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ANOTACIJA

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

Fotoaktivie augu ellu akrilati sintez&ti, izmantojot vienpakapes vai divpakapes sintézes
metodes, optimizgjot reakcijas parametrus un izvertejot to ietekmi uz UV cietésanas kingtiku.
Vienlaikus fotoaktivo akrilgrupu ievie$ana pielagota ari linseklu ellas izcelsmes alkidiem —
industriali nozimigam parklajumu sektoram —, izmantojot epoksida gredzena atvErSanas
reakciju, butiski paatrinot alkidu cietéSanu, samazinot nepiecieSamibu péc $kidinatajiem un
saglabajot mehanisko izturibu. Tika izstradatas UV cietgjoSas sveku formulacijas ar dazadiem,
tostarp dabas izcelsmes, reaktivajiem at$kaiditajiem, lai samazinatu sveku viskozitati un
uzlabotu $kerssaistito polim&rmaterialu fizikalas un (termo)mehaniskas ipasibas. Sveku
piemerotiba koksnes parklajumiem tika pétita, nosakot adhézijas stipribu, svarsta cietibu un
iespiesanas dzilumu. Skérssaistito materialu mehanisko Tpasibu uzlaboanai darba gaita tika
izstradati kompozitmateriali ar celulozes stiegrojumu, saglabajot izejvielu atjaunojamo
izcelsmi. Visbeidzot, darba tika demonstréta UV ciet&joSu vitriméru izstrade no akrilétas
epoksidgtas rapsu ellas, kontrol&jot strukttira dinamiski kovalento saisu saturu. legtitie materiali
tika termiski atkartoti parstradati un 3D drukati, ka ar tiem tika pieradita strukthras
atjaunoSanas, kas butiski paplasina to otrreizgjas izmantosanas iespgjas.

Promocijas darba rezultati demonstré augu ellu akrilatu un to atvasinajumu potencialu
ilgtspgjigu, funkcionalu un parstradajamu polimérmaterialu izstradei, piedavajot videi
draudzigu alternativu naftas izcelsmes polim&rmaterialiem un paplasinot UV ciet§joso
materialu praktiskas pielietojuma iespgjas.



3D
A. u.

AESO
AERO
AGO
ALO-A
ALO
ARO
Ats.
AV
BHT
DBC
DLP
DMA
DS
DSC

E/
E"
EEW
ELO-A
ERO
EtOAc
EV
FTIR

G"
G/Go
GDA
GPT

HDDA
HPPA
HQ
IBOA
Izn.
KMR
MEHQ
NP

IZMANTOTIE SAISINAJUMI

trisdimensionals

patvaligas vienibas

akrilskabe

akrileta epoksidéta sojas pupinu ella
akriléta epoksidéta rapsu ella

akriléta vinogu kaulinu ella

akriletas linse€klu ellas alkids

akrileta linseklu ella

akriléta rapsu ella

atsauce

skabes skaitlis

butiléts hidroksitoluols

dubultsaisu konversija

digitalas gaismas apstrade

dinamiski mehaniska analize

dielektriska spektroskopija

diferenciali sken&josa kalorimetrija
elastibas modulis

uzkrajuma modulis (DMA merfjumos)
zudumu modulis (DMA mérijumos)
epoksida masas ekvivalents

epoksidetas linséklu ellas alkids

epoksideta rapsu ella

etilacetats

epoksida skaitlis

Furjé transformacijas infrasarkana spektroskopija
uzkrajuma modulis (fotoreologijas mérijumos)
zudumu modulis (fotoreologijas mérijumos)
normaliz&tais sprieguma relaksacijas modulis
glicerina 1,3-diglicerolata diakrilats
glicertna propoksitriakrilats

stundas

heksandiola diakrilats
2-hidroksi-3-fenoksipropil akrilats
hidrohinons

izobornilakrilats

iznakums

kodolmagnétiska rezonanse
4-metoksifenols

Nanopapirs



ppm
RO
SEC
SEM
SLA
T

Tg
tgel
Tand
TEA
TGA

miljonas dalas

rapsu ella

izméru izslégsanas hromatografija
skengjosa elektronu mikroskopija
stereolitografija

temperatura

stikloSanas temperattira
gelpunkts

zudumu faktors

trietilamins

termogravimetriska analize

TMPTMA trimetilolpropana trimetakrilats

TPGDA
TPP
UES
UV-Vis
voC

€

€B

n

o

OB

T*

tripropilénglikola diakrilats
trifenilfosfins

Nepiesatinats esteris
ultravioletas redzamas gaismas spektroskopija
gaistoSie organiskie savienojumi
deformacija

deformacija sagrausanas bridi
viskozitate

spriegums

Sagrausanas robezspriegums
relaksacijas laiks



SATURS

PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS......ccriiirireeenencreenirereesineseeseeneens 10
Ievads un literatliras apskats.........ccocoeiiiiiiiiiiii 10
MEIKIS UN UZACVUINI ... 20
AIZStAVESANAL 1ZVITZTIEAS tEZES ueuvverriririieiieie ittt ettt sttt et st sttt st sbe et bbbt b ne e 20
ZINANISKE NOVITALE ...ttt 20
PraktiSKa NOZIIME .....oveiiiiieiesiisteeiesie sttt bbbt sa e b bbbttt 21
Darba Struktlira Un @pPJOINS ......cevieveeeriireieesiesre e e e e enes 21
Publikacijas un promocijas darba aprobACI]A .........ccevvrverieririiniieriesesesie e 23

PROMOCIJAS DARBA GALVENIE REZULTAT......ouiiniiiiieieenceineneeesseseeseseseeseseesenees 25
Akriletu augu ellu sintéze, fotopolimerizacijas kingtika un pielietojuma izpgte UV
cietgjosiem koksnes parklajumiem (1. publikacija) .......ooceovicvrireeiiiinineie e 25
Linseklu ellas alkidsveku sintgze un pielietojuma izpéte UV cietgjosiem koksnes
parklajumiem (2. PUblIKACTIA) ..ovvivviiieieiiiiiie e 29
Jauna no atjaunojamiem resursiem iegiita UV ciet&josa reaktiva atSkaiditaja ipasibu izp&te
Skerssaistita akriletas rapSu ellas poliméra tikla (3. publikacija) ........ccocevvniniiiiiiiiien, 35
Akriletas augu ellas impregnétu UV cietgjosu nanokompozitmaterialu izstrade un to Ipasibu
1ZPELE (4. PUDIIKACIIA) 1e.vvevieriisiisieeiesie sttt sttt sttt bbb bbbt ne e 37
UV cietgjosu akril&tas rapSu ellas vitriméru pagatavoSana termoreaktivu materialu
parstradei un 3D drukas pielietojumam (5. publikacija) ........c.ccooevviiiiiciiiiiiiicceee, 40

SECINATUMI ..ottt sttt sttt bbb bbbttt st bt 46

ATSAUCES ...t e et 88



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Ievads un literatiiras apskats

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

Vesturiski augu ellas, piem&ram, linseklu ella, plasi izmantotas polim&ru industrija,
galvenokart laku un parklajumu razo$ana. Pedgjas desmitgades interese par augu ellam ir
ieveérojami picaugusi, paplasinoties tehnologiskajai attistibai un biomasas pielictoSanas jomam
[2], [3]. Augu ellas galvenokart sastav no trigliceridiem (ap 95 %); maza daudzuma sastopami
monogliceridi un digliceridi, brivas taukskabes, fosfolipidi, tokoferoli, polifenoli un citi
savienojumi [4]. Trigliceridu molekula esos$ie reakciju aktivie centri — dubultsaites, estergrupas,
alilgrupas un bisalilgrupas — nodros$ina plasas struktiiras modifikacijas iesp&jas. Turklat augu
ellu viskozitate (1) padara tas piemérotas UV ciet&josiem svekiem, nodrosinot labu plistamibu.

Lai rapSu un citas augu ellas efektivi izmantotu biopoliméru razo$ana, Ipasa uzmaniba
tiek pieveérsta to apstrades tehnologijam. Viens no miisdienigiem un moderniem risinajumiem
poliméru raZoSanas procesa ir fotoinducéta jeb ultravioletas (UV) gaismas inducéta cietéSanas
tehnologija, kas ka alternativa termiskajai ciet€Sanai nodroSina atraku reakciju, mazaku
energijas patérinu un mazakas gaistoSo organisko savienojumu (VOC) emisijas. UV cieté$ana
augu ellam iespgjama pec to taukskabju atlikumos esoSo nepiesatinato dubultsaiSu
modificeSanas, ieviesot tajas fotoaktivas akrilgrupas.

Augu ellu akriléSanu var panakt, izmantojot vairakus sintézes celus, no kuram visplasak
izmantotd 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 epoksidéSanas, 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 bt jutigaka pret reakcijas apstakliem.
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Augu ellu akrilésana divpakapju sint€ze sakas ar triglicerida taukskabju atlikumos esoso
dubultsai$u epoksidesanu, kam seko oksirana gredzena uzskel$ana ar akrilskabi (AA) (1. a att.).
Dubultsai$u epoksidésana jeb PrileZajeva reakcija caur in situ generétu peroksiskabi ir plasi
lietota epoksidétas sojas pupinu ellas iegi$anai [5]. Nekontrolétos apstaklos viegli iesp&jamas
blakusreakcijas, pieméram, epoksida gredzena atvérSanas ar skabi vai tideni un citas nevélamas
reakcijas (pieméram, H202 sadaliSanas), kas var notikt gan Gdens fazg, gan ellas fazg, gan uz
robezvirsmas [6]. Publikacijas 60 °C temperatira atzita par optimalu epoksidé$anas reakcijai
[7]. Kousaalya un Iidzautori novéroja, ka reakcijas temperattiras paaugstinasana no 40 °C lidz
60 °C palielinaja epoksidéSanas iznakumu no 58 % lidz 88 %. Savukart talakajos
eksperimentos, mérot a-glikola vertibas, autori noveroja, ka, turpinot palielinat temperatiru,
palielinajas arT nevélama epoksida gredzena atveérSanas reakciju daudzums [8]. Turco un
lidzautori noradija, ka lins€klu ellas epoksidésana javeic zemaka temperatiira, lai izvairitos no
epoksida gredzena atverSanas. Izmantojot kingtisko modeli, autori aprékinaja, ka liela
linolénskabes atlikuma daudzuma dél triglicerida struktiira linseklu ella ir 1,5 reizes reaktivaka
neka sojas pupinu ella; Iidz ar to epoksidéSanas laika gredzena atverSanas reaktivitate bija
aptuveni Cetras reizes augstaka neka sojas pupinu ellai [9]. H202 pievieno$anas atruma ietekme
uz reakcijas iznakumu literattra nav plasi pétita, un galvenokart H>O> tiek pievienots 30 min
lidz 60 min laika. Santacesaria un lidzautori pieradija, ka H2O> pievienosanas atruma ietekme
dubultsaiSu konversijai un iznakumam ir maznozimiga, salidzinot ar reakcija izmantoto H,O>
un dubultsai$u molaro attiecibu [10]. Ka katalizators visbiezak tiek izmantota skudrskabe vai
etikskabe. Dazi autori ka katalizatoru iesaka pievienot HoSO4 vai — lai sasniegtu augstaku augu
ellas epoksidésanas iznakumu — pievienot $kidinataju vai pat papildu brivas taukskabes [11],
[12]. Interesanti, ka at$kiriba no lielakas dalas zinatnisko rakstu, Kuros minéts, ka epoksidésanas
procesa atruma limit&josa reakcija ir peroksiskabes veidoSanas, tas pats autors zinoja, ka pati
epoksidesanas reakcija ir piecas reizes Iénaka neka peroksiskabes veidoSanas [13]. Nepilnigu
reakcijas iznakumu, atstajot neizreag€jusas taukskabju atlikumos eso$as dubultsaites, var
izraisit stériski apgritinata piekluve reakcijas centriem, nekontroléti reakcijas apstakli
(temperatiiras, laika, reagentu molaras attiecibas) vai pat, ka zino La Scala un lidzautori,
dazadas taukskabju reagétsp&jas [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, titrgjot 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. Epoksidésanas reakciju salidzinajums dazadam augu ellam gan péc izejvielu
molarajam attiecibam, gan reakciju apstakliem apkopots 1. tabula.
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1. att. Akrilétu augu ellu sintéze a) divos solos, caur epoksidésanu; b) viena soli ar
katalizatoru.

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

Z‘%‘;t:“ Aprekinatais Moﬁiﬁﬁfﬁﬁlba’ EV (mol
Izmantota joca C=C skaits/ Laiks o epoksida/ Izn.
skaitlis _ T (°C) Ats.
augu ella (g 1,/100 g taukskabes NH202/ | NHcoon/ (h) 100 g %
2 H a a
produkta) atlikuma Nc=c Nc=c sveku)
Linséklu 0,375- 55—
ella 174 2,01 1,4 0,2 59 | 4560 | o |
Jaterlcl’:as 105 121 41 02 | 56 | 60-65 | 0,252 61 | [16]
Sojas ’ 0,288- 55—
pupimu ella - 1,53 2,0 0,6 1-7 | 45-55 0.451° o | 07
Sojas
pupinu 57,63 0,96 3,0 2,9 6 0 0,298f - [18]
ellas alkids
Sojas - - 18 08 7 50 0,3839 =g
pupinu ella
Perilla ella 196,9 2,27 10,3 34 8 40-60 0,610" 91 [8]

2 Parskatamibai un salidzinasanai reakciju iznakumi tabula parrékinati un noraditi ka EV, kur raksturojoso
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 vertiba: sakuma dubultsai$u skaits = 4,60.

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

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

9 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) klatbiitné UV ciet&josu koksnes parklajumu pielietojuma izpétei [19].
Epoksidétas sojas pupinu ellas akriléSanas reakcija tika veikta 80 °C temperatara 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 novéroja 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) mé&rogojot reakciju uz lielakiem apjomiem [21].
Turklat AA atlikums pec sintezes arT apgriitina reakcijas neitraliz€Sanu, un tas atlikums
akrilétos augu ellas svekos var ietekmé&t UV cietgjosa gala parklajuma ipasibas. Literatiira
epoksidétu taukskabju atlikumu akrilésanas reakcijas temperatiira ir robezas no 60 °C lidz
120 °C. Japiezimg, ka 110 °C tiek uzskatiti par akriléSanas temperatiiras “griestiem”, jo tas var
izraisit AA polimerizaciju [22], kam pretgji Chu un lidzautori 120 °C temperaturu zinoja ka
optimalu epoksid&tas sojas pupinu ellas akrilésanai [23]. Turklat arT akriléSanas laiks ievérojami
atSkiras literatiira minétajos sint€Zu aprakstos Un ir mingts robezas no 2,3 h Iidz 40 h [20].
Epoksidetas augu ellas akriléSanas kvantitativs iznakums péc sint€zes lielakoties netiek
noteikts. Parasti p&tnieki vadas péc EV vértibas samazinaSanas vai péc izlietota AA daudzuma,
nosakot skabes skaitli ar KOH etanola skiduma titréSanu [24]. Saithai un Iidzautori 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]. Akrilé$anas reakciju salidzinajums dazadam epoksidétam augu ellam gan péc
izejvielu molarajam attiecibam, gan reakciju apstakliem apkopots 2. tabula.

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

Apreki-
[zmantotd natais EV Molara Zinotas
Z L . . ..
epoksidéta (mo_l attieciba Katali- Inhibitors Laiks T(°0) reaI.<C| jas Als
aueu ella epoksida/ | NAAMNepoksids, zators (h) beigas/
g et 100 g (mol/mol) iznakums
sveku)
AV =1,15mg
. KOH/g sveku,
Epoksidéta o
. TPP, 1 BHT, 0,03 Oksirana
2 1,41 ' ' ! 24
usszsena 0.250 ' masas % masas % 6 90-95 skabekla saturs [24]
pupiu & =0,012 g 0/100
g sveku
Epoksidéta Trifenilfosft 4-terc- AV =5 mg
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 0,563 0.89 masas % % 23 | 6075 - [2%]
o AV =10 mg
Epoksidéta
. TEA, 1 MEHQ, 0,5 KOH/g sveku,
— y 22
. Sf’rfzseua 0,375 4 masas % masas % 4080110 | ey 15 | 22
puptiu & 02/100 g sveku
Epoksidéta
. AV =6,2mg
19
spjas 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 tieSsu AA pievieno$anos triglicerida skabju
atlikumos eso$ajam dubultsaitém BFs-OEt, Katalizatora klatbatng (1. b att.) [26]. Sis sintézes
priekSrocibas ir laika un atomu ekonomija, salidzinot ar divpakapju sinté€zi izmantojot
epoksidésanu. Turklat p&c sintezes bija iesp&ams atgit [idz pat 86 % sakotngjo izejvielu
(nereaggjuso 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$u skaitu sojas pupinu ella. Velak, veicot literatiiras analizi par
dazadiem karbonilgrupas un alkénu dubultsaiSu reakciju katalizatoriem, Sie pas$i autori Sojas
pupinu ellas tieSai akriléSanai izm&ginaja ari citus katalizatorus [27]. Autori novéroja, ka gan
Brensteda, gan Luisa skab&m sojas pupinu ellas akrilésana bija no skabuma atkariga katalitiska
aktivitate §ada seciba: BFs-OEt> > FeCls > SnCls > TiCls un pTsOH > MsOH > Amberlyst 15.
Augsta katalizatora koncentracija ne tikai paatrinaja reakciju, bet arf nodro$inaja augstaku
reakcijas iznakumu — 1idz pat 3,26 akrilgrupam molekula. Autori papildus izpétija reakcijas
apstaklus, secinot, ka, temperatirai palielinoties virs 80 °C, notiek blakusreakcijas, tostarp AA
polimerizacija. Vélak cita zinatnieku grupa $o sintézes metodi izmantoja, lai sintezétu dazadus
augu ellu akrilatus, taja skaita palmu, oltvu, zemesriekstu, rapsu, kukuriizas un vinogu kaulinu
ellas akrilatus [28]. Autori novéroja, ka péc reakcijas akrilgrupu skaits molekula palielin3jas,
palielinoties augu ellu nepiesatinajuma pakapei, savukart reakcijas atrums samazinajas sterisko
traucgjumu d€l, kas kavegja talaku akrilgrupu pievienosanos. P&c UV cietésanas ellas ar augstaku
akrilgrupu daudzumu uzradija augstaku SkérssaiSu blivumu, kas ir kvantitativs lielums un
raksturo $kérssasistito mezglu skaitu poliméra tilpuma vieniba (mol/m3).

Augstaks skérssaiSu blivums ietekméja materialu termomehaniskas un mehaniskas
pasibas, Un ta rezultata palielinajas stikloSanas temperatiira (Tg), Sagrausanas robezspriegums
(o) un elastibas modulis (E). Augstako Tq (50 °C), stiepes moduli (8,94 MPa) un iznakumu ar
2,17 akrilgrupam uz molekulu pec *H-KMR spektroskopijas uzradija akriléta vinogu kaulinu
ella.

Apkopojot, divpakapju epoksidéSanas-akriléSanas sintézes metode laika gaita ir
pilnveidota un plasak izmantota dazadu augu ellu modific€Sanai. Tomer ta ietver divus reakcijas
solus. Vienpakapes augu ellu akriléSana nodroSina Tsaku sintézes laiku, tacu tas efektivitate un
selektivitate lielda méra ir atkariga no katalizatora izvéles un reakcijas apstakliem. Lidz ar to
izvele starp STm pieejam ir atkariga no vélama kompromisa starp procesa vienkarSibu un
funkcionalo grupu kontroli, jo Sie faktori ietekmé ieglito materialu struktiiru, reagétsp&ju un
piemérotibu pielietojumiem.

Lidz ar ilgtsp€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 striiklas uzklasanu,
pulveru slana sakausé$anu, loksnu lamin&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 inducgta polimerizacija norit slani pa
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slanim, vienlaikus vai punktveida ar lazerstaru izgaismojot $kidro sveku slani [31]. UV
cietgjoso sveku 3D drukas tehnologija nodro$ina augstu izskirtsp&ju, izcilu virsmas kvalitati,
ka arf 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]. Literatiira jau public&ti dazi raksti, kuros minéts, ka
akrilétu augu ellu saturosi 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
o = 43,7 MPa [34]. Savukart 3D drukati AESO oligoméri, kas sintez&ti viena sol, uzradijusi
lieliskas termomehaniskas Tpasibas ar Tg 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 batiski paaugstina prasibas pret fotoaktivo sveku formulaciju izstradi un
to parametru optimizaciju konkrétiem pielietojumiem, pieméram, viskozitates, reagétsp&jas 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 dgl, jo iesp&ama to sapiSanas, kas
palielina pliismas pretestibu, ka ari starpmolekularo mijiedarbibas spéku rezultata, tostarp
fidenraza saiSu veidoSanas starp hidroksil-, akrilata un estera grupam. Augsta viskozitate
ierobezo sveku apstrades iesp&jas 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 monoméri un
oligoméri, kas ne tikai samazina sist€émas viskozitati, bet arl piedalas fotoiniciéta
Skérssaistisanas reakcija [19]. To lietoSana lauj izvairities no $kidinataju izmantoSanas un
nodro$ina visu komponens$u integraciju poliméru tikla. Parasti tiek izvéléti mono-, di- vai
daudzfunkcionali (met)akrilati, pieméram, izobornilakrilats (IBOA), tripropilénglikola
diakrilats (TPGDA), trimetilolpropana tri(met)akrilats (TMPT(M)A), 1,6-heksandiola
diakrilats (HDDA) u. c. [37]. Reaktivo at$kaiditaju izvéle balstas optimala lidzsvara starp
viskozitati, reagétspeju 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 koncentrgjas uz alternativu dabas izcelsmes reaktivo at§kaiditaju izstradi.
Literattira aprakstita reaktivo atSkaiditaju sint€ze un pielietojums UV ciet&josas sistémas no
tadam dabas izcelsmes izejvielam ka ricinolskabe [38], kardanols [39], furans [40], ricinella
[41], eugenols [42] u. c. Literatiira nereti zinots arT par iek$gjo dubultsai$u saturoSu esteru ka
reaktivo atSkaiditaju izmantoSanu UV ciet&joSos svekos, visbiezak maleinskabes un
fumarskabes atvasinagjumu forma [43], [44]. Lai gan ick$Gjo dubultsaiSu reagétspgja UV
cietéSana ir zemaka par termindlo dubultsaiSu reag€tsp&ju (galvenokart sterisko, m-elektronu
delokalizacijas un blakusesoso elektronakceptoro grupu dgl), tas tiek plasi lietotas, jo spgj
nodro§inat nepiecieSamo estera k&zu integraciju poliméra tikla un ietekmét galaprodukta
pasibas. Interesantu p&tijumu veica Northrop un lidzautori, salidzinot ¢etrus savienojumus ar
iek§gjam dubultsaitém brivo radikalu tiol-éna “klik” reakcija. Autori novéroja $adu reagétspgju:
norbornéns > fumarats > maleimids > krotonats [45]. Iek$§o dubultsaisu klatbiitne
makromolekula var pieskirt zinamu elastigumu vai mikstino$u efektu, tapéc sadus esterus biezi

15



kombing ar citiem akrilatiem, lai paaugstinatu kopgjo fotopolimerizacijas atrumu un poliméra
Skeérssai$u blivumu [46]. Turklat, izmantojot dabas izcelsmes esterus, ir iesp&jams samazinat
no naftas iegito akrilatu patsvaru formulacijas. ST pieeja, ka ari ietekme uz fotopolimerizacijas
procesu un Skérssaistita materiala Tpasibam tika detalizeti analiz&ta darba treSaja dala.

Akrilati tiek plasi izmantoti arT ka galvena komponente virsmas aizsargparklajumos,
ieglistot izturigu un estétisku polim&rmateriala slani. Turklat to funkcionalitate lauj regulét
parklajumu ipasibas, pieméram, adhéziju, cietibu un elastibu. Parklajumu nozar€ 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
temperatara (22 °C), kas lauj palielinat razoSanas atrumu, turklat ietaupot ari vietu razoSanas
telpa. Lai gan UV ciet&joso parklajumu tirgus straujaka izaugsme novérojama Azija, ari Eiropa
un Ziemelamerika ta prognozeta izaugsme ir aptuveni 9 % gada, kas ir ieverojami augstaka
neka tradicionalo parklajumu industrijas vidgjais pieauguma temps [48]. Pielagojoties arvien
pieaugoSajam vides normam, biomasas, t. sk. augu ellu, ieklausana UV cietgjosas parklajumu
formulacijas kltst arvien popularaka t€ma 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 atvasinajumiem [52]. Tie tiek
izmantoti koksnes, metala, plastmasas un papira virsmu aizsardzibai no korozijas, kimisko vielu
un atmosféras iedarbibas [53]. I1zmantojot augu ellas UV ciet&joSos parklajumos, iesp&jams
ieglit plasu mehanisko Tpasibu spektru, ieskaitot augstu cietibu, adh@ziju, elastibu un citus
fizikalos parametrus. Sadi parklajumi pétiti tadiem specifiskiem mérkiem ka antimikrobiali
[54], liesmu slapgjosi [55], augstas veiktspgjas [56] un nanokompozitu parklajumi [57].

UV ciet&joSo materialu potencials tiek izvertéts arT strukturalu materialu sisteémas.
Polim@ra matricas un stiegrojuma kompozitmateriali ir butiska materialzinatnes joma,
nodrosinot Tpasibu kombinacijas, kas nav sasniedzamas ar katru komponenti atseviski. Lai gan
visbiezak lietotie kompozitmateriali ir ar augstu mehanisko veiktspgju, to raZzosana balstas
naftas izcelsmes polim&ru matricas (epoksidi, poliestera sveki) un stikla vai oglekla skiedru
stiegrojuma, kuru iegiiSana ir energoietilpiga [58]. Sadu kompozitmaterialu izmanto$ana
ilgtermina ir pretgja aprites ekonomikas principiem. Alternativu kompozitmaterialu izstrade,
kas balstas atjaunojamas izejvielas, pedéja desmitgadg ir kluvusi par nozimigu materialzinatnes
virzienu. Kanepju $kiedras ir daudzsolosas dabiskas Skiedras sintétisko Skiedru aizvieto$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 Iidz pat 80 % [59]. Janem véra tas, ka dabisko $kiedru trikums, salidzinot ar
sintétiskajam, ir to neviendabiba — Skiedru Tpasibas ieverojami atSkiras atkariba no audzgéSanas
apstakliem, klimata un apstrades. So trikumu iesp&jams mazinat, pagatavojot homogénakas
Skiedru struktiiras, piem&ram, papiru. Nanopapirs (NP), kas iegtts, fibrillgjot celulozes
nanoizméra $kiedras, nodroSina vienmerigu skiedru sadalfjumu un augstu virsmas laukumu.
Sada struktiira ir labi piemérota matricu impregnacijai, pieméram, ar dabas izcelsmes svekiem,
jo kapilarie efekti un porainiba sp&j nodrosinat efektivu sveku iekltsanu Skiedru tikla [60]. NP
sagatavoSana ir ekonomiski ipa$i izdeviga dazadu atkritumproduktu gadijuma, kas satur
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dabiskas skiedras, jo tos iespgjams viegli apstradat (malt, liet, pres€t), izmantojot parbauditas
un vienkarSas metodes [61]. Kompozitu izstrade, izmantojot UV ciet§joSu augu ellu
impregnéSanas pieeju, aplikota darba ceturtaja dala.

Neraugoties uz progresu dabas izcelsmes sveku izstradé un pielietojumos, batisks
izaicinajums joprojam ir t0 otrreizgja parstrade. Tradicionalie UV ciet&josie termoreaktivie
materiali péc fotopolimerizacijas veido neatgriezenisku 3D makromolekularu $k&rssaistitu
tiklu, kas batiski ierobezo to pliistamibu un parstrades potencialu [62]. Pedgjos gados arvien
lielaka uzmaniba tiek pievérsta dinamiski kovalento saiSu ievieSanai termoreaktivajos
poliméros, lai izstradatu otrreiz&ji parstradajamus materialus [63]. Sadas struktiiras, kas
pazistamas ka vitrimeri, apvieno termoreaktivo polime&ru mehanisko un termisko izturibu ar
termoplastu parstradajamibu. Vitrimeros dinamiski kovalentas saites paaugstinata temperattira
piedalas apmainas reakcijas, laujot materidlam veikt topologiskas parkartosanas.
Transesterifikacija izcelas ka viena no visplasak pétitajam apmainas reakcijam, pateicoties
vieglai esteru un hidroksilgrupu ieklauSanai termoreaktivajas sistémas [64], [65]. Visbiezak
zinots par termiskas ciet€Sanas procesa izstradatiem vitrimériem, kas ir gan energoietilpigs, gan
laikietilpigs process, un ta cietéSana var aiznemt pat 12 h [66]. Zems energijas patérin$ un isaks
apstrades laiks, kas raksturigs UV cietéSanas procesam, padara to par efektivu un ilgtsp&jigu
metodi vitrim&ru izstrade [67]. Turklat UV ciet€josi vitriméri ir Tpasi perspektivi modernam
razo$anas tehnologijam, pieméram, 3D drukai, apvienojot iesp&ju veidot sarezgitas geometrijas
un nodroginot materidlu atkartotu izmanto$anu péc nolietojuma [68]. ST pieeja ir ipasi
perspektiva dabas izcelsmes polimérmaterialu izstradé, jo ta nodrosSina iespgju apvienot
ilgtsp@jigas izejvielas ar otrreizeju materialu parstradi.

Veiktais pétfjums ir versts uz iepriekSmin€to problému risinaSanu, sintez&jot Un
formulgjot no atjaunojamam izejvielam ieglitus 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 cietgjoso sveku izstrades procesa.

Pirmkart, svarigakie faktori UV ciet€joso sveku izstradé ir piemé&rota izejmaterialu
izvéle un to kimiska funkcionalitate. Sis Tpasibas nosaka sveku reagétspéju UV cietésanas
procesa un galamateriala ipasibas. 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 piemé&rotas kultivésanai Latvijas klimata apstakliem. Savukart vinogu
kaulinu ella, lai gan mazak pieejama, tika izveleta, pateicoties tas augstajam dubultsaiSu
skaitam molekula. Sada izejmaterialu izvéle lauj noveértét, ka dubultsaisu daudzums ietekmé
akriléSanas sintézi un talako reagétsp&ju UV cietéSanas laika. Pretstata zinatniskaja literatiira
plasi pétitajai un jau komercializetajai AESO rapSu ellas akriléSana un tas izmantoSana UV
cietgjosos materialos Iidz $im ir min&ta tikai dazos p&tjjumos. Tadgjadi $is darbs sniedz jaunu
ieguldijumu vietgjas augu ellas pielietojuma izpéte.

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

Treskart, tika izstradatas un optimiz&tas UV cietgjosas sveku formulacijas, izv€loties un
kombingjot reaktivos atSkaiditajus dazadas masas % attiecibas, lai nodro$inatu noteiktas
reologiskas un mehaniskas Ipasibas, t.sk. atbilstoSu viskozitati, ciet€Sanas atrumu un
mehanisko izturibu. Monofunkcionali reaktivie atSkaiditaji parasti samazina E un uzlabo
Skerssaistita materiala plastiskumu, veidojot elastigus materialus. Savukart di- un
polifunkcionalie reaktivie at$kaiditaji palielina E un samazina plastiskumu, veidojot trauslus,
bet stingrus materialus. Augstaka reaktiva at$kaiditaja funkcionalitate paatrina cieté€$anu un
nodroSina augstaku $kérssaiSu blivumu [69]. Pieméram, HDDA un TPGDA ievérojami
samazina UV cietgjoso formulaciju viskozitati. TMPTA un TMPTMA, badami trifunkcionali
monomeri, ievérojami palielina poliméra §kérssaisu blivumu un Iidz ar to Ty. Tapat Tgpalielina
reaktivie atSkaiditaji ar strukttira esoSu apjomigu grupu, pieméram, IBOA. Turpreti TPGDA un
HDDA, budami linearas struktiiras monomeri, uzlabo materialu elastibu [70], [71]. Reaktivo
atSkaiditaju izvele un formulaciju optimizacija nodroSina sveku piemérotibu 3D drukas
tehnologijai un virsmas parklajumu izstradei. Lielaka dala reaktivo at$kaiditaju tiek iegiiti no
naftas produktiem, bet arvien liclaka interese paradas par dazadiem reaktivajiem atSkaiditajiem,
kas iegiiti no atjaunojamiem resursiem. Piemé&ram, fotoaktivi furana atvasinajumi, salidzinot ar
naftas atvasinato HDDA, uzradijusi augstaku cietibu E un Tq UV ciet&josos parklajumos [40].
Darba treSaja dala tika analizEts jauns furana atvasindgjums ka dabas izcelsmes reaktivais
atSkaidtajs.

Ceturtkart, tika novertets sintezeto fotoaktivo augu ellu atvasinajumu pielietojums tris
virzienos: (1) koksnes virsmas aizsargparklajumu izstradé; (2)nanokompozitu izstradg,
izmantojot akrilétas augu ellas ka saistvielu; (3) DLP-tipa 3D druka. Tika analiz&ts sveku un
iegiito produktu ciet€Sanas atrums, adh€zija, cietiba, termiskas un (termo)mehaniskas ipasibas,
ka arT noveértéta materialu piemérotiba katra pielietojuma.

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

Sintezetajiem un formulétajiem svekiem un Skérssaistitajiem materialiem noteiktas
plasa spektra TpaSibas, veicot $adas analizes un testus: Furjé transformacijas infrasarkana
starojuma spektroskopija (FTIR); kodolmagnétiska rezonanse (KMR); izm@ru izslégSanas
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hromatografija (SEC); reologija, fotoreologija, fotodiferenciali sken&josa kalorimetrija (foto
DSC); skengjosa elektronu mikroskopija (SEM); dinamiski mehaniska analize (DMA);
mehaniskas izturibas tests stiep€; adh&zijas tests; mikrocietibas tests; slides berzes tests; svarsta
cietibas tests; iespieduma dziluma tests; ultravioletas redzamas gaismas spektroskopija (UV-
Vis); termogravimetriska analize (TGA); biodegradacija; blivuma noteikSana; dielektriska
spektroskopija (DS); kontaktlenka noteik$ana; TGA-FTIR kombingta analize; optiska
mikroskopija. Ar metozu detalizEtiem aprakstiem iespgjams iepazities katras publikacijas
metozu sadala.

Promocijas darba izstradé apvienota augu ellu ka atjaunojamo resursu izmantosana,
musdieniga un energoefektiva UV cietéSanas tehnologija un materialu struktiiras
funkcionalitate, tadgjadi radot inovativus, videi draudzigus un otrreiz&ji parstradajamus
materialus. Sada pieeja ne tikai samazinatu atkaribu no neatjaunojamajiem resursiem, bet art
veicinatu aprites ekonomikas principu ievie$anu materialzinatné.
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Meérkis un uzdevumi

Promocijas darba mérkis ir izstradat no augu ellu atvasinajumiem iegiitus polimeru
svekus ar kontrol&jamu molekularo struktaru pielietojumam UV cietgjosos termoreaktivajos
materialos ar pielagojamam ekspluatacijas un parstrades Ipasibam.

Promocijas darbam definéti vairaki uzdevumi.

1. Sintezet akrilét rapSu, lins€klu un vinogu kaulinu ellu atvasinajumus, izmantojot
vienpakapes vai divpakapes sintézes metodes, un optimizet sintézes reakcijas parametrus
atbilstosi kimiskas reakcijas mehanismam.

2. lzstradat UV cietgjosas sveku formulacijas ar mérktiecigi pielagotu molekularo struktiru,
izmantojot sintez€tos augu ellu akrilatu atvasinajumus, reaktivos atSkaiditajus un
fotoiniciatorus.

3. Izpétit UV cieté8anas kinétikas un $kérssaistita poliméra rezga struktaras ietekmi uz
termoreaktivo polim&rmaterialu fizikali mehaniskajam 1pasibam, un izpétit to pielietojumu
koksnes parklajumu izstrad€ un 3D druka.

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

AizstaveSanai izvirzitas tézes

1. Merktiecigi pielagojot sint€zes metodes, reakcijas parametrus un formulaciju sastavu,
iespgjams kontrolét akrilétu augu ellu atvasinagjumu makromolekularo strukttru, UV
cieteSanas kin&tiku un S§kerssaistita polim@ra rezga blivumu, tadgjadi iegistot 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 polim&rmaterialus var izmantot ka matricas saistvielu
dabisko skiedru kompozitiem, Kur iestradatais celulozes stiegrojums nodrosina uzlabotas
fizikali mehaniskas 1pasibas.

4. Kontrolgjot dinamiski kovalento saiSu saturu $kérssaistita poliméra rezgi, iesp&jams iegtit
3D drukajamus vitrimeru materialus, Kas, balstoties termiski aktivéta transesterifikacijas
reakcijas mehanisma, nodroSina atkartotu parstradi un struktiiras atjaunosanu.

Zinatniska novitate

1. Optimizetas vienpakapes un divpakapes rapsu, linseklu un vinogu kaulinu ellas akriléSanas
sintézes metodes, kas lauj mérktiecigi pielagot molekularo strukttru, iegistot materialus ar
kontrolgjamu fotoaktivo grupu saturu un UV cieté$anas kin&tiku.
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2. Pieradits, ka fotoaktivo grupu ievieSana alkidu struktira bez halogenétu produktu
lietoSanas apvieno alkidiem raksturigds ekspluatacijas 1paSibas ar UV ciet€Sanas
tehnologijas priek$rocibam, nodro$inot atru un kontrolgjamu cietésanas procesu.

3. Noteiktas sakaribas starp molekularo struktiiru, 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).

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

5. Izstradati akrilétas augu ellas vitrimeru materiali ar kontrolgtu dinamiski kovalento saiSu
saturu, kur vitriméra sprieguma relaksacijas 1paSibas balstas termiski aktivéta
transesterifikacijas reakcija, nodro$inot atkartotu parstradi un strukttiras atjaunosanu.

6. Kopuma darbs sniedz jaunu zinatnisko ieguldijumu dabas izcelsmes, UV ciet&joSu un
parstradajamu polim@ru formulaciju izstrad€, apvienojot sint€zes, molekulara dizaina un
cieteSanas kinétikas aspektus un demonstrgjot to pielietojumu parklajumos, 3D druka un
dabisko skiedru kompozitmaterialos.

Praktiska nozime

1. Sintezgtos fotoaktivos rapSu, linséklu un vinogu kaulinu ellas akrilatus var izmantot augsti
Skerssaistitu  polim@ru parklajumu izveide, nodrosinot materialu atru cietéSanu,
pielagojamu fizikali mehanisko pasibu profilu un demonstr&jot Latvija ieglistamu augu
ellu potencialu aizstat naftas izcelsmes izejvielas.

2. Darba rezultati demonstré halogen&tu produktu nesaturo$u sintézes celu UV cietgjosiem
linseéklu ellas izcelsmes alkidsvekiem, kas palielina materialu ilgtsp&ju, samazina vides
piesarnojumu un atbilst miisdienu ilgtsp&jigas razoSanas prasibam.

3. UV cietgjosie augu ellu polimérmateriali ka matricas saistviela dabisko Skiedru
kompozitiem uzrada pielietojumu materialiem ar uzlabotam (termo)mehaniskajam
Tpasibam, kas piemeéroti kompozitmaterialu tehnologijam.

4. Akriletas augu ellas vitrimeru materiali ar kontrolétu dinamiski kovalento saiSu saturu
sniedz iesp&ju 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 ciet§joSu sveku sintézei, raksturo$anai, koksnes parklajumu, kompozitmaterialu un 3D
drukas pielietojuma izpétei, ka arT parstrades potenciala novértesanai. Darbs ietver piecas
originalas zinatniskas publikacijas, kas publicétas recenzétos zinatniskos (SCI) zurnalos. Darba
vispariga struktiira redzama 2. attela.
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Smteze Dabas izcelsmes fotoaktivu

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

UV cietéjoSu sveku formulacijas ar dabas
izcelsmes reaktivo atSkaiditaju

UV cietéjosu alkidsveku formulacija

monomers

reaktivais
A AR
atskaiditajs

1 (mPa-s)

Lietojums bioproduktos un otrreizéja parstrade

#4. publikacija #1. un #2. publikacija
UV cietéjosi sveki biokompozitiem UV cietjosi sveki parklajumiem

2 2,

o
Aknleta rapiu ella Nanokompozits
-\%gs"':;:j“_—" 1.);.**—-‘) .

Kanepju nanopapirs

#5. publikacija

UV cietejosi sveki 3D drukai un Skérssaistitu pohmeru otrreizeéja parstrade

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

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

SCI publikacijas

1. Briede, S., Platnieks, O., Barkane, A., Sivacovs, l., 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. 1IF=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 l., Porcarello M., & Gaidukovs, S. (2026). Reprocessable and
Repairable Bio-Based Vitrimers from Acrylated Epoxidized Rapeseed Oil for Additive
Manufacturing. Macromolecular Materials and Engineering. [F=4.6, Q1, 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 2227, 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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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., Onufrijevs, 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

Akrilétu augu ellu sintéze, fotopolimerizacijas kinétika un pielietojuma
izpete UV cietéjosiem koksnes parklajumiem (1. publikacija)

Lai izpé&titu augu ellu pielietojumu UV ciet&josu koksnes parklajumu sveku izstradeti,
sakotngji tika akrilétas trTs augu ellas — Latvija plaSi pieejama rapsu ella un salidzindgjumam
divas ar dubultsaitém bagatas ellas — linséklu ella un vinogu kaulinu ella. Akrilétas ellas tika
ieglitas optimiz&ta vienpakapes sintézes procesa, izmantojot BF3-OEt; ka katalizatoru (3. a att.),
ka aprakstits ievaddala un lidzigi ka 2013. gada publicétaja sintézes protokola [26]. P&c sintEzes
akrilétas ellas nosauktas attiecigi — ARO, ALO un AGO. Sintéze laboratorijas apstaklos tika
optimizéta lidz noteiktam protokolam — apalkolba augu ella (1 mol C=C) tika sajaukta ar
akrilskabi (AA) (2,1 mol) un Iéni 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 NacCl tidens Skidumiem, lai neitraliz€tu un aizvaktu atlikuSo AA un katalizatoru.
Organiska faze tika zavéta virs NaSOs un nofiltréta, péc tam pazeminata spiediena tika
ietvaic@ts $kidinatajs. ARO, ALO un AGO tika iegti ka viskozi, tumsi dzelteni sveki. Iegitie
sveki tika analizeti 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 terminéto akrilgrupu dubultsaisu
konversiju (DBC) péc UV cieteSanas, ka ari fotopolimerizacijas kingtiku, tika izmérita
viskozitate, uznemti Furjé transformacijas infrasarkana starojuma (FTIR) spektri dazados
apstarosSanas laikos un veikti fotodiferenciali sken€josas kalorimetrijas (foto DSC) mérfjumi.
DBC raksturo akrilgrupu dubultsaiSu konversijas pakapi kovalenti saistita struktira UV
cietéSanas laika, noradot tikla veidoSanas efektivitati. Akrilétu augu ellu viskozitate bija robezas
no 430 mPa-s lidz 1305 mPa-s (ARO < AGO < ALO) bides atruma robezas no 10 s Iidz
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 ar.) pie 5,1 % konversijas, un tas
bija lielakais, kas liecina par atru sakotn&jo reag€tsp&ju, tatu agrinu difuzijas (molekulu
kustibas) kontrol€tu polimerizaciju, kas kavé turpmaku reakcijas norisi. ARO polimerizacija
turpinajas nedaudz ilgak augstakas akrilatu funkcionalitates un zemakas viskozitates del.
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3. tabula
Akrilétu augu ellu raksturlielumi [72]

Sintéze UV cietésana
Akrilétas Tauskabes at_hkuma Akrilgrupas Ree}kcuas DBC | tmaxar. DBC
aueu ellas dubultsaites molekula iznakums n (mPa-s) %) ©) maks.
g e (triglicerida) . (%) 0 atruma (%)
ARO 3,74 2,14 57 430 85 9,8 45
ALO 5,99 1,62 28 1305 69 13,1 2,4
AGO 4,56 1,67 38 1140 76 9,5 51
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3. att. a) ARO vienpakapes sintézes shéma; b) RO un ARO sveku atsifréti *H-KMR spektri
[72]; c) 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) (n = 91 mPa-s, bides atrums — no 10 s™* lidz
100 s™), kas kalpo ka reaktivais at3kaiditajs un, biidams trifunkcionals monomérs, nodroina
lielaku poliméra $kérssai$u 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 (piemé&ram,
ARO/ALO_GPTY); 3) tris augu ellu akrilati ar pievienotiem 20 masas % GPT (pieméram,
ARO/ALO_GPT20). VienkarSota shéma UV cietgjosu koksnes parklajumu sagatavoSanai
redzama 3. c attéla.

(Termo)mehaniskas Tpasibas 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 prognozét parklajuma mehanisko un termomehanisko
uzvedibu uz substrata (koksnes). Pieméram, augstaks elastibas modulis (E) vai stikloSanas
temperatira (Tg) apstarotas brivi stavosas plévités biezi korele ar lielaku izturibu pret
skrapgumiem un lielaku kimisko izturibu, savukart elastigakas plévites — ar augstaku
triecienizturibu un noturibu pret plaisu veidosanos [74]. Vispirms, izmantojot dinamiski
mehanisko analizi (DMA), tika noteikts uzkragjuma modulis (E'), kas raksturo, cik daudz
energijas materials sp& uzglabat elastigaja deformacija. E’ liknu vértibas apstarotajiem
paraugiem pétitaja temperatiiras diapazona liecinaja par stabilu, termiski noturigu $k&rsaistitu
poliméra tiku (4.aatt.). Pazeminata temperatira, 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 pievienoSana palielinaja E’
vertibu no 13,7 MPa lidz 34,0 MPa, kas liecina par augstaku poliméra $kérssaisu blivumu,
stingribu un zemaku molekulmasu starp Skerssaiteém. Aprekinatais SkérssaiSu blivums péc
DMA datiem $iem paraugiem pieauga no 1,5-10°mol/m?® lidz 2,1-10° mol/m?®. legitas E’
vertibas ir raksturigas $kérssasititiem UV cietgjoSiem polim€riem un liecina par materiala
vienlaikus stingro un elastigo raksturu [75]. Zudumu modulis (E") raksturo, cik daudz energijas
materials deformacijas laika zaudg ka siltumu, t. i., materiala viskozo jeb energiju izkliedgjoso
dalu. lzdalot E” vértibas ar E' vértibam, iegtst zudumu faktora (tand) likni, kas parada, cik
“mobilas” vai “relaks€tas” poliméru k&des ir noteikta temperatiira. Liknes virsotne atspogulo
poliméru k&zu segmentalas mobilitates relaksacijas sakumu un biezi vien tiek sasaistita ar Ty.
Tomeér japiemin, ka joprojam notiek diskusijas par to, vai Ty precizak noteikt no E” Iiknes
virsotnes vai no tand liknes virsotnes, jo abi parametri sniedz lidzigu, bet ne identisku
informaciju par poliméra segmentu kustibu [76]. Tand grafika (4. b att.) novérojama liknes
virsotnes nobide uz augstakam temperattras veértibam Iidz ar GPT pievieno$anu, kas liecina par
ierobezotu k&zu mobilitati un palielinatu poliméra $kérssai$u blivumu. Vienlaikus samazinajas
arT tand virsotnes augstums, kas atspogulo relaksacijas procesa intensitates samazinasanos jeb
mazaku segmentu skaitu, kas deformacijas laika sp& parvietoties un liecina par stingraku
poliméra tiklu. Visbeidzot, Iidz ar GPT pievienoSanu tika novérota tand liknes platuma
palielinasanas, kas atspogulo $kérssaiSu izvietojuma heterogenitati. DiemZ&l tas var radit ari
nevienmgerigu paraugu mehanisko uzvedibu [77].

Talak tika analizétas UV cietgjoSo materialu sprieguma-deformacijas (c-€) liknes un
aprekinatas E vertibas (4. c un d att.). GPT pievieno$ana izraisa nelinearas struktiiras — Tpasibu
sakaribas. Ir novérojama zinama korelacija starp tand liknes virsotnes nobidi uz augstakam
temperatiiram/zemaku tand virsotnes intensitati (N0 DMA) un lielaku E/sagrauSanas
robeZsprieguma (og) vertibu, tomér redzama ari pretruna paraugiem ar 5 masas % GPT, jo to
mehaniskas izturibas vértibas samazinas. Tas liecina par tikla nevienméribu, iesp&jamu fazu
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atdalisanos, GPT monoméram veidojot atseviskus doménus. Tas tika izpétits ar sken&joso
elektronu mikroskopiju (SEM) (4. e att.). Reprezentativaja SEM Skérsgriezuma attéla (ii)
gadijuma noverojama nevienmeériga mikrostruktiira, Kas, iesp&jams, radusies akrilétu ellu un
GPT fazu atdaliSanas rezultata agrina cietéSanas stadija un var biit viens no os samazinaSanas
iemesliem [78]. Raupja un neviendabiga mikrostruktiira, kas novérojama gan ARO/ALO, gan
ARO/ALO_GPTS5 paraugos, liecina par iesp&amu lokalu sprieguma koncentré$anos, kur uz
fazu saskares robezam galvenokart veidojas plaisas. Tas samazina E vértibas, kas Siem
paraugiem ir lidzigas (no 7,1 MPa Iidz 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 lokaliz&ta. Spriegums tiek sadalits
vienmerigi visa materiala tilpuma un Iidz ar to, lai iesaktu lGzumu, nepiecieSams lielaks
spriegums (E Iidz 20,3 MPa, og lidz 0,76 MPa).

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

Apkopojot rezultatus, darba pirmaja dala vienpakapes sintéze tika veiksmigi iegtti
rapsu, lins€klu un vinogu kaulinu ellas akrilati, ko iesp&jams izmantot ka dabas izcelsmes
prekursorus UV gaisma ciet&josu polimérmaterialu izstradei. Triglicerida strukttira pievienotas
akrilgrupas nodrosina pietieckami daudz reakcijas centrus (terminalas dubultsaites), kas lauj
kontrolét Skerssaistita poliméra tikla veidoSanos un ipasibas. Turklat akrilétu ellu viskozitate
(n =430-1305 mPas) nodro$ina labu plastamibu parklajumu formulé$ana ar reaktivo
atskaiditaju GPT, kas optimalas koncentracijas gadijuma palielina poliméra $kérssaisu blivumu,
paaugstina Ty, uzlabo mehanisko izturibu un stingumu. Saja darba dala iegitie rezultati
demonstre akrilétu augu ellu potencialu koksnes aizsardzibas pielietojumos.
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4. att. Skerssaistito materialu a) E’ liknes; b) tand Iiknes; ¢) o-¢ liknes; d) E grafiks; €) lizuma
virsmu mikrostruktiiras morfologija — SEM attéli: (i) ARO/ALO, (ii) ARO/ALO_GPTS, (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 ieprieksgja
darba dala iegitie rezultati uzradija plasu materialu Ipasibu spektru. Nakamais solis ir $o
zina$anu parnese uz industriali nozimigu koksnes parklajumu klasi — alkidiem. Alkidi ir sveki,
kas jau daudzus gadus ir vieni no visplasak izmantotajiem virsmu aizsargparklajumiem,
pateicoties to kimiskajam un fizikalajam ipasibam. Tomér alkidsveku parklajumi ztst 1&ni,
7GiSanas procesd nepiecieSami metala katalizatori, un lielakoties sveki satur organiskos
skidinatajus (ksilolu, dearomatizgtus vai alifatiskus ogludenrazus, izoparafinus u. c.), kas
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padara darbu ar tiem potenciali riskantu. Sos ierobeZzojumus 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 §k&rssaisti$anas reakciju. Lidz ar to darba
otraja soli tika akrilétas alkidu struktiira eso$as taukskabju atlikumu dubultsaites, izp&tita
fotoaktivo alkidsveku UV cietéSanas kinétika, izstradatas parklajumu formulacijas un noteiktas
to pasibas. Lai to paveiktu, sakotngji tika sintezgti linséklu ellas alkidsveki (LO-A), kas satur
73 % linseklu ellas taukskabju atlikumu, nodrosinot pietieckami daudz modificgjamas ieksgjas
dubultsaites. Akrilésana tika veikta divos solos, izmantojot ievaddala aprakstito epoksidésanu,
lai izvairitos no halogen&tu produktu veido$anos [18] un blakusreakcijam, kas varétu bt
iesp&jamas vienpakapes sintéz€ starp alkida struktiira esoSajam funkcionalajiem fragmentiem
un BF3-OEt katalizatoru. EpoksidéSanas un sekojoSas akriléSanas reakcijas tika veiktas
dazados apstaklos, lidz sintézes tika optimizétas lidz vélamajiem iznakumiem. LO-A
divpakapju akrilésanas reakcija shematiski redzama 5. a attela.

LO-A sveku epoksidésana tika veikta H202 un HCOOH klatbiitng. Mainot C=C un H20:
molaro attiecibu, tika sintezeti divi epoksidéti linséklu ellas alkidsveki ar atskirigu epoksida
saturu — ELO-A (1) un ELO-A (2), lai vélak varétu pétit sekojoSo akrilatu UV cietéSanas
atSkiribas. P&c sintézes optimizacijas ELO-A (1) tika noteikta molara attieciba (mol) bija
1:0,4: 1,8 (taukskabju C=C : HCOOH : H20), savukart ELO-A (2) molara attieciba (mol)
tika noteikta 1 : 0,4 : 0,9 (taukskabju C=C : HCOOH : H20>). 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 léni pievienots H20, lai izvairitos no
eksotermas reakcijas blakusefektiem. Reakcija turpinajas 6,5 h, un tas progress tika kontroléts,
titréjot epoksida skaitli (EV), kas pakapeniski palielinajas, un uznemot FTIR spektrus. FTIR
spektros taukskabju atlikumu dubultsaisu vibracijas pie 3009 cm™ un 1654 cm™ pec
epoksidé$anas izzuda, savukart jauna absorbcijas josla paradijas pie 821 cm™, liecinot par
(EtOAC), organiska faze tika mazgata ar NaHCO3z un NaCl tdens skidumiem, zavéta virs
Na>SOs un nofiltréta. EtOAc tika atdalits, destilg§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 ieglitu attiecigi akrilétus linséklu ellas alkidus
ALO-A (1) un ALO-A (2).

ELO-A akrilésana tika veikta AA un katalizatora (1 masas %) klatbiitné. Eksperimentali
tika salidzinats reakcijas progress, izmantojot divas dazadas AA molaras attiecibas pret
epoksida gredzenu, trictilamina (TEA) un trifenilfosfina (TPP) katalitiska iedarbiba, ka ari
ELO-A (1) un ELO-A (2) akrilésanas reakcijas progress. Lai nodro§inatu kontrolétu 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$inaja straujaku reakcijas gaitu neka TPP.
Ka tika paredzgts, akriléSana noritgja 1enak epoksidam ar zemaku EV (ELO-A (2)), bet straujak
— epoksidam ar augstaku EV (ELO-A (1)). ELO-A (1) un ELO-A (2) ir prekursori, lai ieglitu
attiecigi ALO-A (1) un ALO-A (2). ELO-A, TEA un brivo radikalu inhibitori butiléts
hidroksitoluols (BHT, 600 ppm) un 4-metoksifenols (MEHQ, 600 ppm) tika sajaukti apalkolba,
kas aprikota ar kondensatoru, termopari, mehanisko maisitaju un pilinamo piltuvi. Maisijums
tika uzkarséts 1idz 95 °C, kam sekoja AA pievienoSana 1 h laika. Reakcija tika kontroléta,
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titr§jot un aprékinot skabes skaitli (AV). Péc 18,5h, kad AV bija mazs vai nemainijas,
Skidumiem, zavéta virs Na,SO4 un nofiltréta. EtOAc tika atdalits, destilgjot vakuuma, atstajot
svekus ar aptuveno cietvielas saturu 93 %. Akrilé$anas iznakumi apkopoti 4. tabula. Japiemin,
ka akrilesanas laika EV samazinajas nedaudz straujak neka AV, kas varétu liecinat par
nevélamu blakusreakciju — epoksida gredzena atversanos (hidrolizi).

Reprezent&josi ELO-A (1) un ALO-A (1) *H-KMR spektri redzami 5. ¢ attela. ELO-A
(1) spektra epoksida gredzena a-pozicija esoSie metilénprotoni (-HCOCH-) paradijas pie
8=23,11 ppm un 2,91 ppm. Metilénprotoni starp divam epoksida grupam (-COC-CH2-COC-)
paradijas pie 6 =1,66-1,83 ppm, un protoni epoksida gredzena B-pozicija (-COC-CH2-)
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 novéroti tris jauni signali nobizu robezas & =5,80-6,50 ppm, kas atbilst akrilgrupas
protoniem H2C=CH-, savukart epoksida signali izzuda.

4, tabula
Sintezeto LO-A, ELO-A un ALO-A raksturlielumi
OH skaitlis mol
AV (mg _ EV (mol . _
. m mmol C=C/ _ akrilgrupas | Iznakums
Sveki KOH/g K(OHg/g i 9| epoksida/100 /180 g z (%‘)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 atSkaiditagjiem — 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 veiktsp&ju. Katras formulacijas hosaukums
veidots, noradot alkida masas %, reaktiva atSkaiditaja masas %, atSkaiditaja nosaukumu un
izmantoto alkidu ALO-A (1) vai (2). Piem@éram, “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. f att.). ALO-A (1)
raksturojas ar lielaku polimera sk&rssai$u bltvumu un atraku §kerssaistita tikla veidosanos neka
ALO-A (2), kas saistits ar lielaku akrilgrupu skaitu molekula. ApstaroSanas beigas (400 s),
ALO-A (1) sasniedza 3,9-10" Pa lielu G’, savukart ALO-A (2) — 0,6-10" Pa. Visam
formulacijam ar reaktivajiem atSkaiditajiem gan G’, gan G” péc UV cieté8anas palielingjas Iidz
ar reaktiva atSkaiditaja masas % palielinaSanos formulacija, liecinot par blivaku un stingraku
Skerssaistita poliméra tiklu (fotoreologijas kinétikas dati formulacijam apkopoti tabula un
apskatami 2. pielikuma). To paSu apliecina arf tand, kas vairuma formulaciju samazinajas.
Tomer parak daudz reaktiva atSkaiditaja var ierobezot radikalu difuziju un kustibu, izraisot
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priekslaicigu polimerizacijas partrauk$anos [81]. Tapat visam formulacijam bija novérojama
tendence — jo lielaks reaktiva at$kaiditdja 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 ciet€josiem svekiem
sintezetie akrilétie alkidsveki ALO-A (1) demonstréja ievérojamu labaku iesuik$anos koksng,
izcelot koksnes toni, vienlaikus nemaskg&jot ari $kiedru 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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5. att. a) ALO-A sintéze caur epoksidésanu; b) izmantotie reaktivie at§kaiditaji; c) LO-A,
ELO-A un ALO-A 'H-KMR spektri; d) koksnes nokrasas efekta salidzinajums; e) vizualizéts
UV cietésanas process; f) fotoreologijas kingtikas liknes ALO-A (1) un (2) ar pietuvinatu
grafiku tge identificésanai.
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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]. Akrilétie alkidsveki ar dazadiem akrilgrupu daudzumiem uzradija 2,2 reizu lielu atskiribu
cietiba, ALO-A (1) sasniedzot 103 s augstu cietibu. Cietibu vél vairak palielindja dazadas
molekularas struktiiras un akrilgrupu daudzuma saturosu 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 at$kaiditdji ietekméja ari elastibu, kas tika
noteikta, izmantojot Erichsen indentacijas testu, mé&rot iespieduma dzilumu (mm)
parklajumiem, kas uzklati uz aluminija metala substrata (6. b (i) un (ii) att.). ALO-A (2) ar
zemaku $kérssai$u blivumu neka ALO-A (1) nodro$ingja lielaku poliméra tikla mobilitati, un
ta rezultata uzradija augstaku elastibu ar indentacijas dzilumu 7,0 mm. Reaktivo atSkaiditaju
pievienosana indentacijas dzilumu ietekmg&ja gan atkariba no funkcionalitates, gan atkariba no
struktiiras. Monofunkcionala IBOA struktiira eso$a apjomiga izobornilgrupa nodrosina brivu
kedes kustibu, mazina ieksgjos spriegumus poliméra matrica un tadgjadi palielina elastibu.
Maksimalais iespie$anas dzilums (7,4 mm) tika novérots paraugam 70_30 IBOA, kas
vienlaikus uzradija arl augstu svarsta cietibu (104 s). Tas apliecina, ka iesp&ams iegit
parklajumus ar augstu cietibu un elastibu vienlaikus bez kompromisa starp §Tm IpaSibam.
Savukart TPGDA ka bifunkcionals monomérs nodrosina lielaku poliméra $k&rssaisu blivumu
neka IBOA, bet struktiira esosas propilgrupas lauj saglabat zinamu k&des mobilitati un Iidz ar
to — mérenu elastibu (6,4-7,1 mm).[71] Izmantojot TMPTMA ka reaktivo at$kaiditaju,
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 eso§o kompromisu starp mehanisko izturibu un elastibu [83].

Apkopojot rezultatus, $is darbs demonstré sistematisku pieeju no atjaunojamo izejvielu
sint€zes lidz galaparklajuma ipasibu optimizacijai, izcelot iesp&ju pielagot UV cietgjosu
akriletu alkidsveku struktiiru atkariba no vélamajam mehaniskajam ipasibam. Formulaciju
izp&te lauj apvienot augstu funkcionalitati, pielagojamu mehanisko ipasibu spektru un videi
draudzigu tehnologiju, piedavdjot risindgjumu industriali nozimigam koksnes parklajumu
sektoram.
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6. att. a) UV ciet§joSo 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 akriléti alkidsveki ar dazadiem
reakfivajiem at3kaidtajiem. Sie p&tfjumi izcel sveku potencialu ka videi draudzigus parklajuma
materialus. Tomér lielaka dala komercialo reaktivo at8kaiditaju ir naftas izcelsmes akrilati, kas
samazina dabas izcelsmes savienojumu saturu formulacijas un var potenciali ietekmét
parklajumu drosumu un ekologisko ietekmi. Lidz ar to pieaug interese par dabas izcelsmes
reaktivajiem at$kaiditdjiem. Darba tre$aja dala §1 probléma tika risinata, izp&tot jaunu ieksgjas
dubultsaites saturo$u furana atvasinajumu — nepiesatinatu esteri (UES).

UES tika iegiits divos solos elektrosintézes procesa no furfuriléta etilénglikola: vispirms
elektrokimiski parveidojot to par spirociklu, péc tam paklaujot elektrokimiski inducétai
parkartosanai, veidojot UES. ARO tika iegits BFs-OEt, katalizéta vienpakapes sintézes
reakcija, ka aprakstits darba pirmaja dala. UES tika pievienots ARO ka reaktivais atSkaiditajs
5 masas % un 20 masas % koncentracija (attiecigi ARO/UES5 un ARO/UES20), samazinot
sveku viskozitati 11dz 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) skérssaistiSanas starp ARO un UES; (2) UES
homopolimerizacija; (3) ARO homopolimerizacija (7.aatt.). Nemot veéra akrilgrupu
reag€tsp&ju un masas dalu formulacijas, sagaidams, ka dominé reakcijas, kuras iesaistits ARO
((2) un (3)), savukart UES homopolimerizacija (2) ir mazak ticama. UES pievieno$anos ARO
poliméra tiklam apstiprindja FTIR spektroskopija, kur péc UV cietésanas UES raksturiga C=C
dubultsaites absorbcijas josla pie 1659 cm™ praktiski pilniga izzuda (7. b att.). Papildus to
apliecingja ari optiskas caurlaidibas palielina$anas lidz pat 90 % izstradatajiem $kerssaistitajiem
materialiem UV-Vis apgabala (7. ¢ un d att.), ko var skaidrot ar UV absorb&joso hromoforu
atSkaidiSanu un uzlabotu optisko homogenitati.
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7. att. a) lespgjamas reakcijas starp ARO un UES; b) FTIR spektri ARO, UES un to
formulacijam pirms un p&c UV ciet€Sanas; ¢) UV-Vis caurejosie spektri $kerssaisstitiem ARO
un UES materialiem; d) optiskas materialu fotografijas; €) ARO un UES $kérssaistita tikla
vizualizacija; f) optiskas fotografijas ARO un UES $ké&rssaistitiem materialiem
biodegradacijas laika.




Makromolekularaja tikla strukttra triglicerida alkilkeédes darbojas ka plastifikatori, kas
samazina Skérssaistita materiala E un o, savukart 1sas piekartas UES k&des pie lielaka masas %
drizak palielina materiala brivo tilpumu un veicina relaksaciju (7. e att.) [84]. Poliméra
$kérssaisu blivums palielinajas no 1,07-10° mol/m?® lidz 1,65-10° mol/m?®, pievienojot 5 masas
% UES. Palielinatais poliméra §kerssai$u blivums palielinaja polim@rmateriala stiepes izturibu
(o 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 samazindjas, kas liecina par reaktiva atSkaiditaja parlieku lielu
koncentraciju; tikls klist parak atSkaidits, trausls un palielinatu segmentu kustigumu, tapec
mehaniska izturiba samazinajas.

Papildus prieksrocibai, ka gan ARO, gan UES ir dabas izcelsmes, $aja darba tika
noteikta arT materialu biodegradacija kontroltos apstaklos. Paraugu fotografijas péc
iznems$anas no augsnes redzamas 7. f attéla. Péc 30 dienu biodegradacijas ARO, ARO/UES5
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 kopeja materiala masas zuduma 18-28 %,
pienemot taukskabju esteru hidrolizi ka galveno notieko$o reakciju. Biodegradacijas dati uzrada
loti labus rezultatus, balstoties literatiira zinotajas 1idzigas sistémas, kur noverots apmeram 14—
16 % masas zudums 90 dienu laika [85]. Turklat visbiezak izmantotie reaktivie atskaiditaji UV
ciet€josajos parklajumos ir naftas produktu atvasinajumi, kuriem biodegradaciju nenovéro [86].

(Termo)mehaniskie testi liecina par iesp&u turpmak pielagot dabas izcelsmes materialu
mehaniskas TpaSibas atbilstosi konkrétam prasibam. Materialu mehaniskas veiktsp&jas
optimiz&S$anai var€tu izmantot vairakas strat€gijas. Pieméram, palielinat Ty un poliméra
SkerssaiSu blivumu, izmantojot polifunkcionalus reaktivos atSkaiditajus, uzlabojot augu ellas
akriléSanas 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€zg iegito akrilétu rapSu ellu (ARO), kas raksturots darba pirmaja sadala. Kanepju $kiedru
NP tika sagatavots, mehaniski smalcinot kanepju stublajus un veidojot viendabigu $kiedru
suspensiju, kas talak tika fibriléta, iegistot nanofibrilétas celulozes suspensiju (diametrs
86 + 41 nm). P&c tam nanofibriléta suspensija tika iclieta veidn&s, Zavéta kontrol&tos apstaklos
un preséta, lidz izveidojas blivs un vienmérigs NP slanis (80 um). NP veidoSanas procesa
fibrilas savstarpgji aglomergjas, veidojot nepartrauktu struktiiru. Nanokompozita sagatavosanas
shéma, kas ilustré mijiedarbibu starp celulozi un ARO vai AESO caur Gidenraza saitém, ka ari
fizisku celulozes S$kiedru ieslégsanu poliméra matrica, redzamta 8.aattéla. legita
nanokompozita fotografija — 8. d attela.
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8. att. a) Vienkar$ota reprezentgjosa shema dabas izcelsmes nanokompozitmaterialu izstradet,
izmantojot UV cietéSanu; SEM attéli impregnétam NP ar ARO: b) istabas temperattira
(22 °C); ¢) 50 °C temperatira vakuuma vidg; d) iegiita nanokompozita fotografija; €) c-¢
liknes NP, $kérssaistitiem ARO un AESO un to nanokompozitiem; f) E’ liknes $kérssaistitiem
ARO un AESO un to impregné&tiem nanokompozitiem paaugstinata temperatiira vakuuma
apstak]os.
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NP impregnésanas process ar ARO un AESO tika analizéts, nosakot sveku viskozitati,
slapg$anu 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 atSkiribam viskozitaté un
slapéSanu. Impregnéta NP paraugiem lietots saisinajums N; ARO vai AESO impregnétiem
paraugiem — R vai S; istabas temperatira (22 °C) impregnétiem paraugiem — R; vakuuma
impregnétiem paraugiem — V; paaugstinata temperatira impregnétiem paraugiem — T. ARO
uzradija vairak neka 20 reizes zemaku viskozitati gan istabas temperattira, gan paaugstinata
temperatiira (50 °C) bides atruma robeas no 1 s Iidz 100 s, ka ari labaku slapésanas 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 samazindjas
attiecigi no 98,6° Iidz 43,7° un no 83,5° Iidz 41,1°. Tas nodrosinaja dzilaku un vienmeérigaku
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 ipasibas. Impregnésanas dzilums un
iegtta kompozita mikrostruktiira tika novertéta ar SEM Skérsgriezumu lizuma vietas, analizgjot
atlikusa 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 impregnéSanos ar minimalu atlikusa
slana biezumu virspusé un augstu porainas strukttras aizpildijumu, ko vel vairak uzlaboja
impregn@Sanas process paaugstinata temperatiira (50 °C) un vakuuma vide.

8.b un c attéla un redzams SEM att€lu salidzinajums impregnétam NP ar ARO:
b) istabas temperatira (NRR); ¢) 50 °C temperatiira vakuuma vidé (NRVT). Temperatiiras
paaugstinasana un impregnéSana vakuuma palielindja ari mehaniskas un termomehaniskas
pasibas (8. e un f att.). Vakuuma un 50 °C temperatira 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 doming epoksida un papira sistémas [88].

Apkopojot rezultatus, $aja pétijuma tika demonstréta no kanepju atkritumproduktiem
iegiita NP un akrilétas augu ellas savietojamiba, izmantojot UV gaismas cietéSanu. P&tijums
parada perspektivu virzienu dabas izcelsmes termoreaktivu kompozitmaterialu attistiba un
akriletu augu ellu mehaniskas veiktsp&jas uzlabo$ana, nodro$inot 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 iegitajos un ieprieksgjas darba nodalas
aprakstitajos rezultatos par UV starojuma ciet€josam dabas izcelsmes formulacijam, ir redzams,
ka $adi materiali piedava plasas pielietojuma iesp&jas ar daudzveidigu ipasibu spektru.
Apskatitie pétijuma virzieni iezZim€ vienotu materialu attistibas celu — no atjaunojamo izejvielu
kimiskas modifikacijas Iidz funkcionaliem UV ciet§josiem parklajumiem un kompozitiem.
Nosléguma tika pétitas iespgjas materialu parstradei un atkartotai izmantoSanai, izstradajot
vitrimérus. Paplasinot UV cietéSanas tehnologiju pielietojumu, tika veikta ari izstradato
vitrim&ru 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 maisijums tika uzkarséts Iidz 60 °C, kam sekoja léna H20> (1,8 mol)
pievienosana. Reakcija turpingjas 7 h. Reakcijas beigas maisTjums tika atdzeséts Iidz istabas
slanis tika mazgats ar NaHCO3 un NaCl @dens $kidumiem, atbrivojoties no skabes. P&c tam
organiska faze tika zav@ta virs NapSOg, 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 Kkatalizatoru (1 masas % no kopgjas sveku masas), un
maistjums tika uzkarséts lidz 90-95 °C. Péc tam léni tika pievienota AA, un reakcijas
maisijums tika atstats uz 18,5 h. P&c tam tas tika atdzeséts lidz istabas temperaturai, iz8kidinats
EtOAC un mazgats ar NaHCOsz un NaCl tdens $kidumiem. Organiska faze tika zavéta virs
Na2SO4 un nofiltréta, $kidinatajs tika ietvaicets 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. f att.). Tika sagatavotas divas paraugu sérijas — ar Zn(acac), transesterifikacijas
katalizatoru (10 masas % no kopgjas akrilatu masas) un bez ta, lai izvertétu katalizatora ietekmi
uz materiala Ipasibam un parbauditu parstrades potencialu vitrimeriem 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 sérijam
bez katalizatora nosaukuma pievienots saisindgjums “(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 kinétika 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 vertibas un eksotermisko maksimumu aptuveni 5s. Turpreti katalizatora saturosi
vitrimeri uzradija 167-203 J/g fotopolimerizacijas entalpijas vértibas un eksotermisko
maksimumu aptuveni 12 s. Samazinato fotopolimerizacijas entalpiju Zn(acac) klatbtitng var
skaidrot ar optiskiem efektiem, ko izraisa gaismas izkliede pagatavotaja formulacija, kas bija
dulkaina, samazinot gaismas caurlaidibu un Iidz ar to radikalu veido$anos. To apliecinaja ari
zemakas gela frakcijas, lieconot par mazak S$kérssaistitu 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 ciet§joso vitriméru sprieguma relaksacija tika veikta, lai izpétitu, cik efektivi
polimeru tikls sp&j atbrivot uzkrato iek§gjo spriegumu un pielagoties termiskajiem apstakliem.
Sprieguma relaksacijas atrumu vitriméros ietekm& temperatira, katalizatora veids un
koncentracija, poliméru tikla struktiira un §kerssaiu blivums [89]. Savukart relaksacijas laiks
(t*) ir laiks, kada paraugs relaksgjas 1idz 1/e (~ 37 %) no sakotngja modula. Tika novérots, ka
sprieguma relaksacijas atrums palielinajas I1dz ar temperatiiras palielinaSanos termiski aktiveto
dinamisko sai$u apmainas reakciju dél. Pieméram, Zn(acac). un 30 masas % AERO saturosa
vitriméra sprieguma relaksacijas laiks no 20 min 180 °C samazinajas Iidz 14 min 200 °C.
Vitriméri bez katalizatora attiecigaja temperatira uzradija 2-3 reizes 1€naku sprieguma
relaksaciju. 9.d attela salidzinatas sprieguma relaksacijas liknes paraugiem ar un bez
katalizatora 200 °C temperatiira.

9. e attels ilustré dinamiskas -COOR un -OH apmainas reakcijas, kur poliméru tikla:
i) pie lielaka $kérssaisu blivuma bez katalizatora notiek 1énaka sprieguma relaksacija; ii) pie
mazaka $SkérssaiSu blivuma Zn(acac). paatrina transesterifikacijas reakciju. Literatiira zinota
gan -COOR, gan -OH grupas parakuma ietekme uz sprieguma relaksacijas laiku [90], [91].
Atgkiribas sprieguma relaksacijas laika starp paraugiem ar atSkirigu AERO saturu bija mazak
izteiktas, kas sakrit ar gela frakciju, liecinot par minimalam at$kiribam poliméra $kérssaisu
blivuma vienas s@rijas vitrimeriem.
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9. att. a) AERO sintéze caur epoksida gredzena atverSanas reakciju; b) RO, ERO un AERO
'H-KMR spektri; ¢) foto DSC liknes; d) sprieguma relaksacijas liknes; €) sprieguma
relaksacijas vizualizacija: 1) pie lielaka poliméra §kérssai$u blivuma bez katalizatora; ii) pie
mazaka poliméra $kérssaisu blivuma Zn(acac)2 klatbiitng; f) viena no iespgjamajam termiski
ierosinatajam dinamisko saiSu apmainas reakcijam vitrimeros.
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UV cietgjoso vitrimeru parstrades noverté$anai abas paraugu sérijas tika sasmalcinatas
un sapresétas metala veidné (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 SkérssaistiSsanas pakapi, par ko liecina sola-gela frakcijas dati (Iidz 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
Skérssaistito tiklu un atjaunot materiala struktGru (10. b att.). Plaisu veidoSanas lidzigos
apstaklos novérota ari citu autoru pétijumos [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 vitrimériem tika veikta TGA-FTIR kombinéta analize, kas vienlaikus
nosaka materiala masas zudumu temperatiiras palielinasanas laika un identificé izdalijuSos
gazveida produktus. Iegitie dati liecindja par pastiprinatu gazveida produktu izdaliSanos
katalizatora saturo$iem vitrim&riem, apliecinot atskirigus poliméra tikla parkarto$anas 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
vitriméri uzradija zemaku termisko stabilitati, maksimalajam sadaliSanas atrumam sasniedzot
370 °C, pretgji vitrimériem 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 neizreagg&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 ipasibam (10. e un f att.).
10. e attela redzams, ka E’ vértibas péc parstrades samazinajas visa temperatiiras diapazona, kas
atspogulo stingribas zudumu, visticamak, tikla parkartoSanas, noverotas degradacijas un kezu
Skelganas de| [93]. Tand virsotnes intensitates samazinasanas liecindja par mazaku molekularo
mobilitati pie Tg. 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 $k&rssai$u blivumu [94].
Tomeér kopuma vitrimeri pirms un p&c parstrades uzradija lidzigu termomehanisko uzvedibu,
kas liecina, ka materials saglaba savas raksturigakas ipaSibas. 10.f attéla redzams, ka
mehaniska izturiba p&c parstrades pilniba neatjaunojas, bet tika novérota ievérojama os
atgiSana — p&c pirma cikla 67-98 %, p&c otra cikla 41-50 % no sakotng&jas vertibas. Viens no
iemesliem mehaniskas izturibas samazinajumam pé&c parstrades ir kovalenta tikla bojajumi, kas
rodas intensivas smalcina$anas laika vitrim&ru parstrade [95], [96].
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10. att. a) AERO vitrimé&ru termiskas parstrades shéma; b) temperatiiras un katalizatora
ietekme uz AERO vitrimé&ru karstas presé€Sanas 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.

44



Visbeidzot, vitriméri tika 3D drukati, lai demonstrétu izstradato materialu pielietojumu
adittvaja razoSana. DrukaSanai tika izveléts sastavs ar augstako AERO saturu, kas arl
nodrosinaja 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
vienmeériga 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 vitriméru strukttras atjaunoSanu. Tika 3D drukati stieni§i ar atvérumu, kura
diametrs bija 5 mm, materiala vidi (paraugu nosaukuma ‘“defect”), simulgjot mehanisku
bojajumu. Sakotn&jos eksperimentos simulétaja bojajuma tika ievietots 3D drukats aplveida
aizpildijums, kam sekoja termiska apstrade, lai aktivizétu dinamisko sai$u apmainu. Tomer §1
pieeja nebija efektiva, jo stiepes testi uzradija, ka lizums notika tiesi saskares virsma starp
parauga materialu un ievietoto 3D drukato aplveida aizpildjjumu, kas liecindja par
nepietiekamu saskares laukumu un vaju adhéziju. Otra pieeja izradijas efektivaka — simultais
bojajums péc drukasanas tika aizpildits ar Skidriem svekiem, UV cietinats un karséts 200 °C
1h (paraugu nosaukuma “repaired”), lai ierosinatu transesterifikacijas reakciju uz
robezvirsmas. o-¢ liknu rezultati paraugiem ar atjaunotu struktiiru uzradija Iidz pat 2,0 reizes
lielaku og un Iidz pat 2,9 reizes lielaku deformaciju sagrauSanas bridi (es), salidzinot ar
bojatajiem paraugiem (10. h att.). Atskiriba no sakotn&jas pieejas Sajos paraugos lazums
nenotika uz atjaunotas saskares robeZvirsmas; ta vieta tas notika parauga nepartrauktaja
materiala dala, kas liecina par stipru saskares virsmas izveidosanos, ko nodro$ina efektiva
dinamisko saiSu apmaina.

Apkopojot rezultatus, $aja darba tika demonstréta pieeja, kas apvieno dabas izcelsmes
savienojumu izmantoSanu, energoefektivas tehnologijas izmantoSanu un materialu atkartotu
parstradi. P&tljuma izstradatas vitriméru formulacijas balstitas dinamisko saiSu apmainas
reakcijas, kas nodroSina sprieguma relaksaciju, parstradi un struktiiras sp&ju atjaunoties péc
bojajumiem. Optimiz€jot katalizatora daudzumu, tostarp formulacijas bez katalizatora,
iesp&jams panakt efektivu tikla parkarto$anos, vienlaikus saglabajot labu strukturalo integritati.
Tas lauj atjaunot vitriméru mehanisko veiktsp&ju 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 sp&a atjaunot
struktiiru un stiepes Tpasibas p&c bojajumiem apliecina to ilgtsp€jibas potencialu.
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SECINAJUMI

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

1.1. Optimizeta divpakapju epoksideSanas-akriléSanas sintézes metode lauj merktiecigi
regulét akrilgrupu saturu UV ciet&joSos linseklu 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, ciet€Sanas kinétikas
(tger <6,28) un poliméra fikla struktiiras pielagos$anai, sasniedzot vienlaicigu
parklajuma cietibas (104 s) un elastibas (7,4 mm) pieaugumu.

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

2. Dabas izcelsmes nepiesatinata furana estera monoméra (UES) ka reaktiva at$kaiditaja
pievienosana samazinaja UV cietgjoso ARO sveku viskozitati (n =291 mPa-s) un uzlaboja
strukturalas pasibas (3kérssaisu blivums = 1,65-10° mol/m®), vienlaikus veicinot materialu
biodegradéjamibu (Iidz pat 28 % masas zuduma 60 dienu laika). legiitie rezultati apliecina
dabas izcelsmes monoméru potencialu ka ilgtsp&jigu alternativu naftas izcelsmes
monomeriem.

3. UV cietgjosas akrilétas augu ellas ir piemérotas izmanto§anai ka matricas saistviela dabisko
Skiedru kompozitmaterialos. Efektiva matricas-Skiedru mijiedarbiba, ko apliecina SEM
analize, nodrosinaja uzlabotu spriegumu parnesi un ekspluatacijas ipasibas (os = 35,6 MPa,
E = 1,3 GPa), demonstr&jot dabas izcelsmes kompozitmaterialu izstrades potencialu.

4. Kontrolgjot akrilétas epoksidétas rapSu ellas (AERO) makromolekularaja rezga struktura
dinamiski kovalento saiSu saturu, iesp&jams izstradat UV ciet€joSus vitriméru materialus.
Iegiitie vitriméri demonstréja termiski aktivétu transesterifikaciju, nodrosinot atkartotu
parstradi ar mehaniskas veiktspgjas (os = 1,46 MPa, E = 12,4 MPa) atgai$anu lidz pat 98 %
péc pirma un 50 % péc otra cikla. Vitriméru sveki demonstréja 3D drukajamibu ar augstu
iz8kirtsp&ju un struktiras atjaunoSanu, atjaunojot mehanisko izturibu (og pieaugums lidz
199 %) un pagarinajumu (eg pieaugums lidz 288 %) péc 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 (1) 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., H-O> 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 et 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 H.O.
addition rate on reaction yield is not widely studied; typically, H>O- is added over 30 minutes
to 60 minutes. Santacesaria et 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 H.0O2 to double bonds used
in the reaction [10]. Formic or acetic acids are most commonly used catalysts. Some authors
suggest using H2SO4 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
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 | . culated Molar ratio, EV (mol
Used iodine (mol/mol) . .
C=Clfatty Time epoxy/ Yield,
vegetable value . T (°C) Ref.
. acid NHz2o2/ | NHcoon/ (h) 1009 %
oil (91100 g residue n n resin)?
product) e e
Linseed 0.375-

o 174 2.01 14 02 | 59 | 4560 | U | 5577 | [9]
Jat;‘:fha 105 121 41 02 | 56 | 6065 | 0252 61 | [16]
Soybean d 0.288—

o - 1.53 2.0 06 | 17 | 4585 | O | 8592 | [17]
Soybean | o7 o 0.96 3.0 2.9 6 0 0.208" - pe
oil alkyd
Soﬁ?lea" - - 18 | o8 | 7 | s | o038 - i
Pe(:i'l"a 196.9 227 103 3.4 8 | 4060 | 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 O/100 g resin.

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

d 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.

9Reported value: Oxirane oxygen content = 6.13 %.

" 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 etal. 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

Iculat .
U§e(.j Calculated Molar ratio . Reported end of
epoxidized EV (mol - Time o R
NAA/MNepoxide, Catalyst Inhibitor T (°C) the reaction/ Ref.
vegetable | epoxy/100 (h) .
. . (mol/mol) yield
oil g resin)
AV =1.15mg
KOH/qg resin,
Epoxidized 0 BHT, Oxirane oxygen
soybean oil 0.250 1.41 TPP, 1 wt% 0.03 Wi% 6 90-95 content = [24]
0.012 g O/100 g
resin
Epoxidized T:c':: er:]i)rllle_ A-tert- AV =5mg
p : 0.425 1.25 phosp butylcatechol, | 6 120 | KOHigresin, | [23]
soybean oil oxide, 0.15 Witk 95 %
1.5 Wi% : ° °
1.54-2.76
Epoxidized .
. - 17
soybean oil 0.288 10 HQ 7 110 acrylic groups/ | [17]
molecule
Epoxidized TPP, N
linseed oil 0.563 0.89 0.059 Wi% HQ, 0.5 wt% 2.3 60-75 - [25]
AV =10mg
- KOH/g resin,
Epoxidized o MEHQ, 80— .
. . 22
soybean oil 0.375 4 TEA, 1 wt% 0.5 Wi% 40 110 Oxirane oxygen | [22]
content =
0.15%
Epoxidized AV =6.2 mg
. . . . 19
soybean oil 0.383 06 TEA HQ 15 8 KOH/g resin [1e]

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 BFs-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
Bragnsted and Lewis acids, the catalytic activity in soybean oil acrylation depended on acidity
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in the following order: BFs-OEt; > FeCls > SnCls > TiCls 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 (Tg), maximum strength (og) and
tensile modulus (E). Among the oils studied, acrylated grapeseed oil exhibited the highest Tq
(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 og of 43.7 MPa [34]. Meanwhile, one-step synthesized AESO
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oligomers showed excellent thermomechanical properties with T4 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, Tgy. Similarly, bulky diluents such
as IBOA raise Ty, 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 Tq 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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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, l., 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, I., Porcarello, M., & Gaidukovs, S. (2026). Reprocessable
and Repairable Bio-Based Vitrimers from Acrylated Epoxidized Rapeseed Oil for Additive
Manufacturing. Macromolecular Materials and Engineering. IF=4.6, Q1, 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., Onufrijevs, 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, I., 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 BFs-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 NaHCOs and NaCl solutions to neutralize and remove residual AA and catalyst. The
organic phase was dried over Na>SOs, 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 s2, 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 Acryl groups Reaction . DBC | toexme | DBC at max.
vegetable | double bonds (in the in the ield (%) | (mPas) | (%) ©) rate (%)
oils triglyceride) molecule yield (% > >
ARO 3.74 2.14 57 430 85 9.8 45
ALO 5.99 1.62 28 1305 69 13.1 2.4
AGO 4.56 1.67 38 1140 76 95 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 5wt% GPT
(e.9., 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]; c) schematic illustration of the preparation of UV-curable coatings.
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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/mq. 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 Tq. However, it should be noted that there is still debate as to whether Tq 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 (c-€) curves of the UV-curable materials and the calculated E
values were analyzed (Fig. 4 ¢) 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
(o) values; however, a contradiction is evident for samples with 5wt% 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 €)). 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 og [78]. The rough and heterogeneous microstructure observed in both ARO/ALO and
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ARO/ALO_GPT5 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, og 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 = 430-1305 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; c) o-¢ curves; d) E graph;
e) fracture surface microstructure morphology — SEM images: (i) ARO/ALO,
(ii) ARO/ALO_GPTS5, (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 H20, 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 : H20,). 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. H2O2 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 agueous NaHCO3 and NaCl solutions, dried over Na;SO4, 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 NaHCOs and NaCl solutions, dried over Na2SOa, 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 5 = 1.66-1.83 ppm, while the protons at the s-position
of the epoxy ring (-COC-CHz2-) were observed at 8 = 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 H.C=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 K&Yg(:zgin) (mg K_OH/g C=C/l_00 g epoxyg_loo g groups/_l(i) g \E:;)I)d
resin) resin resin) resin

LO-A 2.3 69 0.49 - - -
ELO-A (1) 35 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 (n=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 €)). 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

life [82].
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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 sto 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/UES5 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. 7 ¢) 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 o 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 (og 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 ). After 30 days of biodegradation, the ARO,
ARO/UESS5, 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 Ty 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 um). 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.8a). 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 1 s 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 ¢) at 50 °C under vacuum (NRVT). Temperature increase
and vacuum impregnation also enhanced the mechanical and thermomechanical properties
(Fig. 8 €) and f)). The impregnated NP with ARO in vacuum and at 50 °C (NRVT) exhibited
an E of 1.3 GPa, og 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 H202 (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>SQg, 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 hydroguinone
(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 NaHCOsz and NaCl aqueous solutions. The organic phase
was dried over Na>SOs, 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), 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 c)) 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=0 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’ 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 Tq. 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 os 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 (n = 663 mPa-s at shear rates from 1 s~ 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 pum, 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 og 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

1. 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 (tger < 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.

2. 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
= 1.65-103mol/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.

3. 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 (os = 35.6 MPa,
E = 1.3 GPa), demonstrating the potential for the development of bio-based composite
materials.

4. 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 (os=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 (og increase up to 199 %) and elongation (eg increase up to
288 %) after simulated mechanical damage.
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