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ANOTACIJA

Promocijas darba risinata probléma, kas saistita ar naftas produktu parmérigu
izmanto$anu polimérmaterialu industrija un to nepietiekamu parstradi. Sada atkariba veicina
resursu izstkumu, vides piesarnojumu un rada papildu izaicindgjumus atkritumu
apsaimniekosana, jo tradicionalajiem termoreaktivajiem polim&riem ir ierobezotas parstrades
iesp€jas. Lai demonstrétu to, ka pareja uz ilgtsp€jigakiem risinajumiem ir iesp&jama, p&tijjuma
izmantotas rapSu, lins€klu un vinogu kaulinu ellas ka atjaunojami dabas izcelsmes resursi
polim&rmaterialu izstradei. Augu ellas un to polim@ru atvasinajumi (taukskabju modific&ti
poliesteri jeb alkidi) tika parveidoti fotoaktivos savienojumos, modificgjot tos ar akrilatiem, un
pétiti UV gaismas inducéta cietéSanas procesa, kas ir atra, energoefektiva un videi draudziga
alternativa tradicionalajai termiskajai cieté$anai.

Fotoaktivie augu ellu akrilati sintezgti, izmantojot vienpakapes vai divpakapes sintézes
metodes, optimizgjot reakcijas parametrus un izveértgjot to ietekmi uz UV ciet€Sanas kingtiku.
Vienlaikus fotoaktivo akrilgrupu ievieSana pielagota art linséklu ellas izcelsmes alkidiem —
industriali nozimigam parklajumu sektoram —, izmantojot epoksida gredzena atveérSanas
reakciju, butiski paatrinot alkidu ciete€Sanu, samazinot nepiecieSamibu p&c $kidinatajiem un
saglabajot mehanisko izturibu. Tika izstradatas UV cietgjoSas sveku formulacijas ar dazadiem,
tostarp dabas izcelsmes, reaktivajiem atSkaiditajiem, lai samazinatu sveku viskozitati un
uzlabotu skerssaistito polim@rmaterialu fizikalas un (termo)mehaniskas ipasibas. Sveku
piemerotiba koksnes parklajumiem tika pétita, nosakot adh&zijas stipribu, svarsta cietibu un
iespiesanas dzilumu. Skérssaistito materialu mehanisko Ipasibu uzlabosanai darba gaita tika
izstradati kompozitmateriali ar celulozes stiegrojumu, saglabajot izejvielu atjaunojamo
izcelsmi. Visbeidzot, darba tika demonstréta UV ciet§josu vitriméru izstrade no akrilétas
epoksidetas rapsu ellas, kontrolgjot struktiira dinamiski kovalento saiSu saturu. legiitie materiali
tika termiski atkartoti parstradati un 3D drukati, ka arT tiem tika pieradita struktiiras
atjaunosanas, kas bitiski paplasina to otrreizgjas izmantoSanas iespgjas.

Promocijas darba rezultati demonstré augu ellu akrilatu un to atvasinajumu potencialu
ilgtspjigu, funkcionalu un parstradajamu polim@rmaterialu izstradei, piedavajot videi
draudzigu alternativu naftas izcelsmes polim@rmaterialiem un paplasinot UV cietg&joso
materialu praktiskas pielietojuma iespgjas.
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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Ievads un literatiiras apskats

Misdienas polimérmaterialu industrija saskaras ar vairakam probléemam, kas
galvenokart saistftas ar parmerigu neatjaunojamo resursu izmantoSanu un salidzinosi 1énu
inovativu tehnologisko procesu ievieSanu industrija. 2019. gada naftas izcelsmes plastmasas
razoSanas apjomi pasaul€ sasniedza gandriz 370 miljonus tonnu, un tikai aptuveni 9 % no tiem
tika parstradati, kas liecina par bitiskiem trikumiem esoS$aja aprites sistéma [1]. Nemot vera
Eiropas Savienibas “zala kursa” (“Green Deal”) mérki lidz 2050. gadam panakt klimata
neitralitati, pareja uz atjaunojamam izejvielam klust aktuala, lai mazinatu atkaribu no naftas
produktiem un nodroSinatu materialu atgrieSanu aprite. Ka ilgtspgjigs atjaunojamais
biopoliméru avots pedgjos gados plasi tiek pétitas augu ellas. Interese par augu ellu izmantosanu
polim&rmaterialu industrija ir strauji pieaugusi, un kops§ 2015. gada publikaciju skaits par to
pielietojumu biopolim@ru izstrad@ ir palielinajies par vairak neka 250 %. Piem&ram, Latvijas
klimata apstakliem piemerota rapsu ella $aja konteksta ir nozimigs atjaunojamais resurss un
pieejama alternativa izejviela polimérmaterialu izstradei.

Vesturiski augu ellas, piem&ram, lins€klu ella, plasi izmantotas poliméru industrija,
galvenokart laku un parklajumu razoSana. P&dgjas desmitgad€s interese par augu ellam ir
ieveérojami picaugusi, paplasinoties tehnologiskajai attistibai un biomasas pielictoSanas jomam
[2], [3]- Augu ellas galvenokart sastav no trigliceridiem (ap 95 %); maza daudzuma sastopami
monogliceridi un digliceridi, brivas taukskabes, fosfolipidi, tokoferoli, polifenoli un citi
savienojumi [4]. Trigliceridu molekula esoSie reakciju aktivie centri — dubultsaites, estergrupas,
alilgrupas un bisalilgrupas — nodroS$ina plasas struktiiras modifikacijas iesp&jas. Turklat augu
ellu viskozitate () padara tas piemérotas UV ciet&josiem svekiem, nodrosinot labu pliistamibu.

Lai rapsu un citas augu ellas efektivi izmantotu biopoliméru razoSana, Tpasa uzmaniba
tiek pieveérsta to apstrades tehnologijam. Viens no miisdienigiem un moderniem risinajumiem
polim@ru razoSanas procesa ir fotoinducéta jeb ultravioletas (UV) gaismas inducgta ciet€Sanas
tehnologija, kas ka alternativa termiskajai ciet€Sanai nodroSina atraku reakciju, mazaku
energijas patérinu un mazakas gaistoSo organisko savienojumu (VOC) emisijas. UV cieté$ana
augu ellam iespgjama pec to taukskabju atlikumos esoSo nepiesatinato dubultsaiSu
modific€Sanas, ieviesot tajas fotoaktivas akrilgrupas.

Augu ellu akrilésanu var panakt, izmantojot vairakus sintézes celus, no kuram visplasak
izmantota ir tradicionala divpakapju epoksidéSanas-akriléSanas metode. Ir zinotas ari
alternativas pieejas, piemé&ram, tieSa dubultsaiSu vienpakapes akriléSana, tacu ta ir mazak pétita.
Sintezes metodes izvele ietver kompromisus starp reakcijas apstakliem, kontroli un
blakusreakciju iespgjamibu. Divpakapju metode ir labi atstradata un lauj pakapeniski kontrol&t
funkcionalo grupu veidoSanos, lai gan tas prasa precizu gan epoksidé$anas, gan sekojosas
gredzena uzskelSanas reakciju optimizaciju. Savukart tieSa dubultsaiSu akriléSana ir Tsaka un
atomu zina efektivaka sint€zes metode, bet parasti pieprasa spécigu katalizatoru klatbtitni un
var biit jutigaka pret reakcijas apstakliem.
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Augu ellu akrilésana divpakapju sint€ze sakas ar triglicerida taukskabju atlikumos esoso
dubultsaiSu epoksidésanu, kam seko oksirana gredzena uzskelsana ar akrilskabi (AA) (1. a att.).
Dubultsai$u epoksidésana jeb PrileZajeva reakcija caur in situ generétu peroksiskabi ir plasi
lietota epoksidetas sojas pupinu ellas iegiiSanai [5]. Nekontrol&tos apstaklos viegli iesp&jamas
blakusreakcijas, pieméram, epoksida gredzena atvérSanas ar skabi vai tideni un citas nevélamas
reakcijas (pieméram, H»O> sadaliSanas), kas var notikt gan Gidens fazg, gan ellas fazg, gan uz
robezvirsmas [6]. Publikacijas 60 °C temperatiira atzita par optimalu epoksidéSanas reakcijai
[7]. Kousaalya un lidzautori noveéroja, ka reakcijas temperatiras paaugstinasana no 40 °C Iidz
60 °C palielinaja epoksidéSanas iznakumu no 58 % Iidz 88 %. Savukart talakajos
eksperimentos, merot a-glikola vertibas, autori noveroja, ka, turpinot palielinat temperatiiru,
palielinajas arT nevélama epoksida gredzena atvérSanas reakciju daudzums [8]. Turco un
lidzautori noradija, ka lins€klu ellas epoksidesana javeic zemaka temperatiira, lai izvairitos no
epoksida gredzena atverSanas. Izmantojot kingtisko modeli, autori aprékinaja, ka liela
linolénskabes atlikuma daudzuma del triglicerida struktiira linseklu ella ir 1,5 reizes reaktivaka
neka sojas pupinu ella; Iidz ar to epoksidéSanas laika gredzena atverSanas reaktivitate bija
aptuveni Cetras reizes augstaka neka sojas pupinu ellai [9]. H2O: pievienoSanas atruma ietekme
uz reakcijas iznakumu literatiira nav plasi pétita, un galvenokart H>O> tiek pievienots 30 min
11dz 60 min laika. Santacesaria un lidzautori pieradija, ka H>O: pievieno$anas atruma ietekme
dubultsaiSu konversijai un iznakumam ir maznozimiga, salidzinot ar reakcija izmantoto H>O»
un dubultsaiSu molaro attiecibu [10]. Ka katalizators visbiezak tiek izmantota skudrskabe vai
etikskabe. Dazi autori ka katalizatoru iesaka pievienot HoSOs vai — lai sasniegtu augstaku augu
ellas epoksidesanas iznakumu — pievienot $kidinataju vai pat papildu brivas taukskabes [11],
[12]. Interesanti, ka atSkiriba no lielakas dalas zinatnisko rakstu, kuros minéts, ka epoksidésanas
procesa atruma limit&josa reakcija ir peroksiskabes veidoSanas, tas pats autors zinoja, ka pati
epoksidésanas reakcija ir piecas reizes 1&énaka neka peroksiskabes veidoSanas [13]. Nepilnigu
reakcijas iznakumu, atstdjot neizreag€jusas taukskabju atlikumos eso$as dubultsaites, var
izraistt steriski apgritinata piekluve reakcijas centriem, nekontrol&ti reakcijas apstakli
(temperatiiras, laika, reagentu molaras attiecibas) vai pat, ka zino La Scala un lidzautori,
dazadas taukskabju reagétspgjas [14]. Epoksidésanas iznakums parasti tiek zinots ka epoksida
skaitlis (EV, mol epoksida/100 g sveku) vai epoksida masas ekvivalents (EEW, g sveku/mol
epoksida), kas visbiezak tiek noteikts, titréjot ar in situ generétu HBr [15]. Atkariba no
taukskabju atlikuma sadalijuma triglicerida parasti EV ir robezas no 0,250 mol epoksida/100 g
sveku lidz 0,613 mol epoksida/100 g sveku. So raksturojoso parametru saistiba ir §ada:
EV = 100/EEW. Epoksid@sanas reakciju salidzinajums dazadam augu ellam gan péc izejvielu
molarajam attiecibam, gan reakciju apstakliem apkopots 1. tabula.
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katalizatoru.

attiecibam un reakcijas apstakliem

1. tabula
Dazadu augu ellu epoksidésanas reakcijas salidzinajums péc izejvielu molarajam

Zl,lzcl) (;t:ls Aprékinatais Moiizzl?g:zf)lba’ EV (mol
Izmantota J . C=C skaits/ Laiks epoksida/ Izn.
skaitlis _ T (°C) Ats.
augu ella (@ 1/100 g taukskabes nu202/ | Nucoon/ (h) 100 g %
2 M a a
produkta) atlikuma Ne-c Ne-c sveku)
Linsgklu 0,375- 55—
174 2,01 1,4 2 — 45— ’
ella 7 ,0 Rk 0, 5-9 5-60 0.531" 77 [9]
Jagl‘l’:as 105 121 41 02 | 56 | 60-65 | 0252 61 | [16]
Sojas 4 0,288- 55—
pupinu ella - 1,53 2,0 0,6 1-7 45-55 0.481¢ 0 [17]
Sojas
pupinu 57,63 0,96 3,0 2,9 6 0 0,298f - [18]
ellas alkids
Sojas - - 1.8 0.8 7 50 0,383¢ ~ |no
pupinu ella
Perilla ella 196,9 2,27 10,3 3,4 8 40-60 0,610" 91 [8]

2 Parskatamibai un salidzinasanai reakciju iznakumi tabula parrékinati un noraditi ka EV, kur raksturojo$o
parametru attiecibas ir $adas: EV = 100/EEW un EV = Oksirana skabekla saturs/16.
b Zinota vértiba: oksirana skabekla saturs = 6-8,5 g O/100 g sveku.

¢ Zinota vertiba: EEW = 397 g sveku/mol epoksida.

d Zinota vértiba: sakuma dubultsai3u skaits = 4,60.

¢ Zinota vertiba: 2,4-4,6 epoksida grupas/molekula.

f Zinota vertiba: EEW = 335,7 g sveku/mol epoksida.

¢ Zinota vertiba: oksirana skabekla saturs = 6,13 %.

h Zinota vértiba: EEW = 164 g sveku/mol epoksida.

Savukart 2011. gada pirmoreiz tika aprakstita epoksid@tas sojas pupinu ellas akrilésana
ar AA trietilamina (TEA) klatbiitn€ UV ciet&josu koksnes parklajumu pielietojuma izp&tei [19].
Epoksidetas sojas pupinu ellas akriléSanas reakcija tika veikta 80 °C temperatiira 15 h.
Epoksidetas augu ellas un AA akrilgrupu molara attieciba literattira tiek zinotano 1 : 0,165 lidz
pat 1 : 10, un ta ir atkariga no triglicerida taukskabju atlikuma satura [20]. Liels AA parakums
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palielina reakcijas iesp&jamibu, tomér pastav risks tas polimerizacijai par poliakrilskabi.
Maassen un Iidzautori noveroja AA polimerizaciju 95 °C temperatiira tris situacijas:
1) izmantojot vairak neka divus AA ekvivalentus (attieciba uz 1 ekvivalentu epoksida
gredzena); 2) veicot reakciju ilgak par 7 h; 3) merogojot reakciju uz lielakiem apjomiem [21].
Turklat AA atlikums pec sintezes arT apgriitina reakcijas neitraliz€Sanu, un tas atlikums
akrilétos augu ellas svekos var ietekmét UV ciet€josa gala parklajuma tpaSibas. Literattira
epoksidetu taukskabju atlikumu akriléSanas reakcijas temperatiira ir robezas no 60 °C lidz
120 °C. Japiezimég, ka 110 °C tiek uzskatiti par akriléSanas temperatiiras “griestiem”, jo tas var
izraisit AA polimerizaciju [22], kam pret&ji Chu un lidzautori 120 °C temperatiru zinoja ka
optimalu epoksid&tas sojas pupinu ellas akriléSanai [23]. Turklat art akriléSanas laiks ievérojami
atSkiras literatlira minétajos sintézu aprakstos un ir minéts robezas no 2,3 h lidz 40 h [20].
Epoksidetas augu ellas akriléSanas kvantitativs iznakums péc sintézes lielakoties netiek
noteikts. Parasti p&tnieki vadas péc EV veértibas samazinasanas vai péc izlietota AA daudzuma,
nosakot skabes skaitli ar KOH etanola $kiduma titr€Sanu [24]. Saithai un lidzautori noteica
kvantitativu akrilétas sojas pupinu ellas (AESO) iznakumu péc 'H-KMR spektroskopijas, ar
iznakumu 1,54-2,76 akrilgrupas uz molekulu atkariba no sojas pupinu ellas epoksidésanas
iznakuma [17]. AkriléSanas reakciju salidzinajums dazadam epoksidétam augu ellam gan péc
izejvielu molarajam attiecibam, gan reakciju apstakliem apkopots 2. tabula.

2. tabula
Dazadu epoksidetu augu ellu akriléSanas reakcijas salidzinajums péc izejvielam un
reakcijas apstakliem

Apreki-
Izmantota natais EV Molara Zinotas
Z] L . . ..
epoksidet (mcil attieciba Katali- Inhibitors Laiks T¢0) reakcuas Ats,
aueu olla epoksida/ | naamMepoksids, zators (h) beigas/
g e 100g (mol/mol) iznakums
sveku)
AV =1,15mg
. KOH/g sveku,
Epoksidéta o
. TPP, 1 BHT, 0,03 Oksirana
2 1,41 ¢ 24
u Siorfsina 0.250 ’ masas % masas % 6 90-95 skabek]a saturs (24
pupiu & =0,012 g 0/100
g sveku
Epoksidéta Trifenilfosft 4-terc- AV =5mg
sojas 0,425 1,25 na oksids, butilkatehols, 6 120 KOH/g sveku, 23]
pupinu ella 1,5 masas % | 0,15 masas % 95 %
Epoksidéta 1,54-2,76
sojas 0,288 10 - HQ 7 110 akrilgrupas/ [17]
pupinu ella molekula
Epoksidéta TPP, 0,059 | HQ, 0,5 masas
linseklu ella 0563 0.89 masas % % 23 | 6075 - (23]
. AV =10 mg
Epoksidéta
. TEA, 1 MEHQ, 0,5 KOH/g sveku,
— 4 22
- Siorfzsella 0,375 4 masas % masas % 40 80-110 EV=0,15¢ (221
puptiu & 0/100 g sveku
Epoksidéta
. AV =6,2 mg
19
s'OJas 0,383 0,6 TEA HQ 15 80 KOH/g sveku [19]
pupinu ella
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2013. gada Zhang un lidzautori naca klaja ar tieSu AA pievienoSanos triglicerida skabju
atlikumos eso$ajam dubultsaitém BF3-OFEt, katalizatora klatbaitng (1. b att.) [26]. Sis sint&zes
prieksrocibas ir laika un atomu ekonomija, salidzinot ar divpakapju sint€zi izmantojot
epoksidésanu. Turklat p&c sintezes bija iesp&jams atgiit [idz pat 86 % sakotngjo izejvielu
(nereag@juso akrilskabi un katalizatoru). Autori ar 'H-KMR analizi pieradija 3,09 akrilgrupas
uz vienu triglicerida molekulu, kas ir 76 % augsts iznakums, pienemot 4,08 ka vidgjo
taukskabju atlikuma dubultsai$u skaitu sojas pupinu ella. Velak, veicot literatiiras analizi par
dazadiem karbonilgrupas un alkénu dubultsaiSu reakciju katalizatoriem, Sie pasi autori sojas
pupinu ellas tieSai akriléSanai izm&gindja ari citus katalizatorus [27]. Autori novéroja, ka gan
Brensteda, gan Luisa skabém sojas pupinu ellas akrilé$ana bija no skabuma atkariga katalitiska
aktivitate §ada seciba: BF3-OEt, > FeCl; > SnCls > TiCls un pTsOH > MsOH > Amberlyst 15.
Augsta katalizatora koncentracija ne tikai paatrindja reakciju, bet ar nodrosingja augstaku
reakcijas iznakumu — 1idz pat 3,26 akrilgrupam molekula. Autori papildus izpétija reakcijas
apstaklus, secinot, ka, temperatiirai palielinoties virs 80 °C, notiek blakusreakcijas, tostarp AA
polimerizacija. Vélak cita zinatnieku grupa So sint€zes metodi izmantoja, lai sintez&tu dazadus
augu ellu akrilatus, taja skaita palmu, olivu, zemesriekstu, rapsu, kukuriizas un vinogu kaulinu
ellas akrilatus [28]. Autori novéroja, ka p&c reakcijas akrilgrupu skaits molekula palielindjas,
palielinoties augu ellu nepiesatinajuma pakapei, savukart reakcijas atrums samazinajas sterisko
traucgjumu d€l, kas kavegja talaku akrilgrupu pievienosanos. P&c UV cietéS$anas ellas ar augstaku
akrilgrupu daudzumu uzradija augstaku SkérssaiSu bltvumu, kas ir kvantitativs lielums un
raksturo Sk&rssasistito mezglu skaitu poliméra tilpuma vieniba (mol/m?).

Augstaks Skérssaisu blivums ietekmé&ja materialu termomehaniskas un mehaniskas
pasibas, un ta rezultata palielinajas stikloSanas temperatiira (Tg), sagrauSanas robezspriegums
(oB) un elastibas modulis (E). Augstako T (50 °C), stiepes moduli (8,94 MPa) un iznakumu ar
2,17 akrilgrupam uz molekulu péc '"H-KMR spektroskopijas uzradija akrilgta vinogu kaulinu
ella.

Apkopojot, divpakapju epoksideéSanas-akriléSanas sintézes metode laika gaita ir
pilnveidota un plasak izmantota dazadu augu ellu modificéSanai. Tomer ta ietver divus reakcijas
solus. Vienpakapes augu ellu akriléSana nodroSina Tsaku sint€zes laiku, tacu tas efektivitate un
selektivitate liela mera ir atkariga no katalizatora izv€les un reakcijas apstakliem. Lidz ar to
izvéle starp §Tm pieejam ir atkariga no vélama kompromisa starp procesa vienkarSibu un
funkcionalo grupu kontroli, jo Sie faktori ietekmé ieglito materialu strukttiru, reagétsp&ju un
piemérotibu pielietojumiem.

Lidz ar ilgtspg&jibas koncepta paplasinasanos sveku formulaciju izstrade kliist arvien
butiskaka, jo musdienu materialiem jaatbilst ne tikai ekologiskajiem kriterijiem, bet ari
progresivu razo$anas tehnologiju prasibam. Strauji attistoties industrialajiem procesiem, ir
nostiprinajusies ceturta industriala revolicija jeb “Industrija 4.0, kuras pamata ir digitalo un
automatizacijas tehnologiju integracija razo$ana [29]. Viens no nozimigakajiem virzieniem $aja
konteksta ir aditiva razoSana, kas raksturojama ka trisdimensionalu (3D) objektu veidoSana no
digitala modela, pakapeniski uzklajot materialu slanos, izmantojot digitali vadamu aprikojumu.
Aditivas razo$anas tehnologijas ietver materiala ekstriiziju, saistvielas striklas uzklasanu,
pulveru slana sakausésanu, loksnu laming€Sanu, vannas tipa fotopolimerizaciju u. c. [30]. Starp
vannas tipa polimerizacijas metodém plasi lietota ir digitalas gaismas apstrades (DLP) un
stereolitografijas (SLA) 3D druka, kura UV starojuma induc@ta polimerizacija norit slani pa
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slanim, vienlaikus vai punktveida ar lazerstaru izgaismojot Skidro sveku slani [31]. UV
ciet€joso sveku 3D drukas tehnologija nodro$ina augstu iz8kirtsp&ju, izcilu virsmas kvalitati,
ka ar1 izejvielu efektivu izmanto$anu, kas padara to piemérotu sarezgitu detalu razoSanai [32].
Lielaka dala UV aktivo sveku ir akrilatu atvasinajumi, un tie veido aptuveni pusi no 3D
drukasanas polimérmaterialu tirgus [33]. Literatlira jau public@ti dazi raksti, kuros mingts, ka
akrilétu augu ellu saturo$i 3D drukati materiali mehanisko pasibu zina sp&j sacensties ar
komerciali pieejamajiem naftas monomeru saturoSiem 3D drukatiem materialiem. Piem&ram,
3D drukatam sojas pupinu ellas metakrilatam ar 78 % dabas izcelsmes saturu zinots
oB = 43,7 MPa [34]. Savukart 3D drukati AESO oligoméri, kas sintez&ti viena soli, uzradijusi
lieliskas termomehaniskas Tpasibas ar T 128—130 °C. Turklat UV gaismas iespiesanas dzilums
bija 0,277 mm, kas ir lielaks neka plasi izmantotajos komercialajos svekos [35]. Sie ir lieliski
un reprezentativi pieméri augu ellu pielietosanas potencialam 3D druka. Sadas razoSanas
tehnologijas attistiba butiski paaugstina prasibas pret fotoaktivo sveku formulaciju izstradi un
to parametru optimizaciju konkrétiem pielictojumiem, piem&ram, viskozitates, reagétspgjas un
galamateriala mehanisko 1pasibu pielagoSanu.

Akrilétam augu ellam raksturiga augsta viskozitate, kas var parsniegt pat 17000 mPa-s
[36]. Augsta viskozitate rodas molekulu garo alkilkézu dél, jo iesp&jama to sapiSanas, kas
palielina plismas pretestibu, ka ari starpmolekularo mijiedarbibas spéku rezultata, tostarp
fidenraza saiSu veidoSanas starp hidroksil-, akrilata un estera grupam. Augsta viskozitate
ierobezo sveku apstrades iespgjas gan 3D drukas procesos, gan virsmas parklajumu izstradg, jo
tajos nepiecieama vienmériga materiala pliisma. Sis problémas risinasanai UV ciet&josajas
formulacijas parasti tiek izmantoti reaktivie atSkaiditaji — zemas viskozitates monomeri un
oligomeri, kas ne tikai samazina sist€mas viskozitati, bet arT piedalas fotoiniciéta
SkerssaistiSanas reakcija [19]. To lietoSana lauj izvairities no §kidinataju izmantoSanas un
nodrosina visu komponenSu integraciju poliméru tikla. Parasti tiek izv€léti mono-, di- vai
daudzfunkcionali (met)akrilati, pieméram, izobornilakrilats (IBOA), tripropilénglikola
diakrilats (TPGDA), trimetilolpropana tri(met)akrilats (TMPT(M)A), 1,6-heksandiola
diakrilats (HDDA) u. c. [37]. Reaktivo atskaiditaju izvele balstas optimala lidzsvara starp
viskozitati, reagétspéju un UV cietinata materiala termomehaniskajam pasibam, piclagojot
sveku formulaciju konkrétam pielietojumam. Diemzgl lielaka dala komerciali pieejamo
reaktivo atskaiditaju ir iegliti no naftas, radot bazas par ilgtsp&jibu un toksicitati. Tap&c jaunakie
pétijumi arvien vairak koncentréjas uz alternativu dabas izcelsmes reaktivo atskaiditaju izstradi.
Literattira aprakstita reaktivo atSkaiditaju sint€ze un pielietojums UV cietgjosas sisteémas no
tadam dabas izcelsmes izejvielam ka ricinolskabe [38], kardanols [39], furans [40], ricinella
[41], eugenols [42] u. c. Literatiira nereti zinots arT par iekS&jo dubultsaiSu saturoSu esteru ka
reaktivo atSkaiditaju izmantoSanu UV ciet&joSos svekos, visbiezak maleinskabes un
fumarskabes atvasinagjumu forma [43], [44]. Lai gan ick$Ejo dubultsaiSu reagétspgja UV
cietéSana ir zemaka par terminalo dubultsaiSu reagétsp&ju (galvenokart sterisko, m-elektronu
delokalizacijas un blakusesoSo elektronakceptoro grupu del), tas tiek plasi lietotas, jo spgj
nodro§inat nepiecieSamo estera k&zu integraciju poliméra tikla un ietekmét galaprodukta
Ipasibas. Interesantu petijumu veica Northrop un Iidzautori, salidzinot Cetrus savienojumus ar
iek§gjam dubultsaitém brivo radikalu tiol-éna “klik” reakcija. Autori novéroja $§adu reagetspéju:
norbornéns > fumarats > maleimids > krotonats [45]. Ieks$€jo dubultsaisu klatbiitne
makromolekula var pieskirt zinamu elastigumu vai mikstinosu efektu, tap&c $adus esterus biezi
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kombing ar citiem akrilatiem, lai paaugstinatu kopgjo fotopolimerizacijas atrumu un poliméra
SkerssaiSu blivumu [46]. Turklat, izmantojot dabas izcelsmes esterus, ir iespgjams samazinat
no naftas iegiito akrilatu patsvaru formulacijas. ST pieeja, ka arf ietekme uz fotopolimerizacijas
procesu un Skerssaistita materiala pasibam tika detaliz&ti analiz&ta darba treSaja dala.

Akrilati tiek plasi izmantoti arT ka galvena komponente virsmas aizsargparklajumos,
iegiistot izturigu un estétisku polim&rmateriala slani. Turklat to funkcionalitate lauj regulét
parklajumu ipasibas, pieméram, adh&ziju, cietibu un elastibu. Parklajumu nozarg ipasi turpina
pieaugt pieprasijums p&c produktiem ar zemaku VOC, tostarp $kidinataju, saturu, jo to izraisitas
emisijas ir otraja vieta aiz automobilu emisijam ka galvenais gaisa piesarnojuma avots [47]. UV
cietgjosie parklajumi parasti tiek formuléti bez $kidinatajiem, nodro§inot atru ciet€Sanu istabas
temperattira (22 °C), kas lauj palielinat razoSanas atrumu, turklat ietaupot ari vietu razoSanas
telpa. Lai gan UV ciet&joso parklajumu tirgus straujaka izaugsme novérojama Azija, ar Eiropa
un Ziemelamerika ta prognozeta izaugsme ir aptuveni 9 % gada, kas ir ieveérojami augstaka
neka tradicionalo parklajumu industrijas vid&jais pieauguma temps [48]. Pielagojoties arvien
pieaugosSajam vides normam, biomasas, t. sk. augu ellu, ieklausana UV cietgjosas parklajumu
formulacijas klast arvien popularaka t€éma gan zinatng, gan industrijas sektora [49]. Literatura
jau zinots par augu ellu atvasinajumu perspektivu ka UV cietgjoSu parklajumu avotu, t. sk.
zinots par ricinellas [50], tungas [51], jatrofas un palmu ellu atvasindjumiem [52]. Tie tiek
izmantoti koksnes, metala, plastmasas un papira virsmu aizsardzibai no korozijas, kimisko vielu
un atmosferas iedarbibas [53]. Izmantojot augu ellas UV ciet&joSos parklajumos, iesp&jams
ieglit plaSu mehanisko Ipasibu spektru, ieskaitot augstu cietibu, adh@ziju, elastibu un citus
fizikalos parametrus. Sadi parklajumi pétiti tadiem specifiskiem mérkiem ka antimikrobiali
[54], liesmu slapgjosi [55], augstas veiktsp&jas [56] un nanokompozitu parklajumi [57].

UV cietgjoso materialu potencials tiek izvertéts ari strukturalu materialu sisteémas.
Polim@ra matricas un stiegrojuma kompozitmateriali ir butiska materialzinatnes joma,
nodrosinot Ipasibu kombinacijas, kas nav sasniedzamas ar katru komponenti atseviski. Lai gan
visbiezak lietotie kompozitmateriali ir ar augstu mehanisko veiktspgju, to raZzosana balstas
naftas izcelsmes poliméru matricas (epoksidi, poliestera sveki) un stikla vai oglekla skiedru
stiegrojuma, kuru iegfiSana ir energoietilpiga [58]. Sadu kompozitmaterialu izmanto$ana
ilgtermina ir pretgja aprites ekonomikas principiem. Alternativu kompozitmaterialu izstrade,
kas balstas atjaunojamas izejvielas, ped&ja desmitgadg ir kluvusi par nozZimigu materialzinatnes
virzienu. Kanepju skiedras ir daudzsoloSas dabiskas Skiedras sintétisko Skiedru aizvieto$ana.
Tas ir mehaniski izturigas, ar lielu celulozes saturu, un to iegiiSanai nepiecieSams ievérojami
mazak energijas neka stikla vai oglekla Skiedram — literatfira zinots, ka energijas ietaupijums
var sasniegt [1dz pat 80 % [59]. Janem véra tas, ka dabisko Skiedru trikums, salidzinot ar
sintétiskajam, ir to neviendabiba — Skiedru Tpasibas ieverojami atSkiras atkariba no audzg€Sanas
apstakliem, klimata un apstrades. So trikumu iesp&jams mazinat, pagatavojot homogénakas
Skiedru struktiiras, piemeram, papiru. Nanopapirs (NP), kas iegits, fibrillgjot celulozes
nanoizméra $kiedras, nodroSina vienmerigu skiedru sadalfjumu un augstu virsmas laukumu.
Sada struktiira ir labi piemérota matricu impregnacijai, pieméram, ar dabas izcelsmes svekiem,
jo kapilarie efekti un porainiba sp&j nodrosinat efektivu sveku iekltiSanu Skiedru tikla [60]. NP
sagatavosana ir ekonomiski Tpasi izdeviga dazadu atkritumproduktu gadijuma, kas satur
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dabiskas skiedras, jo tos iesp&jams viegli apstradat (malt, liet, presét), izmantojot parbauditas
un vienkarSas metodes [61]. Kompozitu izstrade, izmantojot UV ciet§josu augu ellu
impregnéSanas pieeju, apliikota darba ceturtaja dala.

Neraugoties uz progresu dabas izcelsmes sveku izstradé un pielietojumos, butisks
izaicinajums joprojam ir to otrreizgja parstrade. Tradicionalie UV ciet&josie termoreaktivie
materiali péc fotopolimerizacijas veido neatgriezenisku 3D makromolekularu $kerssaistitu
tiklu, kas biitiski ierobezo to pliistamibu un parstrades potencialu [62]. PEdgjos gados arvien
lielaka uzmaniba tiek pieversta dinamiski kovalento saiSu ievieSanai termoreaktivajos
poliméros, lai izstradatu otrreiz&ji parstradajamus materialus [63]. Sadas struktiiras, kas
pazistamas ka vitrimeri, apvieno termoreaktivo poliméru mehanisko un termisko izturibu ar
termoplastu parstradajamibu. Vitrimeros dinamiski kovalentas saites paaugstinata temperattira
piedalas apmainas reakcijas, laujot materialam veikt topologiskas parkartoanas.
Transesterifikacija izcelas ka viena no visplasak pétitajam apmainas reakcijam, pateicoties
vieglai esteru un hidroksilgrupu ieklausanai termoreaktivajas sistemas [64], [65]. Visbiezak
zinots par termiskas ciet€Sanas procesa izstradatiem vitrimériem, kas ir gan energoietilpigs, gan
laikietilpigs process, un ta cietéSana var aiznemt pat 12 h [66]. Zems energijas patérin$ un isaks
apstrades laiks, kas raksturigs UV cietéSanas procesam, padara to par efektivu un ilgtsp&jigu
metodi vitriméru izstradé [67]. Turklat UV ciet&josi vitrimeri ir Tpasi perspektivi modernam
razoSanas tehnologijam, pieméram, 3D drukai, apvienojot iesp&ju veidot sareZgitas geometrijas
un nodroginot materidlu atkartotu izmanto§anu p&c nolietojuma [68]. ST pieeja ir ipasi
perspektiva dabas izcelsmes polim&rmaterialu izstrade, jo ta nodroSina iesp&u apvienot
ilgtsp@jigas izejvielas ar otrreiz&ju materialu parstradi.

Veiktais pétijums ir veérsts uz iepriek§minéto problému risinasanu, sintez&jot un
formulgjot no atjaunojamam izejvielam iegtitus UV ciet€josus svekus ar mérktiecigi pielagotu
molekularo strukttiru, kas lauj kontrolét cietéSanas kinétiku, ieglit materialus ar pielagojamam
(termo)mehaniskajam Tpasibam un nodro$inat materialu parstrades potencialu. Lai to paveiktu,
tika izvirziti konkréti soli UV ciet&joso sveku izstrades procesa.

Pirmkart, svarigakie faktori UV cietgjoSo sveku izstrade ir pieme@rota izejmaterialu
izvéle un to kimiska funkcionalitate. Sis Tpasibas nosaka sveku reagétspéju UV cietésanas
procesa un galamateriala Tpasibas. Ka atjaunojamas izejvielas tika izveletas dazadas augu ellas
— rapsu, lins€ku un vinogu kaulinu ella, pamatojoties uz to pieejamibu, kimisko struktiiru un
potencialu pielietojumam ilgtsp&jigos UV ciet&joSos materialos. RapsSu un linséklu ellas ir
viegli pieejamas un piemeérotas kultivéSanai Latvijas klimata apstakliem. Savukart vinogu
kaulinu ella, lai gan mazak pieejama, tika izvElSta, pateicoties tas augstajam dubultsaisu
skaitam molekula. Sada izejmaterialu izvéle lauj novértét, ka dubultsai$u daudzums ietekmé
akriléSanas sint€zi un talako reagétsp&ju UV cietéSanas laika. Pretstata zinatniskaja literatiira
plasi pétitajai un jau komercializetajai AESO rapSu ellas akriléSana un tas izmantoSana UV
ciet€joSos materialos Iidz §im ir mingta tikai dazos pétfjumos. Tadgjadi Sis darbs sniedz jaunu
ieguldfjumu vietgjas augu ellas pielietojuma izp&te.

Otrkart, fotoaktivo grupu ievieSana augu ellu struktiira un UV cietéSanas koncepts tika
parnests uz jau industriali attistitu nozari — alkidiem. Alkidi tradicionali tiek izmantoti
parklajumu materialos to labas adh@zijas un elastibas d&], tomer to ciet€Sana parasti balstas
metalu katalizéta oksidativa ziidana, kas ir laikietilpigs un energoietilpigs process. Saja soli
alkidu struktiira tika modificéta, ievieSot noteiktu daudzumu akrilgrupu un nodroSinot
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kontrolgjamu UV cietedanas procesu. Sada pieeja lauj apvienot alkidu raksturigas
ekspluatacijas Tpasibas ar UV cietéSanas tehnologijas priek$rocibam.

Treskart, tika izstradatas un optimizetas UV cietgjosas sveku formulacijas, izvéloties un
kombingjot reaktivos atSkaiditajus dazadas masas % attiecibas, lai nodroSinatu noteiktas
reologiskas un mehaniskas ipasibas, t.sk. atbilstoSu viskozitati, ciet€§anas atrumu un
mehanisko izturibu. Monofunkcionali reaktivie atS$kaiditaji parasti samazina E un uzlabo
Skerssaistita materiala plastiskumu, veidojot elastigus materialus. Savukart di- un
polifunkcionalie reaktivie atskaiditaji palielina E un samazina plastiskumu, veidojot trauslus,
bet stingrus materialus. Augstaka reaktiva atSkaiditaja funkcionalitate paatrina ciet€Sanu un
nodrosina augstaku SkérssaiSu blivumu [69]. Pieméram, HDDA un TPGDA ievérojami
samazina UV cietgjoso formulaciju viskozitati. TMPTA un TMPTMA, biidami trifunkcionali
monomeri, ievérojami palielina polim&ra sk&rssaiSu blivumu un Iidz ar to T,. Tapat Tg palielina
reaktivie atSkaiditaji ar strukttira esoSu apjomigu grupu, pieméram, IBOA. Turpreti TPGDA un
HDDA, biidami linearas struktiiras monomeri, uzlabo materialu elastibu [70], [71]. Reaktivo
atSkaiditaju izveéle un formulaciju optimizacija nodroSina sveku piemérotibu 3D drukas
tehnologijai un virsmas parklajumu izstradei. Lielaka dala reaktivo at$kaiditaju tiek iegiti no
naftas produktiem, bet arvien lielaka interese paradas par dazadiem reaktivajiem atSkaiditajiem,
kas iegiiti no atjaunojamiem resursiem. Piem&ram, fotoaktivi furana atvasinajumi, salidzinot ar
naftas atvasinato HDDA, uzradijusi augstaku cietibu E un T, UV cietgjoSos parklajumos [40].
Darba tresaja dala tika analiz€ts jauns furana atvasinajums ka dabas izcelsmes reaktivais
atSkaidtajs.

Ceturtkart, tika novertéts sintez&to fotoaktivo augu ellu atvasinajumu pielietojums tris
virzienos: (1) koksnes virsmas aizsargparklajumu izstrade; (2)nanokompozitu izstrade,
izmantojot akriletas augu ellas ka saistvielu; (3) DLP-tipa 3D druka. Tika analiz&ts sveku un
iegiito produktu cietéSanas atrums, adh€zija, cietiba, termiskas un (termo)mehaniskas ipasibas,
ka arT noverteta materialu piemérotiba katra pielietojuma.

Piektkart, formulacijas tika kontroléts dinamiski kovalento saiSu saturs, lai izstradatu
vitrim@ru materialus, kas balstas termiski aktivéta transesterifikacijas reakcija. Sada pieeja lauj
materialiem saglabat mehanisko un termisko stabilitati, vienlaikus nodro§inot to
parstradajamibu un struktliras atgiiSanu péc bojajuma, pateicoties kovalento saiSu apmainas
reakcijam paaugstinata temperatiira. Apmainas reakcijam nepiecieSamo funkcionalo grupu
ievieSana augu ellu struktiira ir pirmais solis celd uz UV cietgjosu vitrimeru iegtiSanu. Lidz ar
to izmantota akriléta epoksidéta rapsu ella (AERO) tika sintez&ta izmantojot epoksida gredzena
atvérSanas reakciju, nodroSinot papildu -OH grupas struktiira, kas veicina vitriméra
parstradajamibu. Iegiitas vitriméru sveku formulacijas tika izmantotas 3D drukas tehnologija,
demonstrgjot materiala pielietojumu aditivaja razoSana. Tika analizeéti butiski produkta
izstrades parametri, t.sk. katalizatora ietekme un materialu sprieguma relaksacija, kas ir
nozimigi galaprodukta veiktsp&jas un parstrades nodrosinasanai. Vitrimeru izstrade, izmantojot
AERO, lauj novertet materialu otrreizgjas parstrades potencialu, kas ir biitisks aspekts videi
draudzigu polim@rmaterialu izstrade.

Sintezetajiem un formul&tajiem svekiem un Skerssaistitajiem materialiem noteiktas
plasa spektra TpaSibas, veicot $adas analizes un testus: Furjé transformacijas infrasarkana
starojuma spektroskopija (FTIR); kodolmagnétiska rezonanse (KMR); izméru izslégSanas
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hromatografija (SEC); reologija, fotoreologija, fotodiferenciali skengjosa kalorimetrija (foto
DSC); skengjosa elektronu mikroskopija (SEM); dinamiski mehaniska analize (DMA);
mehaniskas izturibas tests stiep€; adh&zijas tests; mikrocietibas tests; slides berzes tests; svarsta
cietibas tests; iespieduma dziluma tests; ultravioletas redzamas gaismas spektroskopija (UV-
Vis); termogravimetriska analize (TGA); biodegradacija; blivuma noteikSana; dielektriska
spektroskopija (DS); kontaktlenka noteikSana; TGA-FTIR kombin&ta analize; optiska
mikroskopija. Ar metozu detaliz€tiem aprakstiem iesp&jams iepazities katras publikacijas
metozu sadala.

Promocijas darba izstrade apvienota augu ellu ka atjaunojamo resursu izmantoSana,
musdieniga un energoefektiva UV cietéSanas tehnologija un materialu struktiiras
funkcionalitate, tadgjadi radot inovativus, videi draudzigus un otrreizgji parstradajamus
materialus. Sada pieeja ne tikai samazinatu atkaribu no neatjaunojamajiem resursiem, bet ari
veicinatu aprites ekonomikas principu ievie$anu materialzinatng.
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Merkis un uzdevumi

Promocijas darba mérkis ir izstradat no augu ellu atvasinajumiem iegiitus polimeru
svekus ar kontrolgjamu molekularo struktiiru pielietojumam UV ciet&joSos termoreaktivajos
materialos ar pielagojamam ekspluatacijas un parstrades Tpasibam.

Promocijas darbam defing&ti vairaki uzdevumi.

1. Sintezét akrileét rapSu, lins€klu un vinogu kaulinu ellu atvasinajumus, izmantojot
vienpakapes vai divpakapes sintézes metodes, un optimizg&t sintézes reakcijas parametrus
atbilstosi kimiskas reakcijas mehanismam.

2. Izstradat UV cietgjosas sveku formulacijas ar merktiecigi pielagotu molekularo struktiiru,
izmantojot sintez€tos augu ellu akrilatu atvasinajumus, reaktivos atSkaiditajus un
fotoiniciatorus.

3. Izpétit UV cietéSanas kinétikas un $kérssaistita poliméra rezga struktiiras ietekmi uz
termoreaktivo polim@rmaterialu fizikali mehaniskajam 1pastbam, un izpétit to pielietojumu
koksnes parklajumu izstrad€ un 3D druka.

4. Kontrolét dinamiski kovalento sai$u saturu $kerssaistitd polim@ra rezgi, izvertet iegita
vitrimera atkartotas parstrades un struktiiras atjaunosanas potencialu, izp&tit $adu materialu
pielietojumu 3D drukas tehnologijai.

AizstaveSanai izvirzitas tézes

1. Merktiecigi pielagojot sintézes metodes, reakcijas parametrus un formulaciju sastavu,
iespgjams kontrolét akrilétu augu ellu atvasindjumu makromolekularo strukttru, UV
cieteSanas kin&tiku un S§kerssaistita polim@ra rezga blivumu, tadgjadi ieglistot UV
ciet&josus svekus ar pielagojamam galamaterialu 1pasibam.

2. UV cietgjosas sveku formulacijas izstradatas ar pielietojumam atbilstoSu viskozitati un
fizikali mehaniskajam 1pasibam, padarot tas pieme&rotas augsti Skérssaistitu poliméru
parklajumu izveidei.

3. UV cietgjosus akrilétas augu ellas polimérmaterialus var izmantot ka matricas saistvielu
dabisko Skiedru kompozitiem, kur iestradatais celulozes stiegrojums nodrosina uzlabotas
fizikali mehaniskas 1pasibas.

4. Kontrolgjot dinamiski kovalento saiSu saturu §kerssaistita poliméra rezgi, iesp&jams iegit
3D drukajamus vitrimeru materialus, kas, balstoties termiski aktiveta transesterifikacijas
reakcijas mehanisma, nodro$ina atkartotu parstradi un struktiiras atjaunoSanu.

Zinatniska novitate

1. Optimizétas vienpakapes un divpakapes rapsu, linséklu un vinogu kaulinu ellas akriléSanas
sintézes metodes, kas lauj mérktiecigi pielagot molekularo struktiiru, ieglistot materialus ar
kontrolgjamu fotoaktivo grupu saturu un UV cietéSanas kinétiku.
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Pieradits, ka fotoaktivo grupu ievieSana alkidu struktiira bez halogenétu produktu
lietosanas apvieno alkidiem raksturigds ekspluatacijas ipaSibas ar UV ciet€Sanas
tehnologijas priek§rocibam, nodro$inot atru un kontrolgjamu cietéSanas procesu.
Noteiktas sakaribas starp molekularo strukttru, reaktivo atSkaiditaju daudzumu, cietéSanas
kingtiku un fizikali mehaniskajam tpasibam, laujot merktiecigi regulét UV cietgjoso sveku
SkerssaistiSanas blivumu un pielagot materialus konkrétiem pielietojumiem (koksnes
parklajumiem, 3D drukaSanai).

Demonstréta UV cietgjoSu augu ellu izmantoSana ka matricas saistviela dabisko skiedru
kompozitiem, uzradot efektivu  matricas-S8kiedru  mijiedarbibu un  biutisku
(termo)mehanisko Tpasibu uzlabosanu.

Izstradati akriletas augu ellas vitrimeru materiali ar kontrolétu dinamiski kovalento saiSu
saturu, kur vitriméra sprieguma relaksacijas Tpasibas balstas termiski aktiveta
transesterifikacijas reakcija, nodrosinot atkartotu parstradi un struktiiras atjauno$anu.
Kopuma darbs sniedz jaunu zinatnisko ieguldijumu dabas izcelsmes, UV ciet&joSu un
parstradajamu polim@ru formulaciju izstrad€, apvienojot sintezes, molekulara dizaina un
ciet€Sanas kingtikas aspektus un demonstrgjot to pielietojumu parklajumos, 3D druka un
dabisko skiedru kompozitmaterialos.

Praktiska nozime

Sintez&tos fotoaktivos rapsu, linseklu un vinogu kaulinu ellas akrilatus var izmantot augsti
Skerssaistttu  poliméru parklajumu izveide, nodrosinot materialu atru cietéSanu,
pielagojamu fizikali mehanisko pasibu profilu un demonstrgjot Latvija ieglistamu augu
ellu potencialu aizstat naftas izcelsmes izejvielas.

Darba rezultati demonstré halogengtu produktu nesaturo$u sintézes celu UV cietgjoSiem
linseklu ellas izcelsmes alkidsvekiem, kas palielina materialu ilgtsp&ju, samazina vides
piesarnojumu un atbilst miisdienu ilgtsp&jigas razoSanas prasibam.

UV cietgjoSie augu ellu polimermateriali ka matricas saistviela dabisko skiedru
kompozitiem uzrada pielietojumu materialiem ar uzlabotam (termo)mehaniskajam
Tpasibam, kas pieméroti kompozitmaterialu tehnologijam.

Akrilétas augu ellas vitrimeru materiali ar kontrolétu dinamiski kovalento saiSu saturu
sniedz iespgju izveidot parstradajamus, atkartoti lietojamus un struktiiru atjaunojoSus
termoreaktivos polimérus, kas pieméroti 3D drukas tehnologijai.

Darba struktiira un apjoms

Promocijas darbs izstradats ka zinatnisko publikaciju kopa, kas veltits dabas izcelsmes

UV cietgjosu sveku sintézei, raksturoSanai, koksnes parklajumu, kompozitmaterialu un 3D
drukas pielietojuma izp@tei, ka arT parstrades potenciala novertéSanai. Darbs ietver piecas
originalas zinatniskas publikacijas, kas publicétas recenzetos zinatniskos (SCI) zurnalos. Darba
vispariga struktiira redzama 2. attela.
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Slnteze Dabas izcelsmes fotoaktivu

#1. publikacija savienojumu sintéze
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Ojo
Formulacija
#2. publikacija #3. publikacija

UV cietéjoSu sveku formulicijas ar dabas
izcelsmes reaktivo atSkaiditaju

UV cietéjosu alkidsveku formulacija
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&

reaktivais
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UV cietéjosi sveki biokompozitiem UV cietjosi sveki parklajumiem
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#5. publikacija

UV cietejosi sveki 3D drukai un $kérssaistitu poliméru otrreizéja parstrade

2. att. Darba vispariga struktiira.
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Publikacijas un promocijas darba aprobacija

Promocijas darba iegitie rezultati un sasniegumi publicgti piecas originalas zinatniskas
publikacijas. Promocijas darba izstrades laika galvenie rezultati tika prezentéti piecas
zinatniskas konferencgs.

SCI publikacijas

1. Briede, S., Platnieks, O., Barkane, A., Sivacovs, I., Leitans, A., Lungevics, J., &
Gaidukovs, S. (2023). Tailored Biobased Resins from Acrylated Vegetable Oils for
Application in Wood Coatings. Coatings, 13 (3), 657. IF=2.8, Q2.

2. Briede, S., Biemans, T., Platnieks, O., & Gaidukovs, S. (2025). Tailored UV-curable
acrylated linseed oil-based alkyds: Optimizing crosslinking and coating performance
through functionalization and reactive diluent design. Polymer, 323, 128227. IF=4.5, Q1.

3. Briede, S., Platnieks, O., Darzina, M., Jirgensons, A., & Gaidukovs, S. (2023). Effect of
novel furan-based ester reactive diluent on structure and properties of UV-crosslinked
acrylated rapeseed oil. Journal of Polymer Science, 61(24), 3318-3328. IF=3.6, Q1.

4. Platnieks, O., Briede, S., Grase, L., Thakur, V., J., & Gaidukovs, S. (2023). Fully Bio-
Based Thermoset Composites from UV Curable Prepregs: Vegetable Oil Acrylate
Impregnated Hemp Nanopaper. Polymer Composites, 44 (9), 5721-5733. IF=4.7, Q1.

5. Greivule, S., Besprozvannaja 1., Porcarello M., & Gaidukovs, S. (2026). Reprocessable and
Repairable Bio-Based Vitrimers from Acrylated Epoxidized Rapeseed Oil for Additive
Manufacturing. Macromolecular Materials and Engineering. 1F=4.6, QIl, doi:
10.1002/mame.70228. (Pienemts).

Zinatniskas konferences

1. Briede, S., & Gaidukovs, S. 3D printing and reprocessing of rapeseed oil-based vitrimers.
European Polymer Congress, Groningen, The Netherlands, June 22-27, 2025.

2. Briede, S., Biemans, T., & Gaidukovs, S. Synthesis of highly functional UV-curable alkyd
resins for wood coating application. Furopean Regional Meeting of the Polymer
Processing Society, Ferrol, Spain, September 30—-October 3, 2024.

3. Briede, S., Jurinovs, M., & Gaidukovs, S. Rheological behavior of photoactive vegetable
oil for extrusion-based UV-assisted 3D printing. Nordic Rheology conference, Aarhus,
Denmark, May 31-June 2, 2023.

4. Briede, S., Jurinovs, M., & Gaidukovs, S. Tailored biobased UV-curable resins from
acrylated vegetable oils for application in wood coatings. Renewable Resources &
Biorefineries, Riga, Latvia, April 12—14, 2023.

5. Briede, S., Jurinovs, M., & Gaidukovs, S. Photoactive vegetable oil synthesis for high-
performance extrusion UV-light cured 3D printing. Nordic Polymer Days, Gothenburg,
Sweden, June 1-3, 2022.
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Citas zinatniskas publikacijas, kas tapusas promocijas darba izstrades laika
Platnieks O., Beluns S., Briede S., Jurinovs M., & Gaidukovs S. (2023). Cellulose
synergetic interactions with biopolymers: Functionalization for sustainable and green
material design. Industrial Crops and Products, 204, 117310.
Briede, S., Jurinovs, M., Nechausov, S., Platnieks, O., & Gaidukovs, S. (2022). State-of-
the-art UV-assisted 3D printing via a rapid syringe-extrusion approach for photoactive
vegetable oil acrylates produced in one-step synthesis. Molecular Systems Design &
Engineering, 7 (11), 1434-1448.
Briede, S., Barkane, A., Jurinovs, M., Thakur, V. K., & Gaidukovs, S. (2022). Acrylation
of biomass: a review of synthesis process—know how and future application
directions. Current Opinion in Green and Sustainable Chemistry, 35, 100626.
. Barkane, A., Jurinovs, M., Briede, S., Platnieks, O., Onuftijevs, P., Zelca, Z., & Gaidukovs,
S. (2022). Biobased Resin for Sustainable Stereolithography: 3D Printed Vegetable Oil
Acrylate Reinforced with Ultra-Low Content of Nanocellulose for Fossil Resin
Substitution. 3D Printing and Additive Manufacturing, 10 (6), 1272—1286.

. Jurinovs, M., Rukavisnikovs, N., Greivule, S., Starkova, O., Kovalovs, A., Brunavs, J.,

Macutkevi¢, J., Juhnevica, 1., Platnieks, O., & Gaidukovs, S. (2026). Nanostructure-
reinforced epoxy-acrylate interpenetrated networks for UV-curable high-performance
coatings. Reactive and Functional Polymers, 221, 106664.
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PROMOCIJAS DARBA GALVENIE REZULTATI

AKkrilétu augu ellu sinteze, fotopolimerizacijas kinétika un pielietojuma
izpéte UV cietéjoSiem koksnes parklajumiem (1. publikacija)

Lai izpetttu augu ellu pielietojumu UV cietgjosu koksnes parklajumu sveku izstradei,
sakotngji tika akril@tas tris augu ellas — Latvija plasi pieejama rapSu ella un salidzinajumam
divas ar dubultsaiteém bagatas ellas — lins€klu ella un vinogu kaulinu ella. Akrilétas ellas tika
iegiitas optimiz&ta vienpakapes sintézes procesa, izmantojot BF3-OEt, ka katalizatoru (3. a att.),
ka aprakstits ievaddala un Iidzigi ka 2013. gada publicétaja sintézes protokola [26]. P&c sint€zes
akriletas ellas nosauktas attiecigi — ARO, ALO un AGO. Sintéze laboratorijas apstaklos tika
optimizeta Iidz noteiktam protokolam — apalkolba augu ella (1 mol C=C) tika sajaukta ar
akrilskabi (AA) (2,1 mol) un 1eni pievienots katalizators (0,21 mol). Reakcija tika maisita un
uzturéta 80 °C temperatiira 5 h, p&c tam atstata istabas temperatiira (22 °C) uz nakti. Reakcijas
NaHCO3 un NaCl tdens Skidumiem, lai neitraliz€tu un aizvaktu atlikuSo AA un katalizatoru.
Organiska faze tika zavéta virs NaxSOs un nofiltréta, péc tam pazeminata spiediena tika
ietvaicets Skidinatajs. ARO, ALO un AGO tika ieguti ka viskozi, tumsi dzelteni sveki. legtitie
sveki tika analizgti ar 'H-KMR spektroskopiju, ka reprezentativs piemérs — at3ifréti rapSu ellas
(RO) un ARO spektri (3. b att.).

Vispirms tika noteikti svarigakie augu ellas fotopolimerizacijas raksturlielumi, kas
apkopoti 3. tabula [72]. Lai izpétitu sintez€to augu ellu termingto akrilgrupu dubultsaisu
konversiju (DBC) péc UV cietéSanas, ka ar1 fotopolimerizacijas kingtiku, tika izmérita
viskozitate, uznemti Furjé transformacijas infrasarkana starojuma (FTIR) spektri dazados
apstaroSanas laikos un veikti fotodiferenciali skengjosas kalorimetrijas (foto DSC) mérijumi.
DBC raksturo akrilgrupu dubultsaiSu konversijas pakapi kovalenti saistita struktira UV
cietéSanas laika, noradot tikla veidosanas efektivitati. Akriletu augu ellu viskozitate bija robezas
no 430 mPa-s Iidz 1305 mPa:s (ARO < AGO < ALO) bides atruma robezas no 10 s~ lidz
100 s~!, kas nodroSina optimalu sveku pliistamibu un ir svarigs parametrs parklajumu izstrade
[48], [72]. Savukart DBC bija robezas no 69 % lidz 85 %, ARO uzradot visaugstako konversiju,
kas korele ar augstako reakcijas iznakumu (57 %, 2,14 akrilgrupam molekula). AGO
maksimalais polimerizacijas atrums tika sasniegts 9,5 s (tmax aw.) pie 5,1 % konversijas, un tas
bija lielakais, kas liecina par atru sakotngjo reagétsp&ju, tacu agrinu diftizijas (molekulu
kustibas) kontrol€tu polimerizaciju, kas kavé turpmaku reakcijas norisi. ARO polimerizacija
turpindjas nedaudz ilgak augstakas akrilatu funkcionalitates un zemakas viskozitates del.

26



3. tabula
Akrilgtu augu ellu raksturlielumi [72]

Sintéze UV cietésana
Akriltas | Touskabes atlikuma o pas | Reakelias DBC | tumar | D0C
auen ellas dubultsaites molekula iznakums 1 (mPa-s) %) s) maks.
£u ez (triglicerida) (%) 0 atruma (%)
ARO 3,74 2,14 57 430 85 9.8 4,5
ALO 5,99 1,62 28 1305 69 13,1 2,4
AGO 4,56 1,67 38 1140 76 9,5 5,1
a) b)
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3. att. a) ARO vienpakapes sint&zes shéma; b) RO un ARO sveku atsifréti 'H-KMR spektri
[72]; ¢) UV cietgjosu parklajumu sagatavoSanas shematisks att€lojums.

Lai izstradatu koksnes parklajumus no sintez&tajam ellam, tika izstradatas sveku
formulacijas. Saja darba ARO, ALO un AGO tika sajauktas ar dabas izcelsmes zemas
viskozitates glicerina propoksitriakrilatu (GPT) (1 = 91 mPa-s, bides atrums — no 10 s™! lidz
100 s), kas kalpo ka reaktivais at3kaiditajs un, biidams trifunkcionals monomeérs, nodrogina
lielaku polimera $k&rssaisu blivumu [73]. GPT polaritate un savietojamiba ar akrilétas augu
ellas svekiem tika noteika, skidinot to istabas temperatiira dazadas vielas un $kidinatajos ar
pieaugoSu polaritati — rapSu ella, akriletas augu ellas, etanola, metanola, Gdeni.
Fotopolimerizacijas ierosinaSanai tika pievienots fotoiniciators 2,4,6-trimetilbenzola
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difenilfosfina oksids. Kopa tika sagatavotas devinas sveku formulacijas, kuras divas akrilétas
augu ellas tika sajauktas attieciba viens pret viens: 1) tris augu ellu akrilati (piem&ram,
ARO/ALO); 2) tris augu ellu akrilati ar pievienotiem 5 masas % GPT (piem@ram,
ARO/ALO_GPTY); 3) tris augu ellu akrilati ar pievienotiem 20 masas % GPT (piem&ram,
ARO/ALO_GPT20). VienkarSota shema UV cietgjosu koksnes parklajumu sagatavoSanai
redzama 3. c attéla.

(Termo)mehaniskas Ipasibas tika noteiktas brivi stavosam UV ciet&joSam sveku
plevitem. Sada veida apstaroti paraugi sniedz informaciju par $kérssaistita poliméra tikla
veiktsp€ju, kas palidz labak izprast un prognozeét parklajuma mehanisko un termomehanisko
uzvedibu uz substrata (koksnes). Piemeram, augstaks elastibas modulis (E) vai stikloSanas
temperatiira (Tg) apstarotds brivi stavosas plevites biezi korele ar lielaku izturibu pret
skrapgjumiem un lielaku kimisko izturibu, savukart elastigakas plévites — ar augstaku
triecienizturibu un noturibu pret plaisu veidoSanos [74]. Vispirms, izmantojot dinamiski
mehanisko analizi (DMA), tika noteikts uzkrajuma modulis (E’), kas raksturo, cik daudz
energijas materidals spg uzglabat elastigaja deformacija. E' liknu vértibas apstarotajiem
paraugiem pétitaja temperatiiras diapazona liecinaja par stabilu, termiski noturigu $kérsaistitu
poliméra tiku (4.aatt.). Pazeminata temperatiira, pieméram, —30 °C, GPT pievienoSana
palielinaja E’ vértibu no 805,5 MPa ARO/ALO paraugam lidz 1182,3 MPa ARO/ALO_GPT20
paraugam. Savukart istabas temperatiira Siem paraugiem GPT pievieno$ana palielindja E’
vertibu no 13,7 MPa Iidz 34,0 MPa, kas liecina par augstaku poliméra $kerssaisu blivumu,
stingribu un zemaku molekulmasu starp Skérssaiteém. Aprékinatais SkeérssaiSu blivums péc
DMA datiem Siem paraugiem pieauga no 1,5-10° mol/m® lidz 2,1-10° mol/m®. legiitas E’
vertibas ir raksturigas Skeérssasititiem UV ciet€joSiem polimeriem un liecina par materiala
vienlaikus stingro un elastigo raksturu [75]. Zudumu modulis (E") raksturo, cik daudz energijas
materials deformacijas laika zaudg ka siltumu, t. 1., materiala viskozo jeb energiju izkliedgjoso
dalu. Izdalot E” vertibas ar E' veértibam, iegiist zudumu faktora (tand) likni, kas parada, cik
“mobilas” vai “relaks€tas” polim&ru k&des ir noteikta temperatiira. Liknes virsotne atspogulo
poliméru k&zu segmentalas mobilitates relaksacijas sakumu un biezi vien tiek sasaistita ar T.
Tomér japiemin, ka joprojam notiek diskusijas par to, vai Tg precizak noteikt no E” liknes
virsotnes vai no tand liknes virsotnes, jo abi parametri sniedz lidzigu, bet ne identisku
informaciju par poliméra segmentu kustibu [76]. Tand grafika (4. b att.) noverojama Iiknes
virsotnes nobide uz augstakam temperatiiras vertibam lidz ar GPT pievieno$anu, kas liecina par
ierobezotu k&zu mobilitati un palielinatu poliméra sk&rssaiSu blivumu. Vienlaikus samazinajas
ari tand virsotnes augstums, kas atspogulo relaksacijas procesa intensitates samazinasanos jeb
mazaku segmentu skaitu, kas deformacijas laika sp&j parvietoties un liecina par stingraku
poliméra tiklu. Visbeidzot, Iidz ar GPT pievienoSanu tika novérota tand liknes platuma
palielinasanas, kas atspogulo $kérssaiSu izvietojuma heterogenitati. Diemzgl tas var radit ari
nevienmerigu paraugu mehanisko uzvedibu [77].

Talak tika analizétas UV cietgjoSo materialu sprieguma-deformacijas (o-¢) Iiknes un
aprékinatas E vertibas (4. c un d att.). GPT pievienoSana izraisa nelinearas struktiiras — Tpasibu
sakaribas. Ir novérojama zinama korelacija starp tand Iiknes virsotnes nobidi uz augstakam
temperatiram/zemaku tand virsotnes intensitati (no DMA) un lielaku E/sagrausanas
robezsprieguma (o) vertibu, tomér redzama arf pretruna paraugiem ar 5 masas % GPT, jo to
mehaniskas izturibas veértibas samazinas. Tas liecina par tikla nevienméribu, iespgjamu fazu
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atdaliSanos, GPT monoméram veidojot atseviskus doménus. Tas tika izpé&tits ar sken&joSo
elektronu mikroskopiju (SEM) (4. e att.). Reprezentativaja SEM Ske&rsgriezuma attéla (ii)
gadfjuma noverojama nevienmeériga mikrostruktiira, kas, iespg&jams, radusies akriletu ellu un
GPT fazu atdaliSanas rezultata agrina ciet€Sanas stadija un var biit viens no o samazinasanas
iemesliem [78]. Raupja un neviendabiga mikrostruktiira, kas noverojama gan ARO/ALO, gan
ARO/ALO_GPTS5 paraugos, liecina par iesp&jamu lokalu sprieguma koncentré$anos, kur uz
fazu saskares robezam galvenokart veidojas plaisas. Tas samazina E vertibas, kas Siem
paraugiem ir Iidzigas (no 7,1 MPa lidz 10,5 MPa). Savukart viendabiga morfologija
ARO/ALO_GPT20 paraugam liecina, ka GPT ir vienmerigi integréts poliméra tikla, nav
izteiktu fazu robezas un stiepes laika pielikta slodze netiek lokalizeta. Spriegums tiek sadalits
vienmérigi visa materiala tilpuma un Iidz ar to, lai iesaktu lizumu, nepiecieSams lielaks
spriegums (E 11dz 20,3 MPa, og lidz 0,76 MPa).

Lai nodros$inatu efektivu parklajuma veiktsp&ju, tika noteikta formulaciju adhézija uz
bérza saplakSna. Nemot véra to, ka ARO, ALO un AGO dazado formulaciju ietekme uz
(termo)mehaniskajam Ipasibam bija mazak izteikta, datu parskatamibas un vienkarSibas p&c
adhézijas stipriba tika noteikta tikai ARO/ALO formulacijam. Skidras sveku formulacijas tika
uzklatas uz saplaks$na un apstarotas, iegiistot 70 % lidz 90 % DBC. Parklajumu adhgzijas
stipriba pakapeniski palielinajas no 0,56 MPa lidz 1,21 MPa, pieaugot GPT saturam, kas,
iesp&jams, skaidrojams ar starpfazu sakeres uzlaboSanu. Salidzinot ar literatiru, epoksida
akrilata un tripropilénglikola diakrilats (TPGDA) parklajumu formulacijas uz koksnes
uzradijusas Iidz 1,12 MPa lielu adh@zijas stipribu [79], bet uretana akrilata, 1,6-heksandiola
diakrilats (HDDA), TPGDA un trimetilolpropana triakrilats (TMPTA) parklajumu formulacijas
uz polikarbonata — no 0,52 MPa lidz 2,25 MPa [80]. JaatzZimg, ka mingtie ir mazmolekulari
naftas produkti.

Apkopojot rezultatus, darba pirmaja dala vienpakapes sinté€ze tika veiksmigi ieguti
rapSu, linseklu un vinogu kaulinu ellas akrilati, ko iesp&jams izmantot ka dabas izcelsmes
prekursorus UV gaisma ciet€josu polimérmaterialu izstradei. Triglicerida strukttira pievienotas
akrilgrupas nodroSina pietiekami daudz reakcijas centrus (terminalas dubultsaites), kas lauj
kontrolét Skerssaistita poliméra tikla veidoSanos un ipasibas. Turklat akrilétu ellu viskozitate
(n=430-1305 mPa-s) nodroSina labu plistamibu parklajumu formuléSana ar reaktivo
atSkaidttaju GPT, kas optimalas koncentracijas gadijuma palielina polime@ra $k&rssaisu bltvumu,
paaugstina Tg, uzlabo mehanisko izturibu un stingumu. Saja darba dala iegitie rezultati
demonstre akrilétu augu ellu potencialu koksnes aizsardzibas pielietojumos.
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4. att. Skérssaistito materialu a) E’ Iiknes; b) tand liknes; c) o-¢ liknes; d) E grafiks; e) lizuma

virsmu mikrostruktiiras morfologija — SEM attéli: (i) ARO/ALO, (ii) ARO/ALO_GPTS5, (iii)
ARO/ALO_GPT20.

Linséklu ellas alkidsveku sintéze un pielietojuma izpéte UV cietéjoSiem
koksnes parklajumiem (2. publikacija)

Augu ellu akrilatu sint€ze, to UV cietéSanas process un izstradato parklajumu ipasibu
izpéte ir bitisks solis atjaunojamo izejvielu izmanto$ana koksnes parklajumos, un iepriek§gja
darba dala iegiitie rezultati uzradija plaSu materialu Ipasibu spektru. Nakamais solis ir So
zinaSanu parnese uz industriali nozimigu koksnes parklajumu klasi — alkidiem. Alkidi ir sveki,
kas jau daudzus gadus ir vieni no visplaSak izmantotajiem virsmu aizsargparklajumiem,
pateicoties to ktmiskajam un fizikalajam 1pasibam. Tomer alkidsveku parklajumi zust 1eni,
ziSanas procesa nepiecieSami metala katalizatori, un lielakoties sveki satur organiskos
Skidinatajus (ksilolu, dearomatizgtus vai alifatiskus ogliidenrazus, izoparafinus u. c.), kas
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padara darbu ar tiem potenciali riskantu. Sos ierobeZojumus iesp&jams novérst, izmantojot UV
cietéSanas tehnologiju, kas nodroSina atru cietéSanu bez metala katalizatoru un organisko
Skidinataju lietoSanas. Ta vieta UV cietgjosas sisteémas izmanto fotoiniciatorus, kas
apstaroSanas laika gener€ brivos radikalus, ierosinot §kérssaistiSanas reakciju. Lidz ar to darba
otraja soli tika akriletas alkidu struktira esos$as taukskabju atlikumu dubultsaites, izpétita
fotoaktivo alkidsveku UV cietéSanas kinétika, izstradatas parklajumu formulacijas un noteiktas
to Tpasibas. Lai to paveiktu, sakotngji tika sintezeti linseklu ellas alkidsveki (LO-A), kas satur
73 % linseklu ellas taukskabju atlikumu, nodrosinot pietickami daudz modific€jamas icks&jas
dubultsaites. Akrilésana tika veikta divos solos, izmantojot ievaddala aprakstito epoksidéSanu,
lai izvairTtos no halogenétu produktu veidoSanos [18] un blakusreakcijam, kas varétu biit
iesp&jamas vienpakapes sintéze starp alkida struktiira esoSajam funkcionalajiem fragmentiem
un BF3-OEt, katalizatoru. Epoksidésanas un sekojoSas akriléSanas reakcijas tika veiktas
dazados apstaklos, lidz sintezes tika optimizétas Iidz v€lamajiem iznakumiem. LO-A
divpakapju akrilesanas reakcija shematiski redzama 5. a attela.

LO-A sveku epoksidésana tika veikta H>O> un HCOOH klatbutngé. Mainot C=C un H>0»
molaro attiecibu, tika sintezeti divi epoksideti linseklu ellas alkidsveki ar atSkirigu epoksida
saturu — ELO-A (1) un ELO-A (2), lai vélak varétu pétit sekojoSo akrilatu UV ciet€Sanas
atSkiribas. P&c sint€zes optimizacijas ELO-A (1) tika noteikta molara attieciba (mol) bija
1:0,4: 1,8 (taukskabju C=C : HCOOH : H:0»), savukart ELO-A (2) molara attieciba (mol)
tika noteikta 1 : 0,4 : 0,9 (taukskabju C=C : HCOOH : H20z). LO-A tika samaisits ar HCOOH
un karséts 60 °C apalkolba, kas aprikota ar kondensatoru, pilinamo piltuvi, termopari un
mehanisko maisitaju. 1 h laika caur pilinamo piltuvi tika Iéni pievienots H2O», lai izvairitos no
eksotermas reakcijas blakusefektiem. Reakcija turpinajas 6,5 h, un tas progress tika kontrol&ts,
titr&jot epoksida skaitli (EV), kas pakapeniski palielinajas, un uznemot FTIR spektrus. FTIR
spektros taukskabju atlikumu dubultsaiSu vibracijas pie 3009 cm™' un 1654 c¢cm™' péc
epoksidésanas izzuda, savukart jauna absorbcijas josla paradijas pie 821 cm™, liecinot par
(EtOAc), organiska faze tika mazgata ar NaHCO; un NaCl @idens $kidumiem, zaveta virs
NaxSO4 un nofiltréta. EtOAc tika atdalits, destil§jot vakuuma. 4. tabula redzami reakciju
iznakumi, ko ietekmé& gan izmantoto reagentu attiecibas, gan reakcijas apstakli. ELO-A (1) un
ELO-A (2) tika izmantotas ka izejvielas, lai iegltu attiecigi akrilétus linseklu ellas alkidus
ALO-A (1) un ALO-A (2).

ELO-A akrilésana tika veikta AA un katalizatora (1 masas %) klatbtitné. Eksperimentali
tika salidzinats reakcijas progress, izmantojot divas dazadas AA molaras attiecibas pret
epoksida gredzenu, trietilamina (TEA) un trifenilfosfina (TPP) katalitiska iedarbiba, ka ari
ELO-A (1) un ELO-A (2) akrilé$anas reakcijas progress. Lai nodro$inatu kontrol€tu reakcijas
norisi [21], turpmakajos eksperimentos tika izvél€ta epoksida un AA molara attieciba (mol)
1 : 1,3. Par katalizatoru tika izv€léts TEA, jo tas nodro$ingja straujaku reakcijas gaitu neka TPP.
Ka tika paredzets, akriléSana noritgja 1énak epoksidam ar zemaku EV (ELO-A (2)), bet straujak
— epoksidam ar augstaku EV (ELO-A (1)). ELO-A (1) un ELO-A (2) ir prekursori, lai iegiitu
attiecigi ALO-A (1) un ALO-A (2). ELO-A, TEA un brivo radikalu inhibitori butiléts
hidroksitoluols (BHT, 600 ppm) un 4-metoksifenols (MEHQ, 600 ppm) tika sajaukti apalkolba,
kas aprikota ar kondensatoru, termopari, mehanisko maisitaju un pilinamo piltuvi. Maisijums
tika uzkarséts Iidz 95 °C, kam sekoja AA pievienoSana 1 h laika. Reakcija tika kontroléta,
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titr€jot un aprékinot skabes skaitli (AV). Péc 18,5 h, kad AV bija mazs vai nemainijas,
Skidumiem, zaveta virs Na»SO4 un nofiltréta. EtOAc tika atdalits, destilgjot vakuuma, atstajot
svekus ar aptuveno cietvielas saturu 93 %. AkriléSanas iznakumi apkopoti 4. tabula. Japiemin,
ka akriléSanas laika EV samazinajas nedaudz straujak neka AV, kas varétu liecinat par
nev€lamu blakusreakciju — epoksida gredzena atvérSanos (hidrolizi).

Reprezent&josi ELO-A (1) un ALO-A (1) 'H-KMR spektri redzami 5. c attela. ELO-A
(1) spektra epoksida gredzena a-pozicija esoSie metilénprotoni (-HCOCH-) paradijas pie
6=3,11 ppm un 2,91 ppm. Metilénprotoni starp divam epoksida grupam (-COC-CH2-COC-)
paradijas pie & =1,66—1,83 ppm, un protoni epoksida gredzena pS-pozicija (-COC-CHz-)
paradijas pie & = 1,47 ppm. P&c epoksidésanas protonu signali, kas atbilst LO-A nepiesatinato
taukskabju atlikumu dubultsaitém (-HC=CH-), praktiski izzuda. ALO-A (1) 'H-KMR spektra
tika noveroti tris jauni signali nobizu robezas &= 5,80-6,50 ppm, kas atbilst akrilgrupas
protoniem H2C=CH-, savukart epoksida signali izzuda.

4. tabula
Sintezéto LO-A, ELO-A un ALO-A raksturlielumi
OH skaitlis mol
AV (mg _ EV (mol . -
. m mmol C=C/, - akril as | Iznakums
Sveki KOH/g K(OI—%/g sveku & epoksida/100 /1(%(1;1 ; %)
sveku) sveku) , g sveku) sveku

LO-A 2,3 69 0,49 - - -
ELO-A (1) 3,5 93 0,05 0,34 — 69
ELO-A (2) 4,7 90 0,23 0,27 — 55
ALO-A (1) 48,1 217 0,05 0,01 0,23 68
ALO-A (2) 34,9 183 0,23 0,02 0,18 67

Pirms UV cietésanas ALO-A (1) un ALO-A (2) sveki tika sajaukti ar trim dazadiem
reaktivajiem atSkaiditdjiem — monofunkcionalu izobornilakrilatu (IBOA), bifunkcionalu
tripropilénglikola diakrilatu (TPGDA) un trifunkcionalu trimetilolpropana tri(met)akrilatu
(TMPTMA) (5. b att.) 10 masas %, 20 masas % un 30 masas %, lai samazinatu viskozitati
(n=5700-60000 mPa-s) un uzlabotu mehanisko veiktspgju. Katras formulacijas nosaukums
veidots, noradot alkida masas %, reaktiva atSkaiditaja masas %, atSkaiditaja nosaukumu un
izmantoto alkidu ALO-A (1) vai (2). Pieméram, “90_10 IBOA (1)” ir formulacija ar 90 masas
% ALO-A(1) un 10 masas % IBOA.

Akrilétie alkidsveki tika raksturoti ar fotoreologijas parametriem — uzkrajuma moduli
(G"), zudumu moduli (G”) un tand liknes vértibam UV apstaroSanas laika (5. fatt.). ALO-A (1)
raksturojas ar lielaku polimera sk&rssai$u bltvumu un atraku §kerssaistita tikla veidosanos neka
ALO-A (2), kas saistits ar lielaku akrilgrupu skaitu molekula. ApstaroSanas beigas (400 s),
ALO-A (1) sasniedza 3,9-10" Pa lielu G’, savukart ALO-A (2) — 0,6:10" Pa. Visam
formulacijam ar reaktivajiem atSkaiditajiem gan G’, gan G” péc UV cietéSanas palielinajas lidz
ar reaktiva atSkaiditdja masas % palielinaSanos formulacija, liecinot par blivaku un stingraku
Skerssaistita poliméra tiklu (fotoreologijas kinétikas dati formulacijam apkopoti tabula un
apskatami 2. pielikuma). To paSu apliecina arT tand, kas vairuma formulaciju samazinajas.
Tomeér parak daudz reaktiva atSkaiditaja var ierobezot radikalu diftiziju un kustibu, izraisot
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priekslaicigu polimerizacijas partraukSanos [81]. Tapat visam formulacijam bija novérojama
tendence — jo lielaks reaktiva atSkaiditaja daudzums, jo atrak sveki sasniedza gelpunktu (tger).
Gelpunkta (G' = G" jeb tand = 1) Skidrie sveki pariet nepartraukta, elastiga tikla, materials
parstaj uzvesties ka viskozs Skidrums un sak uzvesties ka elastigs, ciets kermenis.

P&c alkidsveku uzvedibas noteikSanas fotopolimerzacijas apstaklos formulacijas tika
uzklatas uz koka substrata un apstarotas zem UV gaismas, laizot cauri konvejiera tipa UV
lampai (5. e att.). Vizuala salidzinajuma ar komerciali pieejamiem UV cietgjosSiem svekiem
sintez&tie akrilétie alkidsveki ALO-A (1) demonstrgja ievérojamu labaku iestikSanos koksng,
izcelot koksnes toni, vienlaikus nemaskgjot arT Skiedru redzamibu (5. d att.). Alkidsveki ir
kimiski saderigi ar celulozi un ligninu, kas uzlabo to sp&ju saistities ar koksnes struktiiru un
nodrosina dzilaku iestikSanos. Tas veicina parklajuma aizsargsp&ju un samazina deformacijas
un plaisasanas riskus temperatiiras un mitruma ietekmé&, nodroSinot ilgaku kalpoSanas
laiku [82].
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P&c UV apstarosanas tika noteikta parklajumu svarsta cietiba (6. a (i) un (ii) att.), kas
atkariga no molekulu struktiiras, akrilgrupu koncentracijas un poliméra $kérssaiSu blivuma
[75]. Akriletie alkidsveki ar dazadiem akrilgrupu daudzumiem uzradija 2,2 reizu lielu atskiribu
cietiba, ALO-A (1) sasniedzot 103 s augstu cietibu. Cietibu vél vairak palielinaja dazadas
molekularas struktiiras un akrilgrupu daudzuma saturo$u reaktivo atSkaiditaju pievienoSana.
Tadgjadi akrileto alkidsveku funkcionalitate un reaktivo atSkaiditaju izvéle lava pielagot
cietibas vertibas robezas no 47 s 1idz 174 s.

Papildus cietibas palielinasanai reaktivie atskaiditaji ictekméja ar1 elastibu, kas tika
noteikta, izmantojot Erichsen indentacijas testu, merot iespieduma dzilumu (mm)
parklajumiem, kas uzklati uz aluminija metala substrata (6. b (i) un (ii) att.). ALO-A (2) ar
zemaku $kérssaisu blivumu neka ALO-A (1) nodrosinaja lielaku polimé@ra tikla mobilitati, un
ta rezultata uzradija augstaku elastibu ar indentacijas dzilumu 7,0 mm. Reaktivo atSkaiditaju
pievienosana indentacijas dzilumu ietekmg&ja gan atkariba no funkcionalitates, gan atkariba no
struktiiras. Monofunkcionala IBOA struktiira eso$a apjomiga izobornilgrupa nodro§ina brivu
k&des kustibu, mazina iek$gjos spriegumus poliméra matrica un tadgjadi palielina elastibu.
Maksimalais iespie$anas dzilums (7,4 mm) tika novérots paraugam 70 30 IBOA, kas
vienlaikus uzradija arT augstu svarsta cietibu (104 s). Tas apliecina, ka iesp&jams iegit
parklajumus ar augstu cietibu un elastibu vienlaikus bez kompromisa starp $Im Tpasibam.
Savukart TPGDA ka bifunkcionals monomérs nodrosina lielaku polimé&ra $k&rssaisu blivumu
neka IBOA, bet struktiira esosas propilgrupas lauj saglabat zinamu k&des mobilitati un Iidz ar
to — meérenu elastibu (6,4-7,1 mm).[71] Izmantojot TMPTMA ka reaktivo atSkaiditaju,
iespiesanas dzilums samazinajas lidz 25 mm, jo ka trifunkcionals monomeérs tas veicina bliva
Skerssaistita poliméra tikla veidoSanos, biitiski ierobezojot materiala sp&ju deforméties. legttie
parklajuma raksturlielumi liecina, ka, pielagojot ALO-A funkcionalitati un izmantojot reaktivos
atSkaiditajus, ir iesp&jams vienlaikus panakt gan cietibas, gan elastibas palielinasanos, tadgjadi
mazinot tradicionali esoSo kompromisu starp mehanisko izturibu un elastibu [83].

Apkopojot rezultatus, $is darbs demonstré sistematisku pieeju no atjaunojamo izejvielu
sint€zes lidz galaparklajuma 1pasibu optimizacijai, izcelot iesp&ju pielagot UV cietgjosu
akriletu alkidsveku struktiiru atkariba no velamajam mehaniskajam ipasibam. Formulaciju
izpete lauj apvienot augstu funkcionalitati, pielagojamu mehanisko pasibu spektru un videi
draudzigu tehnologiju, piedavajot risindjumu industriali nozimigam koksnes parklajumu
sektoram.
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6. att. a) UV cietgjoso alkidsveku parklajumu svarsta cietibas vértibas, izmantojot (i) ALO-A
(1) un (ii) ALO-A (2); b) UV cietgjoSo alkidsveku parklajumu iespieduma dziluma vertibas,
izmantojot (i) ALO-A (1) un (ii) ALO-A (2).

Jauna no atjaunojamiem resursiem iegiita UV cietéjoSa reaktiva
atSkaiditaja Ipasibu izpéte Skérssaistita akriletas rapSu ellas polimera tikla
(3. publikacija)

Pirmajas divas darba dalas tika izstradatas un raksturotas UV gaisma cietEjosas
formulacijas, kuras izmantotas akrilétas augu ellas un akrileti alkidsveki ar dazadiem
reakfivajiem at3kaiditajiem. Sie p&tfjumi izcel sveku potencialu ka videi draudzigus parklajuma
materialus. Tomér lielaka dala komercialo reaktivo atSkaiditaju ir naftas izcelsmes akrilati, kas
samazina dabas izcelsmes savienojumu saturu formulacijas un var potenciali ietekméet
parklajumu dro$umu un ekologisko ietekmi. Lidz ar to pieaug interese par dabas izcelsmes
reaktivajiem atSkaiditajiem. Darba tresaja dala $1 probléma tika risinata, izp&tot jaunu ieksgjas
dubultsaites saturo$u furana atvasinagjumu — nepiesatinatu esteri (UES).

UES tika iegiits divos solos elektrosintézes procesa no furfuriléta etilenglikola: vispirms
elektroktmiski parveidojot to par spirociklu, pe&c tam paklaujot elektrokimiski induc@tai
parkartosanai, veidojot UES. ARO tika iegiits BF3;-OEt, katalizéta vienpakapes sint€zes
reakcija, ka aprakstits darba pirmaja dala. UES tika pievienots ARO ka reaktivais at$kaiditajs
5 masas % un 20 masas % koncentracija (attiecigi ARO/UES5 un ARO/UES20), samazinot
sveku viskozitati [idz pat 1,6 reizém. Talaka ietekme uz fotopolimerizaciju un $kérssaistitajiem
materialiem tika analizéta ar FTIR un UV redzamas gaismas (UV-Vis) spektroskopiju, stiepes
mehanisko analizi, SEM, DMA un termogravimetrisko analizi (TGA). Darba beigas tika
noteikta materiala biodegradacijas spgja.

Ir tris iespgjamas reakcijas: (1) SkerssaistiSanas starp ARO un UES; (2) UES
homopolimerizacija; (3) ARO homopolimerizacija (7.aatt.). Nemot véra akrilgrupu
reag€tsp&ju un masas dalu formulacijas, sagaidams, ka dominé reakcijas, kuras iesaistits ARO
((1) un (3)), savukart UES homopolimerizacija (2) ir mazak ticama. UES pievienoSanos ARO
polimera tiklam apstiprinaja FTIR spektroskopija, kur p&c UV cietéSanas UES raksturiga C=C
dubultsaites absorbcijas josla pie 1659 cm™ praktiski pilniga izzuda (7. b att.). Papildus to
apliecindja arT optiskas caurlaidibas palielinaSanas l1dz pat 90 % izstradatajiem Skerssaistitajiem
materialiem UV-Vis apgabala (7. ¢ un d att.), ko var skaidrot ar UV absorbgjoso hromoforu
atSkaidiSanu un uzlabotu optisko homoggnitati.
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7. att. a) Iesp&jamas reakcijas starp ARO un UES; b) FTIR spektri ARO, UES un to
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biodegradacijas laika.
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Makromolekularaja tikla strukttra triglicerida alkilkeédes darbojas ka plastifikatori, kas
samazina Skerssaistita materiala E un o, savukart 1sas piekartas UES kédes pie lielaka masas %
drizak palielina materiala brivo tilpumu un veicina relaksaciju (7. e att.) [84]. Poliméra
$kerssaisu blivums palielingjas no 1,07-10° mol/m? lidz 1,65-10* mol/m?, pievienojot 5 masas
% UES. Palielinatais poliméra §kerssai$u blivums palielinaja polim@rmateriala stiepes izturibu
(oB palielinajas no 0,49 MPa lidz 0,55 MPa) un E’ visa temperatiiras diapazona (istabas
temperattira, 22 °C —no 7,98 MPa lidz 11,8 MPa). Palielinot UES koncentraciju lidz 20 masas
%, stiepes izturiba samazinajas, kas liecina par reaktiva atSkaiditaja parlieku lielu
koncentraciju; tikls klaist parak atSkaidits, trausls un palielinatu segmentu kustigumu, tapec
mehaniska izturiba samazinajas.

Papildus prieksrocibai, ka gan ARO, gan UES ir dabas izcelsmes, $aja darba tika
noteikta arT materialu biodegradacija kontrolétos apstaklos. Paraugu fotografijas péc
iznemsSanas no augsnes redzamas 7. f attéla. Pe&c 30 dienu biodegradacijas ARO, ARO/UESS
un ARO/UES20 materiali uzradija 13—15 % materiala masas zudumu, uzradot relativi stabilu
noardiSanas atrumu. Nakamo 30 dienu laika biodegradacijas atrums samazinajas straujak ARO
Skerssaistitam poliméra tiklam, kas rezult€jas kop€ja materiala masas zuduma 18-28 %,
pienemot taukskabju esteru hidrolizi ka galveno notiekoSo reakciju. Biodegradacijas dati uzrada
loti labus rezultatus, balstoties literatiira zinotajas Iidzigas sist€mas, kur noverots apm&ram 14—
16 % masas zudums 90 dienu laika [85]. Turklat visbiezak izmantotie reaktivie atSkaiditaji UV
cietgjosajos parklajumos ir naftas produktu atvasinajumi, kuriem biodegradaciju nenovéro [86].

(Termo)mehaniskie testi liecina par iesp&ju turpmak pielagot dabas izcelsmes materialu
mehaniskas TpaSibas atbilstosi konkrétam prasibam. Materialu mehaniskas veiktsp&jas
optimiz&Sanai varétu izmantot vairakas stratégijas. Pieméram, palielinat Ty un poliméra
SkerssaiSu blivumu, izmantojot polifunkcionalus reaktivos atSkaiditajus, uzlabojot augu ellas
akrileéSanas pakapi vai optimizgjot peccietéSanas apstaklus [87]. Turklat materialu mehaniskas
IpaSibas var€tu pastiprinat, ievieSot stiegrojumu un izstradajot biokompozitmaterialus, kas
aplikots nakamaja darba nodala.

Akrilétas augu ellas impregnétu UV cietéjoSu nanokompozitmaterialu
izstrade un to 1pasibu izpéte (4. publikacija)

Saja darba tika izstradati dabas izcelsmes nanopapira (NP) kompozitmateriali,
izmantojot kanepju stublajus (lauksaimniecibas atkritumprodukts) un salidzinot divus augu ellu
akrilatus ka saistvielu — komerciali pieejamo akrilétu sojas pupinu ellu (AESO) un vienpakapes
sint€ze iegiito akrilétu rapSu ellu (ARO), kas raksturots darba pirmaja sadala. Kanepju skiedru
NP tika sagatavots, mehaniski smalcinot kanepju stublajus un veidojot viendabigu skiedru
suspensiju, kas talak tika fibriléta, ieglstot nanofibrilétas celulozes suspensiju (diametrs
86 = 41 nm). P&c tam nanofibriléta suspensija tika ielieta veidn@s, zaveta kontrolétos apstaklos
un preséta, lidz izveidojas blivs un vienmérigs NP slanis (80 pm). NP veidoSanas procesa
fibrilas savstarpgji aglomergjas, veidojot nepartrauktu struktiiru. Nanokompozita sagatavosanas
shéma, kas ilustr€ mijiedarbibu starp celulozi un ARO vai AESO caur tidenraza saitém, ka ari
fizisku celulozes Skiedru ieslégSanu poliméra matrica, redzamta 8. aattéla. Iegtta
nanokompozita fotografija — 8. d attela.
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izmantojot UV cietéSanu; SEM attéli impregnétam NP ar ARO: b) istabas temperattra (22
°C); ¢) 50 °C temperatiira vakuuma vidg; d) ieglita nanokompozita fotografija; e) o-¢ Itknes

NP, skérssaistitiem ARO un AESO un to nanokompozitiem; f) E' Iiknes skérssaistitiem ARO

un AESO un to impregnétiem nanokompozitiem paaugstinata temperatiira vakuuma
apstak]os.
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NP impregnésanas process ar ARO un AESO tika analizgts, nosakot sveku viskozitati,
slapeSanu uz NP virsmas un temperatiiras un vakuuma ietekmi. Kompozita sastavs tika noteikts
sveku uzstikSanas impregnésanas laika, un taa rezultata tika iegiitas 35/65 masas % NP/AESO
un 50/50 masas % NP/ARO attiecibas, kas izskaidrojamas ar atSkirtbam viskozitaté un
slapéSanu. Impregnéta NP paraugiem lietots saisinajums N; ARO vai AESO impregnétiem
paraugiem — R vai S; istabas temperatiira (22 °C) impregnétiem paraugiem — R; vakuuma
impregn@tiem paraugiem — V; paaugstinatd temperatiird impregnétiem paraugiem — T. ARO
uzradija vairak neka 20 reizes zemaku viskozitati gan istabas temperattira, gan paaugstinata
temperatiira (50 °C) bides atruma robeZas no 1 s™!' [idz 100 s™!, ka arT labaku slapesanas sp&ju
uz kanepju NP virsmas neka AESO, ko apliecina izmeritie kontaktlenki. ARO kontaktlenkis uz
NP samazinajas no 48,2° (5 s) 1idz 39,3° (90 s) 20 °C temperattra un no 46,5° (5 s) Iidz 33,3°
(90 s) 50 °C temperatiira, savukart AESO kontaktlenki tados paSos apstaklos samazinajas
attiecigi no 98,6° lidz 43,7° un no 83,5° lidz 41,1°. Tas nodro§ingja dzilaku un vienmérigaku
NP poru piepildijumu ar ARO svekiem, samazinot gaisa iesprostoSanas risku kompozita
struktiira un uzlabojot matricas-Skiedru mijiedarbibu.

Pec ellu impregnéSanas NP struktlira paraugi tika cietinati UV gaisma, ieglstot
kompozitus, kuriem tika raksturota struktiira un fizikalas Tpasibas. Impregnésanas dzilums un
iegtta kompozita mikrostruktiira tika novertéta ar SEM Skeérsgriezumu liizuma vietas, analizgjot
atliku$a sveku slana biezumu virs substrata un nosakot poru aizpildijuma pakapi. AESO
gadijuma sveku slanis (Iidz 188 pm istabas temperatiira) liecinaja par ierobeZotu impregnésanos
NP strukttira, savukart ARO uzradija ieverojami dzilaku impregnéS$anos ar minimalu atlikusa
slana biezumu virspusé un augstu porainas strukttras aizpildijjumu, ko v&l vairak uzlaboja
impregneSanas process paaugstinata temperatiira (50 °C) un vakuuma vide.

8.b un c attela un redzams SEM attelu salidzinajums impregnétam NP ar ARO:
b) istabas temperatiira (NRR); c¢) 50 °C temperatira vakuuma vidé (NRVT). Temperatiiras
paaugstinasana un impregnéSana vakuuma palielindja ari mehaniskas un termomehaniskas
1pasibas (8. e un f att.). Vakuuma un 50 °C temperatiira impregnéts ARO NP (NRVT) uzradija
1,3 GPa lielu E, 26,1 MPa lielu o un 4,4 GPa lielu E’ pie 20 °C. Nemot véra to, ka ARO un
AESO ir salidzinosi miksti materiali, ciklisko slodzu izturibu viskozi elastigaja stavoklt gandriz
pilniba nodrosinaja NP stiegrojums. Papildus tika veikta dielektriska spektroskopija (DS), kas
atklaja potencialu izstradatajiem dabas izcelsmes kompozitiem elektrisko izolatoru
pielietojuma joma, kur domin€ epoksida un papira sisteémas [88].

Apkopojot rezultatus, $aja pétijuma tika demonstréta no kanepju atkritumproduktiem
iegtita NP un akriletas augu ellas savietojamiba, izmantojot UV gaismas cietéSanu. P&tfjums
parada perspektivu virzienu dabas izcelsmes termoreaktivu kompozitmaterialu attistiba un
akrilétu augu ellu mehaniskas veiktspgjas uzlaboSana, nodroSinot lidzsvaru starp procesu
vienkar§ibu un ilgtsp&ju.
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UV cietéjosu akrilétas rapsu ellas vitriméru pagatavoSana termoreaktivu
materialu parstradei un 3D drukas pielietojumam (5. publikacija)

Balstoties promocijas darba izstrades gaita iegfitajos un ieprieksgjas darba nodalas
aprakstitajos rezultatos par UV starojuma cietgjosam dabas izcelsmes formulacijam, ir redzams,
ka sadi materiali piedava plasas pielietojuma iespgjas ar daudzveidigu ipaSibu spektru.
Apskatitie pétijuma virzieni iezZimé vienotu materialu attistibas celu — no atjaunojamo izejvielu
kimiskas modifikacijas Iidz funkcionaliem UV ciet&josiem parklajumiem un kompozitiem.
Nosléguma tika pétitas iesp&jas materialu parstradei un atkartotai izmantoSanai, izstradajot
vitrimérus. Paplasinot UV cietéSanas tehnologiju pielietojumu, tika veikta ari izstradato
vitrimeru tridimensionala (3D) drukasana.

Lai vitriméra struktira ieviestu papildu -OH grupas un nodroSinatu atru
transesterifikacijas reakciju, rapSu ella tika akriléta caur epoksida gredzena atverSanos, veidojot
p-hidroksilestergrupas (9. a att.). Epoksidésana tika veikta apalkolba, kas aprikota ar mehanisko
maisitaju, termometru un pilinamo piltuvi. Rapsu ella (1 mol C=C) tika sajaukta ar HCOOH
(0,3 mol), un reakcijas maistjums tika uzkarséts lidz 60 °C, kam sekoja 1&éna H>O> (1,8 mol)
pievienosana. Reakcija turpingjas 7 h. Reakcijas beigas maisfjums tika atdzeséts Iidz istabas
slanis tika mazgats ar NaHCO; un NaCl tidens $kidumiem, atbrivojoties no skabes. Péc tam
organiska faze tika zav@ta virs Na»SOg, filtréta un $kidinatajs tika ietvaic@ts pazeminata
spiediena. Epoksidéta rapsu ella (ERO) tika iegtita ka bali dzelteni sveki.

ERO akrilésana tika veikta apalkolba, kas aprikota ar mehanisku maisitaju, termometru
un pilinamo piltuvi. ERO (1 mol epoksida) tika sajaukts ar hidrohinonu (HQ, 300 ppm no AA)
ka polimerizacijas inhibitoru un TEA katalizatoru (1 masas % no kopgjas sveku masas), un
maistjums tika uzkarséts Iidz 90-95 °C. Péc tam léni tika pievienota AA, un reakcijas
maisTjums tika atstats uz 18,5 h. P&c tam tas tika atdzeséts lidz istabas temperatiirai, iz8kidinats
EtOAc un mazgats ar NaHCO; un NaCl iidens $kidumiem. Organiska faze tika zaveta virs
Na>SO4 un nofiltréta, $kidinatajs tika ietvaicéts pazeminata spiediena. Akriléta epoksidéta rapsu
ella (AERO) tika iegfita ka tumsi dzelteni, viskozi sveki. "H-KMR spektri redzami 9. b attgla.

Formulacijas tika izstradatas, izmantojot 10 masas %, 20 masas % vai 30 masas %
AERO, 2-hidroksi-3-fenoksipropilakrilatu (HPPA) un glicerina 1,3-diglicerolata diakrilatu
(GDA), lai nodrosinatu optimalu -COOR un -OH grupu attiecibu un transesterifikacijas
reakciju (9. fatt.). Tika sagatavotas divas paraugu s€rijas — ar Zn(acac), transesterifikacijas
katalizatoru (10 masas % no kopgjas akrilatu masas) un bez ta, lai izvertétu katalizatora ietekmi
uz materiala Tpasibam un parbauditu parstrades potencialu vitrimériem bez katalizatora.

Kopa tika sagatavotas seSas formulacijas, kas satur 70 masas % HPPA un 10 masas %,
20 masas % vai 30 masas % AERO, savukart GDA saturs bija 10 masas % vai 20 masas %.
GDA netika ieklauts formulacija ar 70 masas % HPPA un 30 masas % AERO. Paraugu s€rijam
bez katalizatora nosaukuma pievienots saisinagjums “(n/c)”. Paraugu nosaukumos noradits
AERO saturs masas %, ka ari katalizatora klatbiitne. Pieméram, “AERO20(n/c)” satur 70
masas % HPPA, 20 masas % AERO un 10 masas % GDA, bet nesatur Zn(acac); katalizatoru.

Formulaciju UV cietéSanas kingtika tika pétita ar foto DSC, kas uzradija atraku un
pilnigaku fotopolimerizacijas reakciju formulacijam bez pievienota transesterifikacijas
katalizatora (9. c att.). Vitriméri bez katalizatora uzradija 235-241 J/g fotopolimerizacijas
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entalpijas vértibas un eksotermisko maksimumu aptuveni 5 s. Turpreti katalizatora saturosi
vitrimeri uzradija 167-203 J/g fotopolimerizacijas entalpijas vértibas un eksotermisko
maksimumu aptuveni 12 s. Samazinato fotopolimerizacijas entalpiju Zn(acac), klatbiitng var
skaidrot ar optiskiem efektiem, ko izraisa gaismas izkliede pagatavotaja formulacija, kas bija
dulkaina, samazinot gaismas caurlaidibu un Iidz ar to radikalu veidoSanos. To apliecinaja ar1
zemakas gela frakcijas, lieconot par mazak Skérssaistitu poliméra tiklu. Katalizatora
saturoSajiem vitrimériem g€la frakcijas vertibas svarstijas no 73 % lidz 79 %, savukart
vitrimeriem bez katalizatora ggla frakcijas vértibas bija robezas no 85 % lidz 96 %.

UV cietgjoSo vitrimeru sprieguma relaksacija tika veikta, lai izpétitu, cik efektivi
polimeru tikls sp&j atbrivot uzkrato ieks§gjo spriegumu un pielagoties termiskajiem apstakliem.
Sprieguma relaksacijas atrumu vitriméros ietekmé temperatiira, katalizatora veids un
koncentracija, polimeru tikla struktiira un SkerssaiSu blivums [89]. Savukart relaksacijas laiks
(t*) ir laiks, kada paraugs relaksgjas lidz 1/e (~ 37 %) no sakotngja modula. Tika novérots, ka
sprieguma relaksacijas atrums palielindjas I1dz ar temperatiiras palielina$anos termiski aktivéto
dinamisko sai$u apmainas reakciju dél. Pieméram, Zn(acac); un 30 masas % AERO saturosa
vitriméra sprieguma relaksacijas laiks no 20 min 180 °C samazinajas lidz 14 min 200 °C.
Vitriméri bez katalizatora attiecigaja temperatira uzradija 2-3 reizes 1€naku sprieguma
relaksaciju. 9.d attéla salidzinatas sprieguma relaksacijas liknes paraugiem ar un bez
katalizatora 200 °C temperatiira.

9. e attels ilustr€ dinamiskas -COOR un -OH apmainas reakcijas, kur poliméru tikla:
i) pie lielaka SkerssaiSu blivuma bez katalizatora notiek I@naka sprieguma relaksacija; ii) pie
mazaka SkérssaiSu blivuma Zn(acac); paatrina transesterifikacijas reakciju. Literatiira zinota
gan -COOR, gan -OH grupas parakuma ietekme uz sprieguma relaksacijas laiku [90], [91].
Atgkiribas sprieguma relaksacijas laika starp paraugiem ar atSkirigu AERO saturu bija mazak
izteiktas, kas sakrit ar gela frakciju, liecinot par minimalam atskirtbam poliméra SkerssaiSu
blivuma vienas s@rijas vitrimeriem.
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43



UV cietgjoso vitriméru parstrades novertésanai abas paraugu sérijas tika sasmalcinatas
un sapresétas metala veidne (10. a att.). Optimizgjot apstaklus, tika noteikts, ka efektivaka
parstrade notiek 200 °C temperatiira 2 h laika (10. b att.). Sajos apstaklos tika veikti divi secigi
parstrades cikli, pec kuriem tika noverteta vitrimeru veiktsp&ja. Parstrades laika vitrimeri
saglabaja augstu SkerssaistiSanas pakapi, par ko liecina sola-gela frakcijas dati (lidz pat 90 %).
Tomér p&c termiskas parstrades vitriméros bez pievienota katalizatora tika novérotas plaisas,
savukart katalizatora saturoSajos paraugos tas neveidojas, apliecinot katalizatora sp&ju parkartot
Skerssaistito tiklu un atjaunot materiala strukttiru (10. b att.). Plaisu veidoSanas lidzigos
apstaklos noverota ar1 citu autoru p&tijumos [92]. P&c termiskas parstrades vitriméru paraugu
nosaukumiem tika pievienots parstrades cikla kartas numurs, pieméram, “AERO30_cycle2”
apzimé AERO30 vitriméru, kas iegiits péc otra termiskas parstrades cikla.

UV cietgjosajiem vitrime&riem tika veikta TGA-FTIR kombingta analize, kas vienlaikus
nosaka materiala masas zudumu temperatiiras palielinasanas laika un identificé izdalijuSos
gazveida produktus. Iegiitie dati liecinaja par pastiprinatu gazveida produktu izdaliSanos
katalizatora saturo$iem vitrim&riem, apliecinot atSkirigus poliméra tikla parkartoSanas celus
paraugiem bez (10. c att.) un ar (10. d att.) katalizatoru. Katalizatora saturo$ajos vitriméros
gaistoSie fragmenti veidojas ieverojami atrak dinamisko saiSu apmainas dél un uzradija lielaku
absorbcijas joslu intensitati, Ipasi CO2 un C=0 regionos [90]. Lidz ar to katalizatora saturoSie
vitrim@ri uzradija zemaku termisko stabilitati, maksimalajam sadaliSanas atrumam sasniedzot
370 °C, pretgji vitrimeériem bez katalizatora, kas uzradija maksimalo sadaliSanas atrumu 410 °C
temperatlira. Jaatzime, ka termiska stabilitate abam vitrim@ru s€rijam palielinajas ar katru
parstrades ciklu, kas, visticamak, saistits ar mazmolekularo vai neizreag€juso komponentu
iztvaikoSanu termiskas parstrades laika, atstajot materialu, kas galvenokart sastav no stabila
Skerssaistita tikla.

Talakie eksperimenti tika veikti katalizatora saturoSiem vitrimériem. Tika novertéta
vitrim@ru parstrades ietekme uz materialu (termo)mehaniskajam 1pasibam (10. e un f att.).
10. e attéla redzams, ka E' vertibas p&c parstrades samazinajas visa temperatiiras diapazona, kas
atspogulo stingribas zudumu, visticamak, tikla parkartoSanas, noverotas degradacijas un kezu
SkelSanas del [93]. Tand virsotnes intensitates samazinasanas liecindja par mazaku molekularo
mobilitati pie Tz Vienlaikus neliela tand Iiknes paplaSinasanas liecina par lielaku
makromolekulara tikla heterogenitati un palielinatu relaksacijas laiku sadalfjumu, jo péc
dinamisko sai$u apmainas reakcijam var veidoties regioni ar atskirigu SkérssaiSu blivumu [94].
Tomeér kopuma vitriméri pirms un p&c parstrades uzradija [idzigu termomehanisko uzvedibu,
kas liecina, ka materials saglaba savas raksturigakas ipasibas. 10.f attéla redzams, ka
mehaniska izturiba pec parstrades pilniba neatjaunojas, bet tika noverota ievérojama op
atgiiSana — p&c pirma cikla 67-98 %, péc otra cikla 41-50 % no sakotng&jas vertibas. Viens no
iemesliem mehaniskas izturibas samazinajumam pé&c parstrades ir kovalenta tikla bojajumi, kas
rodas intensivas smalcinasanas laika vitrimeru parstrade [95], [96].
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10. att. a) AERO vitriméru termiskas parstrades shéma; b) temperatiiras un katalizatora
ietekme uz AERO vitrimé&ru karstas preséSanas laika; ¢) un d) AERO30(n/c) un AERO30
izdalito gazu FTIR spektru 3D grafiki; UV cietinata un parstradata AERO30 vitriméra:

e) uzglabasanas modula un tand liknes, f) o-¢ liknes; g) AERO vitriméra 3D drukas validacija,
izmantojot DLP tehnologiju; h) c-¢ liknes 3D drukatiem paraugiem ar bojatu un atjaunotu
struktiiru.
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Visbeidzot, vitriméri tika 3D drukati, lai demonstrétu izstradato materialu pielietojumu
adittvaja razoSana. DrukaSanai tika izvelets sastavs ar augstako AERO saturu, kas arl
nodro$inaja zemako viskozitati (n = apt. 663 mPa-s bides atruma robeZas no 1 s! Iidz 1000 s™!)
un ir svarigs parametrs vannas tipa 3D drukaSana. 3D drukasanas procesa tika novérota
vienmériga slanu adhézija ar slana biezumu 50 pm un p&c drukasanas — augsta izSkirtspgja,
dimensiju precizitate un teicama virsmas kvalitate (10. g att.).

Talak tika pétita materiala sp&ja atjaunot savu struktiiru un ipasibas péc mehaniskiem
bojajumiem, kas pagarina produktu kalpoSanas laiku un var samazinat atkritumu daudzumu
raSanos. Turklat tas nodrosSina efektivaku resursu izmantoSanu. Pedeja darba dala tas tika
analiz€ts, veicot vitrimeru struktliras atjaunosanu. Tika 3D drukati stienisi ar atvérumu, kura
diametrs bija 5 mm, materiala vidi (paraugu nosaukuma “defect”), simul€&jot mehanisku
bojajumu. Sakotn&jos eksperimentos simulétaja bojajuma tika ievietots 3D drukats aplveida
aizpildijums, kam sekoja termiska apstrade, lai aktivizeétu dinamisko sai$u apmainu. Tomer §1
pieeja nebija efektiva, jo stiepes testi uzradija, ka ldzums notika tiesi saskares virsma starp
parauga materialu un ievietoto 3D drukato aplveida aizpildijumu, kas liecinaja par
nepietickamu saskares laukumu un vaju adhéziju. Otra pieeja izradijas efektivaka — simul&tais
bojajums péc drukasanas tika aizpildits ar Skidriem svekiem, UV cietinats un karséts 200 °C
1 h (paraugu nosaukuma “repaired”), lai ierosinatu transesterifikacijas reakciju uz
robezvirsmas. o-¢ liknu rezultati paraugiem ar atjaunotu struktiiru uzradija Iidz pat 2,0 reizes
lielaku op un Iidz pat 2,9 reizes lielaku deformaciju sagrauSanas bridi (e), salidzinot ar
bojatajiem paraugiem (10. h att.). Atskiriba no sakotngjas pieejas $ajos paraugos lizums
nenotika uz atjaunotas saskares robezvirsmas; ta vietd tas notika parauga nepartrauktaja
materiala dala, kas liecina par stipru saskares virsmas izveidoSanos, ko nodrosina efektiva
dinamisko saiSu apmaina.

Apkopojot rezultatus, $aja darba tika demonstréta pieeja, kas apvieno dabas izcelsmes
savienojumu izmantoSanu, energoefektivas tehnologijas izmanto$anu un materialu atkartotu
parstradi. P&tljuma izstradatas vitriméru formulacijas balstitas dinamisko saiSu apmainas
reakcijas, kas nodroSina sprieguma relaksaciju, parstradi un struktiiras sp&ju atjaunoties péc
bojajumiem. Optimiz€jot katalizatora daudzumu, tostarp formulacijas bez katalizatora,
iesp&jams panakt efektivu tikla parkartoSanos, vienlaikus saglabajot labu strukturalo integritati.
Tas lauj atjaunot vitriméru mehanisko veiktspgju pat péc vairakiem parstrades cikliem,
nodro$inot termoreaktivo poliméru atgrieSanu aprite. Izstradatie AERO vitriméri uzradija
lielisku piemérotibu 3D drukas tehnologijai, turklat nodro$inot struktiiras atjaunoSanu, kas
paver plasakas iespgas UV cietgjoSu vitrim@ru pielietojumam. Materialu spg&ja atjaunot
struktiiru un stiepes Tpasibas p&c bojajumiem apliecina to ilgtsp&jibas potencialu.
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1.

SECINAJUMI

Merktiecigi pielagojot akrilétu augu ellu atvasindjumu sintézes apstaklus un UV ciet€joso
sveku formulacijas, ir iesp&jams kontrolét fotopolimerizacijas kingtiku, makromolekularo
strukttiru un galamaterialu mehaniskas 1pasibas.

1.1. Optimizeéta divpakapju epoksideSanas-akriléSanas sint€zes metode lauj merktiecigi
regulét akrilgrupu saturu UV cietgjosos lins€klu ellas alkidsvekos (ALO-A) (0,18 mol
akrilgrupas/100 g sveku vai 0,23 mol akrilgrupas/100 g sveku). Reaktivo atSkaiditaju
pievienoSana nodroSinaja papildu iesp&jas viskozitates, cietéSanas kinétikas
(tee1 <6,2s) un polimera tikla struktiras pielagoSanai, sasniedzot vienlaicigu
parklajuma cietibas (104 s) un elastibas (7,4 mm) pieaugumu.

1.2. Reaktiva atSkaiditaja glicerina propoksitriakrilata (GPT) pievienoSana paatrinaja
fotopolimerizacijas procesu (<70s), palielinaja $k&rssaiSu blivumu (lidz
2,2-10° mol/m®) un uzlaboja materialu mehanisko veiktspgju (lidz 0,76 MPa).
Izstradatas akrilétu augu ellu formulacijas demonstrgja pielietojumu ka UV cietgjosi
koksnes parklajumi, uzradot lidz 1,21 MPa adh@ziju uz koksnes substrata.

Dabas izcelsmes nepiesatinata furana estera monoméra (UES) ka reaktiva atSkaiditaja
pievienosana samazinaja UV ciet&joso ARO sveku viskozitati (n =291 mPa-s) un uzlaboja
strukturalas Tpasibas (§k&rssaisu blivums = 1,65-10° mol/m?), vienlaikus veicinot materialu
biodegradgjamibu (Iidz pat 28 % masas zuduma 60 dienu laika). legitie rezultati apliecina
dabas izcelsmes monom@ru potencialu ka ilgtspjigu alternativu naftas izcelsmes
monomgriem.

UV cietgjosas akrilétas augu ellas ir piemerotas izmantoSanai ka matricas saistviela dabisko

Skiedru kompozitmaterialos. Efektiva matricas-Skiedru mijiedarbiba, ko apliecina SEM

analize, nodrosinaja uzlabotu spriegumu parnesi un ekspluatacijas ipasibas (o= 35,6 MPa,

E = 1,3 GPa), demonstr&jot dabas izcelsmes kompozitmaterialu izstrades potencialu.

Kontrolgjot akrilétas epoksidétas rapsu ellas (AERO) makromolekularaja rezga struktura

dinamiski kovalento saiSu saturu, iesp&jams izstradat UV ciet€joSus vitrimeru materialus.

Iegiitie vitriméri demonstréja termiski aktivétu transesterifikaciju, nodroSinot atkartotu

parstradi ar mehaniskas veiktsp&jas (o8 = 1,46 MPa, E = 12,4 MPa) atgiiSanu l1dz pat 98 %

péc pirma un 50 % péc otra cikla. Vitrime&ru sveki demonstrgja 3D drukajamibu ar augstu
iz8kirtsp&ju un struktiras atjaunoSanu, atjaunojot mehanisko izturibu (o picaugums lidz

199 %) un pagarinajumu (eg pieaugums lidz 288 %) p&c imitéta mehaniska bojajuma.
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ANNOTATION

This Doctoral Thesis addresses the problem of the excessive use of petroleum-based
products in the polymer materials industry and their insufficient reprocessing. Such reliance
contributes to resource depletion, environmental pollution, and increased challenges in waste
management due to the limited recyclability of conventional thermosetting polymers. To
demonstrate that a transition towards more sustainable solutions is possible, rapeseed, linseed,
and grapeseed oils were used as renewable, bio-based resources for polymer material
development. Vegetable oils and their polymer derivatives (fatty acid modified polyesters or
alkyds) were converted into photoactive compounds by modification with acrylates and
investigated under UV light-induced curing, which represents a faster, more energy-efficient,
and environmentally friendly alternative to conventional thermal curing.

Photoactive vegetable oil acrylates were synthesized using one-step or two-step
synthesis routes by optimizing reaction parameters and evaluating their influence on UV-curing
kinetics. At the same time, the incorporation of photoactive acrylate groups was also adapted
for linseed oil-based alkyds — materials of industrial importance in the coatings sector — via
epoxy ring-opening reactions. This modification significantly accelerated alkyd curing, reduced
the need for solvents, and preserved mechanical performance. UV-curable resin formulations
containing various reactive diluents, including bio-based ones, were developed to reduce resin
viscosity and improve the physical and (thermo)mechanical properties of the crosslinked
polymer networks. The suitability of the developed resins for wood coating applications was
evaluated by determining adhesion strength, pendulum hardness, and indentation depth.
Furthermore, to enhance the mechanical performance of the crosslinked materials, cellulose-
reinforced composites were developed while maintaining the renewable origin of the raw
materials. Finally, this work demonstrates the development of UV-curable vitrimers based on
acrylated epoxidized rapeseed oil, in which the content of dynamic covalent bonds within the
network was controlled. The obtained materials were thermally reprocessed, 3D printed, and
shown to exhibit structural recovery, significantly expanding their potential for reuse and
reprocessing.

The results of this Doctoral Thesis demonstrate the potential of vegetable oil-based
acrylates and their derivatives for the development of sustainable, functional, and reprocessable
polymer materials, offering an environmentally friendly alternative to petroleum-derived
polymers and broadening the practical application scope of UV-curable materials.
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GENERAL OVERVIEW OF THE THESIS

Introduction to State-of-the-Art

Nowadays, the polymer materials industry faces several challenges, primarily related to
the excessive use of non-renewable resources and the relatively slow implementation of novel
technological processes in industry. In 2019, global production of petroleum-based plastics
reached nearly 370 million tons, of which only about 9 % was recycled, indicating significant
limitations in the current circular system [1]. Considering the European Union’s Green Deal
goal to achieve climate neutrality by 2050, the transition to renewable feedstocks becomes
crucial to reduce dependence on petroleum products and ensure materials’ reprocessing. As a
sustainable, renewable source of biopolymers, vegetable oils have been extensively studied in
recent years. Interest in using vegetable oils in the polymer materials industry has grown
rapidly, and since 2015, the number of publications on their application in biopolymer
development has increased by more than 250 %. For example, rapeseed oil, which is suitable
for the climate in Latvia, represents an important renewable resource and an available
alternative feedstock for polymer material development.

Historically, vegetable oils such as linseed oil have been widely used in the polymer
industry, primarily in the production of varnishes and coatings. Over the last few decades,
interest in vegetable oils has significantly increased, driven by technological advances and the
expansion of biomass applications [2], [3]. Vegetable oils are mainly composed of triglycerides
(approximately 95 %); small amounts of mono- and diglycerides, free fatty acids,
phospholipids, tocopherols, polyphenols, and other compounds are also present [4]. The
reactive centers in the triglyceride molecules — double bonds, ester groups, allylic groups, and
bis-allylic groups — provide opportunities for extensive structural modification. Furthermore,
the viscosity (n) of vegetable oils makes them suitable for UV-curable resins, providing good
flow properties.

To effectively use rapeseed and other vegetable oils in biopolymer production,
particular attention is paid to their processing technologies. One of the modern solutions in
polymer production is photoinduced or ultraviolet (UV) light-induced curing technology,
which, as an alternative to thermal curing, provides faster reactions, lower energy consumption,
and reduced volatile organic compound (VOC) emissions. UV curing of vegetable oils is
possible after modifying the unsaturated double bonds remaining in the fatty acids by
introducing photoactive acrylate groups.

Acrylation of vegetable oils can be achieved using several synthetic pathways, among
which the conventional two-step epoxidation-acrylation route is the most widely applied.
Alternative approaches, such as direct one-step acrylation of double bonds, have also been
reported, although they are less extensively studied. The choice of synthesis method involves
trade-offs between reaction conditions, control, and susceptibility to side reactions. The two-
step method is well established and allows stepwise control over the formation of functional
groups, although it requires precise optimization of both the epoxidation and the subsequent
ring-opening reactions. In contrast, direct acrylation of double bonds represents a shorter and
more atom-efficient route, but typically requires strong catalysts and may be more sensitive to
reaction conditions.
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The two-step acrylation of vegetable oils starts with the epoxidation of the double bonds
in the triglyceride fatty acid residues, followed by the ring-opening of the oxirane with acrylic
acid (AA) (Fig. 1a). Double bond epoxidation, also known as the Prilezhaev reaction via in situ
generated peracid, has been widely used to obtain epoxidized soybean oil [5]. Under
uncontrolled conditions, side reactions such as acid- or water-induced epoxide ring opening and
other undesired reactions (e.g., H2O> decomposition) may easily occur in the aqueous phase, oil
phase, or at the interface [6]. Literature reports indicate that 60 °C is an optimal temperature for
the epoxidation reaction [7]. Kousaalya et al. observed that increasing the reaction temperature
from 40 °C to 60 °C increased the epoxidation yield from 58 % to 88 %. However, further
increase in temperature led to an increase in undesired epoxide ring-opening reactions, as
measured by a-glycol values [8]. Turco ef al. noted that linseed oil should be epoxidized at
lower temperatures to avoid epoxide ring-opening. Using a kinetic model, the authors calculated
that due to the high linoleic acid content in the triglyceride structure, linseed oil is 1.5 times
more reactive than soybean oil; therefore, during epoxidation, the reactivity toward ring-
opening was approximately four times higher than for soybean oil [9]. The effect of H2O2
addition rate on reaction yield is not widely studied; typically, H>O; is added over 30 minutes
to 60 minutes. Santacesaria ef al. demonstrated that the rate of H>O; addition has a minor effect
on double bond conversion and yield compared to the molar ratio of H2O> to double bonds used
in the reaction [10]. Formic or acetic acids are most commonly used catalysts. Some authors
suggest using H>SO4 or adding a solvent, or even additional free fatty acids, to achieve higher
epoxidation yields of vegetable oils [11], [12]. Interestingly, unlike most studies reporting that
peracid formation is the rate-limiting step of epoxidation, the same author reported that the
epoxidation reaction itself'is five times slower than peracid formation [13]. Incomplete reaction,
leaving unreacted double bonds in the fatty acid residues, can be caused by sterically hindered
access to reactive centers, uncontrolled reaction conditions (temperature, time, reactant molar
ratios), or, as reported by La Scala et al., differences in fatty acid reactivity [14]. Epoxidation
yield is usually reported as the epoxy value (EV, mol epoxy/100 g resin) or epoxy equivalent
weight (EEW, g resin/mol epoxide), most commonly determined by titration with in situ-
generated HBr [15]. Depending on the distribution of fatty acid residues in the triglyceride, the
EV typically ranges from 0.250 mol epoxy/100 g resin to 0.613 mol epoxy/100 g resin. The
relationship between these characteristic parameters is given by EV = 100/EEW. A comparison
of epoxidation reactions for different vegetable oils, considering reactant molar ratios and
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reaction conditions, is summarized in Table 1.
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Fig. 1. Synthesis of acrylated vegetable oils: a) two-step route via epoxidation; b) one-step
route using a catalyst.
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Table 1
Comparison of epoxidation reactions of various vegetable oils based on reactant molar
ratios and reaction conditions

Reported Caleulated Molar ratio,
Used iodine C=C/fatty (mol/mol) Time EV (mol Yield,
vegetable value . T (°C) | epoxy/100 Ref.
; acid nmo02/ | nacoon/ | (h) : %
oil (g /100 g . g resin)?
residue Jilene Ne=c
product)

Linseed 0.375-

oil 174 2.01 1.4 0.2 5-9 45-60 0.531b 55-77 | 9]

h

Jati)oif a 105 121 4.1 02 56 | 60-65 | 0252 61 | [16]
Soybean d 0.288-

oil - 1.53 2.0 0.6 1-7 45-55 0.481¢ 55-92 | [17]
Soybean ¢
oil alkyd 57.63 0.96 3.0 2.9 6 0 0.298 - [18]
Soybean

. - - 1.8 0.8 7 50 0.383¢ - [19]
oil
Perilla
oil 196.9 2.27 10.3 34 8 40-60 0.610" 91 [8]

2 For clarity and ease of comparison, the reaction yields are recalculated and presented in the table as EV, where
the relationship between the characteristic parameters is as follows: EV = 100/EEW, and EV = Oxirane oxygen
content/16.

b Reported value: Oxirane oxygen content is 6-8.5 g 0/100 g resin.

¢ Reported value: EEW = 397 g resin/mol epoxide.

4 Reported value: Number of starting double bonds is 4.60.

¢ Reported value: 2.4—4.6 epoxy groups/molecule.

fReported value: EEW = 335.7 g resin/mol epoxide.

¢ Reported value: Oxirane oxygen content = 6.13 %.

h Reported value: EEW = 164 g resin/mol epoxide.

In 2011, the acrylation of epoxidized soybean oil with AA in the presence of
triethylamine (TEA) was reported for the first time, aiming at the development of UV-curable
wood coatings [19]. The acrylation reaction of epoxidized soybean oil was carried out at 80 °C
for 15 h. The molar ratio of epoxidized vegetable oil to AA reported in the literature ranges
from 1:0.165 up to 1:10, depending on the content of fatty acid residues in the triglyceride [20].
A large excess of AA increases the reaction probability; however, there is also a risk of
polymerization to polyacrylic acid. Maassen et al. observed AA polymerization at 95 °C in
three situations: 1) using more than two equivalents of AA (per equivalent of epoxide); 2)
performing the reaction for longer than 7 h; 3) scaling the reaction to larger volumes [21].
Furthermore, unreacted AA after synthesis complicates the neutralization step, and its presence
in the acrylated vegetable oil resin can affect the final properties of the UV-curable coating. In
the literature, the acrylation reaction of epoxidized fatty acid residues is reported at
temperatures ranging from 60 °C to 120 °C. It should be noted that 110 °C is considered the
“upper limit” for acrylation, as higher temperatures may lead to AA polymerization [22];
conversely, Chu et al. reported 120 °C as the optimal temperature for the acrylation of
epoxidized soybean oil [23]. Similarly, the reaction time for acrylation varies significantly in
the literature, ranging from 2.3 h to 40 h [20]. The quantitative yield of epoxidized vegetable
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oil acrylation is mostly not reported. Researchers usually evaluate the reaction progress based
on the decrease in EV values or the amount of AA consumed, determined via titration of the
acid value with ethanolic KOH solution [24]. Saithai et al. determined the quantitative yield of
acrylated soybean oil (AESO) using 'H-NMR spectroscopy, reporting 1.54-2.76 acryl groups
per molecule depending on the epoxidation yield of the soybean oil [17]. A comparison of the
acrylation reactions of different epoxidized vegetable oils, including both reactant molar ratios
and reaction conditions, is summarized in Table 2.

Table 2

Comparison of acrylation reactions of various epoxidized vegetable oils based on reactants
and reaction conditions

lculat
Usefi Caleulated Molar ratio . Reported end of
epoxidized EV (mol . Time .
NAAMepoxide, Catalyst Inhibitor T (°C) the reaction/ Ref.
vegetable epoxy/100 (h) .
. . (mol/mol) yield
oil g resin)
AV =1.15mg
KOH/g resin,
Epoxidized | 5 1.41 TPP, 1 wt% BHT, 6 | 9095 | Oxirancoxygen |,
soybean oil 0.03 wt% content =
0.012 g 0/100 g
resin
Epoxidized T}rllfsh ehni}rllt 4-tert- AV =5mg
P 4 0.425 125 piiosp butyleatechol, | 6 120 | KOH/gresin, | [23]
soybean oil oxide, 0.15 wi% 05 %
1.5 wit% oW i
- 1.54-2.76
Epoxidized - 1o 10 - HQ 7 110 | acrylic groups/ | [17]
soybean oil
molecule
Epoxidized TPP, o
. . . . — - 2
linseed oil 0.563 0.89 0.059 wi% HQ, 0.5 wt% 2.3 60-75 [25]
AV =10 mg
o KOH/g resin,
Epoxidized N MEHQ, 80— )
. 22
soybean oil 0.375 4 TEA, 1 wt% 05 wi% 40 110 Oxirane oxygen | [22]
content =
0.15 %
Epoxidized AV =6.2mg
. . . 19
soybean oil 0.383 06 TEA HQ 15 80 KOH/g resin (191

In 2013, Zhang et al. reported a direct addition of AA to the double bonds present in the
fatty acid residues of triglycerides in the presence of a BF3-OEt: catalyst (Fig. 1b)) [26]. This
synthesis approach offers advantages in terms of time and atom economy compared to the two-
step synthesis via epoxidation. Moreover, after synthesis, it was possible to recover up to 86 %
the starting materials (unreacted acrylic acid and catalyst). Using 'H-NMR, the authors
determined 3.09 acryl groups per molecule, corresponding to a 76 % yield assuming an average
of 4.08 double bonds in the fatty acid residues of soybean oil. Subsequently, based on a
literature analysis of catalysts for carbonyl and alkene double bond reactions, the same authors
tested other catalysts for the direct acrylation of soybean oil [27]. They observed that, for both
Bronsted and Lewis acids, the catalytic activity in soybean oil acrylation depended on acidity
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in the following order: BF3-OEt, > FeCl; > SnCls > TiCl4 and pTsOH > MsOH > Amberlyst
15. High catalyst concentrations not only accelerated the reaction but also ensured higher yields
of up to 3.26 acryl groups per molecule. The authors further investigated the reaction
conditions, concluding that temperatures above 80 °C led to side reactions, including AA
polymerization. Later, another research group applied this synthesis method to produce
acrylates from various vegetable oils, including palm, olive, peanut, rapeseed, corn, and
grapeseed oils [28]. They observed that the number of acryl groups per molecule increased with
the degree of unsaturation of the vegetable oil, while the reaction rate decreased due to steric
hindrance, limiting further acryl group addition. After UV curing, vegetable oils with higher
acryl group content exhibited higher crosslinking density, which is a quantitative measure
describing the number of crosslinked nodes per unit volume of the polymer (mol/m?). Higher
crosslinking density influenced the thermomechanical and mechanical properties of the
materials, resulting in increased glass transition temperature (T,), maximum strength (o) and
tensile modulus (E). Among the oils studied, acrylated grapeseed oil exhibited the highest Ty
(50 °C), E (8.94 MPa), and a yield of 2.17 acryl groups per molecule, as determined by 'H-
NMR spectroscopy.

Overall, the two-step epoxidation-acrylation synthesis route remains the most
established over time and is more widely applied for the modification of various vegetable oils.
However, it involves two reaction steps. One-step acrylation of vegetable oils provides a more
straightforward synthetic route with reduced reaction time, although its efficiency and
selectivity depend strongly on catalyst choice and reaction conditions. Consequently, the choice
between these approaches depends on the desired balance between process simplicity and
control over functional groups, as these factors influence the structure, reactivity, and suitability
of the resulting materials for applications.

With the expansion of the sustainability concept, the development of resin formulations
has become increasingly important, as modern materials must meet not only ecological criteria
but also the requirements of advanced manufacturing technologies. The rapid development of
industrial processes has led to the consolidation of the Fourth Industrial Revolution, or
Industry 4.0, which is based on the integration of digital and automation technologies in
manufacturing [29]. One of the most significant trends in this context is additive manufacturing,
characterized by the layer-by-layer formation of three-dimensional (3D) objects from a digital
model using digitally controlled equipment. Additive manufacturing technologies include
material extrusion, binder jetting, powder layer fusion, sheet lamination, and vat
photopolymerization [30]. Among vat photopolymerization methods, digital light processing
(DLP) and stereolithography (SLA) 3D printing are widely used, in which UV-induced
polymerization occurs layer by layer, either uniformly or pointwise, by irradiating a liquid resin
layer with a laser [31]. UV-curable resins for 3D printing provide high resolution, excellent
surface quality, and efficient use of raw materials, making them suitable for the production of
complex parts [32]. Most UV-active resins are acrylate derivatives, which account for
approximately half of the polymer materials used in 3D printing [33]. Several studies have
already reported that 3D-printed materials containing acrylated vegetable oils can achieve
mechanical properties comparable to commercially available 3D-printed materials based on
petroleum-derived monomers. For example, 3D-printed soybean oil methacrylate with 78 %
bio-based content exhibited a o of 43.7 MPa [34]. Meanwhile, one-step synthesized AESO
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oligomers showed excellent thermomechanical properties with T values of 128—-130 °C. In
addition, the UV light penetration depth reached 0.277 mm, which is higher than that of widely
used commercial resins [35]. These examples clearly demonstrate the potential of vegetable
oils for 3D printing. The development of such manufacturing technologies significantly
increases the demands on the formulation of photoactive resins and the optimization of their
parameters for specific applications, including viscosity, reactivity, and the mechanical
properties of the final material.

Acrylated vegetable oils are characterized by high viscosity, which can exceed
17 000 mPa-s [36]. The high viscosity arises from the long alkyl chains of the molecules due
to the possibility of entanglements, which increase the resistance to flow, as well as
intermolecular interactions, including hydrogen bonding between hydroxyl, acrylate, and ester
groups. High viscosity limits the processability of resins in both 3D printing and surface coating
applications, as these processes require uniform material flow. To address these issues, UV-
curable formulations typically incorporate reactive diluents — monomers and oligomers with
low viscosity that not only reduce the system’s viscosity but also participate in photoinitiated
crosslinking reactions [19]. The use of reactive diluents eliminates the need for conventional
solvents and ensures integration of all components into the polymer network. Common choices
include mono-, di-, or multifunctional (meth)acrylates such as isobornyl acrylate (IBOA),
tripropylene glycol diacrylate (TPGDA), trimethylolpropane tri(meth)acrylate (TMPT(M)A),
and 1,6-hexanediol diacrylate (HDDA) [37]. The selection of reactive diluents is based on
optimizing the balance between viscosity, reactivity, and the thermomechanical properties of
the UV-cured material, tailoring the resin formulation for specific applications.

Unfortunately, most commercially available reactive diluents are derived from
petroleum, raising sustainability and toxicity concerns. Consequently, recent research has
increasingly focused on developing alternative bio-based reactive diluents. The literature
describes the synthesis and application of reactive diluents in UV-curable systems from
renewable feedstocks such as ricinoleic acid [38], cardanol [39], furan derivatives [40], castor
oil [41], and eugenol [42], among others. There are also reports on the use of esters containing
internal double bonds as reactive diluents in UV-curable resins, most commonly as maleate or
fumarate derivatives [43], [44]. Although internal double bonds exhibit lower reactivity in UV
curing compared to terminal double bonds — mainly due to steric hindrance, m-electron
delocalization, and the presence of neighboring electron-withdrawing groups — they are widely
used because they enable the incorporation of ester chains into the polymer network and
influence the properties of the final product. An interesting study by Northrop et al. compared
four compounds with internal double bonds in a free-radical thiol-ene “click” reaction,
observing the following reactivity order: norbornene > fumarate > maleimide > crotonate [45].
The presence of internal double bonds in the macromolecule can impart flexibility or a
plasticizing effect, and such esters are therefore often combined with other acrylates to enhance
overall photopolymerization rates and the crosslinking density of the polymer [46].
Furthermore, the use of bio-based esters allows for a reduction in the proportion of petroleum-
derived acrylates in the formulation. This approach, as well as its influence on the
photopolymerization process and the properties of the crosslinked material, is discussed in
detail in the third chapter of this Thesis.
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Acrylates are also widely used as the main component in surface protective coatings,
forming durable and aesthetically appealing polymer layers. Their functionality enables the
tuning of coating properties such as adhesion, hardness, and flexibility. In the coatings industry,
there is a growing demand for products with lower VOC content, including reduced solvent
content, as solvent emissions are the second-largest source of air pollution after automobile
emissions [47]. UV-curable coatings are typically formulated solvent-free, enabling rapid
curing at room temperature, which increases production throughput and saves floor space in
manufacturing facilities. Although the fastest growth of the UV-curable coatings market is
observed in Asia, projected growth in Europe and North America is approximately 9 % per
year, significantly higher than the average growth of the traditional coatings industry [48]. In
response to increasingly stringent environmental regulations, the inclusion of biomass,
including vegetable oils, in UV-curable coating formulations has become an increasingly
popular topic in both scientific research and industry [49]. The literature has reported the
potential of vegetable oil derivatives as sources for UV-curable coatings, including derivatives
of castor oil [50], tung oil [51], jatropha oil, and palm oil [52]. These are used to protect wood,
metal, plastic, and paper surfaces from corrosion, chemicals, and atmospheric exposure [53].
Using vegetable oils in UV-curable coatings enables a wide range of mechanical properties,
including high hardness, adhesion, flexibility, and other physical parameters. Such coatings
have been investigated for specialized applications such as antimicrobial [54], flame-retardant
[55], high-performance [56], and nanocomposite coatings [57].

The potential of UV-curable materials is also being evaluated in structural material
systems. Polymer matrices and fiber-reinforced composites represent a critical area of materials
science, providing combinations of properties that cannot be achieved with individual
components alone. Although commonly used composites exhibit high mechanical performance,
their production relies on petroleum-based polymer matrices (epoxides, polyester resins) and
glass or carbon fiber reinforcement, the production of which is energy-intensive [58]. The long-
term use of such composites is contrary to the principles of a circular economy. The
development of alternative composites based on renewable feedstocks has become an important
field in materials science over the past decade. Hemp fibers are a promising natural fiber
substitute for synthetic fibers. They are mechanically strong, have a high cellulose content, and
require significantly less energy for production compared to glass or carbon fibers — literature
reports indicate energy savings of up to 80 % [59].

It should be noted, however, that natural fibers are less homogeneous than synthetic
ones, as their properties vary considerably depending on growth conditions, climate, and
processing methods. This limitation can be mitigated by producing more uniform fiber
structures, such as paper. Nanopaper (NP), obtained by fibrillating cellulose nanofibers,
provides a uniform fiber distribution and a high surface area. Such a structure is well-suited for
matrix impregnation, for example, with bio-based resins, as capillary effects and porosity
enable efficient resin infiltration into the fiber network [60]. The preparation of NP is
particularly economically advantageous when using various waste products containing natural
fibers, as they can be easily processed (ground, pulped, pressed) using established and simple
methods [61]. The development of composites using a UV-curable vegetable oil impregnation
approach is discussed in the fourth chapter of this Thesis.
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Despite advances in the development and application of bio-based resins, a significant
challenge remains their reprocessability. Traditional UV-curable thermosetting materials form
irreversible 3D crosslinked networks upon photopolymerization, which severely limit their
flowability and reprocessing potential [62]. In recent years, increasing attention has been
directed toward introducing dynamic covalent bonds into thermosetting polymers to develop
reprocessable materials [63]. Such structures, known as vitrimers, combine the mechanical and
thermal resistance of thermosets with the reprocessability of thermoplastics. In vitrimers,
dynamic covalent bonds undergo exchange reactions at elevated temperatures, allowing
topological rearrangement of the material. Transesterification is one of the most extensively
studied exchange reactions due to the ease of incorporating ester and hydroxyl groups into
thermosetting systems [64], [65]. Most reported vitrimers are developed via thermal curing,
which is both energy-intensive and time-consuming, often requiring up to 12 h for complete
curing [66]. The low energy consumption and short processing time characteristic of UV curing
make it an efficient and sustainable method for vitrimer development [67]. Moreover, UV-
curable vitrimers are particularly promising for modern manufacturing technologies, such as
3D printing, combining the ability to produce complex geometries with the possibility of
reusing materials after end-of-life [68]. This approach is especially relevant for the development
of bio-based polymer materials, as it enables the integration of sustainable feedstocks with
reprocessability.

The present study aims to address the aforementioned challenges by synthesizing and
formulating UV-curable resins from renewable feedstocks with deliberately tailored molecular
structures. This approach enables the control of curing kinetics, the development of materials
with tunable (thermo)mechanical properties, and the potential for material reprocessability. To
achieve this, specific steps were followed in the development of UV-curable resins.

First, the selection of appropriate starting materials and their chemical functionality is
crucial in designing UV-curable resins, as these factors determine resin reactivity during UV
curing and the final material properties. Various vegetable oils — rapeseed, linseed, and
grapeseed oils — were chosen as renewable feedstocks based on their availability, chemical
structure, and potential for application in sustainable UV-curable materials. Rapeseed and
linseed oils are readily available and suitable for cultivation under Latvian climatic conditions,
whereas grapeseed oil, although less abundant, was selected due to its high content of double
bonds per molecule. This selection allows the evaluation of how double-bond content
influences acrylation efficiency and subsequent UV-curing reactivity. Unlike the widely studied
and commercialized AESO, the acrylation of rapeseed oil and its application in UV-curable
materials have so far been reported in only a few studies, making this work a novel contribution
to the exploration of locally sourced vegetable oils.

Second, the introduction of photoactive groups into vegetable oil structures and the UV-
curing concept was extended to the industrially established alkyd resins. Alkyds are
traditionally used in coatings due to their good adhesion and flexibility, but their curing
typically relies on metal-catalyzed oxidative drying, which is time- and energy-intensive. In
this step, the alkyd structure was modified by incorporating a controlled number of acrylate
groups, enabling a controllable UV-curing process. This approach combines the functional
advantages of alkyds with the benefits of UV-curing technology.
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Third, UV-curable resin formulations were developed and optimized by selecting and
combining reactive diluents in various weight percentages (wt%) to achieve specific rheological
and mechanical properties, including appropriate viscosity, curing rate, and mechanical
strength. Monofunctional reactive diluents generally reduce the E and increase the plasticity of
the crosslinked material, producing flexible materials. In contrast, di- and multifunctional
reactive diluents increase E and reduce plasticity, yielding stiff but brittle materials. Higher
functionality of reactive diluents accelerates curing and ensures higher crosslink density [69].
For example, HDDA and TPGDA significantly reduce the viscosity of UV-curable
formulations, while trifunctional monomers such as TMPTA and TMPTMA considerably
increase the polymer’s crosslink density and, consequently, Tg. Similarly, bulky diluents such
as IBOA raise Tg, whereas linear monomers like TPGDA and HDDA improve material
flexibility [70], [71]. The careful selection and optimization of reactive diluents ensures resin
suitability for 3D printing and coating applications. While most commercially available reactive
diluents are petroleum-derived, there is growing interest in renewable alternatives. For
example, photoactive furan derivatives have demonstrated higher hardness, E, and Tg in UV-
cured coatings compared to petroleum-derived HDDA [40]. The third chapter of this Thesis
analyzes a new furan derivative as a bio-based reactive diluent.

Fourth, the application of the synthesized photoactive vegetable oil derivatives was
evaluated in three areas: (1) wood surface protective coatings, (2) nanocomposite development
using acrylated vegetable oils as binders, and (3) DLP-type 3D printing. Resin and product
curing rates, adhesion, hardness, thermal and (thermo)mechanical properties were analyzed,
and the suitability of the materials for each application was assessed.

Fifth, the content of dynamic covalent bonds in the formulations was controlled to
develop vitrimer materials based on thermally activated transesterification reactions. This
approach enables the materials to retain mechanical and thermal stability while providing
reprocessability and structural recovery after damage through covalent bond exchange at
elevated temperatures. The introduction of the necessary functional groups into the vegetable
oil structure is the first step toward obtaining UV-curable vitrimers. Consequently, the acrylated
epoxidized rapeseed oil (AERO) used in this study was synthesized via epoxide ring opening,
introducing additional -OH groups to enhance vitrimer reprocessability. The resulting vitrimer
resin formulations were applied in 3D printing, demonstrating their utility in additive
manufacturing. Key product development parameters, including catalyst influence and stress
relaxation, were analyzed to ensure final material performance and reprocessability. The
development of vitrimers using AERO allows assessment of the material’s reprocessability
potential, an essential aspect of environmentally friendly polymer materials.

The synthesized and formulated resins, as well as the crosslinked materials, were
characterized for a wide range of properties using the following analyses and tests: Fourier-
transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), size-exclusion
chromatography (SEC), rheology, photorheology, photo-differential scanning calorimetry
(photo-DSC), scanning electron microscopy (SEM), dynamic mechanical analysis (DMA),
tensile testing, adhesion testing, microhardness testing, slip friction testing, pendulum hardness
testing, indentation depth testing, ultraviolet-visible spectroscopy (UV-Vis), thermogravimetric
analysis (TGA), biodegradation studies, density measurement, dielectric spectroscopy (DS),
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TGA-FTIR coupled analysis, and optical microscopy. Detailed descriptions of these methods
can be found in the respective publications.

The Doctoral Thesis combines the use of vegetable oils as renewable resources, modern
energy-efficient UV-curing technology, and material structural functionality, resulting in
innovative, environmentally friendly, and reprocessable materials. This approach not only
reduces reliance on non-renewable resources but also promotes the implementation of circular
economy principles in materials science.

Aim and Objectives

The Doctoral Thesis aims to develop polymer resins derived from vegetable oils with a
controllable molecular structure for application in UV-curable thermosetting materials with
tunable performance and reprocessing properties.

To achieve this aim, the following objectives were defined.

1. To synthesize acrylated derivatives of rapeseed, linseed, and grapeseed oils using one-step
or two-step synthesis routes, and to optimize the synthesis reaction parameters in
accordance with the chemical reaction mechanisms.

2. To develop UV-curable resin formulations with a deliberately tailored molecular structure
using the synthesized vegetable oil acrylate derivatives, reactive diluents, and
photoinitiators.

3. To investigate the influence of UV-curing kinetics and crosslinked polymer network
structure on the physical-mechanical properties of thermosetting polymer materials, and to
evaluate their application in wood coatings and 3D printing.

4. To control the content of dynamic covalent bonds within the crosslinked polymer network,
to assess the reprocessability and structural recovery potential of the resulting vitrimer
materials, and to investigate their applicability in 3D printing technologies.

Theses to Defend

1. By deliberately tailoring synthesis methods, reaction parameters, and formulation
composition, it is possible to control the macromolecular structure of acrylated vegetable
oil derivatives, UV-curing kinetics, and crosslinked polymer network density, thereby
obtaining UV-curable resins with tunable final material properties.

2. UV-curable resin formulations can be developed with application-specific viscosity and
physical-mechanical properties, making them suitable for the formation of highly
crosslinked polymer coatings.

3. UV-curable acrylated vegetable oil-based polymer materials can be used as matrix binders
for natural fiber composites, where incorporated cellulose reinforcement provides
enhanced physical-mechanical properties.

4. By controlling the content of dynamic covalent bonds in the crosslinked polymer network,
it is possible to obtain 3D-printable vitrimer materials which, based on a thermally
activated transesterification reaction mechanism, enable reprocessability and structural
recovery.
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Scientific Novelty

Optimized one-step and two-step acrylation synthesis methods for rapeseed, linseed, and
grapeseed oils were developed, enabling controlled tailoring of molecular structure to
obtain materials with controlled photoactive group content and UV-curing kinetics.

It was demonstrated that the introduction of photoactive groups into alkyd structures,
without the use of halogenated products, combines the characteristic performance
properties of alkyds with the advantages of UV-curing technology, providing a fast and
controllable curing process.

Relationships between molecular structure, reactive diluent content, curing kinetics, and
physical-mechanical properties were established, allowing targeted regulation of
crosslinking density in UV-curable resins and adaptation of materials for specific
applications (wood coatings, 3D printing).

The use of UV-curable vegetable oil-based resins as matrix binders for natural fiber
composites was demonstrated, showing effective matrix-fiber interaction and significant
improvements in (thermo)mechanical properties.

Acrylated vegetable oil-based vitrimer materials with controlled dynamic covalent bond
content were developed, where vitrimer stress relaxation behavior is governed by a
thermally activated transesterification reaction, enabling reprocessability and structural
recovery.

Overall, this Thesis provides a novel scientific contribution to the development of bio-
based, UV-curable, and reprocessable polymer formulations by integrating synthesis,
molecular design, and curing kinetics, and by demonstrating their application in coatings,
3D printing, and natural fiber composite materials.

Practical Significance

The synthesized photoactive acrylates of rapeseed, linseed, and grapeseed oils can be used
for the production of highly crosslinked polymer coatings, providing rapid curing, a tunable
profile of physical-mechanical properties, and demonstrating the potential of vegetable oils
obtainable in Latvia to replace petroleum-based raw materials.

The results of this study demonstrate a halogen-free synthesis route for UV-curable alkyd
resins derived from linseed oil, which enhances material sustainability, reduces
environmental pollution, and complies with modern requirements for sustainable
manufacturing.

UV-curable vegetable oil-based polymer materials used as matrix binders for natural fiber
composites exhibit applicability in materials with improved (thermo)mechanical
properties, making them suitable for composite material technologies.

Acrylated vegetable oil-based vitrimer materials with a controlled content of dynamic
covalent bonds enable the development of reprocessable, reusable, and repairable
thermosetting polymers suitable for 3D printing technologies.
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Structure and Volume of the Thesis

The Doctoral Thesis is prepared as a summary of scientific publications dedicated to the
synthesis and characterization of bio-based UV-curable resins, the investigation of their
application in wood coatings, composite materials, and 3D printing, as well as the evaluation
of their reprocessing potential. The Thesis includes five original scientific publications
published in peer-reviewed scientific (SCI) journals. The overall structure of the Thesis is

graphically illustrated in Fig. 2.
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Fig. 2. General structure of the Thesis.
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Publications and Approbation of the Thesis

The results and achievements obtained in the Doctoral Thesis have been published in
five original scientific publications. During the development of the Doctoral Thesis, the main
results were presented at five scientific conferences.

SCI publications

1. Briede, S., Platnieks, O., Barkane, A., Sivacovs, I., Leitans, A., Lungevics, J., &
Gaidukovs, S. (2023). Tailored Biobased Resins from Acrylated Vegetable Oils for
Application in Wood Coatings. Coatings, 13(3), 657. IF = 2.8, Q2.

2. Briede, S., Biemans, T., Platnieks, O., & Gaidukovs, S. (2025). Tailored UV-curable
acrylated linseed oil-based alkyds: Optimizing crosslinking and coating performance
through functionalization and reactive diluent design. Polymer, 323, 128227. IF =4.5, Q1.

3. Briede, S., Platnieks, O., Darzina, M., Jirgensons, A., & Gaidukovs, S. (2023). Effect of
novel furan-based ester reactive diluent on structure and properties of UV-crosslinked
acrylated rapeseed oil. Journal of Polymer Science, 61(24), 3318-3328. IF = 3.6, Q1.

4. Platnieks, O., Briede, S., Grase, L., Thakur, V., J., & Gaidukovs, S. (2023). Fully Bio-
Based Thermoset Composites from UV Curable Prepregs: Vegetable Oil Acrylate
Impregnated Hemp Nanopaper. Polymer Composites, 44(9), 5721-5733. IF = 4.7, Q1.

5. Greivule, S., Besprozvannaja, 1., Porcarello, M., & Gaidukovs, S. (2026). Reprocessable
and Repairable Bio-Based Vitrimers from Acrylated Epoxidized Rapeseed Oil for Additive
Manufacturing. Macromolecular Materials and Engineering. 1F=4.6, Ql, doi:
10.1002/mame.70228. (Accepted).

Scientific conferences

1. Briede, S., & Gaidukovs, S. 3D printing and reprocessing of rapeseed oil-based vitrimers.
European Polymer Congress, Groningen, The Netherlands, June 22-27, 2025.

2. Briede, S., Biemans, T., & Gaidukovs, S. Synthesis of highly functional UV-curable alkyd
resins for wood coating application. European Regional Meeting of the Polymer
Processing Society, Ferrol, Spain, September 30 — October 3, 2024.

3. Briede, S., Jurinovs, M., & Gaidukovs, S. Rheological behavior of photoactive vegetable
oil for extrusion-based UV-assisted 3D printing. Nordic Rheology conference, Aarhus,
Denmark, May 31 — June 2, 2023.

4. Briede, S., Jurinovs, M., & Gaidukovs, S. Tailored biobased UV-curable resins from
acrylated vegetable oils for application in wood coatings. Renewable Resources &
Biorefineries, Riga, Latvia, April 12—-14, 2023.

5. Briede, S., Jurinovs, M., & Gaidukovs, S. Photoactive vegetable oil synthesis for high-
performance extrusion UV-light cured 3D printing. Nordic Polymer Days, Gothenburg,
Sweden, June 1-3, 2022.
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Other scientific publications produced during the preparation of the Doctoral Thesis
Platnieks O., Beluns S., Briede S., Jurinovs M., & Gaidukovs S. (2023). Cellulose
synergetic interactions with biopolymers: Functionalization for sustainable and green
material design. Industrial Crops and Products, 204, 117310.

Briede, S., Jurinovs, M., Nechausov, S., Platnieks, O., & Gaidukovs, S. (2022). State-of-
the-art UV-assisted 3D printing via a rapid syringe-extrusion approach for photoactive
vegetable oil acrylates produced in one-step synthesis. Molecular Systems Design &
Engineering, 7(11), 1434—1448.

Briede, S., Barkane, A., Jurinovs, M., Thakur, V. K., & Gaidukovs, S. (2022). Acrylation
of biomass: a review of synthesis process — know-how and future application
directions. Current Opinion in Green and Sustainable Chemistry, 35, 100626.

. Barkane, A., Jurinovs, M., Briede, S., Platnieks, O., Onuftijevs, P., Zelca, Z., & Gaidukovs,
S. (2022). Biobased Resin for Sustainable Stereolithography: 3D Printed Vegetable Oil
Acrylate Reinforced with Ultra-Low Content of Nanocellulose for Fossil Resin
Substitution. 3D Printing and Additive Manufacturing, 10(6), 1272—-1286.

. Jurinovs, M., Rukavisnikovs, N., Greivule, S., Starkova, O., Kovalovs, A., Brunavs, J.,

Macutkevi¢, J., Juhnevica, 1., Platnieks, O., & Gaidukovs, S. (2026). Nanostructure-
reinforced epoxy-acrylate interpenetrated networks for UV-curable high-performance
coatings. Reactive and Functional Polymers, 221, 106664.
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MAIN RESULTS OF THE THESIS

Synthesis of acrylated vegetable oils, photopolymerization kinetics, and
application in UV-curable wood coatings (Publication 1)

To investigate the application of vegetable oils in the development of UV-curable wood
coating resins, three vegetable oils were initially acrylated: rapeseed oil, which is widely
available in Latvia, and, for comparison, two oils rich in double bonds — linseed oil and
grapeseed oil. The acrylated oils were obtained via an optimized one-step synthesis process
using BF3-OEt; as a catalyst (Fig. 3 a)), as described in the introduction and following a
synthesis protocol similar to that published in 2013 [26]. After synthesis, the acrylated oils were
named as ARO, ALO, and AGO, respectively.

The synthesis was optimized under laboratory conditions to a defined protocol:
vegetable oil (1 mol C=C) was mixed with acrylic acid (AA) (2.1 mol) in a round-bottom flask,
followed by the slow addition of the catalyst (0.21 mol). The reaction mixture was stirred and
maintained at 80 °C for 5 h, after which it was left at room temperature overnight. At the end
of the reaction, hexane was added to dissolve the organic phase, which was then washed with
aqueous NaHCO3 and NaCl solutions to neutralize and remove residual AA and catalyst. The
organic phase was dried over NaxSOy, filtered, and the solvent was evaporated under reduced
pressure. ARO, ALO, and AGO were obtained as viscous, dark yellow resins. The obtained
resins were analyzed by 'H-NMR spectroscopy; as a representative example, the spectra of
rapeseed oil (RO) and ARO are shown in Fig. 3 b).

First, the key photopolymerization characteristics of the vegetable oils were determined
and are summarized in Table 3 [72]. To study the double-bond conversion (DBC) of the
terminal acrylate groups of the synthesized vegetable oils after UV curing, as well as the
photopolymerization kinetics, viscosity was measured, Fourier transform infrared (FTIR)
spectra were recorded at different irradiation times, and photo-differential scanning calorimetry
(photo-DSC) measurements were performed. DBC represents the extent of conversion of
reactive acrylate carbon double bonds into a covalently bonded structure during UV curing,
reflecting the efficiency of network formation. The viscosity of the acrylated vegetable oils
ranged from 430 mPa's to 1305 mPa-s (ARO < AGO < ALO) at shear rates from 10 s to
100 s7!, ensuring optimal resin flowability and representing an important parameter for coating
development [48], [72].

The DBC ranged from 69 % to 85 %, with ARO exhibiting the highest conversion,
which correlates with the highest reaction yield (57 %, 2.14 acrylate groups per molecule). The
maximum polymerization rate of AGO was reached at 9.5 s (tmax rate) at 5.1 % conversion and
was the highest among the samples, indicating rapid initial reactivity but early
diffusion-controlled (molecular mobility-controlled) polymerization, which hinders further
reaction progress. In contrast, ARO polymerization proceeded slightly longer due to its higher
acrylate functionality and lower viscosity.
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Table 3
Characteristics of acrylated vegetable oils [72]

Synthesis UV curing
Acrylated Fatty acid res%due Acr?/l groups | o - ction N DBC | tyume | DBC at max.
vegetable | double bonds (in the in the . N o o
oils triglyceride) molecule yield (%) | (mPass) | (%) ©) rate (%)
ARO 3.74 2.14 57 430 85 9.8 4.5
ALO 5.99 1.62 28 1305 69 13.1 2.4
AGO 4.56 1.67 38 1140 76 9.5 5.1

To develop wood coatings from the synthesized oils, resin formulations were prepared.
In this study, ARO, ALO, and AGO were mixed with a bio-based, low-viscosity glycerol
propoxy triacrylate (GPT) (n = 91 mPa-s at shear rates from 10 s™! to 100 s™!), which serves as
areactive diluent and, being a trifunctional monomer, provides a high polymer crosslink density
[73]. The polarity of GPT and its compatibility with acrylated vegetable oil resins were
evaluated by dissolving it at room temperature in various substances and solvents of increasing
polarity: rapeseed oil, acrylated vegetable oils, ethanol, methanol, and water. To initiate
photopolymerization, the photoinitiator 2,4,6-trimethylbenzoyl diphenylphosphine oxide was
added. In total, nine resin formulations were prepared, in which two acrylated vegetable oils
were mixed in a one-to-one ratio: (1)three vegetable oil acrylate formulations
(e.g., ARO/ALO); (2)three vegetable oil acrylate formulations with 5 wt% GPT
(e.g., ARO/ALO_GPTS5); and (3) three vegetable oil acrylate formulations with 20 wt% of GPT
(e.g., ARO/ALO_GPT20). A simplified scheme of the preparation of UV-curable wood
coatings is shown in Fig. 3 c).
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Fig. 3. a) One-step synthesis scheme of ARO; b) 'H-NMR spectra of RO and ARO resins
[72]; ¢) schematic illustration of the preparation of UV-curable coatings.

70



The (thermo)mechanical properties were determined for free-standing UV-cured resin
films. Samples cured in this manner provide information on the performance of the crosslinked
polymer network, which helps to better understand and predict the mechanical and
thermomechanical behavior of the coating on a substrate (wood). For example, a higher elastic
modulus (E) or glass transition temperature (Tg) in irradiated free-standing films often
correlates with higher scratch resistance and improved chemical resistance, whereas more
flexible films are associated with higher impact resistance and resistance to crack formation
[74]. First, the storage modulus (E") was determined using dynamic mechanical analysis
(DMA), which characterizes how much energy the material can store under elastic deformation.
The E’ curves of the irradiated samples within the investigated temperature range indicated a
stable, thermally resistant crosslinked polymer network (Fig. 4 a)). At lower temperatures, for
example, —30 °C, the addition of GPT increased the E’ value from 805.5 MPa for the ARO/ALO
sample to 1182.3 MPa for the ARO/ALO_GPT20 sample. At room temperature (20 °C), the
addition of GPT increased the E’ value from 13.7 MPa to 34.0 MPa for these samples,
indicating a higher polymer crosslink density, increased stiffness, and lower molecular weight
between crosslinks. The crosslink density calculated from DMA data for these samples
increased from 1.5-10° mol/m® to 2.1-10* mol/m>. The obtained E' values are characteristic of
crosslinked UV-curable polymers and indicate a balanced combination of stiffness and
elasticity [75]. The loss modulus (E") characterizes how much energy is dissipated as heat
during deformation, i.e., the viscous or energy-dissipating component of the material. By
dividing E” values by E' values, the loss factor (tand) curve is obtained, which shows how
“mobile” or “relaxed” the polymer chains are at a given temperature. The peak of this curve
reflects the onset of segmental mobility relaxation of polymer chains and is often associated
with Ty. However, it should be noted that there is still debate as to whether T, is more accurately
determined from the peak of the E” curve or from the peak of the tand curve, as both parameters
provide similar but not identical information about polymer segmental motion [76]. In the tand
plot (Fig. 4 b)), a shift of the peak toward higher temperatures is observed with increasing GPT
content, indicating restricted chain mobility and increased polymer crosslink density. At the
same time, the height of the tand peak decreased, reflecting a reduction in relaxation intensity,
i.e., a smaller number of segments capable of moving during deformation, and indicating a
stiffer polymer network. Finally, with the addition of GPT, a broadening of the tand curve was
observed, reflecting heterogeneity in crosslink distribution. Unfortunately, this may also result
in non-uniform mechanical behavior of the samples [77].

Next, the stress-strain (o-€) curves of the UV-curable materials and the calculated E
values were analyzed (Fig. 4 c¢) and d)). The addition of GPT leads to nonlinear structure-
property relationships. A certain correlation is observed between the shift of the tand peak to
higher temperatures/lower tand peak intensity (from DMA) and higher E/maximum strength
(oB) values; however, a contradiction is evident for samples with 5 wt% GPT, as their
mechanical strength values decrease. This indicates network inhomogeneity and possible phase
separation, with the GPT monomer forming domains. This was investigated using scanning
electron microscopy (SEM) (Fig. 4 e)). In the representative SEM cross-sectional image (ii), a
heterogeneous microstructure is observed, which likely results from phase separation between
acrylated oils and GPT at an early stage of curing and may be one of the reasons for the decrease
in o [78]. The rough and heterogeneous microstructure observed in both ARO/ALO and
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ARO/ALO_GPTS5 samples indicates possible local stress concentration, where cracks mainly
initiate at phase boundaries. This reduces the E values, which are similar for these samples
(from 7.1 MPa to 10.5MPa). In contrast, the homogeneous morphology of the
ARO/ALO_GPT20 sample indicates that GPT is uniformly integrated into the polymer
network, with no pronounced phase boundaries, and the applied tensile load is not localized.
Stress is distributed uniformly throughout the material volume, and therefore, a higher stress is
required to initiate fracture (E up to 20.3 MPa, g up to 0.76 MPa).

To ensure effective coating performance, the adhesion of the formulations to birch
plywood was evaluated. Considering that the influence of different formulations of ARO, ALO,
and AGO on the (thermo)mechanical properties was less pronounced, for the sake of data clarity
and simplicity, adhesion strength was determined only for ARO/ALO formulations. The liquid
resin formulations were applied to plywood and irradiated, achieving 70-90 % DBC. The
adhesion strength of the coatings gradually increased from 0.56 MPa to 1.21 MPa with
increasing GPT content, which may be explained by improved interfacial adhesion. For
comparison with literature, epoxy acrylate and tripropylene glycol diacrylate (TPGDA) coating
formulations on wood have shown adhesion strength up to 1.12 MPa [79], while urethane
acrylate, 1,6-hexanediol diacrylate (HDDA), TPGDA, and trimethylolpropane triacrylate
(TMPTA) coating formulations on polycarbonate have shown values from 0.52 MPa to
2.25 MPa [80]. It should be noted that these are low-molecular-weight petroleum-derived
products.

In summary, in the first chapter of the Thesis, rapeseed, linseed, and grapeseed oil
acrylates were successfully obtained via one-step synthesis and can be used as bio-based
precursors for the development of UV-curable polymer materials. The acryl groups introduced
into the triglyceride structure provide a sufficient number of reactive centers (terminal double
bonds), enabling control over the formation and properties of the crosslinked polymer network.
In addition, the viscosity of the acrylated oils (n = 4301305 mPa-s) ensures good flowability
in coating formulations with the reactive diluent GPT, which at optimal concentration increases
polymer crosslink density, raises Tg, and improves mechanical strength and stiffness. The
obtained results in this section demonstrate the potential of acrylated vegetable oils for wood
protection applications.
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Fig. 4. Crosslinked materials: a) E’ curves; b) tand curves; ¢) o-¢ curves; d) E graph;

e) fracture surface microstructure morphology — SEM images: (i) ARO/ALO,
(ii)) ARO/ALO_GPTS, (iii) ARO/ALO_GPT20.

Synthesis of linseed oil-based alkyd resins for the development of UV-
curable wood coatings (Publication 2)

The synthesis of vegetable oil acrylates, their UV curing process, and the investigation
of the properties of the developed coatings are essential steps in the use of renewable raw
materials in wood coatings, and the results obtained in the previous chapter of the Thesis
demonstrated a broad spectrum of material properties. The next step is to transfer this
knowledge to an industrially significant class of wood coatings — alkyds. Alkyds are resins that,
for many years, have been among the most widely used surface protective coatings due to their
chemical and physical properties. However, alkyd resin coatings dry slowly; during the drying
process, metal catalysts are required, and resins often contain organic solvents (xylene,
dearomatized or aliphatic hydrocarbons, isoparafins, etc.), making them potentially hazardous
to work with. These limitations can be overcome by UV-curing technology, which enables rapid
curing without the need for metal-based drying catalysts or organic solvents. Instead, UV-
curable systems rely on photoinitiators that generate reactive species upon irradiation to initiate
crosslinking. Therefore, in the second step of the study, the double bonds of fatty acid residues
present in the alkyd structure were acrylated, the UV curing kinetics of photoactive alkyd resins
were studied, coating formulations were developed, and their properties were determined. To
achieve this, linseed oil alkyd resins (LO-A) were first synthesized, containing 73 % linseed oil
fatty acid residues, thus providing a sufficient number of modifiable internal double bonds.
Acrylation was carried out in two steps via epoxidation, as described in the introductory chapter,
in order to avoid the formation of halogenated products [18] and side reactions that could be
possible in a one-step synthesis between functional fragments present in the alkyd structure and
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the BF3-OEt; catalyst. The epoxidation and subsequent acrylation reactions were performed
under various conditions until the syntheses were optimized to the desired yields. The two-step
acrylation reaction of LO-A is schematically shown in Fig. 5 a).

Epoxidation of LO-A resins was carried out in the presence of H>O> and HCOOH. By
varying the molar ratio of C=C and H>O, two epoxidized linseed oil alkyd resins with different
epoxy contents were synthesized — ELO-A (1) and ELO-A (2) — in order to subsequently study
differences in the UV curing of the corresponding acrylates. After synthesis optimization, the
molar ratio (mol) for ELO-A (1) was 1 : 0.4: 1.8 (fatty acid C=C : HCOOH : H»0), whereas
the molar ratio (mol) for ELO-A (2) was 1 : 0.4 : 0.9 (fatty acid C=C : HCOOH : H,0>). LO-A
was mixed with HCOOH and heated to 60 °C in a round-bottom flask equipped with a
condenser, dropping funnel, thermocouple, and mechanical stirrer. H2O> was slowly added
within 1 h, through the dropping funnel, to avoid side effects of an exothermic reaction. The
reaction continued for 6.5 h, and its progress was monitored by titrating the epoxy value (EV),
which gradually increased, and by recording FTIR spectra. In the FTIR spectra, vibrations of
fatty acid residue double bonds at 3009 cm™' and 1654 cm™! disappeared after epoxidation,
while a new absorption band appeared at 821 cm™!, indicating the formation of an epoxy ring.
After completion of the reaction, the mixture was dissolved in ethyl acetate (EtOAc), the
organic phase was washed with aqueous NaHCO3 and NaCl solutions, dried over Na>SOs, and
filtered. EtOAc was removed by distillation under vacuum. The reaction yields, influenced by
both the ratios of the used reagents and the reaction conditions, are shown in Table 4. ELO-A
(1) and ELO-A (2) were used as starting materials to obtain the corresponding acrylated linseed
oil alkyds ALO-A (1) and ALO-A (2).

Acrylation of ELO-A was carried out in the presence of AA and a catalyst (1 % by
mass). The reaction progress was compared using two different molar ratios of AA relative to
the epoxy ring, the catalytic activity of triethylamine (TEA) and triphenylphosphine (TPP), as
well as the acrylation reaction progress of ELO-A (1) and ELO-A (2). To ensure a controlled
reaction course [21], the epoxy to AA molar ratio (mol) of 1: 1.3 was selected for further
experiments. TEA was chosen as a catalyst because it provided a faster reaction rate than TPP.
As expected, acrylation proceeded more slowly for the epoxy with lower EV (ELO-A (2)) and
faster for the epoxy with higher EV (ELO-A (1)). ELO-A (1) and ELO-A (2) are precursors for
obtaining ALO-A (1) and ALO-A (2), respectively. ELO-A, TEA, and free-radical inhibitors
butylated hydroxytoluene (BHT, 600 ppm) and 4-methoxyphenol (MEHQ, 600 ppm) were
mixed in a round-bottom flask equipped with a condenser, thermocouple, mechanical stirrer,
and dropping funnel. The mixture was heated to 95 °C, followed by the addition of AA over
1 h. The reaction was monitored by titrating and calculating the acid value (AV). After 18.5 h,
when AV was low or no longer changed, the mixture was dissolved in EtOAc, the organic phase
was washed with aqueous NaHCO3 and NaCl solutions, dried over Na;SOy4, and filtered. EtOAc
was removed by distillation under vacuum, leaving resins with an approximate solid content of
93 %. Acrylation yields are reported in Table 4. It should be noted that during acrylation, EV
decreased slightly faster than AV, which could indicate an undesired side reaction — epoxy ring
opening (hydrolysis).

Representative 'H-NMR spectra of ELO-A (1) and ALO-A (1) are shown in Fig. 5 c).
In the ELO-A (1) spectrum, the methylene protons located at the a-position of the epoxy ring
(-HCOCH-) appeared at 6 =3.11 and 2.91 ppm. The methylene protons between two epoxy
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groups (-COC-CH2-COC-) appeared at 6 = 1.66—1.83 ppm, while the protons at the S-position
of the epoxy ring (-COC-CHz-) were observed at § = 1.47 ppm. After epoxidation, the proton
signals corresponding to the double bonds of unsaturated fatty acid (-HC=CH-) residues in LO-
A practically disappeared. In the "H-NMR spectrum of ALO-A (1), three new signals were
observed in the chemical shift range 6 = 5.80-6.50 ppm, corresponding to the acrylate group
protons H2C=CH-, while the epoxy-related signals disappeared.

Table 4
Characteristics of the synthesized LO-A, ELO-A, and ALO-A resins
OH value mol EV (mol mol acryl .
Resins KO/_}—I\;g(IrIégin) (mg KQH/ g | C=C/ 1‘00 g epoxy(/.IOO g groups/. 11810 g ‘?;;l)d
resin) resin resin) resin

LO-A 2.3 69 0.49 - - -
ELO-A (1) 3.5 93 0.05 0.34 - 69
ELO-A (2) 4.7 90 0.23 0.27 - 55
ALO-A (1) 48.1 217 0.05 0.01 0.23 68
ALO-A (2) 34.9 183 0.23 0.02 0.18 67

Before UV curing, ALO-A (1) and ALO-A (2) resins were mixed with three different
reactive diluents — monofunctional isobornyl acrylate (IBOA), bifunctional tripropylene glycol
diacrylate (TPGDA), and trifunctional trimethylolpropane tri(meth)acrylate (TMPTMA)
(Fig. 5b)) at 10 wt%, 20 wt%, and 30 wt%, in order to reduce viscosity (m=5700—
60000 mPa-s) and improve mechanical performance. The name of each formulation was
formed by indicating the wt% of the alkyd, the wt% of the reactive diluent, the name of the
diluent, and the used alkyd — ALO-A (1) or (2). For example, 90 _10 IBOA (1) corresponds to
a formulation containing 90 wt% ALO-A (1) and 10 wt% IBOA.

The acrylated alkyd resins were characterized by photorheological parameters — storage
modulus (G'), loss modulus (G"), and tand values — during UV curing (Fig. 5 f)). ALO-A (1)
exhibited a higher polymer crosslink density and a faster formation of the crosslinked network
than ALO-A (2), which is associated with a higher number of acrylate groups per molecule. At
the end of curing (400s), ALO-A (1) reached G' = 3.9-10’ Pa, whereas ALO-A (2)
G'=0.6-10" Pa. For all formulations containing reactive diluents, both G’ and G” increased
after UV curing with increasing wt% of the reactive diluent in the formulation, indicating the
formation of a denser and stiffer crosslinked polymer network (photorheological kinetic data
for the formulations are summarized in a table and presented in Appendix 2). This trend is also
reflected by tand, which decreased in most formulations. However, an excessive amount of
reactive diluent can restrict radical diffusion and mobility, leading to premature termination of
polymerization [81]. In addition, all formulations exhibited a general trend whereby a higher
content of reactive diluent resulted in a shorter time to reach the gel point (tger). At the gel point
(G' = G", i.e., tand = 1), the liquid resin transforms into a continuous, elastic network; the
material ceases to behave as a viscous liquid and begins to behave as an elastic solid.

After evaluating the behavior of the alkyd resins under photopolymerization conditions,
the formulations were applied onto a wooden substrate and cured under UV light using a
conveyor-type UV lamp (Fig. 5 e)). In visual comparison with commercially available UV-
curable resins, the synthesized acrylated alkyd resins ALO-A (1) demonstrated significantly
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better penetration into the wood, enhancing the wood tone while preserving the visibility of the
wood grain (Fig. 5 d)). Alkyd resins are chemically compatible with cellulose and lignin, which
improves their ability to interact with the wood structure and enables deeper penetration. This
enhances the protective performance of the coating and reduces the risk of deformation and
cracking under the influence of temperature and humidity, thereby ensuring a longer service
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After UV irradiation, the pendulum hardness of the coatings was determined (Fig. 6 a)
(i) and (ii)), which depends on molecular structure, acrylate group concentration, and polymer
crosslink density [75]. Acrylated alkyd resins with different acrylate group contents exhibited
a 2.2-fold difference in hardness, with ALO-A (1) reaching a high hardness value of 103 s. The
hardness was further increased by adding reactive diluents with different molecular structures
and acrylate group contents. Thus, the functionality of the acrylated alkyd resins and the choice
of reactive diluents enabled tuning of hardness values in the range from 47 s to 174 s.

In addition to increasing hardness, reactive diluents also influenced elasticity, which
was evaluated using the Erichsen cupping test by measuring indentation depth (mm) of coatings
applied to an aluminum metal substrate (Fig. 6 b) (i) and (ii)). ALO-A (2), with a lower
crosslink density than ALO-A (1), provided higher polymer network mobility and consequently
exhibited higher elasticity, with an indentation depth of 7.0 mm. The effect of reactive diluents
on indentation depth depended on both their functionality and molecular structure. The bulky
isobornyl group present in the monofunctional IBOA structure enables free chain movement
and reduces internal stresses in the polymer matrix, thereby increasing elasticity. The maximum
indentation depth (7.4 mm) was observed for the 70_30 IBOA sample, which simultaneously
exhibited high pendulum hardness (104 s). This demonstrates that it is possible to obtain
coatings with both high hardness and high elasticity without a compromise between these
properties. In contrast, TPGDA, as a bifunctional monomer, provides a higher polymer
crosslink density than IBOA, while the propyl groups in its structure allow retention of some
chain mobility and thus moderate elasticity (6.4—7.1 mm) [71]. When TMPTMA was used as
the reactive diluent, the indentation depth decreased to 2.5 mm, because as a trifunctional
monomer, it promotes the formation of a dense crosslinked polymer network, significantly
limiting the material’s ability to deform. The obtained coating characteristics indicate that by
tailoring the functionality of ALO-A and selecting appropriate reactive diluents, it is possible
to simultaneously increase hardness and elasticity, thereby reducing the traditionally existing
trade-off between mechanical strength and flexibility [83].

In summary, this study demonstrates a systematic approach from the synthesis of
renewable raw materials to the optimization of final coating properties, highlighting the
possibility to tailor the structure of UV-curable acrylated alkyd resins according to the desired
mechanical properties. The investigation of formulations enables the combination of high
functionality, a tunable range of mechanical properties, and environmentally friendly
technology, offering a solution for the industrially significant wood coating sector.
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Characterization of a new bio-based UV-curable reactive diluent in a
crosslinked acrylated rapeseed oil polymer network (Publication 3)

In the first two chapters of this Thesis, UV-curable formulations were developed and
characterized, containing acrylated vegetable oils and acrylated alkyd resins with various
reactive diluents. These studies highlight the potential of the resins as environmentally friendly
coating materials. However, most commercial reactive diluents are petroleum-derived
acrylates, which reduce the content of bio-based compounds in formulations and can potentially
affect the safety and ecological impact of the coatings. Consequently, there is a growing interest
in bio-based reactive diluents. In the third chapter of the Thesis, this issue was addressed by
investigating and characterizing a new internal double bond containing unsaturated ester (UES)
derived from furan.

UES was obtained in two steps via an electrosynthesis process from furfurylated
ethylene glycol: first, by electrochemically converting it to a spirocycle, and then subjecting it
to electrochemically induced rearrangement to form UES. ARO was obtained via a BF3-OEt>-
catalyzed one-step synthesis reaction, as described in the first chapter of the Thesis. UES was
added to ARO as a reactive diluent at 5 wt% and 20 wt% (ARO/UESS and ARO/UES20,
respectively), reducing the resin viscosity up to 1.6 times. A further effect on
photopolymerization and crosslinked materials was analyzed using FTIR and UV-visible (UV-
Vis) light spectroscopy, mechanical analysis, SEM, DMA, and thermogravimetric analysis
(TGA). Finally, the biodegradability of the material was evaluated.

Three potential reaction pathways can be considered: (1) crosslinking between ARO
and UES, (2) homopolymerization of UES, and (3) homopolymerization of ARO (Fig. 7 a)).
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Considering the reactivity of acryl groups and their mass fraction in the formulations, reactions
involving ARO ((1) and (3)) are expected to dominate, whereas UES homopolymerization (2)
is less likely. The incorporation of UES into the ARO polymer network was confirmed by FTIR
spectroscopy, where the characteristic C=C double bond absorption band of UES at 1659 cm™!
almost completely disappeared after UV curing (Fig. 7 b)). This is further supported by the
increase in optical transmittance up to 90 % in the UV-Vis region for the developed crosslinked
materials (Fig. 7c¢) and d)), which can be explained by the dilution of UV-absorbing
chromophores and improved optical homogeneity.

In the macromolecular network structure, the triglyceride alkyl chains act as plasticizers,
reducing the E and ¢ of the crosslinked material, whereas the short pendant UES chains at
higher wt% rather increase the free volume of the material and promote relaxation (Fig. 7 ¢))
[84]. The polymer crosslink density increased from 1.07-10% mol/m? to 1.65-10° mol/m? upon
the addition of 5 wt% UES. The increased polymer crosslink density enhanced the mechanical
strength of the polymer material (o increased from 0.49 MPa to 0.55 MPa) and E' across all
temperature range (at room temperature, 20 °C: from 7.98 MPa to 11.8 MPa). Increasing the
UES concentration to 20 wt% led to a decrease in mechanical strength, indicating excessive
reactive diluent concentration; the network becomes too diluted, thus reducing mechanical
strength.

In addition to the advantage that both ARO and UES are bio-based, the biodegradation
of the materials under controlled conditions was also determined. Photographs of the samples
after removal from the soil are shown in Fig. 7 f). After 30 days of biodegradation, the ARO,
ARO/UESS, and ARO/UES20 materials exhibited 13—15 % material mass loss, showing a
relatively stable degradation rate. Over the next 30 days, the biodegradation rate decreased more
rapidly for the ARO crosslinked polymer network, resulting in a total material mass loss of 18—
28 %, assuming hydrolysis of fatty acid esters as the main ongoing reaction. The biodegradation
data show very good results, based on similar systems reported in the literature, which observed
approximately 14—16 % mass loss over 90 days [85]. Moreover, most commonly used reactive
diluents in UV-curable coatings are petroleum-derived, which do not exhibit
biodegradation [86].

(Thermo)mechanical tests indicated the possibility of further tailoring the mechanical
properties of bio-based materials. Several strategies could be employed to optimize the
mechanical performance of the materials. For example, increasing T, and polymer crosslink
density using multifunctional reactive diluents, improving the acrylation degree of vegetable
oils, or optimizing post-curing conditions [87]. Additionally, the mechanical properties of the
materials could be enhanced by introducing reinforcement and developing composite materials,
which is discussed in the next section of the Thesis.
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Development and characterization of UV-curable nanocomposite materials
impregnated with acrylated vegetable oils (Publication 4)

In this study, bio-based nanopaper (NP) composites were developed using hemp stalks
(an agricultural waste product) and compared with two vegetable oil acrylates as binders:
commercially available acrylated soybean oil (AESO) and ARO obtained via one-step
synthesis, as characterized in the first section of the study. Hemp fiber NP was prepared by
mechanically grinding the hemp stalks to form a homogeneous fiber suspension, which was
then fibrillated to obtain a nanofibrillated cellulose suspension (diameter 86 + 41 nm). The
nanofibrillated suspension was subsequently poured into molds, dried under controlled
conditions, and pressed to form a dense and uniform NP layer (80 pm). During NP formation,
the fibrils agglomerated with each other, forming a continuous structure. A schematic
representation of the nanocomposite preparation, illustrating the interaction between cellulose
and ARO or AESO via hydrogen bonding, as well as the physical confinement of cellulose
fibers within the polymer matrix, is shown in Fig. 8 a). A photograph of the obtained
nanocomposite is presented in Fig. 8 d).

The NP impregnation process with ARO and AESO was analyzed by determining the
resin viscosity, wetting on the NP surface, and the influence of temperature and vacuum. The
composite composition was governed by resin uptake during impregnation, resulting in
35/65 wt% NP/AESO and 50/50 wt% NP/ARO due to differences in viscosity and wetting
behavior. The abbreviation N was used for impregnated NP samples; for ARO- or AESO-
impregnated samples — R or S; for samples impregnated at room temperature — R; vacuum-
impregnated samples — V; and samples impregnated at elevated temperature — T. ARO
exhibited more than 20 times lower viscosity both at room temperature (20 °C) and elevated
temperature (50 °C) within shear rate ranging from 1s7' to 100 s™!, as well as better wetting
ability on the hemp NP surface than AESO, as evidenced by measured contact angles. The ARO
contact angle on NP decreased from 48.2° (5 s) to 39.3° (90 s) at 20 °C and from 46.5° (5 s) to
33.3°(90 s) at 50 °C, while the AESO contact angles under the same conditions decreased from
98.6° to 43.7° and from 83.5° to 41.1°, respectively. This ensured deeper and more uniform
filling of NP pores with ARO resin, reducing the risk of air entrapment in the composite
structure and improving matrix-fiber interaction.

After oil impregnation into the NP structure, the samples were UV-cured to obtain
composites, whose structure and physical properties were characterized. The impregnation
depth and the resulting composite microstructure were evaluated using SEM at fracture cross-
sections by analyzing the residual resin layer above the substrate and the degree of pore filling.
In the case of AESO, a resin layer (up to 188 pm at room temperature) indicated limited
penetration into the NP structure, whereas ARO exhibited significantly deeper penetration, with
a minimal residual surface layer and a high degree of filling of the porous structure, further
enhanced by impregnation at elevated temperature (50 °C) and under vacuum.
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Figure 8 b) and c¢) demonstrate SEM image comparisons of NP impregnated with ARO:
b) at room temperature (NRR) and c) at 50 °C under vacuum (NRVT). Temperature increase
and vacuum impregnation also enhanced the mechanical and thermomechanical properties
(Fig. 8 e) and f)). The impregnated NP with ARO in vacuum and at 50 °C (NRVT) exhibited
an E of 1.3 GPa, o 0f 26.1 MPa, and E' of 4.4 GPa at 20 °C. Considering that ARO and AESO
are relatively soft materials, the cyclic load-bearing capacity in the viscoelastic state was almost
fully ensured by NP reinforcement. Additionally, dielectric spectroscopy (DS) was performed,
revealing the potential of the developed bio-based composites for electrical insulator
applications, where epoxy-paper systems dominate.

In summary, this study demonstrates the compatibility of NP obtained from hemp waste
with acrylated vegetable oils using UV curing. The research highlights a promising direction
for the development of bio-based thermosetting composites and the enhancement of the
mechanical performance of acrylated vegetable oils, achieving a balance between process
simplicity and sustainability.

Development of UV-curable acrylated rapeseed oil vitrimers for thermoset
reprocessing and 3D printing application (Publication 5)

Based on the results obtained in the previous chapters of this Thesis on UV-curable bio-
based formulations, it is evident that such materials offer broad application possibilities with a
diverse property spectrum. The research directions considered outline a unified materials
development pathway — from the chemical modification of renewable feedstocks to functional
UV-curable coatings and composites. As the final step, the possibilities for material
reprocessing and reuse were investigated through the development of vitrimers. Expanding the
application of UV-curing technology, three-dimensional (3D) printing of the developed
vitrimers was also performed.

To introduce additional -OH groups into the vitrimer structure and ensure rapid
transesterification reactions, rapeseed oil was acrylated via epoxide ring opening, forming /-
hydroxyester groups (Fig. 9 a)). The epoxidation was carried out in a round-bottom flask
equipped with a mechanical stirrer, thermometer, and dropping funnel. Rapeseed oil (1 mol
C=C) was mixed with HCOOH (0.3 mol), and the reaction mixture was heated to 60 °C,
followed by slow addition of H2O> (1.8 mol). The reaction proceeded for 7 h. At the end of the
reaction, the mixture was cooled to room temperature and dissolved in EtOAc to extract the
organic fraction. The organic layer was then washed with NaHCO3 and NaCl aqueous solutions
to remove acids. Subsequently, the organic phase was dried over Na>SQs, filtered, and the
solvent was evaporated under reduced pressure. Epoxidized rapeseed oil (ERO) was obtained
as a pale yellow resin.

Acrylation of ERO was performed in a round-bottom flask equipped with a mechanical
stirrer, thermometer, and dropping funnel. ERO (1 mol epoxy) was mixed with hydroquinone
(HQ, 300 ppm of AA) as a polymerization inhibitor and TEA (1 wt% of total reactant mass) as
a catalyst, and the mixture was heated to 90-95 °C. Then AA (2 mol) was slowly added, and
the reaction mixture was left for 18.5 h. Afterwards, it was cooled to room temperature,
dissolved in EtOAc, and washed with NaHCO3 and NaCl aqueous solutions. The organic phase
was dried over NaxSOs, filtered, and the solvent was evaporated under reduced pressure.
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Acrylated epoxidized rapeseed oil (AERO) was obtained as dark yellow, viscous resin. The 'H-
NMR spectra are shown in Fig. 9 b).

Formulations were prepared using 10 wt%, 20 wt%, or 30 wt% AERO, 2-hydroxy-3-
phenoxypropyl acrylate (HPPA), and glycerol 1,3-diglycerolate diacrylate (GDA) to ensure an
optimal -COOR to -OH group ratio and transesterification reaction (Fig. 9 f)). Two sample
series were prepared — with (10 wt% of total acrylate mass) and without Zn(acac), as the
transesterification catalyst — to evaluate the effect of the catalyst on material properties and to
assess the reprocessing potential of vitrimers without a catalyst.

A total of six formulations were prepared, containing 70 wt % HPPA and 10 wt%,
20 wt%, or 30 wt % AERO, while the GDA content was 10 wt% or 20 wt %. GDA was not
included in the formulation with 70 wt % HPPA and 30 wt % AERO. The sample series without
a catalyst are named with the abbreviation (n/c). Sample names indicate the AERO content in
wt% and the presence of the catalyst. For example, AERO20(n/c) contains 70 wt% HPPA,
20 wt% AERO, and 10 wt % GDA, but no Zn(acac); catalyst.

The UV-curing kinetics of the formulations were studied by photo-DSC, showing a
faster and more complete photopolymerization reaction for formulations without the
transesterification catalyst (Fig.9c)). Vitrimers without the catalyst exhibited
photopolymerization enthalpy values of 235-241 J/g and an exothermic maximum around 5 s.
In contrast, catalyst-containing vitrimers showed photopolymerization enthalpies of 167—
203 J/g and an exothermic maximum around 12 s. The reduced photopolymerization enthalpy
observed in the presence of Zn(acac), may be attributed to optical effects due to scattering in
the opaque formulation, which reduces light penetration and radical generation. This was also
confirmed by lower gel fractions, indicating a less crosslinked polymer network. Gel fraction
values for catalyst-containing vitrimers ranged from 73 % to 79 %, whereas vitrimers without
a catalyst had gel fractions between 85 % and 96 %.

Stress relaxation of the UV-curable vitrimers was performed to investigate how
efficiently the polymer network can release accumulated internal stress and adapt to thermal
conditions. The stress relaxation rate in vitrimers is influenced by temperature, type and
concentration of catalyst, polymer network structure, and crosslink density. The relaxation time
(t*) is defined as the time required for the sample to relax to 1/e (~ 37 %) of the initial modulus.
It was observed that the stress relaxation rate increased with temperature due to thermally
activated dynamic bond exchange reactions. For example, the relaxation time of a vitrimer
containing Zn(acac)z and 30 wt% AERO decreased from 20 min at 180 °C to 14 min at 200 °C.
Vitrimers without a catalyst exhibited 2-3 times slower stress relaxation at the respective
temperatures. Stress relaxation curves for samples with and without a catalyst at 200 °C are
compared in Fig. 9 d).

Figure 9 e) illustrates the dynamic -COOR and -OH exchange reactions in the polymer
network, showing that i) at higher crosslink density without catalyst, stress relaxation occurs
more slowly, and ii) at lower crosslink density, Zn(acac), accelerates the transesterification
reaction. Literature reports also indicate the effect of -COOR and -OH group excess on the
stress relaxation time. Differences in relaxation times between samples with varying AERO
content were less pronounced, consistent with gel fraction data, indicating minimal differences
in polymer crosslink density within a series of vitrimers.
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To evaluate the reprocessability of UV-curable vitrimers, both sample series were
ground and hot-pressed in a metal mold (Fig. 10 a)). By optimizing the processing conditions,
it was determined that the most efficient reprocessing occurred at 200 °C for 2 h (Fig. 10 b)).
Under these conditions, two consecutive reprocessing cycles were performed, after which the
vitrimer performance was evaluated. During reprocessing, the vitrimers maintained a high
degree of crosslinking, as evidenced by sol-gel fraction values of up to 90 %. However, after
thermal reprocessing, cracks were observed in vitrimers without the added catalyst, whereas no
cracks formed in catalyst-containing samples, confirming the catalyst’s ability to rearrange the
crosslinked network and restore the material structure (Fig. 10 b)). Crack formation under
similar conditions has also been reported in studies by other authors [92]. After thermal
reprocessing, the vitrimer samples were named, including the reprocessing cycle number; for
example, AERO30 cycle2 denotes an AERO30 vitrimer obtained after the second thermal
reprocessing cycle.

UV-curable vitrimers were further analyzed using combined TGA-FTIR, which
simultaneously determines mass loss during heating and identifies evolved gaseous products.
The obtained data indicated enhanced release of gaseous products from catalyst-containing
vitrimers, confirming different polymer network rearrangement pathways for samples without
(Fig. 10 ¢)) and with (Fig. 10 d)) catalyst. In catalyst-containing vitrimers, volatile fragments
formed significantly faster due to dynamic bond exchange and exhibited higher absorption band
intensities, particularly in the CO2 and C=O regions [90]. Consequently, catalyst-containing
vitrimers exhibited lower thermal stability, with the maximum decomposition rate occurring at
370 °C, compared to vitrimers without a catalyst, which showed a maximum decomposition
rate at 410 °C. It should be noted that the thermal stability of both vitrimer series increased with
each reprocessing cycle, most likely due to the evaporation of low-molecular-weight or
unreacted components during thermal reprocessing, leaving a material composed
predominantly of a stable crosslinked network.

Subsequent experiments were conducted on catalyst-containing vitrimers. The effect of
reprocessing on the (thermo)mechanical properties of the materials was evaluated (Fig. 10 e)
and f)). As shown in Fig. 10 e), E’ values decreased over the entire temperature range after
reprocessing, reflecting a loss of stiffness, most likely due to network rearrangement, observed
degradation, and chain scission [93]. The reduction in tand peak intensity indicated lower
molecular mobility at Ty. At the same time, slight broadening of the tand curve suggested
increased macromolecular network heterogeneity and a wider distribution of relaxation times,
as regions with different crosslink densities may form after dynamic bond exchange reactions
[94]. Nevertheless, overall, the prepared vitrimers exhibited similar thermomechanical behavior
before and after reprocessing, indicating that the material retains its key characteristic
properties. Fig. 10 f) shows that mechanical strength was not fully restored after reprocessing;
however, significant recovery of o was observed: 67-98 % after the first cycle and 41-50 %
after the second cycle relative to the initial values. One of the reasons for the reduction in
mechanical strength after reprocessing is damage to the covalent network caused by intensive
grinding during vitrimer reprocessing [95], [96].
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Finally, vitrimer resins were 3D printed to demonstrate their applicability in additive
manufacturing. The formulation with the highest AERO content was selected for printing, as it
also exhibited the lowest viscosity (1 = 663 mPa-s at shear rates from 1 s7! to 1000 s™'), which
is a critical parameter for vat-based 3D printing. During the printing process, uniform layer
adhesion was observed with a layer thickness of 50 pm, while the printed objects exhibited high
resolution, dimensional accuracy, and excellent surface quality (Fig. 10 g)).

Subsequently, the material’s ability to restore its structure and properties after
mechanical damage was investigated, as this can extend product lifetime and reduce waste
generation while enabling more efficient resource utilization. In the final chapter of the Thesis,
vitrimer repairability was analyzed. 3D-printed rods containing a 5 mm diameter opening in the
center of the material (denoted as “defect” in the sample name) were fabricated to simulate
mechanical damage.

In early repair trials, a 3D printed circular insert was placed into the opening, followed
by thermal treatment to activate the dynamic bond exchange. However, this approach was not
effective, as tensile testing showed that fracture occurred at the interface between the original
material and the inserted part, indicating insufficient interfacial contact and weak adhesion. A
second approach proved more effective — fresh liquid resin was poured into the opening, then
UV-cured and heated at 200 °C for 1 h to activate transesterification reactions at the interface
(denoted as “repaired” in the sample name). The o-¢ curves of samples with restored structure
showed up to 2.0-fold increase in g and up to 2.9-fold increase in strain at break (eg) compared
to damaged samples (Fig. 10 h)). In contrast to the insert-based repair, these samples did not
fail at the repaired interface; instead, fracture occurred in the adjacent bulk material, indicating
the formation of a strong interfacial bond, which is attributed to efficient dynamic bond
exchange.

In summary, this study demonstrates an approach that combines the use of bio-based
compounds, energy-efficient technologies, and material reprocessing. The vitrimer
formulations developed in this study are based on dynamic bond exchange reactions, which
enable stress relaxation, reprocessing, and structural recovery after damage. By optimizing
catalyst content, including catalyst-free formulations, effective network rearrangement can be
achieved while maintaining good structural integrity. This allows recovery of vitrimer
mechanical performance even after multiple reprocessing cycles, enabling thermoset polymers
to be returned to the materials life cycle. The developed AERO vitrimers exhibited excellent
suitability for 3D printing technology while also providing structural repairability, opening
broader application opportunities for UV-curable vitrimers. The ability of these materials to
restore structure and tensile properties after damage confirms their strong sustainability
potential.
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CONCLUSIONS

. By deliberately adjusting the synthesis conditions of acrylated vegetable oil derivatives and
UV-curable resin formulations, it is possible to control photopolymerization kinetics,
macromolecular structure, and the mechanical properties of the final materials.

1.1. An optimized two-step epoxidation-acrylation synthesis method enables targeted
regulation of the acryl group content in UV-curable linseed oil alkyd resins (ALO-A)
(0.18 mol or 0.23 mol acryl groups/100 g resin). The addition of reactive diluents
provided additional possibilities for adjusting viscosity, curing kinetics (tgel < 6.2 s),
and polymer network structure, achieving a simultaneous increase in coating hardness
(104 s) and flexibility (7.4 mm).

1.2. The addition of the reactive diluent glyceryl propoxy triacrylate (GPT) accelerated the
photopolymerization process (<70s), increased crosslink density (up to
2.2-10*mol/m®), and improved the mechanical performance of the materials (up to
0.76 MPa). The developed acrylated vegetable oils formulations demonstrated
applicability as UV-curable wood coatings, exhibiting adhesion to wood substrates of
up to 1.21 MPa.

The addition of a bio-based unsaturated furan ester monomer (UES) as a reactive diluent

reduced the viscosity (n =291 mPa-s) and improved structural properties (crosslink density

= 1.65-10° mol/m®) of UV-curable ARO resins, while simultaneously promoting material
biodegradability (up to 28 % mass loss over 60 days). The obtained results confirm the
potential of bio-based monomers as sustainable alternatives to petroleum-based monomers.

. UV-curable acrylated vegetable oils are suitable for use as matrix binders in natural fiber

composite materials. Effective matrix-fiber interaction, confirmed by SEM analysis,

ensured improved stress transfer and mechanical performance (oB=35.6 MPa,

E = 1.3 GPa), demonstrating the potential for the development of bio-based composite

materials.

. By controlling the content of dynamic covalent bonds in acrylated epoxidized rapeseed oil

(AERO) macromolecular network structure, it is possible to develop UV-curable vitrimer

materials. The obtained vitrimers demonstrated thermally activated transesterification,

enabling reprocessing with recovery of mechanical performance (o= 1.46 MPa,

E = 12.4 MPa) of up to 98 % after the first and 50 % after the second cycle. The vitrimer

resins demonstrated 3D printability with high resolution and structural repairability,

restoring mechanical strength (o increase up to 199 %) and elongation (&g increase up to

288 %) after simulated mechanical damage.
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Abstract: The modern coating market is dominated by acrylic, polyurethane, and polyester polymer
resins produced from unsustainable fossil resources. Herein, we propose the preparation of resins
from biobased components to produce functional and solvent-free wood coatings with enhanced
performance properties. Acrylated rapeseed, linseed, and grapeseed oils were prepared via a one-
step synthesis and used as a basis for the control of resin viscosity and fatty acid content. A combi-
nation of vegetable oil acrylates was used as a matrix and the biobased monomer propoxylated
glycerol triacrylate (GPT) was selected to tailor the properties of the UV crosslinked network. Dur-
ing polymerization, the GPT monomer induced a two-phase microstructure as indicated by an SEM
analysis. The possibility of generating a tailored microstructure in the final material was examined
in this study. The addition of GPT increased the storage modulus by up to five-fold, crosslink den-
sity by up to two-fold at 20 °C, and glass transition temperature by up to 10.2 °C. Pull-off adhesion
tests showed a strength of 1.21 MPa. In addition, the photo-oxidation effect on samples, i.e., aging,
was assessed with microhardness, sliding friction, and optical microscopy. Coatings showed a mi-
crohardness value up to 250 MPa, while a coefficient of friction () was in the range of 0.21 to 0.88.

Keywords: UV photopolymerization; photo-oxidative degradation; microhardness; adhesion;
sliding friction

1. Introduction

Coatings contribute significantly to material protection and preservation. With the
current global sustainability issues, wood is the material of choice for modern engineering
solutions and functional and decorative applications. Recent trends show that sustaina-
bility is being incorporated into the coatings industry [1]. So far, the sustainability ap-
proach has targeted reduced energy consumption by utilizing ultraviolet (UV)-curable
coatings that use high solid content or solvent-free technology. The UV approach has
proven to be more efficient than thermal curing [2]. The next step is switching to UV-
curable monomers and oligomers sourced from renewable resources. This research un-
dertakes the challenge of formulating biobased coating resins by incorporating the en-
ergy-saving aspects of UV-curing technology.

Vegetable oils are characterized by biodegradability, low toxicity, high flash points
(>300 °C), and low flammability and are considered sustainable [3]. These excellent prop-
erties play a role in their selection as wood-coating materials. However, some drawbacks
to vegetable oils (VOs) and their derivatives (susceptibility to oxidative polymerization
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reactions, low mechanical strength, and low toughness due to long aliphatic chains) [4]
must be addressed. Nevertheless, these properties can be improved by adding additives,
selecting a modification route for vegetable oils, and controlling the fatty acid composition
[5]. In our previous research, we demonstrated that one-step acrylation is suitable for pre-
paring relatively low-viscosity resin for UV-assisted 3D printing [6]. Therefore, the mod-
ification route of choice was the optimized acrylation route for coating preparation.

VO has been demonstrated as a perspective source for UV-curable coatings, includ-
ing linseed [7], castor [8], tung [9], jatropha, and palm oils [10]. Likewise, various proper-
ties are intentionally designed from oil derivatives. The production, quality, and pro-
cessing of polymer coatings depend highly on rheological behavior [11]. UV-curable coat-
ings are characterized mainly by high viscosity, which is one of the major challenges in
broadening their application. Therefore, non-reactive or, most often, reactive diluents, i.e.,
monomers, are used to reduce viscosity and improve fluidity [12,13]. Relatively low-vis-
cosity soybean oil acrylate (5406 mPa-s) was synthesized using 2-hydroxyethyl acrylate as
an acrylic agent to obtain acrylic ethers instead of esters [14]. The authors concluded that,
compared to ester linkages, ethers have a greater free volume due to their freedom of
rotation, meaning lower viscosity can be obtained. Hongjie et al. created another biobased
acrylate by reacting soybean oil polyol with acryloyl chloride at low temperatures and
without using a catalyst or inhibitor [15]. By changing the molar ratio, the obtained prod-
ucts had alower viscosity of 208 and 192 mPa-s compared to acrylated epoxidized soybean
oil (AESO) with a reported viscosity of 1225 mPa-s. The authors observed that introducing
unsaturated bonds reduced the product’s viscosity. Fei et al. reported the addition of three
reactive diluents for AESO: styrene, 1,4-butanediol dimethacrylate (BDDMA), and trime-
thylolpropane trimethacrylate (TMPTMA) [16]. The viscosity for these resins decreased
from 3352 mPa-s for pure AESO to 44, 165, and 624 mPa-s for the AESO/diluent system at
30 °C, respectively. Thus, according to the literature, frequently used reactive diluents for
the acrylated vegetable oil (AVO) matrix are primarily derived from petroleum feedstocks
and are often volatile and harmful. Some studies reported using AVOs as reactive diluents
[17], or other renewable feedstocks such as eugenol [18], methacrylated isosorbide [19],
etc. Dai et al. developed a high-performance UV-curable coating from AESO, fossil-based
additives, and the crosslinking agent IG synthesized from itaconic acid and glycidyl meth-
acrylate with a biobased content of 31.4% [20]. The rigid coating showed an increase in
mechanical strength from 1.6 MPa (pure AESO) to 6.0 and 10.1 MPa (20 and 40 wt% IG
added), while the tensile modulus rose significantly by 670% and 1932%, respectively.
Despite all the success of reducing the resin viscosity, the lack of commercially available
biobased coatings shows that more research is still required. Emphasis should also be
placed on biobased solutions’ mechanical and aging performance.

In our work, phase separation was induced as a strategy to create an enhanced mi-
crostructure. The stability and low viscosity of the initial homogeneous solution are ben-
efits of the phase separation process in terms of toughening thermosetting networks [21].
The possibility of generating a tailored microstructure in the final material was examined
in this study. Distinct polymeric microstructures were produced by the addition of 5 and
20 wt% of propoxylated glycerol triacrylate (GPT) in the AVO matrix and studied by SEM.
This work expanded on the plant oil derivatives by introducing acrylated rapeseed, lin-
seed, and grapeseed oils as value-added monomers. The resin formulations focused on
the use of biobased components. Furthermore, extensive mechanical and photo-oxidation
(aging) studies explored the feasibility of actual biobased wood coatings, not just the con-
cept.
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2. Materials and Methods
2.1. Materials

Unrefined rapeseed and linseed oils were purchased from a local producer “Ie-
cavnieks” (Latvia) and the grapeseed oil used in this study was “Monini” (Italy). The syn-
thesis of acrylated rapeseed, linseed, and grapeseed oil (R, L, and G, respectively) was
described in our previous work [6]. Briefly, the selected oil, acrylic acid, and BFs+OEt2 were
mixed in a round-bottom flask and stirred for 5 h at 80 °C before being left overnight at
room temperature (22 + 1 °C). In the work-up, the organic phase was dissolved in hexane,
washed with the NaHCO:s solution, dried, filtered, and evaporated under reduced pres-
sure. BFsOEt;, hexane, NaHCOs and photoinitiator diphenyl(2,4,6-trimethylben-
zoyl)phosphine oxide (TPO) were supplied by Sigma Aldrich. In addition, propoxylated
glycerol triacrylate (GPT) was added as a reactive diluent and was supplied by Arkema.
The biobased content of GPT was 15%. The chemical structures of the investigated com-
ponents and their application are illustrated in Figure 1.

Figure 1. Scheme for this study: (a) acrylated vegetable oil (generalized structure); (b) TPO photoin-
itiator; (c) GPT monomer; (d) ultraviolet (UV)-cured acrylated vegetable oil coating on plywood; (e)
formation of microstructure, SEM image.

2.2. UV-Curing Process of Coatings

Acrylated R, L, and G oils—a series of yellowish oily products—were mixed in a
mass ratio of 50/50 to obtain a viscosity that was approximately the same for all composi-
tions, as well as fatty acid residues in a similar ratio. The representative fatty acid residues
in R were oleic acid (~58.8%), L—linolenic acid (~48.8%), and G—linoleic acid (~74.7%)
[22-24]. GPT was used as an additional monomer in the UV-curable system and acted as
a reactive diluent. In addition, GPT can considerably enhance mechanical strength since
the trifunctional monomer leads to higher crosslinking density [25]. Nine resin composi-
tions were prepared to study acrylated vegetable oils’ (AVOs’) application for wood coat-
ings: three acrylated vegetable oil resins, three resins with 5 wt% GPT (named G5), and
three with 20 wt% GPT (named G20) (Table 1). At the same time, 3 wt% of the TPO pho-
toinitiator was dissolved in less than one milliliter of acetone and added to the composi-
tions of acrylated oils. Finally, liquid coatings were applied on 130 mm x 130 mm x 6.2
mm 5-layer birch plywood substrate using an applicator with a wet film thickness of 5
mils (127 microns). One coating specimen occupied an area of approximately 100 cm? of
plywood. Samples were then cured under monochromatic conditions (A = 405 nm) at a
UV intensity of 0.13 uW/cm? at a distance of 3 cm. The optimal curing, i.e., crosslinking,
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time of coatings was 70 s, determined by FT-IR spectroscopy, as described in our previous
work [6]. The conversion of vegetable oil acrylic double bonds ranged from 70 to 90%,
which can be seen in Supplementary Materials Figure S1. Acrylates subjected to radical
polymerization are vulnerable to inhibition by molecular oxygen, leading to incomplete
curing, particularly manifested by a tacky upper surface or even complete non-curing [26].
For this reason, samples were washed with acetone to remove the unreacted resin. In ad-
dition, free-standing coating films were obtained by applying resin on the glass substrate
before they were peeled off. Properties such as storage modulus and tensile strength were
measured from the prepared free-standing films.

Table 1. Resin composition of biobased acrylates for wood coating application.

Monomers (wt%)

Biobased Resins Resin Composition R L G GPT

RL R/L (50/50) 50 50 0 0

RG R/G (50/50) 50 0 50 0

LG L/G (50/50) 0 5 5 0
RL_G5 R/L (50/50) 95 wt%, GPT 5 wt% 475 475 0 5
RG_G5 R/G (50/50) 95 wt%, GPT 5 wt% 475 0 475 5
LG_G5 L/G (50/50) 95 wt%, GPT 5 wt% 0 475 475 5
RL_G20 R/L (50/50) 80 wt%, GPT 20 wt% 40 40 0 20
RG_G20 R/G (50/50) 80 wt%, GPT 20 wt% 40 0 40 20
LG_G20 L/G (50/50) 80 wt%, GPT 20 wt% 0 40 40 20

2.3. Viscosity

The viscosity of liquid coating resin was measured using an MCR102 rheometer from
Anton Paar (Graz, Austria). The instrument was equipped with a 25 mm diameter spindle
with plate-plate geometry, and the measurement gap was set to 0.1 mm. The changes in
the viscosities with temperature were calculated using the Arrhenius relationship:

E
n = noe & M
where 1 (Pa's)—viscosity, no—pre-factor, E. (J/mol)—activation energy for the viscous
flow, R = 8.31 (J/K-mol)—ideal gas constant, and T (K)—absolute temperature.

2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used for the surface morphology studies of
coated plywood using a NovaNano SEM 650 (Hillsboro, OR, USA). The fracture surface
was prepared with liquid nitrogen, and images were taken of the cross-sections of the
coatings. The samples were attached to standard aluminum pin stubs with electrically
conductive double-sided carbon tape, and the image was generated with 10 kV accelera-
tion voltage coatings.

2.5. Dynamic Mechanical Analysis

The storage modulus, loss modulus, and loss factor of the cured free-standing coating
films were recorded using a dynamic mechanical analysis (DMA) Mettler
DMA/SDTAS861e (Mettler Toledo, Columbus, OH, USA) analyzer. An experiment was car-
ried out in tension mode from -70 to 100 °C with a 3 °C/min heating rate, the applied force
of 10 N and 10 pm elongation, and a frequency of 1 Hz. The glass transition temperature
(Tg) was defined by the maximum of the loss modulus curve. The photopolymerized coat-
ing films were prepared with dimensions of 20 mm x 4 mm and a thickness of approxi-
mately 0.2 mm. The crosslink density (1) was calculated according to an equation from
the literature [27]:
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j— E,
Ve = 3RTY
where ve (mol/m3)—molar concentration of crosslinks, E’ (Pa)—represents the storage
modulus of the samples at the rubbery plateau, R =8.31 (J/K-mol) —universal gas constant,
and T" (K)—temperature corresponding to the storage modulus value.

@

2.6. Tensile Tests

Tensile tests were performed on cured free-standing coating films with dimensions
of 40 x 10 and a thickness of approximately 0.2 mm to study the tensile behavior of coat-
ings. Elongation at break, tensile strength, and Young’s modulus were recorded on Tinius
Olsen model 255T (Horsham, PA, USA). All tensile tests were conducted at a strain rate
of 1 mm/min and were repeated at least five times. The average results were reported.

2.7. Pull-Off Adhesion Test

Pull-off adhesion tests were adopted to observe the interfacial bonding between AVO
coatings and birch plywood substrate based on modified LVS EN ISO 4624:2003. First, the
AVO coatings were applied on the plywood substrate using an applicator before it was
treated with sandpaper (medium grit), providing a smooth plywood surface. The coatings
were then cured under UV light. Next, 20 mm metal dollies were sanded with 80- and
180-grit sandpapers and cleaned with isopropanol. Then, 2K Bison epoxy resin glue was
used as an adhesive. Dollies were glued to the coating surface at least 25 mm apart, and
the adhesive was allowed to cure for 24 h. After that, the cut along the circumferences of
the dollies was performed and the dollies were pulled off using a PoliTest AT-M adhesion
tester at 0.25 MPa/s load intensity. The measurements were repeated six times, and the
average result was reported. After the removal of the dolly, a visual examination of the
surface was performed to determine the nature of joint failure (cohesive, adhesive, or
mixed).

2.8. Photo-Oxidation

Photo-oxidation of the coated plywood was carried out under an Hg-UV lamp with
an intensity of 9400 mW/cm?, at a distance of 30 cm.

2.9. Microhardness

Microhardness testing of photo-oxidized wood coatings was performed with Vick-
ers, Vickers Instruments (York, UK). The Vickers microhardness (in MPa) was determined
according to the equation:

2-P-9.807 - sin (%) P-9.807
— % =185 ————— 3)
(d - k1559 (d -k 1550)°

where P—load (kg); a—angle between opposite faces of the diamond = 136°; n—interval;
d—mean diagonal of the indentation (mm); k—equipment coefficient that depends on ap-
plied load.

The typical Vickers diamond pyramid was used as an indenter (apex angle of 136°),
which was forced onto the surface of the specimens. Then, the 0.2 kg load was selected
with an indentation time of 30 s. The area of the remaining indentation after the retraction
of the diamond pyramid was calculated from the remaining imprint’s diagonals visible in
the microscope. Indentation diagonals were measured under a magnification of 4x. The
test was repeated three times, and an average result was reported.

Microhardness =
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2.10. Sliding Friction Test

Sliding friction measurements were performed on coated plywood using a pin-on-
disc tribometer TRB? (CSM Instruments, Peseux, CH) under dry friction conditions ac-
cording to ASTM G99-05 (“Standard test method for wear testing with a pin-on-disk ma-
chine”). Investigated coatings were tested against a standardized 100Cr6 (EN 683-17
“Heat-treated steels, alloy steels and free-cutting steels—Part 17: Ball and roller bearing
steels”) steel ball (& 6 mm) as a stationary counter body or triboindenter. All the tribotests
were performed for a 25 m sliding distance applying the indenter load of 0.5, 1.5, and 3.0
N; the tribotrack radius was set to 3 mm, and there was a linear sliding speed of 0.03 m/s.
All tests took place at room temperature.

3. Results and Discussion
3.1. Physical Properties

Viscosity is affected by the fatty acid chain length and degree of unsaturation [28].
The viscosity of liquid vegetable oil-based coating resins decreased with reactive diluents
(Figure 2a). Acrylated vegetable oils (AVOs) were mixed with propoxylated glycerol tri-
acrylate (GPT), which acts as a reactive diluent during resin formulation and becomes an
integral part of the coating during curing [29]. The addition of GPT monomer to the AVO
reduced the viscosity by an average of 550 mPa-s for all three resins. Viscosity affects mo-
lecular mobility when exposed to UV irradiation. Low viscosity affects the diffusion of the
reactive species and therefore increases the mobility of the monomers. Zong et al. con-
cluded that relative reactivity is proportional to viscosity [30]. The authors added vinyl
ether that reduced the viscosity of the resin and led to higher diffusion rates for the prop-
agating cationic species, resulting in the acceleration of linseed oil derivative polymeriza-
tion. The increased mobility of the molecules increases the lifespan of free radicals, thus
reducing disproportionation and termination reactions [31].

The Arrhenius relationship (Equation (1)) was used to assess how viscosities changed
with temperature. Calculating the pre-factor 7o requires extrapolating to infinite temper-
ature; therefore, it is very challenging to measure it accurately. Viscosity decreased expo-
nentially with temperature (Supplementary Materials Figure S2). As a result, a slight in-
crease in the temperature of the acrylated resins can reduce their viscosities significantly,
which makes them easier to process. The viscosities of resins that include GPT varied only
slightly compared with AVOs; nevertheless, that influenced the activation energy (E.). For
RG samples, we observed a linear decrease in E: with an increase in GPT content (Figure
2b). The GPT molecule is smaller than AVOs’ molecules, decreasing and disrupting the
intermolecular interactions among the larger AVO monomers [32]. Thus, monomer mol-
ecules can slide past one another, reducing the activation energy for viscous flow [33].

(a)
60 (®)
50®
——RL °
—=—RG 5
[SSSS SSTHE SN
—k—RL_G5 3
— —a—n —8-RG_G5 =<
—¥-LG G5 uf® 304
—k—RL_G20
—=—RG_G20
—¥—LG_G20 204
——GPT
1299 90 0 0 0000000 10k ‘ ‘ ; .
1 100 0 5 15 20

10 10
Shear rate (1/s) GPT content (wt%)

Figure 2. (a) Viscosity of acrylated vegetable oil resins with GPT; (b) activation energy (Es) drop
with an increasing GPT content in RG coating.
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AVOs and GPT are mutually soluble when in the form of monomers (Table 2). To
determine the polarity of GPT, its solubility was tested in four different solvents with an
increasing polarity. As expected, GPT dissolved in ethanol and methanol, confirming the
polar characteristic of the molecule. This was also supported by the fact that GPT was
insoluble in non-polar rapeseed oil. The polarity of the GPT molecule is most similar to
that of alcohol, while water is too polar for GPT.

Table 2. Solubility of GPT monomer in different solvents at room temperature.

Liquid GPT Solubility
S Rapeseed oil Insoluble
§ g AVOs Soluble
E 3 Ethanol Soluble
= Methanol Soluble
Water Insoluble

3.2. SEM Structure Studies

The cross-section images of RL, RL_G5, and RL_G20 coatings were obtained with
SEM (Figure 3). SEM revealed the formation of two phases in the microstructure when
GPT was added. Induced microstructure directly relates to the separation behavior and
local order of reactive groups [34]. Two distinctly different types of microstructures can
be observed. GPT as a photocurable polar monomer segregated in domains, creating cav-
ities in the AVO-rich microphase. Likewise, more hydrophobic AVOs will preferentially
segregate in the oil-soluble domains because of the existing long alkyl chains [34]. Large
local inclusions can be observed in sample RL_G5 (Figure 3a). It is assumed that one phase
was formed by the AVO matrix, while the other phase was formed by the AVO regions
that were saturated with GPT. This type of microstructure should result in lowered me-
chanical properties as this type of morphology promotes local stress concentrations. The
addition of 20 wt% GPT resulted in a much finer microstructure with the mixed phase of
AVOs and GPT dominating, while regions of saturated GPT became almost invisible in
the same magnification (Figure 3b). In addition, the cross-section of RL_20 was much
rougher than RL_G5 and RL in 10,000x magnification, indicating that a toughened micro-
structure was formed, which should result in enhanced mechanical properties (Supple-
mentary Materials Figure S3).

=

Figure 3. Cross-section SEM micrographs of the fracture surface morphology of (a) RL, (b) RL_G5,
and (c) RL_G20 in 2500x magnification.

3.3. Dynamic Mechanical Properties

A dynamic mechanical analysis (DMA) was conducted on free-standing coating
films. The DMA graphs are shown in Figure 4, and some defining characteristics are given
in Table 3. Glass transition temperatures (Tg) were determined from the maximum of loss
modulus (E"), which was described as a more precise method rather than determination
from tand peaks (Figure 4b) [35]. The storage modulus for all coatings was very high at
low temperatures when the material was in a glassy state, especially for coatings with 20
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wt% GPT. It decreased rapidly with the temperature rise until the rubbery plateau was
reached. As the GPT content increased from 0 wt% to 20 wt%, the E’ of coatings increased
by 15 MPa at room temperature.

Table 3. Mechanical properties of coatings.

. E’ at Rubbe; Tensile Strength Elongation at

Coatings  Te(C)1 gt ey Ve motmy) T ek (7
RL -34.0 13 1.5 0.70+0.10 10.7+1.5
RG -40.6 8 1.1 0.52 +0.08 6.3+1.0
LG -37.6 7 0.7 0.48 +0.02 8.1+1.1
RL_G5 -42.3 7 1.0 0.27 +0.06 27+05
RG_G5 -31.2 13 1.7 0.34+0.05 3.8+04
LG_G5 -24.7 11 14 0.20 +0.04 22+0.2
RL_G20 -31.3 17 2.1 0.76 +£0.10 53+0.6
RG_G20 -30.4 17 2.2 0.64+0.16 35+0.1
LG_G20 -32.1 13 1.9 0.67 +£0.12 41+0.1

! Obtained from loss modulus curve.

The loss modulus characterizes the dissipated energy and thus signifies the viscous
response of the sample. The loss modulus curves reached a maximum with a temperature
rise and then decreased due to the maximum energy dissipation brought on by the free
movement of the polymeric chains [36]. A correlation between the added GPT content and
Tg can be seen. RL_G20, RG_G20, and LG_G20 had Tg 2.7, 10.2, and 5.5 °C higher than
their corresponding RL, RG, and LG coatings. Tg shifted to the right due to a decrease in
chain mobility and a loss of free volume, which were also the effects of increased cross-
linking [37]. However, the Tg values of RL_G5, RG_G5, and LG_G5 were fluctuating due
to the local inhomogeneities. The fatty acids in vegetable oils act as plasticizers, allowing
more flexibility between the chains and resulting in relatively low T values [38]. The fatty
acids enlarge the linear chains; therefore, the energy required to cause rotations around
molecular bonds is reduced. As a result, the glass transition temperature shifts to rela-
tively low temperatures [37].

As the GPT concentration increased, the tand maximum shifted to the right, while
the decrease in the height of the tand curve for coatings with 20 wt% GPT confirmed the
reduced polymer chain mobility and, therefore, higher crosslink density. However, the
limited concentration of crosslinked polymers must always be considered. For example,
the effect of styrene was examined in soybean oil-based thermosets, where the crosslink-
ing density increased with the styrene content up to 20 wt% but decreased beyond that
with an increasing styrene concentration [39]. The change in shape and width of the tand
peak of the coatings with GPT suggested that the crosslinked network became more com-
plex. Here, the broad peaks indicated the formation of two phases which were promi-
nently seen in compositions with 20 wt% GPT. More time was needed for the relaxation
of molecules due to the lower polymeric chain movement resulting from the formation of
higher crosslinking densities [36]. Yin et al. compared interpenetrating polymer networks
(IPN) prepared from polyurethanes and cottonseed, tung, and castor oil derivatives [40].
Different tand peak widths were observed and explained by the competition between two
processes in the IPN formation: firstly, polymer chain migration which causes phase sep-
aration; and secondly, the interpenetration (chain entanglement) between the two net-
works, which prevents phase separation. The proposed processes that occur in IPN could
apply to the AVO/GPT system, while the presence of the acrylate group in both compo-
nents suggests that the existence of two fully independent networks is unlikely.
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Figure 4. DMA plots for photopolymerized AVO coating films: (a) storage modulus and tand; (b)
loss modulus.

3.4. Tensile Properties

The tensile properties of free-standing coating films are shown in Figure 5 and the
results are displayed in Table 3. The addition of GPT to AVOs significantly changed the
tensile curves (Figure 5a). The addition of 5 wt% GPT yielded overall reduced properties,
while samples with 20 wt% GPT increased the stiffness and enhanced the tensile strength
of AVOs. Tensile strength depended on crosslink density, the rigidity of the formed cross-
links, the uniformity of the crosslink distribution, and crosslinking agent penetration. In-
creasing the concentration of GPT in the polymer system provided a higher crosslink den-
sity (ve in Table 3) and thus a higher Young’s modulus (E) (Figure 5b), which correlates
with higher hardness [41]. Coating films with 5 wt% GPT showed lower tensile properties,
which could be attributed to the formation of stress concentration promoting local inclu-
sions described in the SEM analysis. A non-uniform crosslinking distribution and bound-
ary regions between phases reduce the tensile strength [42]. In addition, the limited ori-
entation of the long triglyceride molecules can cause high tensile strength loss [43]. The
slight increase in Young’s modulus for samples with 5 wt% GPT could be explained by
the reduced content of oils, which contain saturated fatty acid moieties.

Propylene glycol units present in GPT may influence Young’s modulus [44]. The ad-
dition of GPT increased the modulus up to 20.3 MPa, achieving a 2.0- to 2.6-fold increase
compared to coating films without GPT. It can be seen that the most considerable contri-
bution to the elongation of coatings came from linseed oil. This can be explained by the
amount of saturated fatty acids in linseed oil (approx. 11.3%). As saturated fatty acids
cannot be acrylated, they act as plasticizers [23]. Elongation at break for samples with GPT
was below 6%, confirming structural changes induced by the enhanced crosslink density
[20].

6 8 10 12
Strain (%)

Q@ @ O @® @ O \© P g0
"“\"@VG "“@e/‘&f’ \,0’\,0/0

Figure 5. Tensile strength of vegetable oil-based coatings; (a) stress—strain curves; (b) Young’s mod-
ulus.
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3.5. Adhesion Strength

The coating can only effectively achieve other functions when the interface between
it and the substrate is reliable and robust. The pull-off adhesion test was used to evaluate
the coating’s adhesion to birch plywood. The way the wood substrate is treated and pre-
pared is essential. Surface energy and associated morphology play a crucial role in deter-
mining the interfacial parameters, regardless of polymer-coating properties.

The adhesion of coatings presents the combined performance of the two-phase inter-
face between AVO and plywood, which directly affects the lifespan of the substrate. To
demonstrate the adhesion strength, we conducted the test only for RL coatings. As shown
in Table 4, the force required to remove the AVO coating from the substrate increased
with increasing GPT content. The pull-off strength increased from 0.56 MPa for RL to 1.21
MPa for RL_G20. Hence, GPT contributed to a 0.65 MPa increase, which was more than
half of the adhesion strength of the RL_G20. In comparison, the interfacial adhesion be-
tween the AESO coating and the starch membrane was reported to be around 2 MPa and
was improved after surface treatment with (3-aminopropyl) triethoxysilane (APTES) [45].

After the test, a visual approach was used to determine the type of failure of the coat-
ing materials (Figure 6). In both cases with GPT, the failure pattern was mixed (Figure
6b,c). We could observe a failure of the bond between the applied coating and substrate
as well as a cohesive failure of the coating itself. In the case of RL (Figure 6a), a glue failure
between the applied coating and epoxy resin predominated. In all cases, there were no
visible wood fibers remaining on the samples, which means that the substrate failure did
not occur. The reason could be the non-sufficient penetrating of resin into the wood sub-
strate, as well as the lack of intramolecular bonds between the coating and wooden sub-
strate. There is potential room for improvement and a future investigation is needed. The
RL coating remained tacky, even after the treatment with acetone. The adhesive was prac-
tically applied to the surface’s unpolymerized part and did not stick properly. Therefore,
the coating itself should be able to withstand more stress. This was due to the presence of
oxygen as a free radical scavenger during photopolymerization, thus competing with
acrylic radicals formed during UV-curing. In some cases, amines are used as oxygen scav-
engers and function as an efficient sacrificial site for hydrogen and electron abstraction
reactions, protecting the material structure [46].

Table 4. Coatings’ pull-off strength with the evaluation of the type of failure.

Coatings A;::E;ﬁ‘(ill&e;;?n Type of Failure
RL 0.56 £0.12 Glue failure
RL_G5 0.87+0.15 Mixed (adhesive + cohesive failure)
RL_G20 1.21+0.14 Mixed (adhesive + cohesive failure)

Figure 6. Failure patterns of coating materials (a) RL; (b) RL_GS5; () RL_G20.

3.6. Photo-Oxidation Effect on Coatings’ Properties

Photo-oxidation of coated plywood was conducted under an Hg-UV lamp for up to
9 h. Microhardness measurements were performed at the surface of photo-oxidized coat-
ings, calculated according to Equation (3), and presented as a function of irradiation time
(Figure 7a). The microhardness test was not applicable for AVOs without a GPT monomer
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because of the observed self-healing effect (the samples were too soft to detect the inden-
tation). Figure 7a reveals a significant increase in microhardness during the irradiation for
coatings with added GPT. The microhardness of coatings with 5 wt% of GPT remained
constant after about the first hour of exposure, but for coatings with 20 wt% of GPT, the
microhardness continued to increase and continuously harden. Local inclusions in coat-
ings with 5 wt% of GPT reflected the relatively lower microhardness, reaching values be-
low 100 MPa. In the case of coatings with 20 wt% GPT, microhardness increased up to 250
MPa, showing the effect of tri-functional acrylic groups on coating strength. During
photo-oxidation, crosslinked structures can be produced by any bimolecular combination
of radicals. It is essential to know that in the early stages of photo-oxidation, chain scission
reactions are less common than oxidative crosslinking coupling. For this reason, there is
an increase in the stiffness of the oxidized layer. Dupuis et al. concluded that at short
irradiation times, the crosslinking reactions regulate changes in the top surface’s mechan-
ical properties, whereas at longer irradiation times, the 3 scission reactions become more
competitive and reduce the surface stiffness. They measured an increase in crosslink den-
sity upon aging by analyzing the T of the upper layer of the sample and the bulk material.
An increase of 7 °C was detected for the upper layer, while T of the bulk material re-
mained unchanged, confirming that new crosslinks were formed mainly in the upper
layer of the coating [47].

Microhardness as a micromechanical characteristic plays a role as a connecting link
between the structure and micromechanical properties. In recent studies, microhardness
was reported for different vegetable oil derivatives. Linseed oil epoxide together with
epoxidized glycerol, methyl-tetrahydrophtalic anhydride as a curing agent, and 2-me-
thylimidazole as an initiator reached a microhardness of approximately 160 MPa after 100
h of irradiation [47]. For epoxidized soybean oil, the microhardness was reported to be
around 58 MPa [48]. Compared to epoxidized soybean oil, acrylated epoxidized soybean
oil had a higher microhardness by more than 50%, and a slightly higher indentation elastic
modulus [49]. The polyurethane derivative synthesized from rapeseed oil polyol showed
a microhardness of 178 MPa [50]. However, in a dicyclopentadiene-based tetrapolymer
system, linseed oil lowered the hardness [51]. Hence, it can be seen from the comparison
that the obtained coatings RL_G20 and LG_G20 showed competitive microhardness or
even higher values than the ones reported in the reviewed literature.

A direct relationship was observed between Vickers microhardness and Young's
modulus, or tensile strength for the cured acrylate coatings with GPT. Acrylate systems
showed an excellent linear relationship (R? = 0.9732) when plotting microhardness vs. E
as depicted in Figure 7b. The equation is as follows: microhardness = aE" [48]. The rela-
tionship between microhardness and Young’s modulus relates to materials’ stiffness be-
cause both depend on the material’s structure and the corresponding intra- and intermo-
lecular interactions. This proportional dependence has been developed for many systems,
such as ultrahigh molecular weight polyethylene, copolymers of ethylene-a-olefins, and
highly oriented polyethylene [52]. It is proposed that microhardness could be used as an
indicator of Young’s modulus in some specimens that do not easily lend themselves to
routine testing procedures [53]. A slightly poorer relationship was observed between ten-
sile strength and microhardness (R?=0.8317). The plywood color shifted to darker during
UV exposure (Figure 7c), while coatings retained good clarity and transparency.
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Figure 7. (a) Change of microhardness of coatings with GPT during Hg-UV exposure; (b) linear
relationship between microhardness (0 h) and Young’s modulus or tensile strength for coatings with
GPT (log-log scale); (c) plywood and coatings after 9 h of photo-oxidation.

3.7. Sliding Friction

The coefficient of friction (1) between two solids is defined as F/N where F denotes
the friction force and N the load or the force normal to the surface, and it is independent
of the apparent area of contact [54]. To determine the performance and durability of the
wood coatings after 9 h of photo-oxidation, which serves as degradation, sliding friction
was measured. RL, RL_G5, and RL_G20 were selected as representative photo-oxidized
coating samples for the test. Experiments were conducted under three indenter loads: 0.5,
1.5, and 3.0 N. The coefficient of friction values is displayed in Table 5 as an average of the
constant plateau zone of the measurement, where the friction pair adjustment process
(“run-in”) and final part (“run-off”) are not considered. Figure S4 in Supplementary Ma-
terials demonstrates p vs. sliding distance or time, or laps, in which the p at the plateau is
plotted. The RL_G5 sample at load 1.5 N and 3.0 N displayed a stable u value, increasing
to a high steady-state value (0.6 < p < 0.9) and reaching a plateau. In contrast, the sample
at 0.5 N load reached the plateau gradually. When the applied load was increased from
0.5N to 1.5 N, an increase of 1 was observed. When the load was increased further up to
3N, the p decreased for RL and RL_G20 but increased for RL_G5. A similar trend was
reported with linseed oil as the metal coating. u ranged from ~1.0 up to ~1.5 for linseed oil
cured under different UV radiation intensities (100 and 300 mJ/cm?), but p decreased be-
low 0.2 when the sample was additionally cured thermally at 80 °C after the UV irradia-
tion [55]. Wang et al. investigated the lubricating properties of palm oil-based nanofluids.
The authors reported that carbon nanotubes (CNTs) could reduce the sliding friction force
due to their high strength and hardness, as CNTs will not be ground into a hard film under
heavy loads [56]. Another study measured p for epoxidized soybean oil, which was
around 0.11 under dry conditions [48].

Resistance to sliding depends on the surface morphology of the polymer, and, in
many instances, this morphology is affected by sliding [57]. Optical microscopy images in
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Figure 8 represent the wear of coating after the test. When a hard slider is pressed into a
soft polymer, the surface is extended [57]. Thereby, indentations were formed in the RL
and RL_G5 coatings. Indentations for the RL and RL_G5 samples occurred when the 1.5
N load was added. However, RL_G20 remained smooth and showed only the path formed
by the sliding ball. The width of the wear track increased as the applied load increased.
For RL_G20, it rose from 0.242 to 0.372 and up to 0.544 mm for 0.5, 1.5, and 3.0 N, respec-
tively. This was due to the depth of penetration of the metal ball in coating.

Table 5. Coefficient of friction values for photo-oxidized samples.

s . u (in Plateau Zone)
Photo-Oxidized (9 h) Coatings 05 (N) 15(N) 3.0 (N)
RL 0.24 0.88 0.79
RL_G5 0.42 0.65 0.80
RL_G20 0.21 0.47 0.31

Load, N

RL_G5

- ‘ . ik il AL
Figure 8. Optical microscopy photos of photo-oxidized (9 h) wood coating samples after sliding
friction test at different loads.

4. Conclusions

The present study explored biobased resins that introduced two-phase microstruc-
tures after UV-curing. The testing was limited to potential applications for wood surfaces
but was not limited to this purpose. The viscosity of AVOs decreased by an average of 550
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mPa-s with the addition of a propoxylated glycerol triacrylate (GPT) monomer. The addi-
tion of the GPT monomer to acrylated vegetable oils (AVOs) resulted in two distinct ef-
fects based on the added loading: 5 or 20 wt%. The addition of 5 wt% resulted in the partial
formation of the GPT network, which contributed to a pronounced two-phase separation
in the microstructure and relatively large boundaries between phases. As a result, the ten-
sile properties saw a significant decrease, and the glass transition temperature was incon-
sistent. Increasing GPT content yielded a much finer and well-dispersed microstructure.
The addition of 20 wt% of GPT resulted in an enhanced tensile performance, dynamic
mechanical properties, and increased glass transition temperature. The addition of GPT
increased the storage modulus by up to five-fold, Young’s modulus by up to two-fold at
20 °C, and the crosslink density by up to two-fold. Exposure to photo-oxidation enhanced
the microhardness, which reached the maximum value of 250 MPa for LG_G20. The coat-
ings remained clear and transparent after the photo-oxidation induced aging.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings13030657/s1, Figure S1: Conversion of acrylic dou-
ble bonds in coating samples; Figure S2: Viscosity and temperature relation for coating samples;
Figure S3: Cross-section SEM micrographs of the fracture surface morphology; Figure S4: Photo-
oxidized (9 h) coating friction coefficient dependance on applied indenter load, time, distance, and
number of laps.
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ARTICLE INFO ABSTRACT

Keywords: This study outlines a safer and greener pathway for the synthesis of UV-curable acrylated linseed oil-based alkyds
Alk}’ds‘ (ALO-A), introducing enhancement in bio-based coating performance while addressing environmental and in-
UV-Curing dustrial challenges. Building upon conventional methods, our optimized process integrates acrylic functionality
ig?;i?;?n directly into the alkyd backbone through an improved reaction pathway, offering a significant advancement in

resin synthesis. This method eliminates halogenated reagents, reduces the need for excess acrylic acid, and
supports rapid, VOC-free UV curing. To investigate the impact of acrylate functionality on coating properties,
two strategies were employed: adjusting the number of acrylic groups integrated into the alkyd backbone and
incorporating reactive diluents. Two ALO-A resins with 2.3 and 1.8 mmol of acrylic groups/g resin, determined
by 'H NMR, were synthesized. ALO-A resins were mixed with bio-based isobornyl acrylate (IBOA), tripropylene
glycol diacrylate (TPGDA), or trimethylolpropane trimethacrylate (TMPTMA) in various ratios. Real-time pho-
torheology demonstrated that higher acrylate functionality in ALO-A together with reactive diluents lowered the
gel point to 3.0 s. The acrylate functionality led to a 2.2-fold difference in coating hardness, reaching a maximum
pendulum hardness of 103 s. The incorporation of reactive diluents further enhanced hardness, achieving up to
2.9-fold with lower-functionality ALO-A and 1.7-fold with higher-functionality ALO-A (max. 174 s). Indentation
tests revealed exceptional flexibility, showing up to 7.4 mm in Erichsen cupping. Adjusting the reagent ratio
during ALO-A synthesis and incorporating reactive diluents offer two effective strategies for precise control over
the mechanical performance of coatings. The comparison of these approaches highlights advancements in UV-
curable coating design.

Bio-based wood coatings
Erichsen cupping
Pendulum hardness

1. Introduction unnecessary weight [1].

To obtain UV-curable alkyd resins, most researchers simply combine

Traditional alkyd resins cure via an oxidative-drying process that
requires metal-based catalysts (containing, e.g., cobalt, manganese, and
iron as primary driers) and can last several hours to achieve the “touch
dry” stage to days or weeks to achieve full through drying and final
hardness. Ultraviolet (UV)-curable alkyds have been of broad interest
due to the advantage of being free of metal-containing catalysts and
providing a fast curing process. Moreover, transporting traditional alkyd
resins often means transporting significant amounts of non-solid mate-
rial - a carrier such as water or solvent. In contrast, UV-curable alkyds
are 100 % solid, enhancing transport efficiency and reducing

* Corresponding author.
** Corresponding author.

alkyd resins with compatible or soluble acrylates, epoxides, or siloxane
compounds by mixing them [2-5]. A recent study explored an acrylation
of the alkyd end groups using (meth)acryloyl chloride [6]. Some re-
searchers incorporate additional unsaturation, for example, by adding
maleic or fumaric acid into the alkyd structure [7-9]. A less studied
approach to synthesizing UV-curable alkyd resins is to modify the less
reactive fatty acid double bonds by incorporating acrylic groups. Un-
saturated double-bond bromoacrylation with N-bromosuccinimide
(NBS) requires only one step. The drawback of this method is the
considerable excess of acrylic acid (AA). Eren et al. used 254 and 554
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times more mols of AA to acrylate methyl oleate and soybean oil,
respectively. When authors used a lower excess of AA, they observed
dibromination [10]. Moreover, halogenated reagents (such as NBS) are
industrially undesirable due to their harmful environmental impact,
potential health risks, and the challenges and costs associated with
disposing of halogenated by-products.

Diels-Alder cycloaddition is another approach to obtain UV-curable
fatty acid acrylates but requires a conjugated diene [11-13]. Thana-
mongkollit et al. demonstrated that the Diels-Alder adduct of TMPTMA
with tung oil-based alkyd exhibited faster curing speed than the adduct
with tung oil [14]. In another study, Chittavanich et al. mixed the same
tung oil-based alkyd adduct with ten different reactive diluents. The
authors obtained UV-curable alkyd paint films with excellent impact
resistance (>40 lb/in.), flexibility (>32 % elongation by conical
mandrel test), and adhesion (cross-cut adhesion of 5B) to the metal
substrate when using isodecyl methacrylate — a long chain linear
structure diluent. When using isobornyl acrylate (IBOA), films showed
better gloss (99.6 at 60 °C) and hardness (pencil hardness of 2H) [15].

Regarding fatty acid double bond acrylation, Maafen et al. compared
three different acrylation pathways for fatty acid esters via one-, two-,
and three-step routes. The one-step route comprised the bromoacryla-
tion with NBS, as described before. Interestingly, the authors reduced
the AA amount to ten equivalents and reached 89 % conversion and 66
% yield after purification. The two-step route comprised enzymatic
epoxidation followed by ring-opening with AA. Authors reached up to
88 % conversion after acrylation and 64 % yield after purification. The
three-step route comprised enzymatic epoxidation, ring-opening with
methanol or ethanol, and acrylation (esterification) with acryloyl chlo-
ride. The authors achieved 72 % conversion after acrylation and 49 %
yield after purification [16].

Although the acrylation of fatty acid esters and vegetable oils via
epoxy ring-opening is well-documented, a significant gap remains in the
realm of UV-curable alkyds—particularly concerning the development
of green synthesis routes, how resin functionality influences the curing
process and the associated mechanical property characterization. To
address this, our synthesis strategy eliminates halogenated reagents
(like NBS), significantly reduces the need for excess acrylic acid, and
enables rapid, VOC-free UV curing. We began by synthesizing linseed
oil-based alkyd resins (LO-A) through a one-step fatty acid process,
followed by epoxidation and halogen-free acrylation using only 0.3
equivalents of excess acrylic acid (AA). This process yielded two alkyd
resins with different epoxy values (EV), which allowed for varying
acrylate functionalization. UV-curable formulations were then prepared
by mixing acrylated linseed oil alkyds (ALO-A) of different functional-
ities with reactive diluents. The resins were applied to a wood substrate,
UV-cured, and the coating properties were evaluated. To establish the
relationship between mechanical performance and flexibility, we
employed two industry-standard tests: pendulum hardness and Erichsen
cupping. By systematically exploring the relationship between alkyd
functionality, reactive diluent content, and coating performance, our
study establishes a foundation for designing tailored UV-curable for-
mulations. This enables the design of tailored formulations to meet
specific performance demands, advancing the precision of UV-curable
coating technologies.

2. Experimental
2.1. Materials

Linseed oil fatty acids (LOFA) were purchased from Oleon NV
(Nouracid LE 80). Phthalic anhydride, triphenyl phosphite, acrylic acid
(AA), and ethyl acetate (EtOAc) were purchased from Penpet. Formic
acid (78 wt%) was purchased from Reher & Ramsden. Triphenylphos-
phine (TPP) and H0; (30 wt%) were purchased from Carl Roth. 4-
Methoxyphenol (MEHQ) was purchased from Th. Geyer (Merck).
Butylated hydroxytoluene (BHT) was purchased from Aldrich.
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Pentaerythritol was purchased from Perstorp. Xylene was purchased
from BCD Chemie. Triethylamine (TEA) was purchased from Moller
Chemie. Isobornyl acrylate (IBOA) was purchased from ECEM. Tripro-
pylene glycol diacrylate (TPGDA; Miramer M220) and trimethylolpro-
pane trimethacrylate (TMPTMA; Miramer 3130) was kindly supplied by
Miwon. Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (TPOL) was
kindly supplied by BCH Briihl (Chemikalien Handel GmbH).

2.2. Linseed oil-based alkyd (LO-A) synthesis

LO-A was synthesized using the fatty acid process. The molar ratio of
LOFA: phthalic acid anhydride: pentaerythritol was 4 : 1: 2. LOFA
(1935.7 g), phthalic acid anhydride (255.8 g), pentaerythritol (470.1 g),
triphenyl phosphite (6.2 g) and xylene (30 ml) were charged into a 4 L
four-necked round-bottom flask equipped with a mechanical stirrer,
Dean-Stark trap and reflux condenser. The reaction flask was thoroughly
flushed with nitrogen gas and the system was heated to 200 °C and left
for 1 h for water to form, which was azeotropically removed with
xylene. After this initial stage, the reaction was heated to 240 °C. Re-
action progress was monitored by measuring the acid value (AV), and it
reached 3.7 mg KOH/g after about 4 h. Then, the reaction was cooled to
200 °C, and xylene was removed by distillation under vacuum. The
structure of LO-A and concentration of fatty acid double bonds was
determined using 'H NMR spectroscopy and resulted in 4.9 mmol of
double bonds/g resin (Fig. S1, Table 2). The end AV and OH value of LO-
A is summarized in Table 2.

2.3. Epoxidation of LO-A (ELO-A)

The LO-A resin epoxidation was carried out in the presence of
hydrogen peroxide and formic acid (Fig. 1a). By varying the molar ratio
of Hy0,, we synthesized two batches ((1) and (2)) of epoxidized linseed
oil-based alkyd (ELO-A) with different amounts of epoxy groups
(Table 2). For ELO-A (1) the molar ratio was as follows: 1 : 0.4: 1.8 (mole
of fatty acid double bonds: mols of HCOOH: mols of Hy05). Formic acid
(78 wt%) (31.69 g) was added to LO-based alkyd (300 g), stirred and
heated up to 60 °C in a four-necked round-bottom flask equipped with a
condenser, dropping funnel, thermocouple and mechanical stirrer. Then
H203 (30 wt%) (304.7 g) was added dropwise through a dropping funnel
within 1 h. Since the epoxidation process is exothermic, proper pre-
caution was taken to avoid overheating the reaction mixture. The re-
action continued for 6.5 h, and the progress was monitored with epoxy
titration. After completion of the reaction, the mixture was dissolved in
600 ml EtOAc, washed with a slightly basic water solution and brine,
then dried over NaSO4 and filtered. EtOAc was removed by distillation
under a vacuum. For ELO-A (2) the molar ratio was as follows: 1 : 0.4:
0.9 (mole of fatty acid double bonds: mols of HCOOH: mols of H305).
The rest of the procedure remained the same.

Table 1
ALO-A resin formulations.

ALO-A, wt% Reactive diluents, wt%
Sample name 1BOA TPGDA TMPTMA
ALO-A" 100
90_10 IBOA 90 10
80_20 IBOA 80 20
70_30 IBOA 70 30
90_10 TPGDA 90 10
80_20 TPGDA 80 20
70_30 TPGDA 70 30
90_.10 TMPTMA 90 10
8020 TMPTMA 80 20
70_30 TMPTMA 70 30

# In the work samples are divided between (1) and (2), which denotes resins
that are formulated with either ALO-A (1) and ALO-A (2).
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Table 2
Characteristics of synthesized LO-A, ELO-A, and ALO-A.
AV, mg KOH/g OH value, mg KOH/ mmol of fatty acid EV, mmol epoxy/g ~ mmol acrylic groups/ Yield, GPC
Resins resin g resin C=C/g resin resin g resin % M, (g/ M (5/ PDI
mol) mol)
LO-A 2.3 69 4.9 - - - 1182 3373 2.9
ELO-A 3.5 93 0.5 3.4 - 69 1509 11604 7.7
[¢Y)
ELO-A 4.7 90 2.3 2.7 - 55 1526 7063 4.6
@
ALO-A 48.1 217 0.5 0.1 2.3 68 1740 46645 26.8
ay
ALO-A 34.9 183 2.3 0.2 1.8 67 1771 25318 14.3
@)
2 Acrylated alkyds ALO-A (1) and ALO-A (2) were synthesized from the respective epoxides ELO-A (1) and ELO-A (2).
9
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Fig. 1.
2.4. Acrylation of ELO-A (ALO-A)

Acrylation of epoxidized alkyd (45 g) was carried out in the presence
of AA (14 g) and TEA (1 wt%) (0.81 ml) as catalyst (Fig. 1a). BTH (0.06
wt% = 600 ppm) (0.0354 g) and MEHQ (0.06 wt% = 600 ppm) (0.0354
g) were used as free radical inhibitors. The molar ratio was 1 : 1.3 (mole
of epoxy: mols of AA). Epoxidized alkyd, TEA, BHT, and MEHQ were
mixed in a 500 ml four-necked round-bottom flask equipped with a
condenser, thermocouple, mechanical stirrer, and dropping funnel. The
mixture was stirred and heated to 95 °C. Then AA was added slowly
through the dropping funnel within 1 h. The reaction conversion was
monitored by measuring the AV of the mixture periodically. The reac-
tion was stopped after 18.5 h when there was little to no change in the
AV. After synthesis, the acrylated linseed oil-based alkyd (ALO-A)
product was dissolved in EtOAc, and the unreacted AA and catalyst were
removed through water extraction. The product was dried over NazSO4
and filtered. EtOAc was removed by vacuum, leaving resins with an
approximate solid content of 93 %. ELO-A (1) and ELO-A (2) were
precursors to yield ALO-A (1) and ALO-A (2), respectively. The acryl-
ation yields were 68 % for ALO-A (1) and 67 % for ALO-A (2) as
calculated by TH NMR (Table 2).

2.5. Preparation of UV-curable coatings

ALO-A resins were mixed with reactive diluents to lower the appli-
cation viscosity and increase the final mechanical performance
(Table 1). Three different reactive diluents in concentrations of 10, 20,
and 30 wt% were chosen — monofunctional IBOA, difunctional TPGDA,
and trifunctional TMPTMA (Fig. 1b). 5 wt% of photoinitiator TPOL was
added to each formulation to initiate crosslinking upon UV irradiation.
Two sets of formulations were prepared — one with ALO-A (1) and the
other with ALO-A (2), resulting in 20 samples in total (including ALO-A
(1) and ALO-A (2) without reactive diluent). For better visualization,
only one set is shown in Table 1.

Liquid resins were applied on cleaned glass and aluminum (when
testing deformation by indentation) substrates using a film applicator of
a wet film thickness of 100 pm. The applied resins were cured under a

PGDA

1" TMPTIA
P

a) Synthesis steps to obtain acrylated linseed oil-based alkyd (ALO-A); b) Structures of the used reactive diluents.

UV-Hg lamp (IST-Metz, type I-250-NA-3-40 with a UV range of 180-450
nm with max. 200 W/cm?) at a distance of 3-4 cm and with a conveyor
speed of 5 m/min (simulated industrial production line). The samples
were run under the lamp up to 5 times (one curing cycle corresponded to
9 s of UV exposure). We should note that a significant amount of heat is
generated during curing with a UV-Hg lamp. The heat may facilitate the
curing process; however, it was out of our scope to determine this extent.

2.6. Characterization

Acid value (AV) was determined by titration with 0.1 M KOH in
EtOH [17]. Epoxy value (EV) was determined according to ASTM D1652
by titrating with 0.1 M HClOj4 in glacial acetic acid and using crystal
violet as an indicator. Hydroxyl (OH) value was determined according to
DIN EN ISO 4629-2 by titrating with 0.1 M KOH in EtOH.
Fourier-transform infrared (FTIR) spectra of the specimens were recor-
ded on a Brucker Alpha FTIR spectrometer over a 4000- 600 cm ™ fre-
quency range. The "H NMR spectra for the samples were recorded on
Bruker Avance 500 spectrometer (Bruker BioSpin, Switzerland) at 500
MHz, using the residual peak of CDCl3 (*H: § = 7.26 ppm) as an internal
standard. The acrylic group content (mmol of acrylic groups/g resin)
was determined using 3,4,5-trimethoxybenzaldehyde as an internal
standard. The molar masses of synthesized alkyd derivatives were
determined by gel permeation chromatography (GPC) using Shimadzu
Prominence-i LC 2030 3D equipped with Agilent PLGEL 5-ym Mixed-C
(200-2000000 g/mol) and Agilent PLGEL 5-pm Mixed-D
(200-400000 g/mol) columns protected by an upstream GuardCol-
umn. Tetrahydrofuran (HPLC Quality, unstabilized) from Biosolve) 1.0
ml/min was used as the mobile phase. Linear polystyrene standards
were used for the calibration. The viscosity of resins was measured with
an Anton Paar rheometer MCR102 (Graz, Austria) with a parallel-plate
measuring system (25 mm diameter). The results are presented at a
shear rate of 50 1/s at 22 °C. The measurement gap was set to 0.1 mm.
To study the behavior of the resins during UV curing, the rheometer was
equipped with a Peltier-controlled temperature chamber with a glass
plate (38 mm diameter) and PP08 metal spindle (8 mm diameter). The
resins were exposed to radiation using a UV/VIS spot curing system,
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OmniCure S1500 (Excelitas Technologies Corp., USA). Radiation was
applied at wavelengths between 250 and 450 nm with an intensity of 2
mW/cm? at 22 °C. The measurement gap was set to 0.1 mm. The mea-
surements were performed with an angular frequency of 10 rad/s and
0.3 % shear strain. The UV/VIS onset was 60 s after the start of the
experiment. Storage modulus (G'), loss modulus (G"), and loss factor tand
(G”/G") were recorded during real-time measurement. The crossover
point where G’ equals G is defined as the gel point (tg) calculated from
the onset of UV/VIS irradiation. Coatings properties were determined
for all samples according to standards. Hardness was evaluated by
subjecting coatings to Konig pendulum hardness (ASTM D4366).
Coating resistance to cracking and deformation was measured by the
Erichsen ball indentation (cupping) test according to DIN 53156, ISO
20482, by applying and curing the coatings on aluminum plates.

3. Results and discussion
3.1. Synthesis of epoxidized alkyd resins (ELO-A)

Linseed oil-based alkyd resins (LO-A) were prepared to investigate
the feasibility of synthesized UV-curable alkyds using two steps: epoxi-
dation and acrylation. Epoxidation was carried out via Prilezhaev re-
action using in situ generated performic acid [18]. The reaction was
monitored by titration to determine the epoxy value (EV) (Fig. 2a). We
conducted the epoxidation at 60 °C as it has been found to be an optimal
temperature for unsaturated fatty acid epoxidation [19]. In the FTIR
spectrum of LO-A, the fatty acid double bond vibrations attributed to
absorption bands at 3009 and 1654 cm ™! disappeared after the epoxi-
dation (Fig. 2b). In the meantime, a new absorption band at 821 em™!
indicated the formation of epoxy groups in ELO-A. A slight increase in
the absorption band around 3460 cm™! responsible for the -OH group
can be evidence of epoxy ring-opening (hydrolysis) [20]. This is also
confirmed by increased OH value after epoxidation (Table 2).

The 'H NMR spectra after epoxidation (Fig. 2¢) revealed that the
methylene protons in the o-position of the epoxy ring (-HCOCH-)
appeared at 6 = 3.11 and 2.91 ppm. Methylene protons between two
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epoxy groups (-COC-CH3-COC-) appeared at § = 1.66-1.83 ppm, and
protons in the p-position of the epoxy ring (-COC-CHz-) appeared at § =
1.47 ppm. Meanwhile, the proton signals corresponding to unsaturated
fatty acid double bonds disappeared (Fig. S1). However, as the con-
version is not complete, small peaks remained visible in ELO-A (1) and
ELO-A (2), corresponding to 0.4 and 2.1 mmol of internal fatty acid
double bonds, respectively (Table 2). ELO-A spectra also revealed
increased integrals at 6 = 3.43-4.48 ppm, indicating the undesirable
epoxy ring-opening (hydrolysis) where -HCOH- protons resonate.

Table 2 summarizes the epoxidation reaction overview. The
maximum EV obtained was 3.4 mmol epoxy/g resin with a molar ratio of
1 : 1.8 (mole of fatty acid double bonds: mols of Hy02). This gave the
first epoxidized product ELO-A (1). The yield after epoxidation was 69
%, making it incomplete. Some fatty acid double bonds remained
unreacted due to steric hindrance, different fatty acid reactivities [21],
or inefficient reaction conditions (temperature, time, molar ratio of re-
agents). Increasing HoO» (up to 2.1 mol) or changing the H,O,, feed rate
(from 1.9 to 9.2 ml 30 % H202/min) did not affect the reaction progress
and conversion. Walther et al. reported a similar EV of 3.0 mmol
epoxy/g resin after alkyd resin epoxidation at 0 °C [22]. We suggest that
complete conversion might require better mixing or more HCOOH.
However, HCOOH can also protonate the epoxy ring, leading to unde-
sirable ring-opening (hydrolysis) via an Sy1 mechanism. Due to traces of
HCOOH that remain in the resins after washing, we also observed a
slight increase in AV. Some researchers suggest HySO4 as a catalyst, a
solvent, or additional free fatty acids to achieve high unsaturated
double-bond epoxidation yields [23,24]. The increase in M, indicates
the addition of epoxy groups, leading to a moderate rise in the average
molecular weight of individual alkyd chains. However, the significant
rise in M, reflects the presence of a few much larger alkyd species, likely
caused by side reactions like oligomerization.

As this study focuses on evaluating the effects of different function-
alities on the product properties, we performed the second epoxidation
using half of the amount of HyO2 under the same conditions: 1 : 0.9
(mole of fatty acid double bonds: mols of H202). This gave the second
epoxidized product ELO-A (2) with EV = 2.7 mmol epoxy/g resin (‘\H
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Fig. 2. LO-A epoxidation reaction progress a) by titration; b) by FTIR analysis (the inset plot shows zoomed-in spectra corresponding to the formed epoxy ring at 821

em™1); ¢) 'H NMR spectra of ELO-A (1).
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NMR spectrum of ELO-A (2) can be seen in Fig. S2.). Since we used a
lower amount of Hy0j, the epoxidation yield reduced to 55 % and the
number of remaining fatty acid double bonds increased nearly fivefold
(Table 2). Both epoxidized products ELO-A (1) and ELO-A (2) were used
as starting materials to obtain respective acrylated alkyds ALO-A (1) and
ALO-A (2).

3.2. Synthesis of acrylated alkyd resins (ALO-A)

Acrylic acid (AA) was employed as the acrylation agent to modify
ELO-A without using halogen compounds, such as the frequently re-
ported NBS [22,25,26]. First, we compared reaction progress using 1.3
or 1.7 mol of AA (Fig. 3a). The decrease of AV at higher AA concen-
trations (1.7) is faster than at lower AA concentrations (1.3), which is
evident from the decreasing distance between the dotted lines. This
indicates faster acrylation at higher AA concentrations. However, a
higher concentration of AA can lead to a higher chance for the reaction
to gel [16] and can make the workup phase challenging, leading to AA
residue traces in resins, thus influencing the UV-cured coating proper-
ties. Therefore, a ratio of 1 : 1.3 (mole of epoxy group to moles of AA)
was selected for the acrylation process.

Using ELO-A (1) or ELO-A (2) as a starting epoxide, we obtained
ALO-A (1) or ALO-A (2), respectively. We did not change the epoxy: AA
molar ratio when using ELO-A (1) or ELO-A (2) as a starting material;
instead, we compared the acrylation reaction progress (Fig. 3b). From
AA consumption, we calculated that acrylation proceeds slower for
epoxide with lower EV (ELO-A (2)). That is due to the lower number of
epoxy groups and, thus, their reduced availability during the reaction,
which aligns with our expectations.

We conducted two acrylation reactions under the same conditions
but using two different catalysts: triphenylphosphine (TPP) and trie-
thylamine (TEA). Fig. 3a and b present the reaction progress for each
catalyst. There is a slight difference in the reaction progress where TEA
catalyzes the reaction faster (comparing yellow and red dotted lines
from Fig. 3a and b, respectively). The catalytic mechanism of TEA in the
acrylation reaction is proposed, while the catalytic mechanism of TPP

\a)
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has not been reported [27]. It could be that the lone pair of electrons in
the phosphorus atom (in TPP) acts similarly to the lone pair of electrons
in the nitrogen atom (in TEA), withdrawing the hydrogen from AA and
creating a negative charge on oxygen, which can act as a nucleophile to
open the epoxy ring. We chose to examine and use TEA-catalyzed ALO-A
resins. Saithai et al. acrylated soybean oil epoxide without catalyst but
used a high excess of AA — molar ratio of 1 : 10 (epoxidized soybean oil:
AA) and high temperatures (110 °C) [28]. We performed the acrylation
at 95 °C. Increasing the temperature to 120 °C led to gelation after 1.5 h,
even with a four times higher inhibitor concentration. The acylation
reaction was stopped after 18.5 h when there was little to no change in
the AV.

Again, Table 2 facilitates several key conclusions. During acrylation,
the EV decreased slightly faster than the AV, with an end EV of 0.1 and
0.2 for ALO-A (1) and ALO-A (2), respectively. This could indicate the
undesirable epoxy ring-opening reaction (hydrolysis). Another factor
that suggests this is the increased OH value of ALO-A and the increased
OH absorption band around 3460 cm™! in the FTIR spectrum (Fig. 3c).
Successful addition of AA was confirmed by the characteristic acrylic
C=C absorption bands at 1637, 1618, and 810 cm ™. At the same time,
the absorption band of the epoxy group at 821 em™! disappeared. A
small amount of epoxy rings remained unreacted, probably due to steric
hindrance caused by the bulky alkyd structure. In the 'H NMR spectrum,
three signals appeared at & 5.80-6.50 ppm, corresponding to
HC—CH- of an acrylic group, while the epoxy peaks disappeared
(Fig. 3d). The 'H NMR spectrum of ALO-A (2) can be seen in Fig. S3).
The acrylation yield was 67 and 68 % (2.3 and 1.8 mmol acrylic groups/
g resin for ALO-A (1) and ALO-A (2), respectively), which is mainly due
to competitive hydrolysis. The reported yield of a one-step bromoacry-
lated alkyd using NBS was 55 % [22]. As GPC indicates, the broader
molecular weight distribution after acrylation could indicate possible
crosslinking involving C—C of acrylic moiety during ALO-A synthesis.
Acrylation has introduced molecular weight heterogeneity, leading to
broader molecular weight distribution and higher polydispersity index
(PDI). GPC curves are represented in Fig. 5S4 and Fig. S5.
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Fig. 3. a) TPP catalyzed acrylation reaction progress; b) TEA catalyzed acrylation reaction progress; ¢) ELO-A (1) and ALO-A (1) FTIR spectra (ALO-A (1) synthesized
using TEA as catalyst), (the inset plot shows a zoomed-in spectra); d) H NMR spectra of ALO-A (1).
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3.3. Viscosity

The synthesized ALO-A (1) resin has a viscosity of 120210 mPa s,
which is tremendously viscous compared to other alkyd resins for
coating applications (Fig. 4a, the viscosity of ALO-A (1) is presented as a
pink dashed line). As we decreased the functionality for ALO-A (2), the
viscosity decreased to 27815 mPa s (Fig. 4b, the viscosity of ALO-A (2) is
presented as a pink dashed line). That is expected to be due to the lower
amount of hydrogen bonds. Viscosity dependence on functionality can
also be explained by the electronic double-layer theory and the effects of
steric hindrance, as described by Zhang et al. [29] Some studies show
different results. For example, acrylated epoxidized soybean oil (AESO)
with a functionality of 2.6 demonstrated lower viscosity compared to
AESO with a functionality of 1.3 [30]. Viscosity also increases as the
polymer molecular weight increases [31]. The increasing PDI after
acrylation (Table 2) could indicate possible crosslinking involving C—=C
of acrylic moiety during ALO-A synthesis, leading to higher viscosity. An
exciting synthesis was performed by Arvin et al., in which the authors
reduced the methacrylated resin viscosity by further substituting the
formed hydroxyl groups. After opening the epoxy ring with methacrylic
acid, the authors added additional methacrylic anhydride and a second
anhydride (acetic, propionic, or butyric anhydride). However, either of
the anhydrides could react with hydroxyl groups, forming a mixture of
dimethacrylate and methacrylate-acetate, -propionate, or -butyrate
products. After synthesis, the viscosity of the dimethacrylated product
was 67300 and dropped to 7800 mPa s for the formed non-functional
esters due to their role as internal plasticizers [32].

All reactive diluents considerably reduced the viscosity. The viscos-
ity of each formulation was in the range of 5700-60000 mPa s. For-
mulations containing TPGDA reduced viscosity the most. However,
these resins remain too viscous, which is the limiting factor for their use
in industry. Further studies are necessary to optimize the synthesis and
viscosity of resins.

3.4. Photocuring kinetics by real-time photorheology

Resins were tested under low shear strain (0.3 %) to keep the ma-
terial in a linear viscoelastic region, providing intrinsic material prop-
erties. Increasing the strain caused scattered, inaccurate results during
UV curing, indicating material yielding (irreversible deformation). The
changes in storage modulus (G'), loss modulus (G"), and loss factor (tand)
for ALO-A during irradiation are presented in Fig. 5. For the rest of the
samples, photorheological data is presented in Table 3.

Storage modulus characterizes the rigidity of materials and demon-
strates how crosslinking density evolves during UV exposure. Mean-
while, the loss modulus characterizes viscous behavior. ALO-A (1) shows
higher G’ than ALO-A (2), indicating higher crosslinking density. ALO-A
(1) also shows a steeper G’ curve after UV exposure than ALO-A (2),
indicating faster crosslinking network formation.
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Fig. 5. Storage modulus G/, loss modulus G’, and loss factor tand versus irra-
diation time for ALO-A (1) and ALO-A (2).

Table 3
Real-time photocuring data of all formulations.
Storage Loss Loss factor tgel, S
Resins modulus G’ modulus G” tand”
x107, Pa” x107, Pa”
@ @ o @ @ (2) @ (2)
ALO-A 3.9 0.6 2.4 0.2 0.62 0.41 10.8 13.0
90_10 IBOA 3.7 0.6 2.1 0.4 0.56 0.55 4.9 8.0
80_20 IBOA 6.6 1.0 34 08 0.51 0.86 3.7 5.9
70_30 IBOA 9.6 20 42 1.8 0.44 0.88 3.4 4.6
90_10 TPGDA 3.9 0.8 2.1 0.3 0.54 0.45 4.4 6.2
80_20 TPGDA 4.8 1.2 2.4 0.8 0.51 0.63 3.4 4.8
70_30 TPGDA 5.8 2.0 2.8 1.2 0.48 0.60 3.0 3.6
9010 TMPTMA 8.2 2.1 29 0.9 0.36 0.42 6.2 7.2
8020 TMPTMA 12.9 6.7 3.3 2.5 0.25 0.37 5.6 6.6
7030 TMPTMA 18.8 9.7 3.6 3.0 0.19 0.31 5.2 6.1

? (1) and (2) denotes resins that are formulated with either ALO-A (1) and
ALO-A (2).
® at an irradiation time of 400 s.

In most cases, tand decreased with the addition of reactive diluents.
Meaning that more elastic deformation occurs since G’ rises more than
G’’. However, tand increased for ALO-A (2) formulations with IBOA or
TPGDA. Too much reactive diluent can restrict radicals’ diffusion and
motion, leading to premature termination [33]. If the reactive diluent
polymerizes more rapidly, the network may crosslink at a rate that limits
the reactivity of the alkyd-modified chains. Due to reduced mobility,
alkyd chains may remain partially unreacted within the final network.
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Fig. 4. Viscosity of a) ALO-A (1) and b) ALO-A (2) and their formulations with reactive diluents in different weight ratios.
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The presence of these softer, longer alkyd chain segments could then act
as plasticizers, thereby increasing G’ more than G’ and eventually
increasing tand.

Gel point (tgel) indicates the formation of a polymeric network where
material turns from a viscous liquid to a viscoelastic gel. Tge| for ALO-A
(1) and ALO-A (2) was 10.8 s and 13.0 s, respectively. Tge appears faster
for ALO-A (1) due to higher acrylic group density and, thus, faster
crosslinking. All formulations showed the same trend - the higher the
amount of reactive diluent, the faster resins reached tge|. Tgel for 70_30
TPGDA (1) was only 3.0 s. Tge of formulations with TMPTMA occurred
later than for other reactive diluents, demonstrating lower reactivity of
the methacrylic group than the acrylic group. The higher stability of
tertiary radicals formed on methacrylate, compared to the secondary
radicals formed on acrylates, reduces their reactivity [34]. Besides,
methacrylates are more sterically hindered, limiting segmental mobility
for growing free radicals [35].

3.5. Coating properties: pendulum hardness and indentation

Table 4 summarizes the pendulum hardness values for the coatings,
illustrating the effects of resin functionality and reactive diluents. All
samples showed a considerable increase in pendulum hardness up to the
3rd curing cycle (equivalent to 27 s of UV exposure). Beyond this point
(the 4th and 5th cycles), further hardness gains were minimal, ac-
counting for only a 2-4% increase (Fig. S6). From an industrial
perspective, this slight improvement does not justify the additional en-
ergy expenditure. The limited increase in hardness after multiple UV
exposures may be attributed to the bulky structure of ALO-A, which
restricts the diffusion of free radicals and thus impedes further double
bond conversion. Interestingly, Cheong et al. observed a decrease in
pendulum hardness after 8-10 curing cycles when using 46 wt% reactive
diluent (1,6-hexanediol diacrylate or trimethylolpropane triacrylate),
which they attributed to degradation at higher UV doses [36]. Excessive
radiation can lead to degradation in acrylic coatings, diminishing
crosslinking density and gel content [37].

Notably, our design approach produced two distinct resins with
markedly different hardness: ALO-A (2) reached a pendulum hardness of
47 s, whereas ALO-A (1) achieved 103 s, corresponding to a 2.2-fold
difference. Incorporating reactive diluents further enhanced hardness,
with up to a 2.9-fold increase for lower-functionality ALO-A (2) and 1.7-
fold for higher-functionality ALO-A (1), attaining a maximum hardness
of 174 s. Hence, the choice of resin and reactive diluent enabled a
scalable hardness range from 47 to 174 s. Hardness in acrylate-based
coatings primarily depends on the molecular structure and crosslink
density, which is a function of the concentration of acrylate function-
alities [38]. Consistent with this principle, all formulations exhibited
higher hardness with the addition of reactive diluents (Table 4). Coat-
ings with IBOA and TMPTMA displayed higher hardness than those
formulated with TPGDA. In the case of IBOA, the bulky bicyclo[2.2.1]

Table 4
UV-cured coating properties.

Pendulum hardness, s Flexibility (Erichsen), mm

Resins " @ o) @

ALO-A 103 + 2 47 + 2 50+ 04 7.0+ 0.4
9010 IBOA 119 +1 58 +1 53+ 1.0 7.3+0.3
80_20 IBOA 152+ 3 77 £1 6.8 £ 0.5 7.3+04
70_30 IBOA 169 + 2 104 + 2 71+03 7.4 +0.3
90_10 TPGDA 113+ 0 50 +1 4.4 +0.3 6.4 + 0.5
80_20 TPGDA 120 + 1 61 +£1 49 +0.3 6.8 + 0.5
70_30 TPGDA 129 + 2 72+1 59+0.3 7.1+0.2
90_10 TMPTMA 128 £ 6 78 £1 29+0.5 3.5+09
80_20 TMPTMA 155+ 5 113+ 1 2.6 +04 2.7 +0.7
70_30 TMPTMA 174 £1 138 +3 2.0+0.8 7.0+ 0.6

2 (1) and (2) denotes resins that are formulated with either ALO-A (1) and
ALO-A (2).
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heptane unit derived from camphor contributes to the observed hard-
ness increase. In contrast, TMPTMA imparts high crosslinking density by
virtue of its trifunctional acrylate groups, leading to increased hardness
but reduced flexibility [36]. By comparison, the linear molecular
backbone of mono- and difunctional monomers (e.g., IBOA and TPGDA)
tends to yield softer or more flexible coatings than trifunctional mono-
mers [36]; this effect is especially evident in formulations based on
ALO-A (2), where those containing TMPTMA stand out significantly.

In addition to enhance hardness, the selected reactive diluents also
promoted adhesion and imparted significant flexibility. This synergy is
particularly evident in the Erichsen indentation tests (Table 4), which
demonstrate that higher hardness can be achieved without sacrificing
flexibility. By carefully tuning the functionality of ALO-A and incorpo-
rating diluents such as IBOA or TPGDA, we achieved a concurrent in-
crease in hardness and flexibility, thus mitigating the conventional
trade-off between mechanical strength and flexibility.

The chosen diluent modulates the coating’s mechanical response in
distinct ways. IBOA (monofunctional) features a bulky isobornyl moiety
that accommodates free chain movement and relieves internal stresses
in the polymer matrix, thereby increasing flexibility. As a result, all
compositions with IBOA exhibited not only an increase in hardness but
also higher indentation depths. For example, 70_30 IBOA (1) and 70_30
IBOA (2) attained the highest indentation depths among their respective
ALO-A resin groups (7.1 and 7.4 mm), highlighting IBOA’s capacity to
enhance flexibility. Notably, 70_.30 IBOA (1) produced the second-
highest pendulum hardness value (169 s) while also exhibiting a 42 %
improvement in indentation depth (before cracking occurs).

TPGDA (bifunctional) confers a higher crosslink density than IBOA,
yet its propyl groups allow some degree of chain mobility, preserving
moderate flexibility [15]. Similar to IBOA, TPGDA displayed the great-
est compatibility with ALO-A at 30 wt% loading, yielding enhanced
indentation depths (5.9 and 7.1 mm, respectively), whereas lower
loadings led to a moderate reduction in indentation values. Interest-
ingly, Gan et al. observed a comparable phenomenon when studying the
impact of melamine on palm stearin alkyd enamels [39]. Although
higher melamine content typically elevates crosslink density, it can
paradoxically increase flexibility at sufficiently high concen-
trations—possibly because excess melamine may form fewer crosslinks
per alkyd chain, thereby reducing the effective crosslink density. This
rationale may apply equally to our IBOA- and TPGDA-based formula-
tions, where certain diluent levels introduce enough free volume to
permit greater deformation before cracking. In contrast, TMPTMA’s
trifunctional methacrylate structure, coupled with the absence of flex-
ible alkyl chains, produces highly dense crosslinked networks. Conse-
quently, TMPTMA formulations display substantially reduced
deformation capacities and earlier crack onset.

Schwalma et al. summarized Erichsen indentation values for a range
of fossil-based UV-curable systems, including epoxy, polyester, poly-
ether, urethane acrylates, and waterborne systems [40]. Among these,
urethane acrylates were the most flexible (though relatively soft), with
aliphatic urethane acrylates reaching up to 8 mm in indentation depth.
By contrast, epoxy acrylates exhibited the poorest performance (1-4.1
mm). The average flexibility for all tested UV-curable acrylate coatings
was 4.4 mm. Plotting pendulum hardness against Erichsen indentation,
the authors noted that hardness values of 170-190 s typically correlated
with low indentations of only 1-2 mm. They further remarked that high
hardness and a flexible network can be achieved simultaneously using
appropriate reactive monomers.

Wang et al. investigated four bio-based UV-curable alkyd resin-
s—methacrylated medium linseed oil alkyd, methacrylated long linseed
oil alkyd, acrylated medium linseed oil alkyd, and acrylated long linseed
oil alkyd—along with glycerol trimethacrylate and glycerol triacrylate
[6]. Their pendulum hardness values ranged from 21 to 101 s, but the
hardest coatings suffered relatively poor adhesion, while those opti-
mized for adhesion were comparatively soft. Similarly, Oktay et al. re-
ported bio-based epoxy coatings derived from soybean oil-based epoxy
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resin cured with a hempseed oil-based curing agent, yielding pendulum
hardness values of 28-42 s and Erichsen indentations of 8-8.8 mm [41].
Although these results were obtained using a different pendulum hard-
ness standard, they align with the relatively soft ALO-A (2) coating.

Although the literature increasingly reports various bio-based
coating formulations, many do not include industry-standard measure-
ments such as pendulum hardness and Erichsen indentation. Instead,
studies often present Vickers hardness, pencil hardness, or other tests
that are difficult to compare across different publications. Furthermore,
comprehensive evaluations of both flexibility and hardness are
frequently lacking. By using pendulum hardness and Erichsen indenta-
tion, we have demonstrated that our formulations are not only tunable
in hardness but also capable of retaining remarkable flexibility — an
important factor for prolonging the service life of coatings.

3.6. Coating properties: wood staining

The initial assessment of coating properties often involves visual
inspection or subjective judgment, especially regarding appearance. In
Fig. 6 we have visually compared commercial UV-curable resins (dia-
crylate ester of a bisphenol A epoxy resin) and our synthesized alkyd-
based UV-curable resins ALO-A (1). Both resins were mixed with a
photoinitiator, applied to wood (walnut wood), and cured under UV
light. We can see that ALO-A coating has penetrated the wood, providing
a darker color while allowing features of the wood, such as grain, to
remain visible. The alkyd resin penetration is mainly determined by its
flow into the wood capillaries [42]. Alkyd resins are chemically
compatible with cellulose and lignin, enhancing their ability to bond
with and penetrate the wood structure. Ratajczak et al. studied an
organosilane binding to wood substance through an alkyd resin. The
authors found that alkyd resin significantly reduced organosilane
leaching and improved its bonding to the wood matrix [43]. The com-
mercial coating only formed a thin film on the surface of the wood.
Coating penetration into wood provides more protection, and because of
the better bonding to the wood, it prevents the wood and the coating
from warping, cracking, or splitting when temperature and humidity
fluctuations occur. Penetrating coatings typically last longer than sur-
face coatings because they are less prone to wear away [44]. Next to
that, the penetration of the coating into the wood provides a visual
aspect that accentuates the wood’s natural grain and is generally
considered more pleasing and desired.

4. Conclusions

This study presents an optimized synthesis route for UV-curable
acrylated linseed oil-based alkyds (ALO-A), demonstrating a sustain-
able, high-performance alternative for bio-based coatings. By inte-
grating acrylic functionality directly into the alkyd backbone through a
halogen-free epoxidation and acrylation approach, we achieved precise
control over resin properties while eliminating the need for environ-
mentally hazardous reagents.

The resulting bio-based resins exhibit outstanding coating perfor-
mance, balancing high mechanical strength with remarkable flexibility.
Real-time photorheology confirmed rapid UV curing, with ALO-A’s gel
point (tge)) ranging from 10.8 to 13.0 s and as low as 3.0 s for optimized
formulations, supporting efficient, VOC-free industrial applications. The
incorporation of reactive diluents, particularly IBOA and TPGDA,
further enhanced the mechanical properties of coatings, enabling up to a
2.9-fold increase in hardness while maintaining exceptional flexibility.
Notably, the highest-performing formulation reached a pendulum
hardness of 174 s, with indentation depths up to 7.4 mm (before crack
formation). These bio-based coatings offer competitive performance
comparable to conventional fossil-based UV-curable coatings.

Beyond mechanical improvements, the bio-based ALO-A resins
demonstrated superior adhesion and wood penetration, enhancing
durability and aesthetic appeal in wood coating applications. The
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Fig. 6. Wood staining effect on alkyd-based UV-curable resins ALO-A (1).

coating application process was conducted using a simulated industrial
process via a conveyor belt system, ensuring practical relevance for
large-scale production. These results establish a pathway for the devel-
opment of next-generation, sustainable coatings that meet stringent in-
dustrial performance criteria while reducing environmental impact.
Future work will focus on refining synthesis parameters, creating full
formulations with more functional additives, and conducting environ-
mental durability tests to enhance the coatings’ longevity and resilience
across diverse conditions.
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Abstract

Unsaturated furan-based ester (UES) was prepared by green electrosynthesis
using a single-cell setup and inexpensive graphite electrodes. The UES was
validated as a reactive diluent for a bio-based acrylated rapeseed oil (ARO). UV-
light photopolymerization of the bio-based resin was initiated using a diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) radical photoinitiator. The
addition of 20 wt% UES to ARO dropped the resin viscosity by 1.6-fold.
Incorporating 5 wt% UES into the ARO resin increased crosslinking density v,
from 1.07 to 1.65 mol/m>. Fourier-transform infrared spectroscopy (FT-IR) spec-
tra revealed that ARO has been grafted with UES. The UES functional moieties
promote the formation of soft mobile dangling chain end segments in the devel-
oped macromolecular network. UV-cured thermoset polymer reveals distinct
morphologies in SEM micrographs, indicating notable structural changes with
the addition of UES. A total of 5 wt% UES increased tensile strength from 0.49
to 0.55 MPa and storage modulus from 7.9 to 12.0 MPa at room temperature
(22 £1 °C). The biodegradability in composting conditions was investigated,
and up to 28% of the initial mass was lost after 60 days. UES was shown as to be
efficient reactive diluent that can successfully replace fossil-based acrylate

monomers in vegetable oil-based thermoset polymer synthesis.

KEYWORDS

bio-based, biodegradation, mechanical properties, Photopolymerization, vegetable oil

known drawbacks, such as toxicity.> Nebioglu et al. syn-
thesized UPE acrylates to evaluate the internal and termi-

Unsaturated polyester (UPE) oligomers are used in
photopolymerization because of their ability to cure upon
UV irradiation.” UPEs can form a crosslinked network
through intramolecular and intermolecular reactions.
Often, monomers are combined with UPEs to increase
the reactivity.” Styrene is the most common reactive dilu-
ent used in UPE systems to reduce viscosity, increase
crosslink density, and reduce cost, but its use comes with

nal double bond position effects in UV-curable network
formation.* The authors reported that the final conver-
sion of the internal double bonds was not much
lower than that of the terminal double bond. Thus,
monomer structures are not limited by double bond
location. With new sustainability goals set by European
Union, the search for alternatives requires the integra-
tion of bio-based monomers.” For this purpose, we

3318 | © 2023 Wiley Periodicals LLC.
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explored bio-based monomers obtained from furan-
based derivatives in a green manner via electrosynthesis
as a possible reactive diluent for enhancement of UV-
curable thermosets prepared from unsaturated polyester
(UPE) oligomers.

White et al. reported a nonvolatile and “green”
ionic liquid 4-vinylbenzyl trioctyl phosphonium
bis(trifluoromethanesulfonyl)imide (VBTOP Tf,N) as a
reactive diluent for UPE oligomers containing internal
double bonds from maleic acid anhydride.® In combina-
tion with dimethoxyethane as an unreactive diluent, they
produced resins suitable for stereolithography, where 3D
printed networks reached an ionic conductivity of
1 x 107> Scm ' at 150 °C. Another grafting using male-
ate esters with an internal double bond was done by Esen
et al.” First, epoxidized soybean oil was reacted with
monomethyl maleate. Afterward, monomethyl maleate
was treated with maleic anhydride, yielding a high unsa-
turation of 4.9 maleates per triglyceride. Finally, the syn-
thesized maleates were copolymerized with styrene, vinyl
acetate, and methyl methacrylate as reactive diluents.
Superior properties were observed after treatment
with maleic anhydride compared to monomethyl maleate
due to the increased number of internal double bonds.
As a result, the glass transition temperature increased
from 55°C to 90 °C for produced styrene copolymers.
Bonneaud et al. observed only partial homopolymeriza-
tion of synthesized maleate ester, whereas the copolymer-
ization with oligo(hexafluoropropylene) vinyl ether was
much faster.® The complete conversion was achieved in
less than 40s, and highly hydrophobic polymers were
obtained. Wei et al. studied fumarates instead of mal-
eates.” Fumarates have lower reactivity than acrylates
and methacrylates, and their kinetics depend on the UV
initiator, monomer molecule size, and monomer concen-
trations. The authors investigated electron density distri-
bution and its influence on the copolymerization
behavior of fumarate esters. The vinyl ester double bonds
of divinyl fumarate are electron more affluent, and the
fumarate double bonds are electron poorer compared to
nonconjugated analogues; therefore, for example, thiol
addition to the internal fumarate double bond of divinyl
fumarate was much faster than that of diethyl fumarate.
Thus, the polymerization rate of vinyl ester groups was
faster than that of fumarate groups.

Recently, interest has grown in plant and vegetable
oil-based UV-curable monomers with various unsatu-
rated pendant moieties or groups synthesized and
researched.’®'! Yang et al. used the Diels-Alder process
to synthesize tung oil monomer (TOA) with cyclic
internal unsaturation moieties using acrylic acid.'"* The
subsequent step involved a glycidylation reaction and
ring-opening esterification producing a liquid monomer
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(TOA-GMA) with both internal and terminal unsatura-
tion. Next, TOA-GMA was mixed with myrcene and
modified with acrylic acid yielding the monomer
(ADMM). High TOA-GMA content in a mixture with
ADMM resulted in a strong preference for homopolymer-
ization. In addition, TOA-GMA viscosity and branching
were higher than ADMM, limiting the monomer from
free movement. Despite low rates of copolymerization,
the double bond conversion of copolymers was up to
95%. In another study, vegetable oil-derived dimer acid
was combined with glycidyl methacrylate to create mono-
esters with a methacrylate group.'® The distance between
the two methacrylate groups was adjusted using a die-
poxy extender. The final dimethacrylate was UV cross-
linked for 10s, reaching a double bond conversion of
82%. Meng et al. obtained castor oil-derived acrylate in a
transesterification reaction with N-hydroxyethylacryla-
mide, which, after polymerization with acrylic acid,
methyl methacrylic acid, and butyl acrylate, formed a
multifunctional substituted polyacrylate.’* The authors
evaluated the material's performance as a wood coating
with pencil hardness up to 3H, tensile strength up to
12.2 MPa and elongation up to 301.5%. Wei et al. reported
castor oil-based hyperbranched acrylate (C20AA) synthe-
sis.’> The authors studied the potential of replacing poly-
urethane acrylate with bio-based C20AA and achieved
the best results with 40 wt% of C20AA, which showed
the highest double bond conversion of 83.7% after
UV-curing. Chen et al. revealed an efficient photoredox
catalytic method for radical-mediated functionalization
of internal alkenes.'® Four alkenes with internal double
bonds were investigated in free-radical thiol-ene click
reaction. The predicted order of reactivity of these inter-
nal alkenes was: norbornene > fumarate > maleimide >
crotonate.’

Despite the growing research into environmentally
friendly UV-curable materials, most commercial solu-
tions rely on fossil-based monomers because of their high
reactivity.'® Our previous study showed the feasibility of
the commercially available biobased components as a
modifier for vegetable oil acrylate coatings.’® In this
study, we propose a novel biobased unsaturated furan-
based ester (UES), which can successfully replace fossil-
based reactive diluents like trimethylolpropane triacry-
late (TMPTA),”® broadly commercially available nowa-
days. Herein, furan-based unsaturated ester as a reactive
diluent for vegetable oil acrylate is explored with 5 and
20 wt% loadings.

Vegetable oils have been used for the synthesis of
polymer materials for decades. The current study focuses
on the use of rapeseed oil as one of the most popular
plant oils in Europe, consisting of more than 90% unsatu-
rated acids.?' Moreover, acrylated rapeseed oil (ARO) has
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displayed much promise for developing new effective
formulations used as resins for coatings, composites,
foams, and 3D printing.”*>* Herein, ARO has been
grafted with UES through a UV-light-initiated photopo-
lymerization crosslinking approach. UV curing was cho-
sen due to its sustainability, versatility, and significant
energy-saving aspects. The current research is focused
on the reactivity and compatibility investigation of the
lab-synthesized bio-based monomers, obtained resin
properties, and light-cured thermoset biopolymer struc-
tural performance.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Unrefined rapeseed oil was purchased from a local pro-
ducer, “Iecavnieks” (Latvia). Acrylic acid, BF5-Et,0, hex-
ane, NaHCO;, Na,SO,, acetone, and photoinitiator
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO)
were supplied by Sigma Aldrich. LiClO,, MeOH, AcOH,
and triethylamine (TEA) were supplied by Acros and
Sigma-Aldrich. All chemicals were used as received
unless otherwise stated.

2.2 | Synthesis of photoactive
components
As described in our previous work, the furan-based

unsaturated ester (UES) monomer was obtained in two
electrochemical steps from furfurylated ethylene glycol X

(A) 1.0 equiv. PPTS
0.5 equiv. TBABF;

0 o—/_OH Aeaty Meo‘tlio)io}
E/)_/ MeOH = o

FIGURE 1

(Figure 1A).> First, it was electrochemically transformed
to a spirocycle, which was then subjected to electrochem-
ically induced rearrangement to form UES. Electrolysis
was performed using the commercially available poten-
tiostat Electrasyn 2.0.

The procedure is as follows: In the first electrolysis,
furfurylated ethylene glycol, the supporting electrolyte
TBABF,, and the additive PPTS were transferred to an
undivided cell, and dissolved in dry MeOH. Graphite
electrodes were fitted to the cell and electrolysis was per-
formed in constant current conditions until 2.3 F/mol of
charge was passed through the cell. Afterward, the sol-
vent was evaporated, and the product was purified using
column chromatography (74% yield). During the second
electrolysis, the spirocycle and supporting electrolyte
LiClO, were transferred to an undivided electrochemical
cell and dissolved in distilled MeOH. Then the additive
AcOH was added. Graphite electrodes were fitted to the
cell, and electrolysis was performed under constant cur-
rent conditions. A total of 4.0 F/mol of charge was passed
through the cell until all the starting material was con-
sumed. After electrolysis, TEA was added, and the reac-
tion mixture was filtered through a silica plug. The
solvent was evaporated, and the product UES was puri-
fied using column chromatography (63% yield). The for-
mation of UES with a Z-configuration double bond was
observed, while E-isomer formation was not detected.
The full synthesis procedure starting with furfuryl alco-
hol is available in supplementary file.

The acrylation reaction of rapeseed oil is shown in
Figure 1B. Rapeseed oil, acrylic acid, and BF;-Et,O as
catalyst were mixed in a round-bottom flask and stirred
for 5h at 80°C before being left overnight at room

4.0 equiv. ACOH OMe
1.0 equiv. LiCIO,4
30mA, 4.0 F MeO. OMe o)

AEaiCiCe. U J/
Unsaturated
MSEH,RE = (0) ester (UES)
) ‘>\
(¢} (o}
e} O

o) Acrylated (0]

O:; rapeseed oil
V

(ARO)

Synthesis of used materials (A) Unsaturated furan-based ester (UES) and (B) acrylated rapeseed oil (ARO).
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temperature (22 +1°C). In the work-up, the organic
phase was dissolved in hexane, washed with a NaHCO;
solution, dried over Na,SO,, and filtered. The solvent was
removed via a rotary evaporator to obtain liquid acrylated
rapeseed oil (ARO).

2.3 | Resin preparation

The UV-curable resins were prepared by mixing liquid
ARO resin with 5 and 20 wt% liquid UES (approximately
1 mol ARO double bond equivalent was mixed with 0.1
and 0.4 mol UES double bond equivalent). Next, 3 wt%
TPO dissolved in a small amount of acetone was added to
each resin, mixed, and left overnight under the hood
to allow the acetone to evaporate, yielding compositions
ARO/UESS5 and ARO/UES20, respectively.

2.4 | UV-curing and sample film
preparation

Liquid resins were applied on a glass substrate using an
applicator with a wet film thickness of 20 mils (508 pm).
Then samples were cured under monochromatic condi-
tions (4 = 405 nm) at a UV intensity of 400 pW cm 2 at a
distance of 3 cm. The curing time was set to 70 s. After
treating the samples’ surfaces with acetone to remove the
unreacted resins, they were peeled off and free-standing
polymer films were obtained.

2.5 | Characterization

2.5.1 | Viscosity

The viscosity of liquid resins was measured on an Anton
Paar MCR102 rheometer (Graz, Austria). The instrument
was equipped with a 25 mm diameter spindle with plate-
plate geometry. The measurement gap was set to 0.1 mm,
and the shear rate range was set from 0.01 1 to 1000 s~ .

2.5.2 | Fourier-transform infrared
spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) per-
formed in attenuated total reflectance mode was used for
the investigation. FT-IR Nicolet 6700 (ThermoScientific,
Germany) was used to analyze the prepared samples.
With 16 measurements, of which the average spectrum is
displayed, a measurement error of 1% was achieved.

2.53 | UV-Vis spectroscopy

UV-Vis spectra of UV-cured samples were measured on
a Shimadzu SolidSpec3700 UV-VIS-NIR spectropho-
tometer (Kyoto, Japan) with a 60 mm diameter integra-
tion sphere and a wavelength precision of 0.5 nm in the
wavelength range of 300-700 nm. Tests were performed
on UV-cured samples with a width of 250 pm in
transmittance mode.

2.54 | Tensile tests

Tensile tests were performed on cured free-standing films
to study the tensile behavior. Elongation at break, tensile
strength, and tensile modulus were recorded on Tinius
Olsen model 25ST (Horsham, PA, USA). All tensile tests
were conducted at room temperature (22 +1°C) at a
1 mm min~" strain rate and repeated thrice. The average
results are reported. Before measurements, samples were
preconditioned for 24 h at room temperature with a
RH of 40%.

2.5.5 | Scanning electron microscopy

A field emission scanning electron microscope
(FE-SEM) Nova NanoSEM 650 (the Netherlands) was
used to characterize the cross-sectional morphology of
the cured samples. The samples were submerged in lig-
uid nitrogen, cooled for about 60 s, removed from liquid
nitrogen, and fractured with a light stroke of a hammer.
Images were taken of the fractured cross-sections of the
films. The samples were attached to standard 45°/90°
angled aluminium pin stubs with electrically conductive
double-sided carbon tape. The image was acquired with
a 10 kV electron acceleration voltage in low vacuum
conditions.

2.5.6 | Dynamic mechanical analysis

The cured free-standing films’ storage modulus, loss
modulus, and loss factor (tand) were recorded using a
dynamic mechanical analyzer Mettler DMA/SDTA861e
(Mettler Toledo, Columbus, OH, USA). The experiment
was carried out in tension mode from —70 °C to 100 °C
with a 3°C min~' heating rate, the applied force of
10 N and 10 pm elongation, and a frequency of 1 Hz.
The photopolymerized films were prepared with dimen-
sions of 8.5mm (length) x 4 mm (width) x 0.2 mm
(thickness).
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2.5.7 | Thermogravimetric analysis
The thermal properties of cured samples were obtained
using a thermogravimetric analyzer Mettler TGS50
(Mettler Toledo, USA). About 10 mg of each cured sam-
ple was heated from 25 °C to 750 °C at a heating rate of
10 °C min ! under an inert (N,) atmosphere.

2.5.8 | Biodegradation

To measure the density (d) Sartorius KB BA 100 electronic
scales with a Sartorius YDK 01 hydrostatic density mea-
suring kit were set up. The following equation was used
to determine the composite densities:

_ my (dEtOH - dair)

d
dwater(ma — ms)

+ dair,

where m, is the sample's measured mass in the air; my is
the sample's measured mass when the sample is sub-
merged in ethanol; dgoy is the density of ethanol
(0.805 g/cm3), which was measured with the aerometer;
d,;; is the density of the air (0.00120 g/cm?®), and dyqer iS
the density of the water (0.99983 g/cm®). For measure-
ments, 10 replicates of each sample were utilized.

Soil burial tests evaluated the biodegradation of
films. The weight loss of the films was studied under
aerobic simulated composting conditions at 58 °C, soil
humidity above 50% and a pH range between 5.7 and
6.5. Thin films were cut into rectangular shapes
(10 mm x 10 mm x 0.1 mm) and sandwiched between
sieves. Specimens were submerged in a commercial
compost soil of local Latvian swamp peat (Formoss,
Latvia) and packed in plastic containers. Recovered
samples were cleaned with a brush and washed with
distilled water. Before the measurements, specimens
were vacuum dried for 4-6 h at 37 °C. The specimen's
weight was measured before the test (reference abbre-
viated as 0 days) and on days 30, 40, 50, and 60. The
remaining mass in percentage was calculated after
measurements.

3 | RESULTS AND DISCUSSION

3.1 | Chemical structure, reaction
analysis, and physical properties

The radical photopolymerization crosslinking between
ARO and UES is shown in Figure 2A. Reaction (1) occurs
between ARO and UES vinyl groups, forming dangling
chains. The free radical generation is mainly restricted to

a terminal double bond, whereas the conversion of inter-
nal double bonds usually remains challenging because
the increased steric congestion hampers the intermolecu-
lar addition of radicals.'® UES contains an internal dou-
ble bond; therefore, reaction (2) between two unsaturated
bonds of UES should be the slowest and occurs with a
low probability. Internal alkenes are linked to more car-
bons along the chain, where the surrounding carbons sta-
bilize their = bonds. This makes them more stable and
less reactive than terminal alkenes.?® The third crosslink-
ing reaction (3) is between two ARO molecules and is
likely to be favored and occur faster than other reactions.
This could be explained by the terminal double bonds in
the ARO structure. Since the terminal double bond is
located at the end of the chain, it is only connected to pri-
mary carbon, which is the least stable. In addition, more
rotational energy and higher steric freedom enable the
terminal double bond to react more efficiently.*”

Figure 2B visualizes the possible macromolecular
chain network structure. The formation of the resulting
macromolecular chain network with incorporated mobile
pendant dangling chain ends may be explained by the
many factors that affect crosslinking polymerization reac-
tions.*® The fatty acid composition, the nature of the oil,
and the number of carbon-carbon double bonds, and
dangling chains strongly impact the developed macromo-
lecular structure and crosslinking quality. The long dan-
gling chains present in the triglyceride structures have
been reported to act as plasticizers, which can lower the
mechanical properties (e.g., elastic modulus and tensile
strength) of the polymer-based material. While the short
dangling chains, resulting from furan-based unsaturated
ester, cannot be counted as elastically effective chains but
contribute to the free volume of the material and chain
relaxation phenomena.”® In turn, the observed dangling
chains account for the crosslinking network degree and
decrease in the glass transition temperature of the devel-
oped polymer. The crosslinking density v,, calculated by
the Flory-Rehner equation as reported elsewhere,**>"
increased significantly from 1.07-10° to 1.65-10° mol/m?
for ARO and ARO/UESS5 (ARO with 5 wt% UES), respec-
tively. The improved crosslinking density after incorporat-
ing 5 wt% of UES enhances the polymer materials' tensile
strength, storage modulus and glass transition temperature
(discussed in the following sections). The materials’ mea-
sured density is 1.009 + 0.0029, 1.013 + 0.0017, and 1.003
+ 0.0056 g/cm® for ARO, ARO/UES5, and ARO/UES20,
respectively. The proposed reactive diluent UES facilitates
the crosslinking of chains; it also significantly decreases
the resin viscosity, as shown in Figure 2C. With 20 wt%
UES, the resin viscosity drops approximately 1.6 times. A
biobased diluent, cardanyl acrylate, was used as a reactive
diluent for UV-curable castor oil-based polyfunctional
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polyurethane acrylate resin.*> With the addition of 20 wt%
cardanyl acrylate, viscosity dropped from 1360 to
340 mPa s. Dipak et al. used a bio-based castor oil-based
reactive diluent as an additive to lower the viscosity of
UV-curable urethane acrylate oligomer.*> The authors
showed that viscosity dropped from about 1070 mPa-s
(neat) to about 560 mPa-s for resin that contained 20 wt%
reactive diluent. Zhang et al. reported the successful use of
bio-based of methacrylated eugenol as a reactive diluent
for maleinated acrylated epoxidized soybean oil.>* While
viscosities between matrices vary significantly, it can be
noted that methacrylated eugenol has a viscosity of about
110 mPa s (shear rate up to 100 s—*). Hence, UES acts as
an effective reactive diluent, achieving viscosity values
comparable to those presented in the literature.

Figure 2D reveals the FT-IR spectra of liquid resins
ARO and UES (resin ARO, and resin UES, respectively)
and respective UV-cured polymers (ARO, ARO/UESS,
and ARO/UES20). The characteristic UES vibrational type
peaks can be seen in ARO/UES5 and ARO/UES20 sam-
ples (marked with pink arrows). Characteristic peaks of
ARO are described in detail elsewhere.”*> We are interested
in the internal double bond peak for UES and ARO's ter-
minal double bond peak. Double bond peaks at 1636 and
1619 cm ™' in ARO resin spectra and 1659 cm™' in UES
resin spectra (black arrows) almost fully disappear after
UV curing.*® From two ARO peaks, only a minimal peak
remains at 1619 cm %, while in the ARO/UES20 spectra at
1659 cm ™" some traces of unreacted UES double bonds
can be observed. Thus, FTIR serves as an indication of the
high conversion rate of double bonds. It is also testified by
boosting up to 90% optical transmittance in the UV-VIS
region of the developed polymer film when the UES
monomer is incorporated (Figure 2E). The excellent opti-
cal transparency of the obtained films can be seen in the
optical images in Figure 2F. Some reactive groups remain
in the polymer after complete photopolymerization and
absorb in specific regions (i.e., below 400 nm).>> At the
same time, UES enhances the polymer's overall optical
transparency, which could also be related to the observa-
tions that reactive diluent increases the crosslinking den-
sity of the developed polymer network.

3.2 | Tensile properties

Tensile test stress-strain curves are shown in Figure 3. With
the addition of UES, tensile strength increased from 0.49 to
0.55 MPa for ARO/UES5, while a decrease was observed for
ARO/UES20 showing a value of 0.31 MPa. Two distinct
stress-strain patterns are visible, with ARO/UES20 following
the curve of ARO, while ARO/UES5 becomes noticeably
stiffer. This observation is complemented by tensile modulus
values of 9.2, 16.2, and 7.9 MPa for ARO, ARO/UES5, and

0.6

—— ARO
ARO/UES5
—— ARO/UES20

0 1 2 3 4 5 6 7 8
Strain (%)

FIGURE 3 Stress-strain curves of UV-cured polymers.

ARO/UES20, respectively. This can be explained by an
increased crosslink density in ARO/UESS5. The content of
long fatty acid aliphatic chains is lowered by adding UES.
Small molecules of UES can find the optimal placements in
the structure and provide strong intermolecular bonding. It
should be noted that the ARO double bond reactivity is lim-
ited by steric interference; thus, ARO cannot reach 100% of
double bond conversion. However, smaller UES molecules
can overcome these limitations and add denser intermolecu-
lar bonding on top of chemical crosslinking; as such, a mate-
rial's tensile strength and tensile modulus increase.

Adding 20 wt% of UES introduces a notable amount
of the second component. This opens several routes of
possible interactions. As a smaller molecule, UES can
more easily find double bonds to react with, hindering
the formation of a strong crosslinked network of ARO,
resulting in lower chemical cross-linking. Thus, reduc-
ing crosslinking between ARO and adding too many
dangling chains and a plasticizing effect.”” While a
notable amount of the second component can also yield
the formation of an additional phase in the thermoset
structure.*® If the material's phase interface is weak,
then a drop in mechanical properties is observed.>’ The
decreased elongation (strain) values for ARO/UESS
match the observed increase in tensile modulus, thus
clearly indicating structural changes attributed to
enhanced crosslinking. While for ARO/UES20, the
decrease in strain is assigned to disrupted ARO net-
work, which cannot achieve the conformation changes
required for elongation due to interference of the sec-
ond phase or dangling chains.

3.3 | Morphology of sample films

The morphology of the UV-cured films was examined
with SEM. The micrographs of cured samples are shown
in Figure 4. The incorporation of UES increased the
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overall roughness of the fracture surface. No visible
phase separation can be observed, indicating that both
components are cross-linked. The enhanced fracture
roughness indicates structural changes related to
increased crosslinked network complexity. Thus, frac-
ture forms and finds a route that spreads through the
weakest structural links. The pronounced cracks of
ARO/UESS indicate elongation of the fracture route,
which matches the observed increase in tensile strength.
In the case of ARO/UES20, the uneven fracture surface
could be explained by stress concentrations and very
loosely connected regions in the thermoset structure,
which serves as multiple failure points that connect dur-
ing fracture. The complex nature of the observable sur-
face for ARO/UES20 also indicates that components did
not react in balanced proportions, creating local defects,
which explain the decrease in tensile properties.

3.4 | Dynamic mechanical analysis

Storage modulus, loss modulus, and loss factor (tans)
graphs for ARO and ARO/UESS5 are shown in Figure 5.

3325
ol or WILEY_L

Tensile test results showed that adding 5wt% UES
increased storage modulus. Given the similarities between
the storage modulus and tensile modulus, the increase
observed for ARO/UES5 matches the abovementioned
observations. ARO showed 7.9 MPa and ARO/UESS5
12.0 MPa at 22 °C (Figure 5A). The difference in storage
modulus values reached as high as 583 MPa at —60 °C.
The loss modulus shows the materials dissipated energy,
which peaks at the glass transition, where large segmental
motions start to occur.’®** The ARO/UES5 saw an
increase of the glass transition temperature by 2 °C and
had an increased peak maximum and broader overall
shape compared to ARO. This indicates that crosslinking
between ARO molecules was enhanced, while UES chains
restricted segmental rearrangements, as indicated by
increased loss modulus value. In the tan$ graph, the nar-
rower peak of ARO/UESS indicates the structural changes
in the ARO network as molecular relaxations take place at
slightly lower temperatures. Also, a slightly lower tand
peak maximum of ARO indicates a more rigid structure of
the macromolecular network. Still, in a viscoelastic state,
the material proved to have higher resistance to deforma-
tion, as indicated by increased storage modulus and

I I

FIGURE 4 Fracture surface SEM images at 2500x magnification: (A) ARO; (B) ARO/UESS5; and (C) ARO/UES20.
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FIGURE 5 Dynamic mechanical analysis (DMA) curves for cured samples: (A) Storage modulus and tand and (B) Loss modulus.
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crosslinking degree. This could be explained by changes in
chain structural packing, augmented chain intermolecular
entanglements and enhanced crosslinking degree.

Tensile tests and dynamic mechanical analysis
(DMA) both indicate that ARO-based polymers in this
study yield relatively soft materials. At the same time, if
more rigid properties are desired, several modification
strategies can be applied. First, aimed at increased
glass transition, which can be achieved by increasing
crosslinking density, for example, by the use of additional
polyfunctional reactive diluents, additional steps to
enhance acrylation degree of vegetable oil, and improve
post-curing processes.*® Second, the use of reinforcement
via the preparation of biocomposites could be considered.
This can be achieved with the use of nanofillers like
nanocellulose.*!

3.5 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) and derivative thermo-
gravimetric (DTG) curves for the samples are shown in
Figure 6. The initial thermal decomposition temperature of
crosslinked ARO/UES was lower than that of neat ARO.
With the addition of UES, the Tsq, which indicates the
weight loss at 5 wt%, decreased from 289 to 271 and 204 °C
for ARO/UES5 and ARO/UES20, respectively (Figure 6A).
TGA revealed a linear decrease in Ty temperature, propor-
tional to UES content (Figure 6A inset plot).

A three-step degradation pattern is observed for all
samples in Figure 6B. The first peak is attributed to the
degradation of the crosslinked ester-ether moieties in
the UES side chain.*? The maximum rate of ester decom-
position is reached at around 205°C. While the first
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notable weight drop in ARO is attributed to more loosely
connected sections of the network. The second visible
peak with a maximum of around 350 °C is assigned to the
degradation of acrylic moieties and the polymer backbone.
The maximum degradation rate (Ty.) is achieved
between 370 and 430 °C, resulting from chain scission in
the oil-based ester groups.*’ The remaining degradation
products are further carbonized at a higher temperature.
Over 600 °C, pyrolysis occurs with little weight loss.**

3.6 | Biodegradation studies in the
composting conditions

Reactive diluents are typically fossil vinyl monomers, and
their addition into the formulation increases the non-
degradable component of the product.** In the literature,
there is no evidence for the commonly used cross-
linked reactive diluents like (2-hydroxyethyl methacry-
late (HEMA) to be biodegradable.*’

The percentage weight loss in composting conditions
for ARO and ARO/UES films is presented in Figure 7A.
Furthermore, Figure 7B visualizes the samples after
removal from the soil. Although ARO showed 28% weight
loss after 2 months, the degradation rate remained rela-
tively stable but slightly decreased over time. The composi-
tions with UES showed a similar degradation rate during
the initial 30 days compared to ARO but afterwards saw a
significant drop in degradation speed. We assume that
fatty acid hydrolysis is the primary reaction that occurs
during biodegradation, and the presence of UES obstructs
microbial activity and limits access to ester bonds. The
ARO/UES20 degraded slightly faster than ARO/UESS.
This could be explained by the looser structure that lacks
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FIGURE 6 TGA of photocured polymers containing varied amounts of UES: (A) TGA thermogram (the inset plot reveals the trend in

Tq,54 With increasing UES content); (B) Derivative thermogram (DTG).
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FIGURE 7 (A)) Weight loss of ARO and ARO/UES during soil burial test and (B) Optical images of samples before and after
biodegradation.

the dense crosslinking in the ARO/UESS structure, mak-
ing the water migration easier, exposing more surface, and
losing the structural integrity faster.

It has been reported before that the increase in double
bond content does not significantly affect the biodegrad-
ability of acrylated epoxidized soybean oil (AESO).*®
After a 3-month biodegradation test in the garden soil,
AESO showed a weight loss of approximately 16%. Adding
a co-monomer lowered the degradation by about 2%.
In another study, 3D printed objects from waste cooking
oil collected from McDonald's restaurant demonstrated a
weight loss of around 20% in only 2 weeks when buried
in soil and kept at 25 °C and 30% relative humidity.*’

4 | CONCLUSIONS

This work focuses on a polymer material made from two
bio-based photoactive components, presenting the influ-
ence of UES as a reactive diluent on the ARO matrix.
Three proposed reactions can occur during photopoly-
merization between the two components.

A correlation between tensile and DMA results showed
a notable performance increase with the addition of 5 wt%
UES. With the addition of relatively low loadings, UES
can potentially tune the mechanical properties of ARO
towards stiffer structures. Furthermore, the thermal degra-
dation temperature of UES is notably lower than ARO's.
Still, this should not limit most applications and uses.

The biodegradability of compositions was explored,
and a maximum mass loss of 28 wt% was achieved in
60 days for ARO. The addition of UES slightly reduced
the biodegradation rate. Follow-up studies with evolved
carbon dioxide measurements are needed to evaluate the
degradation rate further.
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1 | INTRODUCTION

Sabine Briede' |

Liga Grase’ | Vijay Kumar Thakur®® |

Abstract

Modern thermoset composite matrices are primarily prepared from petroleum-
based plastics, while reinforcements commonly consist of non-renewable and
energy-demanding glass and carbon fibers. Herein, a non-chemically treated
hemp fiber-reinforced composite was prepared from bio-based components:
hemp nanopaper (NP) and acrylated epoxidized soybean oil (AESO) or acry-
lated rapeseed oil (ARO). A commercial-grade AESO was selected as a
reference and compared to ARO prepared in a one-step synthesis. The impreg-
nation process was examined in detail by studying the impact of surface wet-
ting, temperature, and vacuum on the composite structure. ARO has excellent
fiber surface wettability, showing initial contact angles between 46.5° and
48.2° on hemp NP. A more than 10-fold difference in viscosity between AESO
and ARO was observed. ARO composite with 50 wt% hemp loading achieved a
Young's modulus of 1.3 GPa, a tensile strength of 26 MPa, and a storage modu-
lus of 4.4 GPa (at 20°C). The results are supplemented by scanning electron
microscope analysis of composite morphology via liquid nitrogen fracture and
tensile failure analysis, that is, fractography. Dielectric spectroscopy analysis
shows that composites have the potential to replace epoxy/paper composite
insulators.

KEYWORDS

biofibers, dielectric properties, mechanical properties, photopolymerization, renewable
resources

synthetic fibers such as glass and carbon fibers." Song et al.
reviewed the potential of hemp fiber, indicating that up to

Modern reinforced thermoset composites have become an
integral part of various cutting-edge technologies. Since
their introduction, fiber-reinforced composites have become
increasingly widespread across various sectors, from elec-
tronics to aerospace. However, from a modern perspective,
their long-term production cannot meet sustainability goals,
especially considering the energy required to manufacture

80% of energy could be saved by introducing hemp fiber-
based materials as replacements for various conventional
materials.” The second aspect is the non-renewable nature
of polymer resins, which require appropriate replacements
from bio-based sources.> Thus, a fully bio-based thermoset
composite consisting of bio-based resins combined with
plant fiber reinforcement can be devised.

Polymer Composites. 2023;44:5721-5733.
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In the last decade, the cultivation of natural fiber-rich
plants such as hemp, jute, kenaf, flax, and sisal has risen
tremendously.* Various plant parts, such as coir from
coconuts and hemp stalks, have found practical applica-
tions, while previously they were often regarded as agri-
cultural waste.”® Hemp stands out as a multifunctional
crop that can be applied in several fields depending on
the part of the crop, including bioenergy production, oil
extraction, pharmaceuticals, and fibers.” In addition,
hemp is compatible with cold climates and produces rela-
tively large yields, of which hemp stalks are still underu-
tilized but full of exceptionally durable cellulose fibers.**

Triglycerides (vegetable oils) have shown great poten-
tial for polymer production and have even yielded com-
mercial products such as acrylated epoxidized soybean oil
(AES0)."® While direct application of oils is challenging,
relatively simple modification methods are very efficient
in turning them into reactive monomers. However, the
commercial bio-based monomer field is relatively small
now, and AESO is one of the leading products with a rel-
atively high viscosity (up to 37,500 mPa-s'*), which limits
its applications.’? Epoxides and epoxidized oil acrylates
have been shown to impact viscosity more than
acrylates."*"> Our previous research showed that direct
acrylation of vegetable oils results in better processing
properties (due to reduced viscosity), which enable 3D
printing without diluents.'®

Hemp and other natural fibers have been explored for
their potential as replacements for glass and carbon fibers
in various composite materials. These primarily include
the use of spun fibers or fabrics that are impregnated
with thermoset polymers such as epoxy. Lebrun et al.
prepared epoxy-impregnated unidirectional hemp fiber
composites as an alternative to fiberglass composites.'”
The authors reported that adding a paper layer to com-
posites reduced the variation in their mechanical proper-
ties, which stem from the growing conditions of plants.
Akesson et al. used a combination of spray impregnation
and hot compression molding to produce flax fiber mats
and AESO composites.'® The authors reported that vis-
cosity was reduced by increasing the AESO temperature
to 50°C, and composites with fiber loadings up to 70 wt%
were produced. Various other authors have reported that
using natural fibers leads to inconsistent composite prop-
erties.'® Paper, fabrics, or mats can be prepared from nat-
ural fibers to reduce property variability. Paper
preparation is especially beneficial in the case of various
waste products that contain natural fibers. They can be
ground, cast, and compressed by applying methods that
have been historically used for hundreds of years and are
relatively simple in terms of technology.

Fossil-derived chemicals such as mineral oil and
epoxides are widely used for paper impregnation in

electric insulation systems.”® Kolcunova et al. demon-
strated mineral oil replacement with a sustainable alter-
native, that is, sunflower oil, which yields similar
performance after a long thermal aging process.”’ Miao
et al. applied epoxidized soybean oil as a coating on the
paper and characterized the obtained composites as poten-
tial water-resistant materials.>*> A hemp fabric/bio-epoxy
sandwich structure was tested for sound transmission loss,
thus expanding the potential application field.** Aitomki
et al. studied cellulose nanofiber networks impregnated
with low-viscosity epoxy.”* The authors reported that
impregnated composites' properties depended more on the
fiber network's properties than the nanofibrils’ properties.
Thus, rather than obtaining high-quality nanocellulose,
other parameters, such as porosity, should be optimized
for the impregnation process.

We propose using hemp stalks (agricultural waste) to
produce cheap, low-environmental-impact papers. Hemp
nanopaper (NP) is impregnated with modified vegetable
oil-based monomers to prepare fully bio-based compos-
ites. Commercially sourced AESO was selected as a refer-
ence and compared with acrylated rapeseed oil (ARO)
prepared in one-step synthesis to prepare impregnated
composites. Samples were prepared from cast and com-
pressed papers by grinding and fibrillating hemp stalks
without any chemical treatment. Hemp NP was impreg-
nated in a controlled environment to produce UV-curable
prepregs. The penetration depth of impregnated oil and
surface adsorption were analyzed with scanning electron
microscope (SEM). In addition, tensile, dynamic mechan-
ical, and dielectric properties were measured and com-
pared. The obtained biobased thermoset composites can
be applied as decorative or structural panels in construc-
tion, electrical insulation, composites in the automotive
industry, furniture, thermal insulators for indoor envi-
ronments, and surfaces that are occasionally exposed to
humid or wet environments. Figure 1 shows the proposed
steps for preparing hemp/vegetable oil composites.

2 | EXPERIMENTAL

2.1 | Materials

AESO, hexane, boron trifluoride diethyl etherate, sodium
hydroxide (NaOH), sodium hydrogen carbonate
(NaHCO3), acrylic acid, and photoinitiator diphenyl
(2,4,6-trimethyl benzoyl) phosphine oxide (TPO) were
supplied by Sigma Aldrich. Unrefined rapeseed oil was
purchased from a local market. Hemp stalks (Santhica
27) were obtained from a farm in Latvia and are locally
grown. The chemical composition of the hemp stalks
showed 68.5% cellulose, 11.1% hemicellulose, and 6%
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FIGURE 1

lignin; a full analysis is presented in our previous
research.”® A laboratory-grade filtering system was used
to prepare deionized (DI) water.

2.2 | Material processing and synthesis
ARO was synthesized via a one-step synthesis as
described in our previous work.'® Briefly, rapeseed oil,
acrylic acid, and BF;-OEt, were mixed in a round-bottom
flask. Next, the mixture was stirred for 5 h at 80°C before
being left overnight at a room temperature of 20°C. In
the work-up, the organic phase was dissolved in hexane,
washed with a NaHCO; solution, dried, filtered, and
evaporated under reduced pressure.

Hemp stalks were ground using a Retsch SM300 cut-
ting mill. Two pass-troughs were used, and the mill was
equipped with a sieve size of 4.00 and 0.25 mm, respec-
tively. An additional milling step was performed on a
Retsch ZM200 with sieve sizes of 0.12 mm. The obtained
hemp powder was dispersed in DI water to prepare a
1.00 wt% suspension. For 5 cycles, the obtained suspen-
sion was passed through a microfluidizer (LM20, Micro-
fluidic, United States) with chamber H210Z (200 m) and
pressure set to 30,000 psi. As a result, a nanofibrillated
hemp suspension was produced with a diameter of
86 + 41 nm. Figure 2 shows a transmission electron
microscopy (TEM) micrograph of the produced hemp
nanofibers. Hemp NP was produced by casting the

Schematic representation of the composite preparation.

“"b*

500 nm

FIGURE 2 Transmission electron microscopy (TEM)
micrograph of hemp nanofibers.

nanofibrillated suspension onto polystyrene (PS) Petri
dishes with a diameter of 14.5 cm. Films were dried at
room temperature (relative humidity 30%) for 4 days and
one additional day with the thermostat set to 60°C.

2.3 | Preparation of impregnated
UV-curable NP prepregs

The hemp NP was left overnight in a vacuum chamber at
70°C. After removal from the vacuum, it was pressed
under 3 metric tons of pressure at 80°C (Carver CH 4386)
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TABLE 1 Composition and processing condition for impregnated NP.
Sample NP (wt%) AESO (wWt%) ARO (Wt%) Temperature (°C) Pressure (bar)
NSR 35 65 20 1.01
NSV 35 65 = 20 0.02
NSVT 35 65 50 0.02
NRR 50 = 50 20 1.01
NRV 50 - 50 20 0.02
NRVT 50 - 50 50 0.02

Abbreviations: AESO, acrylated epoxidized soybean oil; ARO, acrylated rapeseed oil; NP, nanopaper.

NP

FIGURE 3
impregated with ARO in a vacuum at 50°C (NRVT) samples.

for 2 min and cooled rapidly between steel plates (20 kg).
The thickness of the NP was reduced from around
150 pm to about 80 pm after processing through a press.

Using a 15 mils (381 pm) applicator, a single layer
was applied on one side of the hemp NP. The thickness
of the applicator was tested experimentally until an even
layer of AESO was achieved, but ARO's lower viscosity
contributed to initial spreading and a lower thickness of
the applied layer. After coating application, samples were
left for 30 min in a controlled environment to let the oil
penetrate and impregnate hemp NP. The conditions were
optimized between room temperature (20°C), elevated
temperature (50°C), and a vacuum chamber. Sample
abbreviations and preparation conditions are listed in
Table 1 (N——NP, S——AESO or R——ARO,
R——room temperature or V——vacuum, T——50°C
temperature). After oil absorption into the NP, prepreg sam-
ples were cured under a UV lamp (405 nm, 0.13 mW cm ™ 2)
for 90s, and free-standing composites were obtained.
Finally, the top layer was cleaned with filter paper. Photos
of NP and composites are shown in Figure 3.

24 | Characterization

Viscosity measurements were performed with an MCR102
rheometer from Anton Paar (Graz, Austria). The instrument
was equipped with a 25 mm diameter spindle with plate—

Photos of nanopaper (NP), hemp nanopaper impregated with AESO in a vacuum at 50°C (NSVT), and hemp nanopaper

plate geometry. The measurement gap was set to 0.1 mm.
The viscosity was determined at 0.05-2500 s~ * shear rate.

The densities of ARO and AESO were determined using
the hydrostatic displacement method by measuring sample
weight in air and ethanol on analytical scales (Sartorius
KBBA 100) equipped with a hydrostatic density measure-
ment kit (Sartorius YDK 01). Five parallel measurements
were used for each sample. Density (d) equation:

_Maldeon —0.0012) (1)
0.99983(m, — m)
where m, (g) is the sample's mass in air, m is the sam-
ple's apparent mass measured submerged in ethanol (g),
dgion is the density of ethanol (0.805 g cm ), which was
determined with a hydrometer.

The densities (d) of NP and composites were deter-
mined using geometrical dimensions and weight. Five
paralle] measurements were used for each sample. For
the calculation of the void percentage (V},) the following
equation was used:

Vp:(1—%) % 100 2)

t

where d, is the experimental density of composites and d;
is the theoretical density of composites. It was assumed
that theoretical hemp density (dy,) is 1.5 g cm >, while for
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ARO and AESO, measured density was used as the basis
for the calculation of theoretical composite density.

Hemp fiber volume percentage (vol%) in composites
was determined using the following equation:

Hemp(vol%) = (— = —) x 100 (3)

where my, is the mass of hemp fibers in the composite
and m_ is the mass of the composite.

Storage modulus, loss modulus, and loss factor were
recorded using a dynamic mechanical analysis (DMA) Met-
tler DMA/SDTAS861e (Mettler Toledo, United States) device.
Measurements were carried out in tension mode from —60
to 60°C with a 3°C min ' heating rate, an applied force of
10 N, 10 pm elongation, and a frequency of 1 Hz.

Tensile tests were performed on the Tinius Olsen
model 25ST (Horsham, PA, United States). Cut sample
strips with a 10 mm width and 60 mm length were used
with a fixed distance of 30 mm between grips. The experi-
ment used a 5 kN load cell with a testing crosshead speed
of 1 mm/min. Five parallel measurements were recorded
for each sample at 20°C and 40% relative humidity.

The dielectric properties of impregnated nanocellu-
lose were obtained using a dielectric spectrometer
(DS) from Novocontrol Alpha Broadband (Novocontrol
Technologies, Germany). Samples with a diameter of
30 mm were placed between plate electrodes and tested
using a frequency range of 0.01-10 MHz at 20°C.

The contact angle of the samples was recorded with a
Theta Lite optical tensiometer (Attension®, China) using
the static sessile drop method. Five parallel measurements
with drops (9 pL) of modified oil were deposited on the
sample's surface, and the measurements were recorded with
a fixed 12 frames per second for 90 s at 20°C.

A SEM model NovaNano SEM 650 (Hillsboro, OR,
United States) was used to record sample micrographs.
The fracture surface was prepared with liquid nitrogen
for morphology and with a tensile test for fractography.
The samples were attached to standard aluminum pin
stubs with electrically conductive double-sided carbon
tape, and the image was generated with a 5 kV accelera-
tion voltage for NP and 10 kV for composites. Hemp
nanofiber images were obtained using TEM mode with a
15 kV acceleration voltage.

3 | RESULTS AND DISCUSSION
3.1 | Prepregimpregnation

The viscosity of the used oils (uncured) is provided in
Figure 4. There is more than a 10-fold difference in

PROFESSIONALs COMPOSITES

—e— AESO 20°C
104 —— AESO50°C
m —=— ARO 20°C
© ARO 50°C
.
2 V- V-V V-V V- V-V V-V V- V- V7V VWV — vV —V-VVy
8 14
@
S N\I/.\I—=1-_--j- - " mEEm
0.14
T T T T T
0.1 1 10 100 1000
Shear rate (1/s)
FIGURE 4 Acrylated epoxidized soybean oil (AESO) and

acrylated rapeseed oil (ARO) viscosity at 20 and 50°C.

viscosity between AESO and ARO. Some resins exhibited
Newtonian behavior in the investigated shear rate region,
whereas some deviation from the law corresponds to
shear thinning and pseudoplastic fluid properties, which
are common in many polymeric resins used in industrial
and everyday applications.”® Vegetable oil acrylate's vis-
cosity is determined by the number of acryl groups pre-
sent in each triglyceride. The presence of ester groups
increases viscosity due to their polar interaction. Low-
viscosity resins are desirable because they require mini-
mal or no reactive diluents and other additives. Reduced
viscosity also prevents air from being trapped in the com-
posite structure.

The contact angle of oil drops was determined on the
NP to understand modified oil impregnation potential
and processes. Figure 5 shows the contact angles of ARO
and AESO after 5 and 90 s with two different oil tempera-
tures of 20 and 50°C. For the 50°C measurements,
preheated oil was used and deposited on a room-
temperature NP surface. For the initial values (after 5 s)
of ARO and AESO, there was an almost twofold differ-
ence, which matches well with the viscosity values
shown in Figure 4. After 90 s, the AESO value drops sig-
nificantly, achieving a value of 43.7°, which is almost 2.3
times lower than the value after 5s. At the same time,
ARO values dropped slightly from the initial ones, show-
ing only an 8.9° difference from the initial 48.2°. The
introduction of heated oils on NP showed a significant
change; the initial value of AESO and the 90 s value of
ARO had the highest drops in contact angle values. The
ARO shows overall a much better ability to wet NP
surfaces.
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FIGURE 5 Contact angle values for acrylated epoxidized
soybean oil (AESO) and acrylated rapeseed oil (ARO) drops applied
on nanopaper (NP).

3.2 | Structure of composites

Vegetable oil impregnation depth and the resulting com-
posite structure were evaluated with SEM, and the
obtained fractures of the cross-section are visible in
Figure 6. Compressed NP had a thickness of around
80 um, and even after impregnation, the thickness of the
NP remained almost unchanged, with values up to
85 um. In contrast, above the NP, a layer of oil remained
with a varied thickness. The only notable exception was
the NRVT sample, with an increase in size to around
90 pm and complete ARO impregnation (only a single
layer). This indicates that NP provides a reinforcing sub-
strate with enough porosity (18.3%, Table 2) for the resin
to permeate and adhere to the fibers. At room tempera-
ture, the NSR sample shows almost no impregnation of
AESO, and a thick layer of around 188 pm remains above

NP. In the NSR sample, the hemp substrate clearly shows
unoccupied voids. In the case of NRR, the penetration of
ARO is visible throughout the reinforcing substrate, and
around 10 pm layer above the substrate is visible.
Increasing temperature increases the viscosity of oils, and
the removal of air allows them to fill the substrate better.
In the NSVT sample cross-section, it is visible that AESO
penetrated the hemp substrate fully and even formed a
layer below it. The AESO layer above NP was reduced to
100 pm, yielding an almost twofold improvement com-
pared to NSR. Unfortunately, phase segregation is visible
in impregnated NSVT samples; layers of AESO have been
formed between hemp fibers, and there is even a layer
below the hemp substrate. At the same time, the NRVT
cross-section image demonstrates excellent impregnation
performance; low-viscosity ARO wetted the surface of
hemp fibers sufficiently, and no layer of clear ARO was
visible above the substrate. There is a notable improve-
ment over NRR, where only some fibers have adsorbed
ARO on the surface.

Some similar studies have been performed. For exam-
ple, epoxidized soybean oil was applied to paper, and
SEM images revealed that partial impregnation happened
at room temperature during the curing process.”> How-
ever, the authors did not examine impregnation in detail
or specify curing conditions.

3.3 | Tensile properties

Fractography is a versatile method to understand the fail-
ure of composite structures.”” To compare the failure of
AESO and ARO composites, composites with the best
impregnation from each oil were selected. Figure 7 shows
SEM micrographs of composite fracture surfaces obtained
via the tensile test procedure. NSVT shows pronounced
fiber pull-outs, unlike NRVT, which shows mixed failure
from both pull-outs and fiber failure. The NSVT fracture
shows that AESO formed separate layers between hemp
fibers, forming more of a layered structure, which can
also be seen by the pulled-out sections (large voids) in
the crosscut. But in the case of NRVT, a much more
evenly distributed polymer matrix with fibers enclosed is
visible.

The representative stress-strain curves of all impreg-
nated samples are shown in Figure 8. Young's modulus,
tensile strength, and elongation at break values are pre-
sented in Table 2. The temperature elevation to 50°C and
impregnation in vacuum increased modulus values for
both AESO and ARO composites, yielding the best results
of 347 and 1331 MPa for NSVT and NRVT, respectively.
The results are complemented by the void percentage
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FIGURE 6 Scanning electron
microscope (SEM) cross-section
micrographs for selected impregnated
compositions and neat

nanopaper (NP).

calculation shown in Table 2. For NP, this value can also
be referred to as porosity, which is essential and shows
that structure can be impregnated. In the case of AESO-
impregnated NP, the void percentage in the material
increases by about 25%, but for ARO-impregnated NP, a
drop in void percentage of ~50% is observed. As it is
assumed that NP contributes most of the voids (porosity)
in the composite, the values should drop significantly
with the impregnation of oil. Thus, even ARO compos-
ites’ values could be further improved with the addition
of viscosity-lowering additives. This matches well with
SEM observations, where AESO composites yielded a

W. N wseimine Polymer v | 5727
PLASTICS —_
PROFESSIONALS COMPOSITES Wl LE

more laminate-like structure, and the obtained modulus
values for NSVT are relatively low, reaching only about
16% of the reinforcing substrate value (NP) while con-
taining about 24 vol% (Table 2) of reinforcement. On the
other hand, NRVT achieved 61% of NP's modulus value
with about 38 vol% reinforcement.

The results from modulus correlate well with tensile
strength values, which decreased by 52% and 14% for
NSVT and NRVT compared to NP. This indicates that
ARO adsorption on the cellulose fiber surface occurred
during the composite formation process. The NRR com-
position stands out with an increased tensile modulus
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TABLE 2 Tensile properties, density, and void percentage of impregnated composites, NP and cured vegetable oils.
Young's Tensile Elongation Density Void

Sample modulus (MPa) strength (MPa) at break (%) (gcm™) percentage (%) NP (vol%)

NP 2186 + 260 31.1+34 1.8 +0.2 1.226 + 0.050 18.3* -

AESO 10+1 1.67 +0.2 78 +1.6 1.119 + 0.001 - -

ARO 16 + 2 0.64 + 0.1 74+12 1.008 + 0.003 - -

NSR 147 £ 21 12.5 £ 1.2 75+13 1.056 + 0.072 22.7 24.6

NSV 264 + 35 157 +1.7 91+1.6 1.062 + 0.054 223 24.8

NSVT 347 + 56 14.7 £ 1.6 8.6+1.1 1.029 + 0.015 24.7 24.0

NRR 812 + 144 356 +3.8 63+ 1.3 1.093 + 0.008 12.8 36.4

NRV 954 £ 155 24.6 £1.9 6.9 + 0.9 1.162 + 0.031 73 38.7

NRVT 1331 + 172 26.1 +2.1 34+05 1.138 + 0.035 9.3 37.9

Abbreviations: AESO, acrylated epoxidized soybean oil; ARO, acrylated rapeseed oil; NP, nanopaper.

*Porosity of nanopaper.

FIGURE 7 Scanning electron microscope (SEM) cross-section micrographs for NSVT and NRVT, which show sample failure in tensile

testing mode.

value compared to NP; this indicates that NP structure
disruption during ARO impregnation was limited. The
NRV stress-strain curve does not position itself between
NRR and NRVT, indicating that different processes
occurred. This could be explained by enhanced impreg-
nation but limited ability to wet hemp fibers. A signifi-
cant drop in tensile strength testifies to this. In the case
of NRVT, the increase in temperature reduces intermole-
cular bonding between hemp fibers, thus contributing to
lower tensile strength, but enhanced interaction with the
ARO matrix can be achieved.

The vegetable oil matrix influenced strain values.
Two different behaviors were observed. For AESO com-
posites, there is an increase in elongation at break values;
this could be explained by phase separation observed in
SEM, which could promote layer slippage. ARO-
impregnated composites showed typical performance
of impregnated composites, that is, a decrease in elon-
gation value compared to the polymer matrix and an
increase in Young's modulus that is approaching rein-
forcement values. Both vegetable oils can act as

—nNP
351 —AESO
— ARO
304 —NSR
— — NSV
=251 - -+ NSVT
£ | ——NRR
“l  — —NRV
- e
—20 L - - - NRVT
3 7
= -
&1 =77
10
5_

L L T T T T T T T T
0 1 2 3 4 5 6 7 8 9
Strain (%)

FIGURE 8 Tensile test stress-strain curves of impregnated
composites, nanopaper (NP), and cured vegetable oils.
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Dynamic mechanical analysis (DMA) curves for selected impregnated composites and cured vegetable oils: (A) storage

modulus (E'), (B) loss modulus (E”), and (C) loss tangent (tans) dependence on temperature.

elastomeric components due to their chemical struc-
ture of long —(CH,)— chains. These chains can origi-
nate from saturated fatty acids and unreacted modified
fatty acid moieties.

Existing works with natural fibers are relatively dif-
ferent and commonly use a fossil-based matrix. Examples
include fossil-based epoxy composites with woven fiber
mats,”® delignified wood pulp fibers,” or alkali and
silane-treated hemp fibers.*® These fibers often involve
special processing and are not sourced as waste. As a
result of the excellent fiber parameters, they can achieve
a Young's modulus in the range of 2-6 GPa and a tensile
strength of around 30-100 MPa. Furthermore, industrial
high-performance, multi-component epoxy resin cannot
be directly compared with single-component acrylated
vegetable oil. On the other hand, the highest results
achieved in this work, that is, a Young's modulus of
1.3 GPa and a tensile strength of 35.6 MPa, indicate tre-
mendous potential for bio-based alternatives.

3.4 | Dynamic mechanical analysis
Thermo-mechanical properties of the vegetable oil-
impregnated NP films were investigated via DMA. The
storage modulus (E'), loss modulus (E”), and loss factor
(tans) are recorded as a function of temperature and are
displayed in Figure 9. Storage modulus shows the
decreased elastic response of materials as the glass transi-
tion occurs from a glassy to a rubbery state. AESO and
ARO are relatively soft materials in a rubbery state as
fatty acid chains become more mobile and only show
around 195 and 8 MPa at 20°C, respectively. This indi-
cates that the cyclic load bearing is almost entirely
achieved by reinforcing NP in the rubbery state. While a
direct comparison of NRVT and NSVT cannot be made
due to different ratios of reinforcement and polymer
matrix, there is a 2.4-fold difference at 20°C for storage
modulus values and only a 1.6-fold difference in NP vol%
content.
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Dielectric properties of selected impregnated composites, nanopaper (NP), and cure vegetable oils: (A) dielectric

permittivity (¢'), (B) dielectric loss tangent (tané), and (C) electric conductivity (¢) dependence on frequency.

Loss modulus can be used to determine precise glass
transition temperatures (Ty). The difference in T,
between —44°C for ARO and —6°C for AESO indicates
that the AESO structure is more crosslinked. For both
composites, T, increases, indicating that molecular
motions are restricted. The difference between the T, of
ASEO and NSVT is 13°C, but between ARO and NRVT,
it is 18°C. This matches well with the observed structure,
where AESO interface with NP is much more limited,
thus having a lower impact on T,. In the case of NRVT, a
second glass transition peak can be observed at even
higher temperatures, but when deconvolution is applied,
it matches well with the three merged peaks. This behav-
ior can be explained by multiple processes that occur at
the interface between components and in the volume of
the matrix. One of the higher T, peaks could be attrib-
uted to possible chemical binding to cellulose, as
shown in Figure 1. However, this complex behavior

needs more research. The lack of additional T, peaks
for NSVT indicates that it did not yield intensive inter-
face interactions.

In our previous studies with vegetable oil-based
resins, the broad tané peak has been attributed to inher-
ent local variations in chain mobility, which result in var-
ious relaxation behaviors in the polymer matrix.’ This
just means that the vegetable oil-based polymer's struc-
ture has some random elements due to different fatty
acid moieties and acrylation reactions not yielding com-
plete conversion. According to Lei et al., the softening
dispersion from the glassy state to the rubbery state
involves at least three different modes of molecular
motion.** Local segmental motion is the major transition
that correlates well with various testing methods to yield
what is considered a true glass transition, which in the
case of DMA is the loss modulus peak.*>* Nevertheless, in
the case of tand, enhanced mobility of local segments
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contributes to higher sensitivity for Rouse modes that
yield the main peak with a significantly higher tempera-
ture.>>3* As a result, tans and loss modulus curves show
peaks at different temperatures. The drop in tané peak
values is attributed to composites being much stiffer than
vegetable oil matrices.

3.5 | Dielectric spectroscopy
Figure 10 shows the dielectric permittivity, the dielectric
loss tangent (tans), and the electric conductivity (o) for
NP, cured vegetable oils, NSVT, and NRVT. The dielec-
tric permittivity from 10™% to 10° Hz characterizes the
dipole orientation polarization and interfacial polariza-
tion processes. This covers the measured frequency range
in this study. The orientation process takes time, which is
reduced by increased frequency. The observed decrease
in permittivity for all samples with an increase in fre-
quency thus matches the theory. Two opposing effects
were observed for composites compared to their cured vege-
table oils. NSVT saw a decrease in the whole measured
range compared to AESO, while NRVT increased compared
to ARO. This could be related to the phase separation and
poor interfacial interactions between hemp and AESO in
NSVT, which introduced defects and decreased dielectric
permittivity. In the case of NRVT, good polymer matrix
adhesion was observed on hemp fibers. It could be
explained by increased interfacial polarization due to the
polar dipoles arising from the abundant hydroxyl groups in
the cellulose.*® This matches well with the proposed inter-
actions by Li et al. for the glass fiber-reinforced phenol-
formaldehyde epoxy composites.*®

Loss tangent complements dielectric measurement
results, indicating phase mobility and structural rear-
rangements. This, in turn, promotes the dissipation of
electrical energy. The hemp fibers enhanced loss
values for both vegetable oils due to a disrupted cross-
linked network of modified oils. NSVT saw enhanced
values for frequencies above 10% Hz. However, in the
case of ARO, a noticeable drop in loss tangent value
was observed around 10% Hz, which was almost elimi-
nated in the NRVT composite structure. Interfacial
interactions could limit structural rearrangements of
fatty acid moieties, thus explaining the observed
change. The conductivity values testify that both com-
ponents and composites are dielectrics and serve as
insulators. The composites show enhanced perfor-
mance compared to NP. At the same time, they are
comparable with various materials reported in the lit-
erature that are made from fossil-based epoxy and
paper reinforcement.?>37-3%
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4 | CONCLUSIONS

The present study investigates how temperature, time,
and pressure influence the impregnation of vegetable
oil acrylates into hemp fiber-based NP. For compari-
son, we show that already commercialized AESO,
indeed, struggles to produce competitive solutions due
to its relatively high viscosity. Surprisingly, ARO,
which we have prepared in a relatively simple one-step
synthesis, shows almost no drawbacks compared to
AESO. This is attested to by the more than 10-fold dif-
ference in viscosity. For optimal hemp fiber wetting,
the elevated temperature showed a more significant
impact than the application of just a vacuum. SEM
micrographs show that the NRVT composite exhibited
a well-formed structure with ARO properly adsorbed
on the hemp fiber surface. Both mechanical testing
methods further confirmed this observation. The high-
est results achieved in this work showed a Young's
modulus of 1.3 GPa, a tensile strength of 35.6 MPa, a
storage modulus of 4.4 GPa at 20°C, and elongation
above 3% for all composites. If mechanical properties
are not the main goal for the desired application, then
all composites show potential for application as
insulators.

There are different ways to prepare impregnated
composites and achieve even higher properties. This
study aimed to explore the compatibility between plant
(hemp) fibers and vegetable oil-based resins. UV curing
was selected as a potentially more energy-efficient
solution to thermal curing. Studying the environmental
impact of these novel composites and their perfor-
mance in humid conditions is essential to fully evaluat-
ing their potential to substitute widely used glass and
carbon fiber composites.
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ABSTRACT

Thermosets are difficult to reprocess and often rely on petroleum-derived feedstocks, creating environmental
and end-of-life challenges. This study addresses both issues by developing reprocessable bio-based
vitrimers tailored for additive manufacturing. Acrylated epoxidized rapeseed oil (AERO) was synthesized as
renewable UV curable precursor for constructing vitrimer networks capable of intrinsic and catalyst-assisted
transesterification. The influence of transesterification catalyst Zn(acac)2, AERO content, and reprocessing
cycles was systematically studied through real-time curing behavior, stress relaxation, and thermo-
mechanical characterization. Catalyst-free vitrimers exhibited notable stress relaxation of 34 min at elevated
temperature due to the high density of B-hydroxyester groups, enabling intrinsic bond exchange. On the
other hand, Zn(acac)2-containing vitrimers demonstrated enhanced reprocessability with relaxation times as
low as 10 min. Tensile strength recovery reached 98% after the first and 50% after the second reprocessing
cycle. TGA-FTIR analysis indicated increased CO2 and carbonyl-rich volatile release in catalyst-containing
vitrimers, consistent with dynamic bond exchange reactions. Finally, the developed vitrimers exhibited
excellent vat photopolymerization 3D printability and repairability, with repaired printed parts exceeding the
original tensile properties by up to 2.9 times. These findings highlight the potential of vegetable oil-based
vitrimers as promising customizable, repairable, and sustainable materials for next-generation advanced
additive manufacturing and circular polymer design.

1. Introduction

Recycling and reprocessing of thermosets remain a significant challenge due to their permanent crosslinked
network, which prevents reshaping once cured.[1] These challenges lead to waste accumulation and limit
thermoset materials’ circularity. Current approaches to improve reprocessability of thermosets include
mechanical grinding followed by use as filler, chemical depolymerization into monomers, or partial thermal
degradation.[2] However, these methods are often energy-intensive, inefficient, or degrade the polymer’s
properties, making the reprocessing of thermosets a persistent challenge.

Vitrimers have emerged as a promising solution to this problem, as they are a class of polymers
featuring covalent adaptable networks (CANs) that undergo dynamic bond exchange reactions, thereby
enabling stress relaxation, reprocessing, and repair without sacrificing network integrity.[3] This dynamic
nature allows vitrimers to combine thermosets' mechanical robustness with thermoplastics' reprocessability,
offering a pathway toward high-performance recyclable materials. Vitrimers can be made from renewable
feedstocks, such as vegetable oils, enhancing environmental and economic sustainability.[4]-[6] The
triglyceride structure in vegetable oils allows extensive chemical modification, and their abundance, low cost,
and large-scale production make them ideal precursors for bio-based vitrimer resins.[7]-[9] Within this field,
vitrimer research has focused on thermally cured systems, while UV-curable vitrimers are only beginning to



gain attention. This emerging class of materials offers the dual benefits of vitrimer reprocessability and the
rapid, energy-efficient photopolymerization, opening opportunities for advanced manufacturing routes such
as 3D printing.[10] For example, Fei et al. developed a 3D-printable vegetable oil-based vitrimer, achieving
up to 68 wt% of bio-based content.[11] The prepared vitrimer demonstrated good reprocessability: samples
were cut into small pieces and reprocessed by hot-pressing at 190 °C for 1 h. Repairability was confirmed
by rheological experiments, where cracks were reduced by up to 65% after heating the damaged samples
to 200 °C for 30 min. Interestingly, authors introduced a diepoxy extender to tailor the crosslink density and
mechanical performance, which enabled the vitrimer properties to range from glassy plastics to ductile
elastomers.

The dynamic bond exchange processes in vitrimers are driven by catalytic action in reactions such
as transesterification,[12] or transamination.[13] By lowering the activation energy of these exchange
reactions, catalysts such as zinc salts,[14] organophosphates,[15] or imidazoles[16] can significantly
accelerate stress relaxation and network rearrangement.[17] The catalyst type and concentration are critical:
insufficient catalysts may limit dynamic bond exchange, making the material behave more like a conventional
thermoset; in contrast, excessive catalyst concentrations may increase viscoelastic flow and reduce
mechanical properties.[18] Dynamic bond exchange without the catalyst is especially promising for -
hydroxyester-rich vitrimer networks.[19] In turn, Capiel et al. developed a bio-based catalyst-free vitrimer,
using 30 wt% AESO and 70 wt% methacrylated oleic acid, enabling stress relaxation up to 80% at 170 °C in
2.5 h, and almost complete stress relaxation at 200 °C in less than 20 min.[20]

This work presents a systematic materials design framework based on controlled macromolecular
network design for the development of UV-curable bio-based vitrimer resins tailored for vat
photopolymerization additive manufacturing. Building on prior studies of vegetable oil-derived vitrimers, this
work investigates the relationships between bio-based monomer architecture, dynamic exchange
mechanisms, the influence of catalyst, and repair performance in 3D printing. Epoxidized acrylated rapeseed
oil (AERO) was employed as the bio-based component to introduce renewable content and flexible aliphatic
chains into the network while providing S-hydroxyester groups capable of participating in transesterification
reactions. 2-Hydroxy-3-phenoxypropyl acrylate (HPPA) was selected as a reactive diluent to adjust viscosity
for vat photopolymerization and to introduce additional S-hydroxyester groups that promote dynamic bond
exchange. Additionally, the aromatic phenoxy moiety in HPPA contributes increased segmental rigidity,
which can enhance the mechanical strength and thermal stability of the resulting network. Glycerol 1,3-
diglycerolate diacrylate (GDA) was incorporated as a multifunctional crosslinker to control crosslink density
and mechanical performance. The relative ratios of these components were chosen to systematically
evaluate the influence of bio-based content and network architecture on the vitrimer properties and
reprocessability. By optimizing catalyst loading, including catalyst-free options, we have achieved efficient
network rearrangement while maintaining structural integrity. The developed vitrimers’ reprocessability was
tested by grinding pristine samples and hot-pressing them under pressure and temperature, ensuring
mechanical performance recovery after two reprocessing cycles. Vitrimers demonstrated vat
photopolymerization 3D printability with outstanding damage repairability, preserving mechanical
performance more effectively due to thermally driven transesterification. The proposed vegetable oil-based
UV-curable vitrimers are particularly relevant for applications requiring fast curing, high performance, and
extended service life. Potential target utilities include protective and decorative coatings, additive
manufacturing resins, and reprocessable thermoset composites.

2. Experimental section

2.1. Materials

Unrefined rapeseed oil was purchased from a local producer, “lecavnieks” (Latvia). The rapeseed oil
contained 62% oleic acid, 21% linoleic acid, and 11% linolenic acid, corresponding to 3.86 double bond
equivalents per triglyceride. H202 (30 %), formic acid (reagent grade = 95 %), acrylic acid (AA, anhydrous),
triethyl amine (TEA, 2 99.5 %), ethyl acetate, NaHCOs, Na2S0O4, NaCl, 2-hydroxy-3-phenoxypropyl acrylate
(HPPA), glycerol 1,3-diglycerolate diacrylate (GDA), zinc acetylacetonate (Zn(acac)z), hydroquinone (HQ, 2
95 %), isopropanol, MeOH and glacial acetic acid were supplied by Sigma Aldrich. Ethyl phenyl(2,4,6-
trimethylbenzoyl)phosphinate (TPOL, = 95 %) was supplied by Arkema. All chemicals were used as received.



2.2. Synthesis of epoxidized rapeseed oil (ERO)

Epoxidation of rapeseed oil was carried out in a 250 ml flask equipped with a mechanical stirrer,
thermometer, and dropping funnel. Rapeseed oil (100 g, 0.426 mol C=C, 1 eq) was mixed with HCOOH
(5.88 g, 0.3 eq), and the reaction mixture was heated to 60 °C under continuous stirring. H202 (86.96 g, 1.8
eq) was added dropwise within 40 min. The reaction was allowed to proceed for 7 h. The reaction mixture
was cooled to room temperature upon completion, and ethyl acetate was added to extract the organic
components. The organic layer was washed with NaHCO3 solution and brine untii HCOOH was removed.
The organic phase was then dried over anhydrous Naz2SOs, filtered, and the solvent was removed under
reduced pressure. Epoxidized rapeseed oil (ERO) was obtained as pale yellow resin. Epoxy value (EV) =
3.36 mmol epoxy/g resin (5.38 g O2/g resin), indicating an epoxidation yield of approximately 89 %. The
incomplete reaction may be attributed to partial hydrolysis of the formed epoxide groups or incomplete
epoxidation of the triglyceride double bonds.

2.3. Synthesis of acrylated epoxidized rapeseed oil (AERO)

Acrylation of ERO was carried out in a 250 ml flask equipped with a mechanical stirrer, thermometer, and
dropping funnel. ERO (94 g, 1 eq) was mixed with HQ as a polymerization inhibitor (300 ppm of AA) and
TEA (1 wt% of total monomer mass), and the mixture was heated to 90-95 °C. AA (45.52 g, 2 eq) was then
added dropwise, and the mixture was allowed to react for 18.5 h. Then the reaction was cooled to room
temperature, diluted with ethyl acetate and washed with NaHCOs solution and brine to remove unreacted
acrylic acid. The organic phase was then dried over anhydrous Na2SOs, filtered, and the solvent was
removed under reduced pressure. Acrylated epoxidized rapeseed oil (AERO) was obtained as a dark yellow
oil. AV = 1.4 mg KOH/g resin. OH value = 115 mg KOH/g resin. Figure 1a illustrates the two-step synthesis
of AERO: epoxidation of rapeseed oil followed by epoxy ring-opening with acrylic acid. The synthesis of
AERO was characterized by "H-NMR (Figure 1c) and confirmed successful rapeseed oil epoxidation and
subsequent acrylation with the yield 1.97 mmol acrylic groups/g resin, indicating a yield of approximately 59
% (Figure S1). The incomplete reaction may be attributed to epoxy group hydrolysis and steric hindrance
due to the bulky oil backbone. Three AERO signals appeared at 6 = 5.79-5.90 ppm, 6 = 6.05-6.20 ppm and
0 = 6.35-6.47 ppm corresponding to HoC-CH- of an acrylic group, and signals at & = 3.37-3.64 ppm
corresponding to the formed -OH groups, while ERO epoxy signals at 6 = 2.82-3.23 ppm, 6 = 1.65-1.84 ppm,
and 0 = 1.43-1.55 ppm corresponding to epoxy protons at a-position (-HCOCH-), methylene protons between
two epoxy groups (-COC-CH2-COC-), and protons at S-position (-COC-CHa-), respectively, disappeared.

2.4. Preparation, reprocessing, repairability and 3D printing of UV-curable vitrimers

For vitrimer resin formulations containing the catalyst (named as catalyst-vitrimers), 10 wt% (relative to total
monomer mass) of Zn(acac)2 was first dissolved in HPPA at 70 °C. Among the tested concentrations (1, 3,
5, and 10 wt%), 10 wt% of Zn(acac): yielded the fastest stress relaxation and the most effective reprocessing
performance (Figure S2). The solution was cooled to room temperature before adding AERO and GDA
(Table 1). After cooling, slightly turbid formulations were obtained due to the limited solubility of Zn(acac)a.
The monomers were selected to provide sufficient B-hydroxyester groups to promote dynamic
transesterification reactions. Subsequently, 3 wt% (relative to total monomer mass) of liquid photoinitiator
TPOL was added to initiate UV curing, and the formulations were mixed for at least an hour. For catalyst-
free vitrimers (abbreviated as “n/c”: no catalyst) all components were mixed directly at room temperature.
The prepared resin formulations were applied onto a glass substrate using an open-bottom PTFE mold and
covered with a fluorinated ethylene propylene (FEP) film to minimize oxygen inhibition during UV curing. UV
curing was performed using a handheld 405 nm UV lamp at an intensity of 400 yW/cm? at a distance of 3 cm.
The curing time was 30 s, as determined by preliminary tests from FTIR spectra. The used monomers,
photoinitiator and catalyst are shown in Figure 1b.

To investigate the vitrimer reprocessability, the UV-cured films were first frozen in liquid N2 and then
ground into smaller particles using a conventional coffee grinder. The freezing and grinding were repeated
three times to obtain fine vitrimer particles. The particles were then hot-pressed in a metal mold (dimensions:
60 x 10 x 0.5 mm) at 200 °C for 2 h under 1 ton load to form reprocessed films. The reprocessed vitrimer
samples were named according to their processing cycle. For example, "AERO30_cycle_1" refers to a
sample that was hot-pressed once, whereas "AERO30_cycle_2" refers to a sample that was hot-pressed,
reground, and hot-pressed the second time. Catalyst-free samples are labelled with the abbreviation “n/c”
(no catalyst), for example, “AERO30(n/c)_cycle_1". A simplified schematic representation of the thermally



activated transesterification within the ester-hydroxyl network is shown in Figure 1d. Due to the
multifunctional nature of the system, the dynamic exchange likely proceeds through multiple pathways.

As a proof of concept for vitrimer 3D printability, a sharp mountain structure (“Mountains 3D Printable
(low Poly)” by Kaaa, obtained from the open-source 3D model repository Thingiverse) was printed using
Elegoo Mars 2 Pro vat photopolymerization digital light processing (DLP) printer. The printer was equipped
with a 6-inch monochrome LCD screen (2560 x 1440 resolution) and a UV-LED source (405 nm). Printing
was performed with a layer height of 50 um, 25s exposure per layer (30s for the four bottom layers).
Following printing, samples were rinsed in isopropanol, air-dried at 25 °C for 15 min, and postcured for 3 min
in a Prusa CW1 curing chamber (405 nm, 52.8 W) to ensure complete polymerization.

For the damage repairability investigation, strip film samples with a hole in the middle (dimensions:
50 x 10 x 0.8 mm, 5 mm hole diameter) were 3D printed to simulate mechanical damage. The same 3D
printing parameters, resin formulation (AERO30), post-print washing and UV curing procedures were used.
Then the hole was filled with fresh resin and cured for 60 s. To activate the thermally driven transesterification
and promote repairability, samples were placed between PTFE sheets, compressed with a 5kg
counterweight, and thermally treated at 200 °C for 1 h. Tensile tests were performed on vitrimers before and
after defect repair.

Table 1. Vitrimer formulations with different -COOR and -OH group ratios
Sample name AERO, wt% HPPA, wt%  GDA, wt% Zn(acac)z, wt%"~  TPOL, wt%” -COOR :-OH

AERO10 10 70 20 10 3 1:1.07
AERO20 20 70 10 10 3 1:0.95
AERO30 30 70 0 10 3 1:0.83
AERO10(n/c)’ 10 70 20 0 3 1:1.07
AERO20(n/c) 20 70 10 0 3 1:0.95
AERO30(n/c) 30 70 0 0 3 1:0.83
“n/c: no catalyst.
“wt% calculated on total monomer mass.
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Figure 1. a) Synthesis of acrylated epoxidized rapeseed oil (AERO) through epoxidation and epoxy ring
opening reactions; b) used monomers, photoinitiator and catalyst in vitrimer resin formulations; c) 'H-NMR
of rapeseed oil, ERO and AERO; d) possible dynamic bond exchange through thermally driven
transesterification reaction.

2.5. Characterization methods
2.5.1. Epoxy value
Epoxy value (EV, mmol epoxy/g resin) was determined according to ASTM D1652 by titrating with 0.1 M
HCIOx4 in glacial acetic acid and using crystal violet as an indicator.
2.5.2. Hydroxyl value
The hydroxyl (OH) value (mg KOH/g resin) was determined according to DIN 53240 by titrating with 1 M KOH
in MeOH.
2.5.3. Acid value
Acid value (AV, mg KOH/g resin) was determined by titration with 1 M KOH in MeOH.
2.5.4. '"H-NMR spectroscopy
The "H-NMR spectra were recorded on a Bruker Avance 500 spectrometer (Bruker BioSpin, Switzerland) at
500 MHz, using the residual proton signal of CDCls (6 = 7.26 ppm) as a chemical shift reference. Quantitative
analysis was performed using 1,2,3-trimethoxybenzene as an internal standard. Based on the integration
ratio between the acrylate vinyl protons (Ia= 54.2, maero = 14.1 mg) and the aromatic proton signal of the
internal standard (la = 100.0, m1,23-trimethoxybenzene = 8.6 mMg), where |a denotes the integral area of the
corresponding "H-NMR signal, the acrylic group content was calculated to be 1.97 mmol of acrylic groups/g
resin. The corresponding quantitative "H-NMR spectrum is provided in the Supporting Information (Figure
S1).
2.5.5. FTIR spectroscopy
Fourier-transform infrared spectrometer (FTIR), Nicolet 6700 (ThermoScientific, Germany) measurements
were held in the 400-4000 cm~" region with 4 cm™" resolution. Each spectrum was recorded from the bottom
of the samples, in line with the work of Lacombe et al. who emphasized the impact of oxygen inhibition at
the surface.[21] Double bond conversion (DBC) values were calculated using the Equation (1), based on the
ratio of the vinyl bond out-of-plane deformation band at 810 cm to the carbonyl band at 1733 cm™' , as
reported elsewhere [22]:

Gy,

DBC =1—--2— (1)

(m)b
where | represents the absorbance intensities at the specified wavelengths before (b) and after (a) UV
exposure.
2.5.6. TGA-FTIR combined analysis
Thermal decomposition products of vitrimers were analyzed using a TGA-FTIR setup, where the
thermogravimetric analyzer was connected to an FTIR spectrometer via a heated transfer line maintained at
200 °C to prevent condensation of evolved gases. Approximately 10 mg of each sample was heated under
a N2 atmosphere at 10 °C/min up to 200 °C and then held isothermally for 150 min. The FTIR spectrometer
was equipped with a heated gas cell, and the evolved gases were recorded.
2.5.7. Stress relaxation
The thermally activated dynamic bond exchange within the networks was studied using stress relaxation
experiments on an Anton Paar rheometer MCR102 (Graz, Austria) with a parallel-plate measuring system
(8 mm diameter of the top plate). The constant normal force of 1 N was applied to 3D printed samples with
0.4 mm thickness (3D printing parameters were set as described in Materials and methods section). The
samples were heated to the test temperature and equilibrated for 15 min. A constant strain of 3% was applied
to the samples and the change of relaxation modulus versus time was recorded.
2.5.8. Photo-DSC
Photo-differential scanning calorimetry (photo-DSC) analysis was performed using a Mettler Toledo DSC-1
instrument (Milano, Italy), equipped with a GC100 gas control unit and a Hamamatsu Lightningcure LC8
mercury lamp (Hamamatsu Photonics, Japan). The lamp was operated at 2% of its maximum output,
corresponding to a UV intensity of 5 mW/cm? at the sample surface, as measured by a radiometer. An optical
fiber directed the radiation (A = 365 nm) onto the sample. Approximately 8—10 mg of sample was weighed



into an open aluminum crucible, with an identical open pan used as a reference. All measurements were
conducted at room temperature (25 °C). Each sample was tested in duplicate to ensure repeatability.

2.5.9. DMA

The storage modulus, loss modulus, and loss factor (tand) of the UV-cured and reprocessed vitrimer samples
were measured using a Triton Technology dynamic mechanical analyzer (DMA). The dimensions of the
samples were 0.86 x 10 x 10 mm. The analysis was performed over a temperature range from —60 °C to
100°C in a tensile mode at a heating rate of 3 °C/min and a frequency of 1Hz. The glass transition
temperature (Ty) was determined as the temperature corresponding to the peak of the tanéd curve.

2.5.10. Gel fraction

The gel fraction was determined using Soxhlet extraction. Three parallel samples were weighed and
immersed in boiling acetone for 48 h. After extraction, the insoluble residue was dried and weighed to
calculate the gel fraction.

2.5.11. Tensile properties

Tensile tests were conducted using a Tinius Olsen 25ST universal testing machine (Tinius Olsen, USA) to
evaluate the mechanical properties of the samples. The tests were carried out at a 1 mm/min strain rate up
to 2% elongation, followed by 5 mm/min beyond that point. Each measurement was repeated at least three
times, and the average values are reported.

2.5.12. Optical Microscopy

Ivesta 3 stereo microscope (Leica Microsystems, Germany) with integrated camera was used to obtain
images of the 3D printed structure.

3. Results and discussion

3.1. Photo-DSC, and FTIR

The UV curing process of the bio-based formulations was investigated through photo-DSC and FTIR
spectroscopy. Photo-DSC analysis was used to monitor the exothermic heat flow during polymerization. As
photopolymerization proceeds, exothermic heat raises the resin temperature, temporarily enhancing reactive
species' molecular mobility and diffusion.[23] However, this thermal effect is insufficient to offset the dramatic
viscosity increase due to full crosslinking. The measurements revealed notable differences in
photopolymerization behavior between vitrimer samples depending on the amount of the transesterification
catalyst (Figure 2a). Catalyst-free samples exhibited higher polymerization enthalpy (235-241 J/g) and a
rapid exothermic peak at approximately 5 s. In contrast, catalyst-vitrimers exhibited lower enthalpy values
(167-203 J/g) and a delayed exothermic peak around 12 s, indicating a slower and less exothermic
polymerization process. This is supported by the gel fraction measurements, which showed higher values
for photopolymerized catalyst-free vitrimers compared to catalyst-vitrimers (Figure 3e). Additionally, the
delayed onset of polymerization may indicate that the catalyst absorbs or scatters UV light, thereby reducing
monomer mobility and hindering the initiation and propagation of reactive radical species. A similar trend
was observed with increasing acrylated epoxidized rapeseed oil (AERO) content.[24] Higher AERO
concentrations led to a slight reduction in both the polymerization rate and the total heat released. This
behavior is attributed to increased resin viscosity (Figure S3), which limits the mobility of reactive species
and thus slows down the polymerization process.[25]

FTIR data further confirmed a high degree of conversion for catalyst-free vitrimers (Figure 2b).
AERO10 showed the highest DBC value of 75% due to the high crosslinking density. The DBC graph also
indicated that the optimal curing time of resins was approximately 20-30 s. Thereto, all the films were cured
for 30 s to facilitate complete crosslinking. However, incomplete crosslinking may also result from surface
effects such as the screening, which can influence the interpretation of crosslinking efficiency, i.e., rapid
surface curing absorbs most of the UV light, limiting its penetration into deeper layers.[26] Rusu et al. studied
this using photo-DSC and reported higher conversion at the top of irradiated samples.[23] It was found that
the influence of oxygen inhibition is dependent on curing conditions, e.g., at temperatures below 50 °C, when
the inhibitory effect of oxygen appeared more pronounced.
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Figure 2. Comparison of catalyst- and catalyst-free AERO formulations: a) photo-DSC curves; b) double
bond conversion (DBC) values at different UV curing times.

3.2. Thermal reprocessing

For the thermal reprocessing experiments as shown in Figure 3a, the UV-cured AERO vitrimer films were
ground into fine particles and then molded into bulk samples using hot-pressing as described in the Materials
and methods section. Initial reprocessing trials were carried out with AERO30 at 180 °C for 2.5 h and yielded
successful reprocessing; however, the vitrimer appeared visually hazy and lacked full transparency (Figure
3b). Enhanced visual appearance and integrity of reprocessed film samples were achieved when the
reprocessing temperature was increased up to 200 °C, while the reprocessing time was reduced to 2 h
(Figure 3b). Using the optimized conditions two consecutive reprocessing cycles were investigated, while
the vitrimer performance was assessed after each cycle.

The same experimental conditions were used to examine the transesterification catalyst’'s role in
vitrimers’ reprocessability. For the catalyst-free vitrimer (AERO30(n/c)_cycle1), multiple cracks were
developed during reprocessing, thus, bringing reduced mechanical integrity of the film (Figure 3c). Wu et al.
reported that such crack formation during vitrimer processing can be influenced by the high hydroxyl-to-ester
group ratio, which may slow down transesterification reaction and ultimately decrease crack-healing
efficiency.[27] In contrast, the catalyst-vitrimer (AERO30_cycle1) remained smooth and intact, confirming its
good reprocessability performance. Summarizing the obtained results demonstrate that the catalyst
efficiently enables network rearrangement and improves structural recovery in vitrimer materials.

Similar observation was also revealed in FTIR spectra (Figure 3d), where solid lines represent
catalyst-vitrimer formulations, while dashed lines correspond to catalyst-free formulations. Given the
negligible spectral differences observed among AERO30, AERO20, and AERO10 (attributable to their
identical chemical compositions aside from slight variations in concentration), the spectra of the latter are
not shown. No significant spectral changes were observed after the first reprocessing cycle, indicating the
material retains its crosslinked structure. Only a complete disappearance of a small band at 1637 cm™’
suggests additional thermally induced crosslinking, likely due to incomplete UV curing or limited monomer
conversion caused by steric hindrance in highly functional acrylates.[28] Elevated thermal mobility may have
enabled further reactions of previously inaccessible groups.[29], [30] After the second thermally driven
transesterification reprocessing cycle (AERO30_cycle2), a distinct absorbance band appeared at 963 cm-,
which could correspond to newly formed double bond vibrations. TGA-FTIR spectra data also confirm this
observation in the following section. The observed band at 963 cm™' can be attributed to out-of-plane C-H
deformation of vinyl ethers, rotational isomerism in alkyl acrylates, or acrylate ester fragments.[31] Given the
distinct nature of the band, it is likely assigned to primary alkyl vinyl ether. This band’s absence in FTIR
spectra for the catalyst-free sample (AERO30(n/c)_cycle2) confirms that both catalyst and heat cause
polymer chain network rearrangement, influencing the decomposition pathways.

The gel fraction (Figure 3e) represents the insoluble part of the developed macromolecular chain
network, which is directly related to its crosslinking mesh density and complemented the curing efficiency.[32]
After each reprocessing cycle, the gel fraction showed only minor variations, indicating that the chain network
structure was well preserved and that the vitrimer retained a high degree of crosslinking during reprocessing.



For the catalyst-vitrimers, gel fraction values ranged from 73 to 79%, whereas values of 85 to 96% were
observed for the catalyst-free vitrimers, which is consistent with the obtained higher DBC values (Figure 2b).
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Figure 3. Vitrimer reprocessing and characterization: a) reprocessability and circularity of the developed
AERO vitrimers; b) temperature influence on AERO30 during hot-pressing; c) catalyst influence on
AERO30 during hot-pressing; d) FTIR spectra of UV-cured and reprocessed AERO30: dark lines represent
catalyst-vitrimers; lighter semi-transparent lines represent catalyst-free vitrimers; e) gel content of UV-
cured and reprocessed vitrimers after Soxhlet extraction.

3.3. TGA and TGA-FTIR
Thermal stability is often assessed using temperature ramp measurements, which typically reveal that the
onset of weight loss occurs at temperatures higher than those required for transesterification. Reprocessing
below this threshold is commonly assumed as thermally safe process with negligible decomposition at stress
relaxation.[11], [33], [34] However, this approach is criticized due to non-accurate reflection of real
processing conditions as vitrimer reprocessing at elevated temperatures can take several hours.[35]
Therefore, isothermal thermogravimetric analysis is more accurate choice to evaluate the long-term thermal
behavior of vitrimers during hot-pressing. Figure 4 presents measurements performed under N2 atmosphere.
TGA revealed that GDA monomer was likely responsible for the initial thermal decomposition, as
higher concentrations in the formulation resulted in a slight decrease in thermal stability of all vitrimer
materials (Figure S4). The subsequent thermal decomposition of the remaining crosslinked network occurred
between 300 and 480 °C, similarly as reported for vegetable oil-based systems.[36]-[38] Up to 480 °C, no
significant differences were observed in the decomposition behavior of the samples under N2 and air
atmospheres, except in the presence of air, an additional degradation stage occurred above 480 °C (Figure
S5), resulting in near-complete degradation, similar to that reported elsewhere.[39] The decomposition
mechanism of acrylated vegetable oils is complex and proceeds through multiple steps, including



dehydration, decarboxylation, and the breakdown of ester and acrylate functionalities, ultimately yielding a
range of intermediate and volatile products.[40] Volatile products characteristic of our prepared vitrimers may
include B-hydroxy esters,[41] diesters, glycol derivatives, or ethers.[42], [43] TGA-FTIR analysis of UV-cured
AERO30 and AERO30(n/c) was performed to identify some evolved gaseous products. The respective 3D
FTIR spectra (Figure 4a, b) implied that volatile fragments formed much faster for AERO30 due to dynamic
bond exchange.[41] AERO30 also showed higher absorbance, especially in the CO2 and C=0 regions,
confirming enhanced decomposition (Figure 4c).[44], [45]

Transesterification catalyst-free samples exhibited higher thermal stability (Figure 4d, e) with a
single-stage decomposition peaking at 410 °C (Figure 4f), whereas catalyst-vitrimers peaked at 370 °C,
indicating a more heterogeneous structure.

Regarding reprocessing, thermal stability increased with each reprocessing step (Figure 4d, e, f).
This was likely because the thermally unstable, low-molecular-weight or unreacted components volatilized
during the hot-pressing process, leaving behind the material mainly consisting of the more stable, crosslinked
network. Vilanova-Perez et al. compared UV-cured vitrimers using a radical photoinitiator vs thermally cured
vitrimers using a radical thermal initiator and observed that photocured vitrimers degraded at lower
temperatures than thermally cured vitrimers, attributed to lower crosslinking density.[46]
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Figure 4. The 3D surface graphs for the FTIR spectra of the evolved gases produced by a) AERO30 and b)
AERO30(n/c); c) FTIR spectra of evolved gases during thermal decomposition of UV-cured catalyst- and
catalyst-free AERO30 vitrimers at the time of maximum absorbance (T = 370 °C and T =410 °C,
respectively); d) isothermal curves for UV-cured and reprocessed catalyst- and catalyst-free AERO30
vitrimers; e) temperature ramp curves for UV-cured and reprocessed catalyst- and catalyst-free AERO30
vitrimers; f) the respective DTG curves.

3.4. Stress relaxation

The relaxation time for vitrimers was monitored by isotherms ranging from 180 to 200 °C (Figure S6). The
stress relaxation rate in vitrimers is influenced by temperature, catalyst type and concentration, polymer
network structure, and crosslinking density.[41] It is commonly denoted by the characteristic relaxation time
(1*), which is the time it takes for the sample to relax to 1/e (~37%) of its initial modulus.[47] When subjected
to an external stimulus, the dynamic bonds within CANs reorganize reversibly, allowing the network to relax



stress and exhibit macroscopic flow behavior without compromising the overall integrity of the material.[48]
The stress relaxation rates of cured AERO vitrimers increased with increasing temperature because of
thermally activated dynamic bond exchange reactions.[49] For example, when the temperature was 180 °C,
the network of cured AERO30 exhibited a relaxation time of 20 min, but dropped to 14 min at 200 °C (Figure
S6). Adding Zn(acac). catalyst lowered the activation energy for the dynamic bond exchange reactions
between ester and hydroxyl groups. Stress relaxation for AERO10, AERO20 and AERO30 at 200 °C was
observed after 10, 16 and 14 min, respectively (Figure 5a). Notably, catalyst-free samples demonstrated a
distinct stress relaxation behavior at 200 °C; however, at significantly slower rates i.e. after 31, 34, and 33
min, respectively, which is 2-3 times slower than catalyst-vitrimer. Figure 5b schematically illustrates dynamic
-COOR and -OH exchange reactions, where i) slower exchange occurs in a more crosslinked AERO-based
network whereas ii) the presence of Zn(acac). accelerates transesterification within a less crosslinked
AERO-based network. The same effect of the catalyst was also observed at lower temperatures (Figure S6).
Similar results were reported by Capelot et al., who observed that a stress relaxation time of catalyst-free
epoxy-acid vitrimer was 15 h at 150 °C, but dropped to 2 h when zinc acetate or Zn(acac)2 was used.[41]
Beside the catalyst, the authors demonstrated that an excess of OH groups promotes transesterification,
and that their concentration controls the vitrimer reprocessing behavior. Shaukat et al. demonstrated that the
presence of ester moieties, whilst keeping the concentration and ratio of -OH functional acrylate monomers
constant, accelerated both the curing process and the stress relaxation rate of related thiol-acrylate
vitrimers.[50] While Vilanova-Perez et al. suggested that the photoinitiator (phosphine oxide) could enhance
dynamicity by promoting the exchange reaction in vitrimers.[46]

When comparing the stress relaxation of cured AERO10, AERO20, and AERO30, it was found that
cured AERO10 relaxed slightly faster near the 1/e threshold. The increase of -OH group total concentration,
that are available for transesterification complementing lower viscosity, is relevant to the observed
phenomena.[51] Despite this, the differences in stress relaxation between samples with varying AERO
content were minimal, which aligns well with the gel fraction representing negligible differences in
crosslinking density (Figure 3e). Catalyst-free samples presented higher gel fraction, representing higher
crosslinking density, which slows the overall relaxation rate.[52], [53] It is worth reminding that stress
relaxation can be attributed not only to dynamic bond exchange, but also to the gradual release of internal
stresses accumulated during polymerization, mainly due to volumetric shrinkage [54]
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Figure 5. a) Stress relaxation at 200 °C of catalyst-free and catalyst-vitrimers with different amounts of
AERO; b) schematic representation of dynamic bond exchange during transesterification: i) higher network
crosslinking density without the transesterification catalyst, i) lower network crosslinking density with
Zn(acac)z as transesterification catalyst.

3.5. Mechanical and thermomechanical properties

DMA was conducted to evaluate the effect of reprocessing on the thermomechanical properties of the
materials (Figure 6a). All vitrimers exhibited similar dynamic stiffness values. AERO30 showed the higher
storage modulus in the glassy and rubbery regions (below and above Ty), indicating a rigid crosslinked
network.[46] After reprocessing, the storage moduli absolute values decreased, reflecting a loss of stiffness
and elasticity, likely due to network rearrangement, partial degradation, and minor chain scission.[55]



Tand, which reflects the damping properties of a material, showed the sharpest and highest peak
for UV-cured AERO30 specifying glass transition temperature Ty and indicating a more homogeneous
macromolecular chain network. In contrast, the broader and lower intensity peaks of reprocessed samples
suggest increased heterogeneity due to uneven bond exchange through transesterification.[20] T,decreased
from 18 °C (AERO30) to 13 °C and 14 °C (AERO30_cycle1, AERO30_cycle2) after reprocessing cycles.
Cuminet et al. also reported a drop of Tyfrom 47 to 30 °C for vitrimer after reprocessing at 150 °C for 1.5 h,
suggesting moisture-induced hydrolysis or plasticization under constrained conditions that hindered water
evaporation from the samples.[19]

Tensile tests were conducted to evaluate the reprocessing efficiency further. Although the tensile
strength absolute values of reprocessed samples were not fully restored in comparison to the initial material,
a considerable strength recovery was observed (Figure 6b, Table 2). UV-cured AERO10, AERO20, and
AERO30 recovered 67, 71, and 98 % of the initial tensile strength after the first cycle. Subsequently, 41%,
50 % and 44 % of the initial tensile strength were recovered after the second cycle, respectively. The
decreased mechanical strength after reprocessing was inevitable due to the broken covalent networks during
vigorous grinding.[56], [57] Interestingly, AERO30 also demonstrated the highest recovery efficiency after
the first cycle, despite having the lowest OH group content. It is suggested that with fewer multifunctional
alcohols (GDA), the network in AERO30 is less heterogeneous, allowing smoother bond rearrangement
during reprocessing.[56] The tensile modulus values remained essentially unchanged after reprocessing,
suggesting that the stiffness of the network backbone was maintained even as ultimate strength and
elongation decreased. In terms of formulations, increasing AERO content decreased both tensile strength
and elongation at break, consistent with the lower crosslink density and higher aliphatic chain flexibility
typically associated with higher renewable feedstock content such as vegetable oils.[58]
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Figure 6. a) Storage modulus and tand curves of UV-cured and reprocessed catalyst-vitrimer AERO30; b)
tensile stress-strain curves of UV-cured and reprocessed catalyst-vitrimers.

Table 2. Tensile data of vitrimers before and after reprocessing
Stress, MPa  Elongation at break, % Tensile modulus E, MPa

AERO10 2.19+0.09 18.2+20 125+04
AERO10_cycle1 1.46 £ 0.09 148+20 124 +0.6
AERO10_cycle2 0.90 +0.03 106 +£0.3 124+£0.3
AERO20 1.64 £0.27 19.2+28 9.1+£0.7
AERO20_cycle1 1.16 £0.20 156 +29 8.6+0.5
AERO20_cycle2 0.82+0.20 9.1+29 11.5+04
AERO30 0.86 + 0.06 123+£1.2 76+0.3
AEROB30_cycle1 0.84 +0.11 16.7 £21 56+03
AEROB30_cycle2 0.43 +0.04 73+02 7.0+0.2

3.6. Repairability

Further catalyst-vitrimers were investigated for the material's repairability. The photos in Figure 7a
demonstrate the vitrimer repairability testing for rectangular samples: initially, vitrimer resins were printed
with a hole to simulate damage (e.g., “AERO10 3D | defect”), and their tensile properties were measured. In
early repair trials, a 3D printed circular insert was placed into the hole, followed by thermal treatment to



activate the dynamic bond exchange. However, this approach failed due to insufficient interfacial contact
between the two parts. A second approach proved more effective — fresh liquid resin was poured into the
hole, then UV-cured and thermally treated at 200 °C for 1 h (e.g., “AERO10 3D | repaired”). This approach
succeeded in repairing the vitrimer.

Among the damaged vitrimers, AERO20 3D | defect showed the highest tensile strength and
elongation, reaching 1.56 MPa and 20.4%, respectively. After repair, these values increased to 2.56 MPa
and 48.3%, indicating substantial recovery of mechanical performance. At the same time, AERO10 3D |
defect exhibited the highest tensile modulus, reaching 11.5 MPa, which decreased to 7.1 MPa after repair.

The tensile property ratios (after repair to before repair) are summarized in Figure 7c. The AERO30
3D vitrimers demonstrated the largest relative improvement, with tensile strength and elongation increasing
by up to 2.0- and 2.9-fold, respectively. However, this enhancement in strength and ductility was
accompanied by a reduction in tensile modulus across all formulations, indicating a trade-off between
stiffness and repair-induced network rearrangement. The recovery of mechanical performance after repair
highlights the effective dynamic behavior and improved interfacial integration of the developed vegetable oil-
based UV-curable vitrimer system.

3 /‘f il i ) |
3D printed reference Failed N Repaired sample
sample testing (defected) cohesion testing
3,5 4 "
b)25- AERO10 3D | defect c) ] M Mechanical stress
zgggig gg I ge;ec: { [ Elongation at break
efec 3,04 ; 2,9
20.|= = =AERO103D | repaired N [ Tensile modulus
e AERO20 3D [repaired '} 4 g 25
= = =AERO30 3D | repaired . o © 2,54
5 5
g 154 { . o % 20
< ad _,-" 0]
» K o »
17} o' " ©
o 10 ' Q1,5
= 1,04 o o
n - 2
E_ 1,0
05 <
0,5
0,0 T T T 1 0.0
9 10 e 20 P 50 AERO103D  AERO203D  AERO30 3D
Strain (%)

Figure 7. 3D printed vitrimers before and after damage (hole) repair: a) photos of damaged and repaired
sample testing; b) the obtained stress-strain curves; c) calculated ratios of tensile properties.

3.7. 3D printing

To assess the printability of the developed vitrimers, the resin with the highest AERO content (AERO30) was
selected for testing. The selection of AERO30 resin considered viscosity as a key parameter influencing the
flow behavior within the vat of the DLP printer. All vitrimer resins possessed relatively low viscosities, making
them well-suited for vat polymerization-based 3D printing (Figure S2). The obtained vitrimer resin viscosity
was in the range of 458 to 939 mPa-s, which ensures proper resin leveling between layers, promoting
consistent layer adhesion and directly affecting the printed object's dimensional accuracy and surface quality
in agreement with our earlier findings.[22] The 3D printed sharp mountain structure demonstrated great
accuracy, high precision, and fine resolution at different magnifications (Figure 8). The object exhibited
precise, straight faces and smooth curves, with a layer height of 50 um. The absence of visible defects such
as delamination or surface irregularities confirms the vitrimer resin’s suitability for high-resolution 3D printing.
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Figure 8. Validation of AERO30 vitrimer resin 3D-printing by vat photopolymerization.

4. Conclusions

This study establishes a comprehensive understanding of structure-property relationships in UV-curable
AERO-based vitrimer networks by systematically comparing catalyst-free and Zn(acac).-catalyzed systems
within a unified bio-based resin platform. The findings highlight the developed AERO vitrimer material's
efficient performance, repairability and potential to become mechanically reinforced during the repairing
process — an advantage for extending service life and performance.

It was observed that catalyst-vitrimers exhibited lower photopolymerization enthalpy, leading to lower
crosslinking macromolecular chain network densities. On the other hand, lower crosslinking density
facilitated stress relaxation for transesterification catalyst-free vitrimers, highlighting the role of hydroxyl and
ester group concentration and expanding the design space for catalyst-free vitrimer systems. Catalyst-free
vitrimers possessed higher thermal stability, while catalyst-vitrimers offered superior reprocessability. TGA-
FTIR analysis supported this observation by revealing higher CO2 and carbonyl-rich volatile emissions for
catalyst-vitrimers. Under optimized conditions, catalyst-vitimers maintained excellent optical visual
transparency and structural integrity, recovering up to 98% of tensile strength after the first and up to 50%
after the second reprocessing cycle.

Vitrimer transesterification during damage repair led to material’s final outstanding mechanical
performance — excellent repairability of 3D printed parts, reaching up to 2.9-fold increase in tensile properties,
which is a valuable trait for extending the lifespan of 3D-printed vitrimer components. Meanwhile, the
developed AERO vitrimer resins exhibited excellent 3D printing performance with high resolution and
accuracy for a more detailed geometrical structure.

These findings establish a framework for designing customizable, reprocessable, and sustainable
vegetable oil-based vitrimers, paving the way for developments in advanced vat photopolymerization additive
manufacturing resin materials. Future efforts could focus on optimizing the balance between reprocessability
and thermal stability while exploring novel formulations for advanced additive manufacturing applications.
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