Tssp: 7°C) to achieve increased segmental mobility while
maintaining the solid state. The total reaction time was 10 h, including a precrystallization step
(2 h) and SSP (Table 17). Melt post-polymerization was initially conducted at 110°C, close to
the prepolymer melting point, i.e., 12°C above Tnm. Then, the most critical parameters of the
melt post-polymerization (i.e., reaction time and temperature) were investigated. At the
optimized reaction conditions, prepolymer with an excess in BDO (B-90_20g_5%) was also
submitted to melt-post polymerization in order to compare its susceptibility to post-
polymerization to the stoichiometric B-90_20g. Melt-post polymerization was also tested for
the enzymatically synthesized PBF (D-90_3g), and the reaction temperature was investigated
(Table 17). At the end of the reactions, the post-polymerized polyesters were cooled at room
temperature and stored in a desiccator.

Table 17. Conditions of PBS and PBF prepolymers post-polymerization

Sample 1%t step 2" step
T (°C) P(mbar) t(h) T(°C) P(mbar) t(h)
PBS
Precrystallization 90 20 2
S8 957 95 20 8
S2_M2? 100 20 2 100 20 2
S2_M4 100 20 2 100 20 4
S2_M6 100 20 2 100 20 6
M4_1103
M4_110_5% 110 20 4
M6_110 110 20 6
M8_110 110 20 8
M10_110 110 20 10
M4_120 120 20 4
M4_130 130 20 4
M4_140 140 20 4
M4_150 150 20 4
PBF
M4_85 85 20 4
M4_95 95 20 4
M4_105 105 20 4

1SX_Y, 2SX_MZ and 3MZ_W, where S: sample submitted to SSP, M: sample submitted to melt post-
polymerization, X: SSP reaction time (h), Y: SSP reaction temperature (°C), Z: melt post-polymerization
reaction time (h), W: melt post-polymerization reaction temperature (°C)

GPC was carried out as described in 2.4.3. The calibration of the instrument was carried out as
described in 2.4.3. The calibration curve was used only for the case of PBS and not PBF due to
the lack of Mark-Houwink (K and a) constants for the specific polymer-solvent system.
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Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) were conducted
as presented in 2.3.3.4 and 2.3.3.5, respectively.

The prepolymer B-90_20g was selected as the starting material for the post-polymerization
tests due to its adequate available amount, good thermal performance and morphology to
permit applying SSP. A preweighted quantity of about 1 g was used for the following post-
polymerization tests and a precrystallization step was introduced before the main SSP process
to eliminate possible sintering issues [222], as it is already used for PET and PLA SSP processes.
In particular, the precrystalllization step was conducted at 90°C under 20 mbar for 2 h, the
obtained first heating DSC curve was found sharper compared to the starting material (Figure
69a), while an increase of 4°C in the Tm1, reaching 102°C (Table S5), was monitored, indicating
a crystal reorganization. Thanks to this Tm1 increase, the following SSP process was permitted
to be conducted at 95°C (Tm1 — Tssp 7°C) under 20 mbar for 8 h without sintering problems. The
SSP product, S8_95, presented slightly upgraded thermal properties compared to the starting
prepolymer (Table S5, Figure 69) indicating polymers of similar molecular weights. Indeed, M,,
increased slightly to 1900 g-mol™ and M,, to 3300 g-mol™, while dispersity remained almost
constant (Table 18).
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Figure 69. First heating (a) and second heating (b) of the starting material (B-90_20g) and the
post-polymerized samples

125



Table 18. M,,, M,, and dispersity D of the enzymatically synthesized and post-polymerized PBS and PBF
prepolymers

Sample M,, (g mol") M,, (g mol") (P)

PBS

Solid-state post-polymerization

S8_95 1900 3300 1.7
S2_M2 1700 3000 1.7
S2_M4 1900 3700 1.9
S2_M6 1900 3200 1.7

Melt post-polymerization

M4_110 (B-90_20 g) 3000 6000 2.0

M4_110 (B-90_20 g_rep) 1700 2600 1.5

M6_110 1700 2600 15

M8_110 1500 2400 1.6

M10_110 1400 2300 1.6

M4_120 1700 2600 1.6

M4_130 1700 2200 1.6

M4_140 1200 2200 1.8

M4_150 1400 2300 1.7

M4_110_5% 1800 2800 1.6
PBF

M4_85 1600 1700 1.1

800 900 1.0

400 400 1.0

M4_95 1600 1800 1.1

900 900 1.0

400 400 1.0

M4_105 1700 1900 1.1

800 900 1.0

400 400 1.0

Since post-polymerization kinetics are highly sensitive to the difference between Ty, and T, the
next approach included the Tm1 — Tssp reduction up to 2°C. SSP was conducted at 100°C under
reduced pressure of 20 mbar after precrystallization. However, after the first two hours of SSP,
the sample went from the solid to the melt state (S2_M2). This solid-melt transition is a
phenomenon already observed during the polycondensation of various nylon salts [223]. By-
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product (water) accumulation within the reacting particles during polycondensation results in
the formation of low melting point areas, which eventually overlap, leading to the complete
breakdown of the solid structure. In our case, the reaction by-product (ethanol) and any
moisture that the prepolymer surface may have absorbed, contribute to the transition from the
solid to the melt state. The co-existence of ethanol and water may also synergistically affect
the prepolymers’ properties; organic solvents like ethanol have been found to swell the
polymer matrix and increase chain mobility. Free volume is thus created due to swelling,
allowing the water molecules diffusion in the polymeric matrix and thus resulting in hydrolysis
[224]. Despite the melt state of the prepolymer, post-polymerization was not significantly
favored at 100°C, not even at longer reaction times (e.g., 4 and 6 h, samples S2_M4 and S2_M6).
The highest melting point increase by 12°C and 4°C for the first and the second heating
respectively was monitored after 4 h of melt polymerization, while the M,, and M,, increased
up to 1900 g-'mol™ and 3700 g-mol™ respectively (Table 18).

In the next step, melt post-polymerization was conducted at 110°C, under reduced pressure of
20 mbar for 4 h. Before melt post-polymerization, drying at 90°C, 20 mbar, for 2 h was
conducted to remove any absorbed moisture from the prepolymer. A sharper curve was
obtained in the first heating (sample M4_110, Figure 69a), and the melting point reached 104°C,
which was maintained during the second heating (Figure 69b), indicating increased molecular
weight values compared to previous samples where Tm> was at 102°C. Actually, M,, reached the
value of 3000 g-mol'and M,, increased to 6000 g-mol™” with dispersity of 2 (Table 18). The
relevant AM,, and 4AM,, percentages are 76 and 94%, respectively. In a relevant work of the
group, PBS was enzymatically synthesized and then submitted to a two-step bulk post-
polymerization (2h at 80°C and 8h at 90°C) in a thermogravimetric analysis (TGA) chamber as
a micro-reactor, and a slightly higher 4M,, (i.e., 126%) was monitored. Even though the herein
conducted process’ reaction time is almost 50% shorter, and its scale 10 times higher (1 g of
starting prepolymer instead of 100 mg), meaning that the mass transfer limitations are more
intense, the achieved AM,, is comparable to the abovementioned. The high efficiency of the
herein-conducted melt-post polymerization could be related to the high vacuum applied,
which has been found in some post-polymerization cases more effective than a N, flow. Ma et
al. [225]studied the influence of N, flow compared to a high vacuum on the SSP of PET. The
researchers found that the SSP rate was enhanced by vacuum compared to nitrogen flow, as
the intrinsic viscosity (IV) increased and the end-groups were depleted faster. The superiority
of the vacuum system compared to the N, was attributed to the solid deposit (sublimates)
observed on the cold parts of the reactor walls during SSP-vacuum and not during SSP-No..
More precisely, the sublimates were found to consist of terephthalic acid (TA),
monohydroxyethyl terephthalate (MHET), bishydroxyethyl terephthalate (BHET) and cyclic
oligomers, produced by acidolysis, glycolysis and transesterification reactions. Their removal
as a sublimate during SSP under vacuum provided a new pathway for the progress of SSP.
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The herein post-polymerized PBS was thermally stable with a decomposition temperature of
393°C (Table S6). Even though post-polymerization was conducted in the melt state, it was not
thermally downgraded thanks to the relatively low temperature and short reaction times in the
melt state.

However, different reaction times and temperatures were tested to increase further the applied
melt post-polymerization efficiency. A new batch of the prepolymer B-90_20g was prepared
based on the enzymatic prepolymerization process described in Chapter 2.3.2 at the large scale
of 20 g to have adequate amounts for the following investigations. The properties of the
synthesized prepolymer, B-90_20g_rep, are presented in Tables S1, S2 and S3.

Before the melt post-polymerization, drying (90°C, 20 mbar, 2 h) was conducted for every
sample to remove any moisture from the prepolymer and reach comparable results. Reaction
time was the first parameter to be investigated, and different reaction times, including 6, 8 and
10 h, for a constant temperature of 110°C, were examined. It is of high risk that polymer thermal
degradation may occur when reaction time and/or temperature increases in the melt state. In
this context, the post-polymerized samples were submitted to GPC to detect molecular weight
changes and TGA to ensure that the examined samples were not thermally downgraded.

Figure 70. Starting material (a) and melt post-polymerized at 110°C PBS samples for 4 h (b), 6
h (c), 8 h (d) and 10 h (e)

The starting material was a free-flowing powder (Figure 70a), while the received post-
polymerized samples at 110°C until 6 h were in the form of colorless solid masses, having taken
the shape of the reactor (i.e., round-bottom flask) during cooling from the melt (Figure 70b
and c). On the contrary, the post-polymerized samples at 110°C for 8 and 10 h were received
as sticky gels (Figure 70d and e), probably indicating lower molecular weight values due to
degradation. All the post-polymerized samples were weighed at the reaction's end to ensure
no sublimation occurred.

In line with the macroscopical observations, GPC indicated that M,, presented the maximum
increase (ca. 13%) at the reaction time of 4 h, accompanied by a small decrease in the D,
indicating a more homogeneous distribution of the achieved molecular weights (Figure 71).
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Similar M,, and D values were obtained at 6 h of post-polymerization, probably implying that
the system reached equilibrium. The MW changes were less intense for the M,,, even though
the trend was similar: increase at 4 h and similar MW at 6 h. This behavior can be attributed to
the fact that the shorter chains present increased mobility compared to the longer ones, thus
increasing the possibility of them coming into contact so that their end groups can react and
lead to increased MW values.
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Figure 71. Molecular weights (M,, M,,) and dispersity D of the post-polymerized PBS
prepolymers as a function of reaction time

When the reaction time was further increased (i.e, 8 and 10 h), a drop in the MW values M,,
and M,, was monitored, along with an increase in the dispersity, revealing the inhomogeneity
of the samples. Interestingly, the calculated standard deviations of the M,,, M,, and D were also
increased compared to the relevant values of the 4- and 5-h products, also suggesting the
inhomogeneity of the products. Given these, the downgrade of the samples for reaction times
higher than 6 h is indicated and could be attributed to thermal degradation of the prepolymer,
considering that the process was conducted for prolonged times under vacuum (20 mbar), not
under an inert (e.g., nitrogen) atmosphere. The two competitive reactions (post-polymerization
and thermal degradation) seem to be in balance for the first 6 h, but for higher reaction times
(>6h), thermal degradation seems to dominate. The fact that M,, was again less affected
(decreased) compared to M,,, is due to the increased susceptibility of the shorter chains to the
downgrade processes, as (a) they present increased mobility, rendering them more prone to
degradation reactions, and (b) they can promote the formed by-products diffusion due to their
shorter lengths compared to the longer ones. The thermal degradation mechanism is expected
to be similar to the oxidative degradation mechanism, which has been studied to an extent in
the open literature.

Studying the oxidative mechanisms of polymers, including PBS, is challenging as the molecules
formed in oxidation processes are often very reactive, do not accumulate, and are present only
in minor amounts among the reaction products, requiring a high sensitivity to be monitored.
However, one of the most well-established PBS thermo-oxidative decomposition pathways is
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presented by Rizzarelli and Carroccio [226]. In the first step, a hydroperoxide intermediate is
formed via a hydrogen abstraction from the methylene group adjacent to the PBS ester linkage.
Due to instability, this intermediate undergoes further reaction with the elimination of a
hydroxyl radical and then, the radical formed subtracts a hydrogen radical to form a hydroxyl
ester. Rearrangement reactions follow, and oligomers bearing succinic acid, 4-hydroxy
butanoic aldehyde or/and acid end groups are produced (Figure 72). Rizzarelli and Carroccio
[226] submitted synthetic and commercial PBS (M,, 93000 and 101000 g-mol™, respectively) to
thermo-oxidation at 170°C in atmospheric air for up to 6 h. A significant decrease in the M,,
(about 50%) was monitored after the first hour for the synthesized grade. In the commercial
PBS grade, decomposition started after two hours, which was attributed to the probable
presence of a heat stabilizer.

m~CO(CH,),COOH
+

HCO(CH,),0CO(CH,),CO~

+ 0,

HOCO(CH,),0 CO(CH,),CO-w

Figure 72. Oligomeric products of PBS thermo-oxidative decomposition [226]

Regarding the thermal stability of the products, the monitored Ty values remained almost
constant for every post-polymerized sample until 10 h (Figure 73); similarly, the char residues
remained almost constant and lower than 1.5% (Table S6). On the other hand, the Tq4s%, which
is more sensitive to MW changes, presented a different behavior; it remained almost stable at
4 h and slightly increased at 6 h, while a significant decrease was observed for higher reaction
times (decrease up to 46°C for 10 h, Table S6).
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Figure 73. Tq and Tq4s% of the post-polymerized PBS prepolymers as a function of reaction time

130



The monitored Tq4s% evolution with time, in line with the abovementioned GPC results, suggests
that competitive phenomena occur. For the first 6 h of the reaction, melt-post polymerization
dominates the system, while after 6 h, the decomposition reactions seem to dominate, and the
product’s degradation becomes more intense.

The next melt post-polymerization parameter to be examined was the reaction temperature.
The drying step (90°C, 20 mbar, 2 h) was conducted for every sample before the melt post-
polymerization. Considering the above-presented results, the investigated reaction window
was 110 — 150°C for a constant reaction time of 4 h.

Regarding the macroscopical morphology of the post-polymerized samples, they were
received as colorless solid masses, having taken the shape of the reactor (i.e., round-bottom
flask) during cooling from the melt, except for the samples post-polymerized at 140 and 150°C
(Figure 74). These high-temperature samples were received as sticky gels; the 150°C sample
was also yellowish, indicating thermal degradation (Figure 74f). All the post-polymerized
samples were weighed at the reaction's end to ensure no sublimation occurred.

Figure 74. Starting material (a) and melt post-polymerized for 4h PBS samples at 110°C (b),
120°C (c), 130°C (d), 140°C (e), and 150°C (f)

Based on the GPC results, a clear increase in the MW was monitored only for the sample post-
polymerized at 110°C (Figure 75), already discussed in Chapter 5.5.1.2.1. Also, the small
decrease in the D indicates an increased homogeneity of the MW of the sample. When the
temperature increased up to 130°C, the MW didn’t seem to be negatively or positively affected.
When the temperature was further increased at 140°C, there was a clear reduction in both M,,.
and M,, to values lower than the starting material, indicating degradation (thermal or thermo-
oxidative) of the sample. The MW reduction was more intense when the reaction temperature
reached 150°C, in agreement with the sticky, yellowish morphology of the sample M4_150.
Increased B were monitored for the temperatures of 140 and 150°C also indicating
inhomogeneity of the samples due to degradation. It is of high interest that the M,, of the
sample post-polymerized at 150°C presented a significantly high standard deviation, especially
compared to the relevant M, deviation. This difference could indicate the occurrence of
competitive phenomena; at that high temperatures the oligomer chains probably have
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sufficient mobility to come in contact and promote their end group reaction, leading to the
formation of several high molecular weight chains. At the same time, thermal or thermo-
oxidative degradation occurs, tending to lower the MW averages. The simultaneous occurrence
of these competitive phenomena could lead to increased M,, deviations, since M,, is mostly
affected by the higher molecular weight chains.
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Figure 75. Molecular weights (M,, M,) and dispersity D of the post-polymerized PBS
prepolymers as a function of reaction temperature

The post-polymerized PBS samples were also submitted to TGA, and the monitored Tqs% and
Tq are presented in Figure 76. As expected, Tqs% was slightly affected by reaction temperature
until 130°C and a significant decrease of 62°C was monitored at 150°C (Table S6), in total
agreement with the MW decrease, evidenced by GPC. This trend can also be observed in the
zoomed graphs in Figure 77 (a and b); the mass loss rate gradually increased with the increase
in reaction temperature until 130°C, and a remarkable increase was monitored at 150°C.
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Figure 76. T4 and Ty59% of the post-polymerized PBS prepolymers as a function of reaction
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132



Even though the decomposition temperature determined at the maximum rate of weight loss
was not affected by the melt-post polymerization temperature, remaining almost stable, the
decomposition profile significantly changed for the case of 150°C. More specifically, the post-
polymerized up to 140°C samples presented a single-stage decomposition profile, similar to
the starting material’s (Figure 77a and b). On the contrary, the M4_150 sample presented a
two-stage decomposition profile, with the first step at 323 and the second at 397°C. As
thoroughly discussed in Chapter 2.4.1.3., in a work of the group [49], it has been found that the
enzymatically synthesized PBS grades with M,, lower than 1000 g-mol™" present a two-stage
decomposition. On the contrary, higher molecular weight grades (M,>1000 g-mol™)
decompose in a single-stage process. This trend seems to be confirmed also for the herein
post-polymerized PBS grades, as the M4_150 sample’'s M,, was defined at about the critical
value of 1000 g-mol™.
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Figure 77. TGA curves and 1° derivatives of the post-polymerized PBS prepolymers as a
function of reaction temperature

Except for the abovementioned MW dependence, the different decomposition stages could
also be related to different reactions, leading to different decomposition products. In our case,
the first stage at 323°C could also be attributed to different products formed during the
thermal or thermo-oxidative degradation. In contrast, the second stage corresponds to the
thermal degradation of the material. The degradation mechanism is also expected to be similar
to oxidative mechanisms. Hiller et al. [227] used a commercial PBS grade in a stabilized (with a
bio-additive with antioxidant properties) and neat form to submit them to TGA in nitrogen and
oxidative atmospheres and compare their degradation behaviors. Focusing on the neat PBS
grade, its decomposition occurred in one stage at about 400°C under the nitrogen atmosphere,
which was attributed to the thermal decomposition of the material. On the contrary, a three-
stage decomposition occurred in the presence of oxygen. The first stage monitored at 330°C,
was attributed to thermo-oxidative degradation; this peak almost completely disappeared for
the stabilized PBS with the abovementioned antioxidant. The second stage, close to 400°C,
presented the greatest intensity, and it was due to the material thermal decomposition, as in
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the nitrogen atmosphere. The third stage presented a very weak 1°* derivative peak at 480°C
and was associated with the oxidation of residues from previous degradative reactions.

As described in Chapter 2.4.3, PBS grades with 5, 10 and 20% BDO molar excess were
synthesized. The molar excess of 20% led to high OH-end group concentrations (up to 81%)
but had a negative effect on the M,, (35% decreased compared to the stoichiometric
prepolymer B-90_20g) which was also depicted in its sticky morphology. On the contrary, 5
and 10% excess led to increased OH-end group concentrations (64 and 70%, respectively)
without significantly affecting the MW of the prepolymer. Considering the similar properties of
the 5 and 10% excess products, the first one was selected to be submitted to the following
melt post-polymerization at the optimum conditions 110°C, 4 h, 20 mbar (Table 17, sample
M4_110_5%). The drying step (90°C, 20 mbar, 2 h) was also conducted before the melt post-
polymerization to reach results comparable with the M4_110 (Chapter 5.4.1.1).

The post-polymerized sample was first submitted to GPC and the results are presented in
Figure 78. The number-average molecular weight remained almost unaffected, in contrast to
the weight-average molecular weight, which presented an increase of about 17%, reaching the
value of 2800 g-mol™". This M,, increase led to a slight increase in the dispersity of the sample,
from 1.3 to 1.6 (Table 18). The main conclusions that can be reached based on GPC are the
following: first, the fact that only the M,, increased, implies that long chains were mainly formed
during melt post-polymerization. Second, the increased OH end group percentage (64%) did
not favor the post-polymerization compared to the stoichiometric grade (OH end group
percentage 52%). It is also indicated that the herein applied two-stage enzymatic
polymerization process does not lead to significant BDO losses, that should be replenished.
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Figure 78. Molecular weights (M, M,,) of the PBS prepolymer synthesized with 5% BDO
excess before and after post-polymerization at 110°C for 4 h

To explain the abovementioned observations, we must focus on the reactions occurring during
the post-polymerization. Jacquel et al. [23] used a BDO excess of 5% to synthesize PBS in the
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presence of different metal catalysts in a two-stage process consisting of an esterification and
a trans-esterification step. Given the BDO excess, OH-rich PBS oligomers were expected to be
formed during esterification. As the researchers stated, efficient trans-esterification or
inefficient trans-reactions may follow. The mechanism of a typical efficient trans-esterification
involving hydroxyl-terminated PBS, leading to chain growth, is presented in Figure 79. It is
defined as a nucleophilic attack on the carbon bearing ester function by the oxygen of a
hydroxyl chain end. However, other trans-reaction pathways exist, many of which do not lead
to a molar mass increase. These pathways, for instance, could include exchanging an ester- and
a hydroxyl-end group between two polymer chains; more precisely, if the oxygen of a hydroxyl
chain end (chain a) attacks the ester end group bond of another chain (chain b), the OH may
get attached to the chain (a), while the ester end group to the chain (b). Trans-reactions like
this decrease the overall rate of the chain growth.
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Figure 79. Mechanism of efficient PBS trans-esterification [23]

On that basis, the monitored increased M,, values can be attributed to the fact that the longer
chains, having an increased number of ester bonds compared to the shorter ones, have an
increased possibility to be attacked by a hydroxyl chain end, leading to efficient trans-
esterification and chain growth. The general low efficiency of the post-polymerization using
the OH-rich prepolymer could be attributed to the formation of BDO as the by-product during
efficient trans-esterification (Figure 79). BDO is harder to remove from the reacting mass than
ethanol, which is more volatile and is formed during the trans-esterification of an ester- and a
hydroxyl-terminated chain. In addition to that, BDO's higher carbon content compared to
ethanol hinders its diffusion into the reacting mass. Consequently, BDO (and other by-
products) accumulation within the reacting particles is highly probable, hindering the
equilibrium shift towards polymerization and rendering the oligomers susceptible to
downgrade.

Even though the attempt to use an OH-rich prepolymer for the post-polymerization wasn’t
proved as effective, the product was also submitted to TGA to confirm no thermal degradation.
The post-polymerized grade M4_110_5% presented a T4 of 400°C and a single-stage
decomposition, similar to the starting material B-90_20g_5%, implying no degradation. As
regards the Tqs%, it was found to be 55°C higher than the starting material, reaching the value
of 297°C (Table S6), which could be attributed to its increased M,,. Interestingly, when the
stoichiometric grade B-90_20g was post-polymerized under the same conditions (see Chapter
5.5.1.2), no increase in the T4s% was monitored, even though the MW increased by far more
(i.e., AM,, and AM,, 76 and 94%, respectively). The delay of the decomposition process of the
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OH-rich post-polymerized product can be probably due to intermolecular interactions (e.g.,
hydrogen bonding between the BDO hydroxyl groups that are abundant and ester bonds)
requiring additional energy to decompose.

Considering the low efficiency of the SSP to increase the molecular weight of the enzymatically
synthesized PBS (see Chapter 5.5.1.1) by more than 30% and the fact that sterical factors (due
to higher carbon content and the bulky furan rings of PBF) along with the extremely high OH-
end groups percentages that have been monitored for PBF prepolymers (see Chapter 3.4.1.1)
may further hinder the post-polymerization process (see Chapter 5.4.1.3), solid-state post-
polymerization was excluded from the analysis. Focusing on the melt post-polymerization,
which seems more appropriate for PBF thanks to the increased chain mobility, some screening
tests were conducted to study the susceptibility of the PBF prepolymers. The examined
temperature window was 85-105°C (Table 17), as it is important to eliminate the possibility of
thermal degradation of the prepolymer and to keep the energy requirements as low as
possible.

The post-polymerized prepolymers presented a similar macroscopical morphology to the
starting material (D-90_3g), i.e., sticky, yellowish gel without any indications of degradation. All
the post-polymerized grades during GPC presented three different peaks attributed to three
different MW populations (Table 18). Peak lll, corresponding to a MW of 400 g-mol™, is
attributed to the residual DEF (see Chapter 3.5.1.1). The lower molecular weight PBF population
(Peak 1) was not significantly affected by the post-polymerization process (Table 18), in contrast
to the higher molecular weight population, which was influenced by the reaction temperature
(Figure 80). At the temperature of 85°C, the obtained MW and dispersity values were identical
to the starting material’s, indicating that the post-polymerization was ineffective, probably due
to the limited mobility of the oligomer's chains. On the other hand, when the reaction
temperature increased to 95°C, a molecular weight increase of about 6% was depicted in the
M,,, which reached the value of 1700 g-mol™'. No change was monitored for the M,, at the same
temperature. When further increasing the reaction temperature, a more noticeable MW
increase was monitored for both the M,, and M,,, at 6 and 12%, respectively, while the number-
average polymerization degree reached 16. The fact that the M,, is more affected than M,,, and
higher M,,, increases are achieved, implies that the longer oligomer chains are more reactive
than the shorter ones. Considering the increased OH-end groups percentage of the PBF
prepolymers, it could be stated that, as in the case of PBS melt post-polymerization (see
Chapter 5.4.1.2.3), the formation of BDO as the by-product during efficient trans-esterification
(Figure 79) delays the polymerization growth. This phenomenon is due to the BDO's lower
volatility than ethanol and higher carbon content, limiting its removal and diffusion into the
reacting mass. Thus, BDO accumulation within the reacting particles is highly probable,
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meaning that the equilibrium shift towards polymerization does not promote, and the formed
oligomers are susceptible to downgrade.
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Figure 80. M,,, M,, and X, of the post-polymerized PBF prepolymers at 85, 95 and 105°C

The post-polymerized products were also submitted to TGA to investigate their thermal
behavior. Even though the thermal properties were generally similar, with the post-polymerized
at 95°C grade presenting slightly improved thermal characteristics compared to the other
grades and the starting material (Table S6), the reaction temperature affected the products'
decomposition profiles and char residues. All the PBF grades presented two-stage
decomposition profiles, with, however, quantitative differences (Figure 81).
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Figure 81. TGA curves and 1* derivatives of the post-polymerized PBF prepolymers as a
function of reaction temperature

Part of the first decomposition step, monitored in the 200-300°C range, is attributed to the
residual DEF as discussed in Chapter 3.4.1.1. As the reaction temperature increases from 85 to
95°C, the relevant first derivative peak becomes weaker (Figure 81b). Specifically, at the end of
the first decomposition step, weight losses of 39.3%, 34.4% and 32.9% were monitored for 85,
95 and 105°C, respectively. This trend could indicate smaller residual DEF quantities in the
samples as the temperature increases. More exactly, as the temperature increased, the existing
OH-rich oligomers probably gained enough mobility to react with the residual DEF, which was
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thus consumed. It is important to note that the abovementioned trend of the post-polymerized
grades is an indication and cannot be compared to the starting material D-90_3g, as in this
first decomposition step participate both the residual DEF and the lower molecular weight PBF
populations that may have been affected by the applied post-polymerization process.

Another interesting observation is that the melt post-polymerization process affects the post-
polymerized grades’ residue defined at 600°C. The highest residue (15.1 %) was monitored for
the sample post-polymerized at 85°C, followed by the grade post-polymerized at 95°C (7.3%)
and the sample post-polymerized at 105°C (5.5%, Table 18, Figure 81a). The starting material
presented a residue of 4.8% (Table 13). It could be stated that the ineffective post-
polymerization reaction at 85°C led to the formation of by-products containing furan moieties
that remain thermally stable at even higher temperatures. For instance, Monti et al. [228]
submitted a commercial furan resin to TGA under a nitrogen environment, and the defined
residue at 900°C was 50 %. As the reaction temperature increases, and given the OH-rich nature
of the PBF prepolymers, the possibilities of efficient trans-esterification, i.e., nucleophilic attack
on the carbon bearing ester function by the oxygen of a hydroxyl chain end (see Chapter
5.4.1.2.3), increases. As described in Chapter 5.4.1.2.3, the by-product of efficient trans-
esterification is the linear BDO, which is not thermally stable and does not contribute to the
final residue.

The enzymatically synthesized and scaled-up PBS prepolymer B-90_20g (Tm1 98°C, M,, 1700
g-mol™, M,, 3100 g-mol™) was used as the starting material for the post-polymerization tests.
SSP was the first method to be examined, and a precrystallization step (90°C, 20 mbar, 2 h) was
introduced before the main SSP to eliminate possible sintering issues. This step led to a crystal
reorganization of the PBS chains and Tm1 increase to 102°C. Thanks to this increase, the
following SSP process was conducted at 95°C (Tm1 — Tssp 7°C), which, however, was not found
to be effective as the molecular weights increased slightly (M,, 1900 g-mol™, M,, 3300 g-mol™).

Since post-polymerization kinetics are highly sensitive to the difference between Ty, and T, the
next approach included the Tm1 — Tssp reduction up to 2°C. However, after the first two hours
of SSP, a solid-melt transition phenomenon occurred, probably due to the co-existence of
ethanol (by-product) and water (absorbed moisture). Despite the melt state of the prepolymer,
post-polymerization was not significantly favored at 100°C, not even at longer reaction times
(i.e., 4 and 6 h) that were tested. In this context, we focused on the melt post-polymerization
of PBS, conducted at 110°C under reduced pressure of 20 mbar for 4h. Before melt post-
polymerization, drying at 90°C, 20 mbar, for 2 h was conducted to remove any possible
absorbed moisture from the prepolymer. The melt-post polymerization was effective as a
sharper curve was obtained in the first heating, and the melting point reached 104°C, which
was maintained during the second heating. As regards the molecular weights, the achieved
AM,, and AM,, percentages were 76 and 94%, respectively. On that basis, the reaction time and
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temperature of melt post-polymerization were then investigated. The reaction time and
temperature examined windows were 4 to 10 h (at 110°C) and 110 to 150°C (for 4 h). It was
concluded that competitive phenomena occur during the process. Until 6 h, melt-post
polymerization dominates the system, while after 6 h, the decomposition reactions seem to
dominate, and the product’'s degradation becomes more intense. As regards the temperature
investigation, PBS remained stable until 130°C, while thermal (or thermo-oxidative)
degradation occurred at higher temperatures, especially at 150°C. It was concluded that 110°C
and 4 h were the most appropriate conditions, balancing the required prepolymer’s upgrade
and the process's energy requirements as low as possible.

The last parameter of the PBS melt post-polymerization to be examined was using a
prepolymer with increased OH-end groups, especially the grade synthesized with 5% BDO
molar excess, leading to 64% OH-end groups. The increased OH end group percentage (64%)
did not significantly favor the post-polymerization compared to the stoichiometric grade (OH
end group percentage 52%); it was attributed to the formation of BDO as the by-product
during efficient trans-esterification, which is harder to diffuse into the reacting mass and
remove from the reacting mass than ethanol. As a result, BDO (and other by-products)
accumulation within the reacting particles is highly probable, hindering the equilibrium shift
towards polymerization and rendering the oligomers susceptible to downgrade.

Finally, the enzymatically synthesized and scaled-up (3 g) PBF grade was submitted to melt
post-polymerization at three different temperatures (85, 95 and 105°C). Its susceptibility to
post-polymerization was confirmed, especially at 105°C; the monitored 4M,, and AM,, were 6
and 12%, respectively, and an increasing trend was observed. Regarding the thermal properties,
the post-polymerized at 105°C grade presented a less intense first decomposition step,
indicating that DEF consumption was favored at this temperature. Additionally, its lower char
residue could imply the occurrence of efficient trans-esterification reactions leading to the
formation of by-products such as BDO, not-containing furan moieties and not contributing to
higher char residues, as it was monitored or the lower post-polymerized grades (at 85 and
95°Q).

Summing up, a low-temperature melt post-polymerization process was proved the most
appropriate for the enzymatically synthesized and scaled-up (20 g scale) PBS prepolymer
upgrade, and it was optimized. The enzymatically synthesized PBF prepolymer presented
susceptibility to melt post-polymerization, and even though further investigation is required,
the results were encouraging. Given the above, a green method conducted at low
temperatures, not requiring solvents and catalysts, was established for both the aliphatic and
the alipharomatic, enzymatically synthesized PBS and PBF prepolymers, capable of maintaining
their sustainable character.
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As is thoroughly discussed in Chapter 1.3, conventionally synthesized PBS, PLA, cellulose
acetate phthalate (CAP), poly(e-caprolactone) (PCL) and poly (D, L- lactide-co-glycolide) (PLGA)
have been tested as carriers in controlled release systems, including active food packaging
applications [139,140,229,230].

However, the main drawback of using conventional synthesized polymer grades, and especially
PBS, is the requirement of metal catalysts in amounts between 100 and 1500 ppm, e.g., Ti 100—
360 ppm, Sb 350-450 ppm, and Sn 450-1500 ppm [23]. These metal contents can be a
significant drawback, especially for the food packaging industry, considering that according to
the compostable and biodegradable polymers packaging standards, heavy metals should not
exceed the maximum allowable level of 150 mg kg™ (i.e., 150 ppm) on dry substance [20]. An
alternative approach to producing high molecular PBS is the combination of polycondensation
with a finishing step of chain extension [169]. A chain extender with two functional groups
reacts with the terminal -OH or —COOH of PBS and couples two PBS chains. However, the
biosafety and biodegradability of PBS can be negatively affected and, thus, impair the use of
the chain-extended PBS as a food-contacting material [161].

The most common methods to remove metal-based catalyst residues from polymers, especially
when destined for food packaging applications, include solvent extraction and leaching.
However, these methods require several steps and many organic solvents and acids. Modern
approaches that have been found effective, such as using a high-pressure CO,/water binary
system as a green solvent to dissolve and remove zinc-based catalysts from polymers, present
high operation costs and need to be further optimized [20].

An alternative, novel approach could be using a polymer grade synthesized without metal
catalysts, such as through enzymatic polymerization. In enzymatic polymerization, non-toxic
enzymes are used as catalysts, and they do not have to be completely removed from the final
product, as they are harmless for humans and the environment. Additionally, enzymatically
synthesized polymers can be considered truly green, combining green properties (e.g.,
biological origin and biodegradability) and a sustainable production process. On that basis,
thanks to its high quality and purity, an enzymatically synthesized PBS grade could be a
promising candidate carrier in controlled release systems, including active food packaging
applications and to the best of our knowledge, an enzymatically synthesized PBS grade has
never been examined for controlled release systems in the open literature.

The mostly encapsulated active compounds are antioxidants, including polyphenol bioactive
agents such as curcumin, essential oils and resveratrol, since oxidation is one of the main causes
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of food spoilage. Antioxidants, when used in food packaging, prevent oxidation. Detrimental
effects such as vitamin degradation and loss of essential fatty acids, which decrease the
nutritional value of the food, are also prevented [231]. It is important to mention, though, that
every upcoming technology must be critically evaluated and constantly improved. For example,
there may be safety issues such as the package’s components (i.e., (bio)polymer and/or other
additives) migration to the food, which could risk human health [154]. Another challenge is
establishing the optimal concentration distribution of antioxidants around the food to match
the release kinetics with the oxidation kinetics of the food.

The main objective of this Chapter was to assess for the first time the suitability of the
enzymatically synthesized PBS to form nanoparticles acting as a matrix for active agent
encapsulation.

In this context, the enzymatically synthesized and upgraded PBS grade M4_110 (B-90_20g) was
used as the starting material and in the first part of the chapter, blank PBS nanoparticles were
formed to evaluate the effectiveness of the process. The naturally occurring antioxidant
flavonoid, naringin was selected as a hydrophobic active agent to be encapsulated. Naringin-
loaded nanoparticles were thus formed, and their main characteristics, including mean
hydrodynamic diameter, zeta potential, encapsulation efficiency, and thermal properties, were
assessed.

In the second part of the Chapter, the naringin-loaded PBS nanoparticles were submitted to in
vitro release experiments to evaluate their capability to act as a matrix in encapsulation systems.
The scope was to monitor the system's release rate, considering the matrix's low molecular
weight. All the nanoparticle formulations and experiments were conducted in collaboration
with the research team of the Organic Chemistry Laboratory, NTUA.

The PBS grade used as a matrix for the encapsulation was the enzymatically synthesized and
upgraded (melt post-polymerization at 110°C) M4_110 (B-90_20g). Table 18 and Tables S5 and
S6 briefly present its thermal characteristics and molecular weights. Naringin (MW 580 g-mol™")
and poly(vinyl alcohol) (PVA, MW 72000 g-mol™") were purchased from Tokyo Chemical
Industry (Japan) and ITW Reagents (Italy), respectively (Table 79). Acetone (purity > 99.5%) was
purchased from KaloChem (Greece). All chemicals were used without further purification.
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Table 19. Compounds used for naringin encapsulation in PBS

Other
Molecular Mw . . .
Compound Structure 1. characteristic Supplier

Formula (g-mol™)

o \LN“\I a” . Tokyo Chemical

Naringin Co7H32014 ;\2 Y 580.5 Purity >95%
Industry, Japan
CH2CH(O
PVA [CH2CH( N 72000 DH 85 -89% ITW Reagents, Italy
H)l» HOJ,

PBS nanoparticles were prepared according to the emulsification-solvent evaporation
technique. For a loading 40% (mass of naringin per mass of polymer used, wt), PBS (300 mq)
was dissolved in chloroform (30 mL) and naringin (120 mg) in acetone (9 mL). The organic
solutions were mixed and added in an aqueous solution of PVA (1% w-v"). The mixture was
submitted to sonication (160 Watt, for 6 min). The emulsion was left in an incubator (37°C, 100
rpm) overnight for solvent evaporation. The nanoparticles were recovered by five runs of
centrifugation (20000 rpm, 20 min, 4°C) to entirely remove residual PVA. The supernatant from
the first centrifugation run was stored at room temperature for indirect quantification of
compound encapsulation efficiency. The nanoparticles were finally submitted to freeze-drying
and stored in a desiccator. Unloaded (blank) nanoparticles were prepared using the same
procedure without the addition of naringin. The process yield was calculated based on Eqg. (1)
in Chapter 2.3.2 where wep is the mass of the obtained nanoparticles after freeze-drying (g),
and wineor the theoretical weight of the nanoparticles, namely the sum of the initial polymer
mass and the initial naringin mass (g).

In vitro release of naringin from the polymeric nanoparticles was conducted using the dialysis
method. Experiments were conducted by dispersing 26 mg of loaded nanoparticles into 5 mL
of water and adding the dispersions in SEVAPOR® membranes (pore diameter approx. 25 A).
The membranes were immersed in beakers containing 40 mL phosphate buffer (pH 7.4) under
magnetic stirring at 25°C + 1°C. The amount of naringin released in each beaker was
determined using UV-Vis spectroscopy.

Mean particle size, polydispersity index (PDI) and (-potential of loaded and blank nanoparticles
were determined via Dynamic Light Scattering (DLS) technique using a Zetasizer Nano ZS
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(Malvern Instruments, UK, Figure 82). The samples were prepared by dispersing 0.2 mL of
nanoparticle suspension in water (4 mL), resulting in off-white opaque aqueous suspensions.
All measurements were performed in triplicate at 25 + 1°C.

Figure 82. Zetasizer Nano ZS

The encapsulation efficiency (EE%) was determined using UV-Vis spectroscopy (Figure 83). For
that purpose, the supernatant from the first centrifugation run, during the preparation of
loaded nanoparticles, was decanted and the naringin content was determined using UV-Vis
spectroscopy (Amax 280 nm) and the Eq. (10) obtained by a relevant calibration curve (R* 0.9995).

Abs = 8.6319-C +0.0306 (10)

where Abs: the intensity of the absorbance and C: the naringin concentration in mg-mL™.

Figure 83. Jasco V — 770, Spectrophotometer (JASCO UK Limited, UK)

Differential scanning calorimetry (DSC) measurements were performed in the system described
in 2.3.3.4. Heating was conducted from 20 to 255°C, under Nz flow (20 mL'min™"), with a
10°C:min”" rate. Thermogravimetric analysis (TGA) was conducted as presented in 2.3.3.5.
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Unloaded PBS nanoparticles were first formed to evaluate the effectiveness of the herein
applied procedure. The nanoparticles’ mean hydrodynamic diameter was about 470 nm (Table
20). The herein formed nanoparticles’ polydispersity index was 0.76, indicating a broad size
distribution [232], probably attributed to agglomeration. Zeta potential was found to be -8.5
mV. The negative charge of PBS is attributed to its ester end groups C;HsO- (pKa = 3.6) that
deionize in water, leading to negative charges in the polymer [233]. The absolute zeta potential
value (>30 mV) indicates a suspension with aggregation tendency [229,234], in agreement with
the aforementioned results.

Naringin-loaded PBS nanoparticles were formed in the next step. The process yield was 71%,
similar to the unloaded nanoparticles’ (Table 20). The encapsulation efficiency was 68%, slightly
higher than analogous encapsulation systems reported in the literature (e.g., naringin
encapsulation in PMMA nanoparticles, EE 60%) [235]. The nanoparticles’ size and (-potential
were similar to those of the unloaded nanoparticles, while their polydispersity index (0.4)
indicated a more homogenous nanoparticle population.

Table 20. Characterization of unloaded (Blank) and naringin-loaded PBS nanoparticles: particle
size, polydispersity index (PDI), (-potential, encapsulation efficiency (EE), process yield

Process
Size (nm) PDI {-Potential (mV) EE (%) yield (%)
Unloaded PBS 473+537 0.76+0.04 -85+04 - 68
nanoparticles (Blank)
Naringin-loaded PBS oo 136 0404003 121402 68 71

nanoparticles

The following DSC and TGA results verified that the encapsulation was successful. Naringin
presented two endotherms, a broader one at 60 — 130°C and a sharper one at 160°C (Figure
84a). The first one probably corresponds to the loss of water molecules [236], while the second
is the melting endotherm. These endotherms are present in the physical mixture of PBS-
naringin, weaker and shifted at 120 — 140°C and 150°C but with the same morphology (Figure
84b). The naringin peaks' shift to higher temperatures in the physical mixture can be attributed
to the substances’ intermolecular interactions, i.e., hydrogen bonding between the naringin
hydroxyl groups (~OH) and PBS ester bonds, requiring additional energy to melt. Based on the
loaded nanoparticles DSC curve, naringin was encapsulated as amorphous in PBS
nanoparticles. The transition from a crystalline to an amorphous state of an active agent after
encapsulation is typical and observed in different encapsulation systems, including naringin-
loaded alginate microspheres [237] and curcumin-loaded lipid nanoparticles [238]. This
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phenomenon could be attributed to the stresses (e.g.,, mechanical pressure) exerted on the
active agent during encapsulation. For instance, the ultrasound energy applied during
sonication could cause the naringin crystalline structure deformation. Additionally, the main
endotherm of the PBS matrix of the loaded nanoparticles (102°C) was broader vs. unloaded
particles, probably due to the loss of encapsulated naringin’s water molecules starting at lower
temperatures. The endothermic peak of the loaded nanoparticles’ thermogram at 194°C is
attributed to residual PVA [239]. The blank nanoparticles’ DSC curve was sharp, and the
calculated crystallinity was 54%, while an exothermic peak appeared at 74°C, revealing an
increased tendency of PBS to crystallize. The crystallinity of the matrix is considered a key factor
for controlled release, with amorphous polymers facilitating the active agent’s diffusion, thus
accelerating the release rate [240]. As a highly crystalline polymer (x. ca. 60%), PBS presents
generally low degradation and release rates [159,241].
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Figure 84. (a) DSC (1% heating), (b) zoomed DSC (1% heating) and (c) TGA (1% derivative) of
Naringin (blue), physical mixture of PBS-Naringin (green), naringin-loaded and unloaded PBS
nanoparticles (grey and red respectively)

18! Derivative

Regarding TGA results, naringin presented four different decomposition stages (Figure 84c);
the first two (80 and 120°C) are attributed to the water loss in agreement with the relevant DSC
results. The main naringin decomposition occurred at 271°C, and the final decomposition stage
was depicted as a broad peak from 410 to 500°C. The naringin water loss is also monitored in
the physical mixture. However, the main naringin decomposition stages (271°C and 410 -
500°C) are not distinct, confirming PBS and naringin molecules interaction in the physical
mixture in agreement with the abovementioned DSC results. The main decomposition peak of
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the physical mixture is monitored at 365°C, between naringin and pure PBS decomposition
peaks (Table S6), as expected. The loaded nanoparticles presented two distinct decomposition
stages; the first is the main decomposition peak monitored at 375°C (10°C higher than the
physical mixture), indicating a different topology between the loaded nanoparticles and the
physical mixture. The second one, monitored at 420 —480°C, is attributed to residual PVA, also
evidenced by DSC.

Tas% values also confirmed the different topologies of the loaded nanoparticles and the
substances’ physical mixture. Loaded nanoparticles presented Tqs% at 269°C, namely 74°C
higher than the physical mixture (Tqs5% 195°C) and 35°C lower than the unloaded nanoparticles
(Tas% 303°C). The higher Tys% of the loaded nanoparticles compared to the physical mixture,
indicated the naringin’s uniform distribution within the PBS matrix preventing localized
heating, and thus delaying thermal degradation compared to the physical mixture of the
substances. The lower Ty59 of the loaded nanoparticles compared to the unloaded, is due to
the water loss of the naringin in the loaded nanoparticles during heating. Overall, the Tqs%
values of all the nanoparticles were decreased compared to the pure PBS matrix (T4s% 317°C,
Table S6), even for the unloaded particles, where no different chemical composition exists. This
phenomenon is attributed to the size of the particles, as polymers’ properties are strongly
affected by surface effects and/or chain confinement and mobility and are considerably
different for bulk and nano-sized grades [126,242].

The naringin-loaded nanoparticles were then submitted to preliminary in vitro release
experiments at 25°C and pH 7.4. These conditions were selected, as food storage (shells,
warehouses) or transportation may occur at room temperature, and bacterial growth is
enhanced near neutral pH. The release profile is presented in Figure 85.
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Figure 85. In vitro release profile of PBS nanoparticles loaded with naringin (pH 7.4, T=25°C)
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During the first 4 h, a burst effect was observed during which almost 4.5% of naringin was
released. The burst release is usually caused by the active agents’ fast desorption at the surface,
and a sustained release is expected to follow [241]. Actually, a plateau was reached until 114 h,
and an increasing tendency was monitored at 168 h, reaching a value of almost 6%.

The predominant release mechanism affects the release rate, which has been slow in our
system (6% for seven days) and should be further investigated as osmosis, diffusion, polymer
swelling, and polymer erosion/degradation may contribute to the release process [243]. PBS,
though, degrades slowly compared to other biodegradable polymers, and thus, the release is
often dominated by the active agent’s diffusion from the polymer matrix, making it thus
appropriate for very long-term release systems [159]. In this context, Brunner et al. [159] used
a commercial PBS grade to form microcapsules and investigated the controlled release of a
hydrophilic and a hydrophobic bioactive agent (i.e., bovine serum albumin (BSA) and all-trans
retinoic acid (atRA), respectively). BSA was released at 6% after 3 weeks and atRA at 9% after
42 days. Based on the herein results, it could be considered that diffusion is the predominant
mechanism until 144 h, and PBS hydrolysis is the following predominant mechanism, becoming
more intense after 144 h. Overall, the encapsulated naringin release confirms that the
enzymatically synthesized PBS can be used as a matrix, especially for long-term release
systems, despite its low molecular weight.

The applied procedure's effectiveness was first evaluated with the formation of unloaded PBS
nanoparticles. The obtained nanoparticles’ mean hydrodynamic diameter was 470 nm, and an
aggregation tendency was indicated by the increased PDI and the absolute zeta potential value
(>30 mV).

Naringin-loaded nanoparticles were formed, and the defined encapsulation efficiency was
higher than analogous encapsulation systems reported in the literature (68% instead of 60%
for naringin-loaded PMMA nanoparticles). During DSC, it was found that even though naringin
is crystalline, it was encapsulated as amorphous, attributed to the stresses exerted on the active
agent during encapsulation (e.g., ultrasound energy). The loaded nanoparticles presented two
distinct decomposition stages; the first, attributed to the main decomposition at 375°C (10°C
higher than the physical mixture), indicated a different topology between the loaded
nanoparticles and the physical mixture. The second one, monitored at 420 — 480°C, was
attributed to residual PVA, also evidenced by DSC. Additionally, loaded nanoparticles
presented Tgs% 74°C higher than the physical mixture, indicating the naringin’'s uniform
distribution within the PBS matrix, preventing localized heating and thus delaying thermal
degradation.

After confirming the enzymatically synthesized PBS's suitability to act as a matrix in
encapsulation systems, preliminary in vitro release tests were conducted. It was indicated that
after 168 h, almost 6% of naringin was released and confirmed that the herein enzymatically
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synthesized PBS is a promising candidate carrier in controlled release systems, especially for
long-term release applications, despite its low molecular weight.
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The present research work dealt with the enzymatic prepolymerization and post-
polymerization of the bio-based polymers poly(butylene succinate) (PBS) and poly(butylene
2,5-furandicarboxylate) (PBF), thus shedding light on the relevant research area and increasing
the selected polymers’ research and industrial interest.

In the first part of the research, dealing with enzymatic prepolymerization of bio-based
prepolymers (Chapters 2 and 3), the immobilized Candida antarctica Lipase B (N435) was used
as a biocatalyst in solvent-free systems. PBS and PBF were enzymatically synthesized via a two-
stage process. The first step was conducted at milder conditions (40 or 50°C, atmospheric
pressure, 24 h) to minimize possible monomers’ losses. The second stage’s conditions (reaction
temperature, pressure, time) were thoroughly investigated.

The reaction time investigation was the first to occur (set of samples A and D, for PBS and PBF,
respectively, Figure 86). The main achieved characteristics assessed were the molecular weight
(MW) values and the prepolymers' thermal properties. For both systems, 90 and 95°C were
indicated as the most promising reaction temperatures. The PBS achieved M,, and M,, reached
2300 and 5000 g-mol™, respectively (sample A-90), while PBF presented lower MW values up
to 1800 and 1900 g:mol' (D-90). Especially in the case of PBF, two molecular weight
populations were monitored, with the percentage of the highest molecular weight population
significantly increasing at 90°C. The highest monitored melting temperatures (T.») and
crystallinities of PBS were 107°C (sample A-95), close to commercial PBS grades’ Tm (ca. 114°C)
and 73 % (sample A-90). On the contrary, PBF prepolymers reached T values of 77°C (D-95),
significantly lower than the reported values of chemically synthesized PBF grades (164-173°C),
attributed to the low molecular weights. The defined crystallinities were low, i.e., up to 14% for
D-90. The higher MW and improved thermal properties achieved for PBS compared to PBF are
attributed to the different structures of the prepolymers’ repeating units. Due to the presence
of the bulky furan rings, DEF accessibility to the enzyme's active site is limited. Thus, the
reaction rate is significantly lower, leading to the formation of lower MW oligoesters,
apparently with poorer thermal properties.

The reduced pressure (set of samples B and E, Figure 86) had a slightly positive or no effect at
90°C, with the M,, and M,, reaching the values 2500 and 6700 g-mol™” for PBS (B-90) and
remaining constant at 1800 and 1900 g-mol™ for PBF (E-90). It was thus indicated that the by-
product removal via evaporation and diffusion is facilitated by the aliphatic character of PBS
and hindered by the ring presence in the PBF repeating unit. At 95°C, the reduced pressure
negatively affected both PBS and PBF prepolymers (B-95 and E-95, respectively). This was
mainly attributed to the decreased enzyme efficiency due to thermal deactivation, leading to
lower molecular weight oligomers and their extended sublimation, interrupting chain built-up
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more abruptly. The PBF thermal properties were not significantly affected by the by-product
removal rate through vacuum application, indicating that the chemical reaction mainly controls
the process. On the contrary, the PBS prepolymer synthesized at 95°C (B-95) presented poor
thermal properties and stability compared to A-95 (e.g., Tqs% 272°C and 326°C, respectively),
attributed to its decreased MW.

Increased reaction times at 90 and 95°C negatively affected PBS and PBF enzymatic
prepolymerizations (set of samples C and F, Figure 86). The prepolymers’ decreased MW at
90°C indicate that the chemical reaction reached equilibrium (due to high active end groups
consumption) and increased by-product amounts were formed, requiring a higher vacuum to
be removed. The by-product accumulation within the reacting mass led to susceptible to
alcoholysis oligomers. At 95°C, the observed MW decreases are attributed to more intense
thermal deactivation of the enzyme. The PBS prepolymer C-95 presented notably lower thermal
properties compared to the reference prepolymer A-95, attributed to its significantly lower
MW. On the contrary, the PBF prepolymer’s F-95 thermal properties were not significantly
affected by the reaction time, confirming that at 95°C, thermal deactivation dominates the
system and products of inferior properties are formed independently of the reaction time.

Thanks to the simplicity of the applied processes (low-temperature bulk polymerization
technique, not requiring multiple solvents for the final product isolation), both the prepolymers
were synthesized at larger scales at their optimal synthesis conditions (PBS: 90°C, 20 mbar, 2 h
and PBF: 90°C, 200 mbar, 2h). Up to 20 g PBS (B-90_20g) and 6 g PBF (D-90_6g) were received
for the first time, thus filling the relevant gap in the open literature. For the case of PBS, the
scaled-up polymers' molecular weight values were found to be lower compared to the smaller
scale grades due to mass transfer limitations that are more intense on large scales, while for
PBF, the MW values decreased only slightly (16% decreased M,, for the 6-g product), indicating
the potential for a larger scaling up.

In the last part of the enzymatic prepolymerization investigation (Chapter 4), a novel, non-
commercially available enzyme known for its ability to degrade plastic was used as a biocatalyst
in a solvent-free system to produce PBS for the first time. An immobilized, thermostable variant

of the Leaf and branch compost cutinase (LCC), LCC'“®

, was thus used as a biocatalyst in a two-
step process. In contrast to the N435 investigation, the reaction temperature of the first step
was herein investigated (50-70°C, atmospheric pressure, 24 h) to study the enzyme's efficiency
in the polymerization. The second stage was conducted at 80°C, under 200 mbar, for 2 h to
favour the polymerization reaction. PBS was successfully synthesized in all the tested
temperatures, and even though the MW of the products were found to be similar (set of
samples L, Figure 86), with three distinct populations, reaching 1400 and 1500 g mol™ (M,, and
M,,), the products of higher temperatures had an increased amount of the higher molecular
weight population. The achieved MW values and thermal properties were significantly lower
than the products’ of the commercial enzyme N435. For instance, Tqs% reached the value of

224°C, i.e., 103°C lower than the B-90. However, the synthesized prepolymers presented several
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advantages, including narrow molecular weight distributions (b up to 1.33), rendering them
valuable candidates for high-demanding applications such as drug delivery systems.
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Figure 86. Total molecular weights of the enzymatically synthesized prepolymers PBS and PBF.
Reaction temperature investigation: set of samples A, D and L; Pressure investigation: set of
samples: B and E; Reaction time investigation: set of samples C and F.

In the second part of this research (Chapter 5), we focused on upgrading the enzymatically
synthesized prepolymers through post-polymerization. In the case of PBS, the N435-
synthesized and scaled-up (20 g) prepolymer B-90_20g and the LCC'“““--synthesized
prepolymers (L-50, L-60, L-70) were used as starting materials (Figure 87). In the case of PBF,
the scaled-up (3 g) prepolymer D-90_3g was the starting material (Figure 87). The PBS B-90_20g
prepolymer was first submitted to SSP at 95°C (T — Tssp 7°C), and a precrystallization step
(90°C, 20 mbar, 2 h) was introduced before the main SSP to eliminate possible sintering issues.
SSP was not found to be effective as the molecular weights increased slightly (S-95). The next
approach included the T — Tssp reduction up to 2°C and was conducted at 100°C. After the
first 2 h of SSP, a solid-melt transition phenomenon occurred, probably due to the co-existence
of ethanol (by-product) and water (absorbed moisture). Despite the melt state of the
prepolymer, post-polymerization was not significantly favored, not even at longer reaction
times that were tested (S2_M2, S2_M4 and S2_M®6). On that basis, B-90_20g was submitted to
melt post-polymerization, conducted at 110°C under reduced pressure of 20 mbar for 4 h
(M4_110), with the addition of a drying step to remove any possible absorbed moisture from
the prepolymer. The melt-post polymerization was effective, and the achieved 4M,, and 4AM,,
percentages were 76 and 94 %, respectively. On that basis, the reaction time and temperature
of melt post-polymerization were then investigated. The reaction time and temperature
examined windows were 4 to 10 h (at 110°C) and 110 to 150°C (for 4 h). It was concluded that
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competitive phenomena occur during the process. Until 6 h, melt-post polymerization
dominates the system, while after 6 h, the decomposition reactions seem to dominate, and the
product’s degradation becomes more intense. As regards the temperature investigation, PBS
remained stable until 130°C, while thermal (or thermo-oxidative) degradation occurred at
higher temperatures, especially at 150°C. It was concluded that 110°C and 4 h were the most
appropriate conditions, balancing the required prepolymer’s upgrade and the process's energy
requirements as low as possible. The last parameter of the PBS melt post-polymerization to be
examined was using a prepolymer with increased OH-end groups, especially the grade
synthesized with 5% BDO molar excess, leading to 64 % OH-end groups. The increased OH
end group percentage (64 %) did not significantly favour the post-polymerization, probably
due to the formation of BDO as the by-product during efficient trans-esterification, which is
harder to diffuse into the reacting mass and remove from the reacting mass than ethanol. The
PBS grades synthesized with LCC'““® were submitted to post-polymerization using a TGA
chamber as micro-reactor. The post-polymerization process was conducted under nitrogen
flow and the prepolymers were heated up to 360°C. The post-polymerized samples were
received in a solid form and the monitored M,, and AM,, reached 150 and 350 %, corresponding
to M, and M,, values of 3300 g-mol™” and M,, 5600 g-mol™". The increased susceptibility of the
LCC'““C-synthesized prepolymers was thus proved.
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Figure 87. Total molecular weights of the post-polymerized PBS and PBF

Considering the SSP ineffectiveness on PBS, and the PBF structural peculiarity (bulky furan
rings) and high hydroxyl end group percentages, that may hinder SSP, PBF was only submitted
to melt post-polymerization. Three different temperatures were examined (85, 95 and 105°C)
and despite the relatively low monitored molecular weight increases (4M,, and AM,, 6 and 12
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%, respectively) its susceptibility to post-polymerization was confirmed, especially at 105°C. In
addition, an increasing trend was observed.

The enzymatically synthesized, scaled-up and upgraded PBS was examined as a carrier for
controlled release systems using the naturally occurring antioxidant flavonoid, naringin, as a
model compound to be encapsulated. Unloaded nanoparticles were firstly successfully formed
(hydrodynamic diameter ca. 470 nm), and an aggregation tendency was indicated by the
increased polydispersity index (PDI) and the absolute zeta potential value (>30 mV). Naringin-
loaded nanoparticles were formed and the defined encapsulation efficiency was higher than
analogous encapsulation systems reported in the literature (68 % instead of 60 % for naringin-
loaded PMMA nanoparticles). The system'’s controlled release was assessed via preliminary in
vitro release experiments. Despite its low molecular weight, the enzymatically synthesized and
upgraded PBS was a promising candidate carrier in controlled release systems, especially for
long-term release applications.

In the framework of this research, a combination of a synthetic (enzymatic prepolymerization)
and upgrading (low-temperature post-polymerization) process to produce bio-based
polymers was established. The selected polymers submitted to this route were poly(butylene
succinate) (PBS) and poly(butylene 2,5-furandicarboxylate) as representatives of aliphatic and
alipharomatic bio-based polyesters. Even though the herein suggested route was effective, it
could be useful to examine its universality by submitting different bio-based polymers, such as
poly(lactic acid) and poly(propylene 2,5-furandicarboxylate) (PPF), to it. PPF, an FDCA-based
polyester with higher barrier properties, is a promising packaging material expected to rise
soon.

Some more detailed suggestions for future work follow, addressing every part of this research.
Enzymatic prepolymerization of PBS and PBF

e Regarding the further optimization of the enzymatic prepolymerization, the reaction
time of the first stage could be investigated with the aim of further reducing energy
consumption in line with the main green chemistry principles.

e The scalability of the enzymatic polymerization processes to produce PBS and PBF was
proved. However, further scaling up should be considered for both PBS and PBF, with
the appropriate parameters fine-tuning (e.g., enzyme concentration).

e Since the cutinase LCC'“®

was found effective for the enzymatic polymerization of PBS,
new enzymes, such as the Humicola insolens cutinase, could also be examined. LCC'“®

and other novel enzymes could also be tested in the FDCA-polyesters production.
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Post-polymerization of PBS and PBF

Melt post-polymerization was proved effective for PBS; however, the applied process
could be further investigated regarding the surrounding environment. For instance,
post-polymerization could be conducted under an Nz-atmosphere.

Melt post-polymerization was found promising for PBF; the reaction temperature, time,
and surrounding environment should be investigated.

PBS usage as a carrier for drug delivery systems

PBS was found effective as a carrier for drug delivery systems; however, more in vitro
release experiments must be conducted to monitor naringin release for longer times
since a slow release profile was revealed.

Different active agents may be tested under different conditions (i.e., pH, temperature),
aiming at (food) packaging and biomedical applications, as the high purity of PBS
renders it promising for usage in this field, too.
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Table S 1. '"HNMR- and GPC-calculated M,, M,, and dispersity D of the enzymatically synthesized PBS
prepolymers.

THNMR-calculated GPC-calculated

Sample M, (g mol") M, (g mol") M, (g mol”) (P)
A-80 1000 1700 2700 1.6
A-85 1000 1600 2800 1.8
A-90 1200 2300 5000 2.2
A-95 1500 2000 4200 2.1
B-90 1200 2500 6700 2.7
B-95 800 1400 2000 1.5
C-90 1500 3100 5200 1.7
C-95 700 1100 3800 1.6
B-90_10g 1000 2000 3500 1.7
B-90_20g 1100 1700 3100 1.8
B-90_20g_rep n.d. 1500 2400 1.6
B-90_20g_5% 800 1800 2400 1.3
B-90_20g_10% 700 1800 2400 1.3
B-90_20g_20% 600 1600 2000 1.3
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Table S 2. Thermal properties (DSC) of the enzymatically synthesized PBS prepolymers

Sample 1t heating Cooling 2" heating
Tm1(°C)  AHp1 (U/9)  T.(°C)  AH (/9) x.(%) T« (°C) AH. (J/9) Tm2 (°C) AH; (UJ/9)  xcp (%)

A-80 93 104 53 80 72 68 4 77 84 93 81 70
A-85 97 101 55 82 74 70 6 79 88 96 81 68
A-90 104 88 61 81 73 77 8 87 95 103 88 73
A-95 107 99 64 81 73 81 12 92 100 107 86 67
B-90 106 95 64 81 73 80 10 91 99 105 87 70
B-95 82 111 45 84 76 58 2 67 75 83 72 63
C-90 108 107 65 85 78 82 14 94 101 107 91 70
C-95 77 64 38 73 66 50 0 60 69 76 62 56
B-90_109g 103 86 57 71 64 74 7 85 94 103 72 59
B-90_209g 98 85 55 78 70 68 8 77 88 98 79 64
B-90_20g_rep 100 95 57 84 76 72 10 83 92 99 85 68
B-90_20g_5% 97 75 54 68 62 69 7 79 88 98 67 61
B-90_20g_10% 99 91 53 78 70 71 8 80 89 97 68 54
B-90_20g_20% 96 62 49 66 60 65 5 74 84 94 58 52
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Table S 3. Thermal properties (TGA) of the enzymatically synthesized PBS prepolymers.

Sample Ta,5% (°C) T4 (°C) Residue (%)
A-80 308 398 1.39
A-85 310 382 242
A-90 303 396 3.83
A-95 326 385 1.84
B-90 327 384 2.13
B-95 272 382 1.67
C-90 331 383 2.29
C-95 236 383 1.09

B-90_10g 301 387 1.44
B-90_20g 315 384 1.40
B-90_20g_rep 309 398 0.99
B-90_20g_5% 242 400 0.13
B-90_20g_10% 264 401 0.50
B-90_20g_20% 233 401 0.17
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Table S 4. Thermal properties (DSC) of the enzymatically synthesized PBF prepolymers

Sample 1+t heating Cooling 2" heating
Tm (°C) AH,,; (J/9) T.(°C) AH (J/9) x. (%) T« (°C) AH. (J/9) Tm2 (°C) AH,,; (J/9)
D-75
D-80 48 79 10 25 20 7 5 27 16 74 15
D-85 37 74 14 7 - - - 16 10 65 7
D-90 48 72 14 14 18 2 2 31 19 75 14
D-95 52 (69) 77 8 9 22 6 5 30 15 43) 77 12
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Table S 5. Thermal properties (DSC) of the enzymatically synthesized and post-polymerized PBS prepolymers

1+t heating Cooling 2" heating
Sample
Tm1 (°C) AHyy (J/9) T (°C) AH.(J/9) T (°C) AH. (J/9) Tm2 (°C) AHy, (J/9) xc (%)
Post-polymerization
Precrystallized 102 65 57 79 71 9 82 90 99.5 79 63
Solid-state post-polymerization
S8_95 105 74 54 73 72 11 84 93 102 77 60
S2_M2 103 71 61 79 76 6 87 94 102 77 64
S2_M4 110 67 59 75 76 10 86 96 102 66 51
S2_M6 106 62 59 67 75 8 85 93 101 63 50
Melt post-polymerization
M4_110 (B-90_20 g) 104 59 56 56 75 9 87 94 104 60 46
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Table S 6. Thermal properties (TGA) of the enzymatically synthesized and post-polymerized PBS and
PBF prepolymers

Sample Tas% (°C) T4 (°C) Residue (%)
PBS
Precrystallized 294 379 1.47

Solid-state post-polymerization

S8_95 312 394 0.17
S2_M2 282 380 6.73
S2_M4 295 381 0.92
S2_M6 298 379 2.81

Melt post-polymerization

M4_110 (B-90_20 g) 317 393 1.1
M4_110 (B-90_20 g_rep) 305 398 0.3
M6_110 325 402 0.3
M8_110 290 404 0
M10_110 267 398 15
M4_120 300 400 0
M4_130 291 400 0
M4_140 298 400 0.7
M4_150 247 ;;3 0.9
M4_110_5% 297 400 2.8
PBF
M4_85 167 256 15.1
360
M4_95 187 266 7.3
357
M4_105 169 253 5.5
353
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