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ANOTACIJA

Rapnieciskai razo$anai pieméroti risindjumi biorafiné$anas cela iegatu ligninu ka
atjaunojamo izejvielu izmantosanai poliméru sastava. Ar$anica, Aleksandrs. Darba va-
ditaja: prof. Dr. habil. chem. Galina TeliSeva. Rakstu kopas kopsavilkums, 33 lapaspuses,
18 attéli, 6 tabulas, 59 literatiiras avoti. Latviesu valoda.

BIORAFINESANA, LIGNINS, BIOPLASTMASA, FRAKCIONESANA AR
ORGANISKAJIEM SKIDINATAJIEM, OKSIALKILESANA, GLICIDILESANA,
MAKROMONOMERS, AKTIVA PILDVIELA, POLIURETANI, EPOKSIDI.

Darba mérkis ir teorétiskas bazes izveide un tehnologiskas koncepcijas izstrade bi-
orafiné$anas procesos radito tehnisko ligninu izmanto$anai par biobazétu materialu
sastavdalam. Galvenie uzdevumi ir metozu izstrade ligninu mehaniski kimiskai akti-
vacijai, ligninu kimiskai modifikacijai, veicot frakcioné$anu ar organiskajiem $kidinata-
jiem, modifikacijai ar oksirana gredzenu saturo$iem monomériem savienojumiem un
iegato produktu izmanto$ana par hidroksilu un epoksidu saturo$iem makromonomeé-
riem vai aktivam pildvielam poliméru materialos.

Izmantojot izstradato metodiku, tika modificéts un poliuretana materialos ievie-
tots jaunais organiskajos $kidinatajos $kisto$ais lignins Organosolv (OSL), kas izstra-
dats kvie$u salmu biorafiné$anas procesa Compagnie Industrielle de la Matierre Vegetale
(CIMV) uznémuma Francija.

Lignina modifikacijas pirma pieeja lauj iegiit makromonomeéru poliuretana elasto-
meériem, un tas ietver lignina frakcioné$anu, secigi ekstrahéjot to ar organiskajiem $ki-
dinatajiem. Poliuretana (PU) pléves tika sintezétas no trim komponentiem - lignina
frakcijas, polietilénglikola (PEG) un poliméra metildiizocianata (PMDI) -, izmantojot
lieSanas metodi. Atkariba no lignina frakcijas veida un ta daudzuma materiala sastava,
tika iegati augstas elastibas PU elastomeri ar augstam elastibas ipasibam istabas tem-
peratira vai stingras stiklveida $kérssaistitas PU putas ar stikloSanas temperatiru virs
100 °C. Apstradajot PU 200-600 °C temperatiira skabekla klatbatné (gaisa), lignina
frakcijas darbojas ka antioksidanti, ka ari veicina oglu veidosanos.

Cita pieeja paredz lignina modifikaciju, kas piemérota cietu, uz lignina bazes vei-
dotu poliuretana putu iegtiSanai, un $is risinajums ietver lignina parveido$anu $kidros
lignopoliolos reakcija ar propiléna oksidu (PO). Tika pétita sakotnéja reakcijas maisi-
juma lignina (L) satura ietekme uz oksipropilésanas procesu un lignopoliolu ipasibam,
ka ari uz L/PO kopoliméru ipasibam. Ja lignina saturs sakotnéja reakcijas maisjjuma ir
15-30%, iegiito lignopoliolu ipasibas atbilst cietu poliuretana putu razosanai izman-
tojamo polioléteru prasibam. Komerciala uz glicerina bazes veidota poliola poliéte-
ra aizstaana ar lignopoliolu uzlabo PU putu $anu struktiras viendabigumu, izméru
stabilitati, samazina adens absorbcijas spéju, uzlabojot materiala fizikali mehaniskas
ipasibas. Lignins péc ta mehaniski kimiskas aktivacijas tika ievadits PU putu sistéma
ari ka pildviela, un tika pétita lignina ievadiSanas metodes ietekme uz iegito materialu
ipasibam. Ieklaujot ligninu poliuretana putas, tika novérota termodegradacijas atruma
maksimalo vértibu samazinasanas.

Vel cita pieeja bija saistita ar lignina ievadi$anu epoksidsvekos, un ta tika testé-
ta, izmantojot LignoBoost™ skujkoku kraftligninu, kas iegtts biorafinésanas procesa
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komerciala meéroga. Epoksidsveki uz lignina bazes tika iegati, ekstrahéjot glicidilétu
ligninu ar acetonu vai glicidiléjot acetona $kisto$o lignina frakciju. Tika pétita glicidi-
lésanas rezimu ietekme uz acetona $kisto$o frakciju iznakumu, to funkcionalo sastavu
un fizikali kimiskajam ipasibam. Daléja komercialo fosilo sveku aizstagana ar glicidiléta
lignina frakciju pozitivi ietekmé cietinato epoksidu ipasibas.
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IEVADS

Biomasas atjaunojamo resursu izmantosanu kimiskaja rapnieciba lidz $im kavéja
fosilo izejvielu (naftas, gazes, akmenoglu) pieejamiba kimiskas rapniecibas vajadzibam,
ka ari to standartizacijas vieglums, daudzu gadu pieredze parstradé, izveidota efektiva
tehnologisko procesu kontrole un attistita logistika. Tomér janem véra, ka pasaulé fosi-
lo resursu rezervju krajumi samazinas, tie neatjaunojas un ar katru gadu saasinas vides
piesarnojuma problémas, ko rada to izmantosana. Minétie faktori nosaka nepiecie$a-
mibu aktivi attistit pétijumus, kas saistiti ar atjaunojamas, videi draudzigas biomasas
izmanto$anu kimiskaja rapnieciba (Hu et al., 2002, Lampinen et al, 2011). Patlaban
noteiktais merkis ir lidz 2030. gadam vismaz 30% eso$o naftas produktu aizstat ar
augstvertigakiem, ilgtspéjigakiem un ekonomiski dzivotspéjigakiem produktiem, tadeé-
jadi samazinot kaitigo izme$u emisiju par 50%. Polimérkimijas un tehnologijas mas-
dienu attistibas virzienus nosaka resursu bazes paplasinasana, izmantojot atjaunojamus
izejmaterialus, palielinot “zalas” sastavdalas ipatsvaru, un materialu biologiskas noardi-
$anas uzlabosana.

Ligno-oglhidratu biomasas delignifikacija un hidrolize joprojam ir vislielaka me-
roga augu biomasas kimiskas parstrades tehnologijas, kuru meérkis ir izmantot $os ogl-
hidratu komponentus celulozes, papira un bioetanola razosana. Lignins ir visizplati-
takais aromatiskais atjaunojamais biopolimérs, tomér tas tiek nepietiekami noveértéts
un izmantots. Tehniska lignina iznakums iepriekSminétajos rtpnieciskas razo$anas
procesos atkariba no izejmateriala veida un izvélétas tehnologijas ir 30-50% (no iz-
ejmateriala sausas masas). Pasaules ripnieciba katru gadu rada apméram 55 miljonus
tonnu lignina (Calvo-Flores et al, 2010). Paglaik aptuveni 98% no iegata lignina tiek
sadedzinati, lai iegiitu energiju galvenajiem tehnologiskajiem procesiem (Lampinen
et al., 2011). Saskana ar Eiropas Savienibas pamatnostadnu tehnologisko platformu at-
tistibas planu masdienigu, augsti efektivu razosanas objektu izveides pamatprasiba ir
bezatkritumu tehnologiskie procesi, kas tiek istenoti saskana ar biorafiné$anas shému,
kuras ietvaros visu veidu atkritumi tiek izmantoti ka izejvielas jauna mérka produkta
iegtsanai (Bozell et al., 2007). Pasaules visizplatitako bioaromatisko savienojumu par-
domata izmanto$ana varétu ievérojami palielinat nakotnes lignocelulozes biorafinésa-
nas uznémumu rentabilitati. Saja sakara tiek izstradatas jaunas biofinansésanas shémas,
kuras lignina valorizacija tiek uzskatita par vienu no galvenajiem mérkiem (Renders
etal., 2017).

Daudzsolosakie potencialie dazadas izcelsmes ligninu izmantosanas veidi ir vértigu
kimisko vielu, tadu ka fenols, benzols, toluols un ksilols (Zakzeski et al., 2010), razo-
$ana, ka ari lignina izmanto$ana poliméru kompozitmaterialos pildvielas un makro-
monoméra bloka veida, pédéja gadijuma meérktiecigi ieklaujot to kopoliméru struktira
caur kovalentajam saitém. Ir pétita lignina izmanto$ana dazados materialos, pieméram,
fenola svekos (Da Silva et al., 2013; Lora un Stiklers, 2002; Stjuarts, 2008), poliureta-
nos (Lora un Glasser, 2002; Pan un Saddler, 2013), epoksidsvekos (Lora un Glasser,
2002; Stewart, 2008) un oglekla skiedras (Hu, 2002; Pan, 2013). Lignina pievieno$ana
samazina ieglita materiala izmaksas, turklat palielina ta elastibu un ari ta siltuma, gais-
mas un sala izturibu. Ligninu var izmantot ari ka antioksidantu dazados kompozitma-
terialos (Pan et al., 2006, El Hage et al., 2020).
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Jaunu biomasas parstrades tehnologiju izstrade lauj radit tehniskus ligninus ar uz-
labotam ipasibam un paver jaunas iespéjas izmantot tos ka biobazétu materialu sastav-
dalas (Renckens, 2017). Celulozes un papira rapnieciba tradicionalo delignifikacijas
procesu meérkis ir iz§kidinat ligninu, kas tiek uzskatits par atkritumu. Visizplatitakaja
krafta delignifikacijas procesa sarmu un natrija sulfidu izmanto ka reagentus un kok-
sni ka izejvielu. Attistama CIMV delignifikacija ar organiskajiem $kidinatajiem atbilst
biorafiné$anas koncepcijai, un ta layj izdalit un izmantot galvenos komponentus: lig-
ninu, celulozes pulpu un pentozu cukuru sirupu. Saja procesa tris komponentu maisi-
jumu, kas sastav no etikskabes, skudrskabes un tdens, izmanto ka reagentu, un kvie-
$u salmus - ka izejvielu. Ta ka delignifikacijas tehnologijas, kuras izmanto organiskos
$kidinatajus, butiski atSkiras no tradicionalajam tehnologijam, un ligninu struktara
ir labila, ieprieks iegtitas zinasanas par tehnisko ligninu valorizaciju nevar parnest uz
jaunajiem tehniskajiem ligniniem. CIMV lignina izmanto$ana PU sastava veicinatu §is
biorafiné$anas tehnologijas komercializé$anu. Paslaik vienigais biorafinésana izmanto-
tais lignina izdaliS$anas process, kas realizéts komerciala méroga, ir Innventia AB un
Calmersa Tehniskas universitates (Chalmers University of Technology, Zviedrija) iz-
stradata LignoBoost koncepcija (Tomani, 2010). LignoBoost lignins ir jauna modificéta
krafta procesa produkts. Si tehniska lignina ipasibas un lietosanas iespéjas tiek aktivi
pétitas visa pasaulé.

Si darba mérkis ir teorétiskas bazes izveide un tehnologiskas koncepcijas izstra-
de biorafinésanas procesos radito tehnisko ligninu izmanto$anai biobazétu materia-
lu sastava.

Galvenie uzdevumi ir izstradat ligninu mehaniski kimiskas aktivacijas metodes;
izstradat ligninu kimiskas modifikacijas metodes, izmantojot frakcioné$anu ar organis-
kajiem $kidinatajiem; izstradat metodes ligninu modifikacijai ar oksirana gredzenu sa-
turo$iem monomériem savienojumiem, lai iegitu produktus, ko var izmantot par hid-
roksilu un epoksidu saturo$iem makromonomériem vai aktivam pildvielam poliméru
materialos (1. att.).

OCH,

OCH3
Lignins ka
biorafinésanas produkts o e ATJAUNOJAMAIS MAKROMONOMERS

OH oH ache =
il o

odV
H o 2l O \( sk . Cietas polluretana
. o — putas,poliuretana elastomeéri,
" oo OCH, epoksida termoreaktivi
OCH, OH 4}7”

/
(J. Raloh et al., 2004) ha"o.k,,n/ — -
Ska Ktiyg, AKTIVA PILDVIELA

HOHACO,
H4CO.
OCHy

H:CO

1. attéls. Darba galveno uzdevumu shematisks attéelojums
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Promocijas darba mérka sasniegSanai ir izvirziti $adi uzdevumi:

Raksturot un salidzino$i analizét tehnisko ligninu un to komponentu funkcionalo
sastavu, to struktiras fizikali kKimiskos parametrus.

Noveértét ar dazadas polaritates $kidinatajiem veiktas frakcioné$anas ietekmi uz
Organosolv lignina molekularo un funkcionalo neviendabigumu.

Izpétit Organosolv lignina reakciju ar propiléna oksidu dazados apstaklos un rak-
sturot ieguito lignopoliolu kimiskas un fizikali kimiskas ipasibas.

Izmantot lignopoliolu ka hidroksilu saturoSu makromonoméru cietajas poli-
uretana putas un izpétit iegito materialu fizikalas, mehaniskas un termiskas
ipasibas.

Veikt lignina mehaniski kimisko aktivaciju, ieklaut to ka aktivo pildvielu cieto po-
liuretana putu sastava un izpétit iegito materialu ipasibas.

Dazados apstaklos izpétit nefrakcionéta un frakcionéta lignina reakciju ar epih-
lorhidrinu, izmantot iegito produktu ka epoksidu saturo$u makromonoméru un
izpétit ta ietekmi uz komercialo, ar aminu cietinato epoksida sveku stiepes un ter-
miskajam ipasibam.

Rezultatu zinatniska nozime un novitate

legutas Organosolv lignina frakcijas ir derigas izmanto$anai hidroksilu saturosu
makromonomeéru poliuretana elastoméros, un tas vienlaikus spéj regulét poliureta-
na tikla skérssaistiSanos un darboties ka tehniski antioksidanti.

Tika noteikti Organosolv lignina oksipropilésanas procesa optimalie apstakli un iz-
ejvielu optimalas attiecibas.

Tegutie lignopolioli sastav no diviem galvenajiem komponentiem: no Organosoly
lignina ar propilénoksidu mijiedarbibas produkta un propilénglikola atvasinaju-
miem ar dazadam molekulmasam. Iegtitajiem lignopolioliem ir ievérojami augsta-
ka reagétspéja ar MDI dioksana salidzinajuma ar komercialajiem uz glicerina bazes
sintezétiem poliéteriem, kurus plasi izmanto PUR putu iegts$anai. Organosolv ligni-
na oksipropilé$ana ievérojami samazinaja ta polidispersitati un palielinaja segmen-
tu kustigumu.

Daléja komerciala poliétera aizstasana ar lignopoliolu uzlaboja PU putu izméru sta-
bilitati un hidrofobitati, ka ari to termisko stabilitati, pazeminaja uzliesmojamibu
un neietekmeéja ta spiedes ipasibas.

Ievadot kvies$u salmu Organosolv ligninu poliuretana vienlaikus ka lignopoliolu un
pildvielu, cieta lignina pildviela labak savienojas ar poliuretana putu komponen-
tiem salidzinajuma ar poliuretana putu sistému, kas nesatur lignopoliolu.
LignoBoost kraftlignina epoksidiem ir Saurs molekulmasu sadalijums un epoksida
funkcionalitate diapazona no 3,1 lidz 4,5. Lignins, kas ir kimiski iestradats cieti-
nato komercialo epoksidsveku matrica, augsta temperatira palielina to oglu izna-
kumu un samazina degradacijas atrumu salidzinajuma ar references materialu, un
tas liecina par lignina epoksidu potencialo izmanto$anu liesmas izturigu epoksidu
raZosana.



1)

2)

3)

4)

Rezultatu praktiska nozime

Kompozitmaterialu, kas satur modificétus ligninus ka makromonomeérus, uzlabo-
tas ipasibas (termiska stabilitate, izméru stabilitate, hidrofobitate, stiepes izturiba,
Junga modulis, mazaka uzliesmojamiba) salidzinajuma ar komercialajiem referen-
ces materialiem paver jaunas iespéjas biobazétu poliméru izstradei.

Ir izstradata metodologija poliméru sintézei izmantojamo hidroksilu saturo$o
makromonomeéru iegii$anai uz dazadu tehnisko ligninu bazes. Metodologija ir ap-
robéta rapniecibas apstaklos pétniecibas un razo$anas asociacijas eksperimentalaja
ripnica “Polymersintez” (Vladimira, Krievija).

So pétijumu rezultati lauj razot lignopoliuretana putas, kuras var izmantot, lietojot
formésanas un izsmidzina$anas metodes, un kuru ipasibas atbilst tam putam, ko
izmanto ka siltumizoléjos$us un vieglus celtniecibas materialus.

“Gauja” (Riga, Latvija) eksperimentali tika izgatavoti sarezgitas konfiguracijas mik-
sto mébelu ramja elementi.

Sadarbiba ar Latvijas Valsts bavniecibas un eksperimentalo tehnologiju zinatnisko
institatu (Riga, Latvija) un Latvijas Valsts koksnes kimijas institiita Poliméru labo-
ratoriju (Riga, Latvija) tika sarazoti siltumizolacijas parklajumi un “sendvica” tipa
paneli ar poliuretana putu izolacijas slani uz lignosulfonata un Organosolv kviesu
salmu lignina bazes.

legiitie rezultati sniedz nozimigu ieguldijumu
sadu projektu Tstenosana:

H2020 projekts US4 GREENCHEM “Kombinéta lignocelulozes izejvielu ultra-
skapas un enzimu apstrade cukura iegGsanai biotehnologiskam vajadzibam”
(2015.-2019. g.);

ligums Nr. 13-46 ar MetGen Oy (Somija). Uzdevums: “MetGen parstradé izdalito
lignina frakciju raksturojums, to oksipropilé$ana un cieto PU putu iegti$ana uz ie-
guto lignopoliolu bazes” (2018). Izejas lignins tika atdalits ar METNIN™ valorizaci-
jas tehnologiju biobazétu rapniecibu kopuznémuma ietvaros saskana ar pétniecibas
un inovacijas programmu “Horizon 2020” projektam SWEETWOODS saskana ar
grantu Nr. 792061. Liguma vaditajs no KKI — A. Ar$anitca;

Valsts pétijumu programmas ResProd projekts Nr. 3 “Meza un zemes dzilu resursu
izpéte, ilgtspéjiga izmanto$ana - jauni produkti un tehnologijas” (2014.-2018. g.);
sadarbibas projekts “BIOCORE” (“Biocommodity refinery”) ES 7. programmas ie-
tvaros. Ligums Nr. 241566 (2010.-2014. g.).
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Rezultati ir izklastiti 9 publikacijas recenzétos Zurnalos, gramata “Cellulosics:

Chemical, Bioochemical and Material Aspects”, 10 starptautiskas zinatniskas konfe-
renceés, un uz to pamata ir izstradats Eiropas patents.
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1. LITERATURAS APSKATS

Bioplastmasas tirgus ir viens no visstraujak augo$ajiem tirgiem musdienas. Pédéjos
gados ta vidéjie pieauguma tempi pastavigi ir bijusi raksturojami ar divciparu skaitliem
(Storz and Viorlop, 2013, Zhao et al., 2020). Eiropas Bioplastmasas asociacija bioplast-
masu definé ka biobazétu vai biologiski noardamu materialu, vai gan pirmo, gan otro
(European bioplastic, 2015). Termins “biobazéts” nozimé, ka materials tiek iegtts (pilni-
ba vai daléji) no biomasas. Atjaunojama oglekla saturs bioplastmasa svarstas no 20% lidz
100% (Biron, 2020).

Poliuretani (PU) ir visdaudzpusigak izmantojamais poliméru veids. Uz to pamata
tiek iegati visi zinamie materialu veidi, kurus izmanto visas rapniecibas nozarés bez
iznémuma. PU putas ir viens no vissvarigakajiem siltumizolacijas materialiem, ko iz-
manto btvniecibas nozaré, un galvenais izolacijas materials, izmantojams izplatitajas
iericés (ledusskapji, saldétavas utt.). Viens no noteico$iem misdienu kimijas un PU
tehnologijas attistibas virzieniem ir resursu bazes paplasinasana, izmantojot atjau-
nojamus izejmaterialus, tada veida palielinot “zalas” sastavdalas dalu, kopa ar iespéju
uzlabot materiala ekspluatacijas ipasibas (Vahabi et al, 2020). Saskana ar neseno zi-
nojumu globalais PU tirgus pieauguma temps ir sasniedzis 6,0%, un tiek lésts, ka lidz
2026. gadam tas sasniegs 88 miljardus ASV dolaru lielu apgrozijumu (Sonnenschein
et al., 2014, Polyurethane (PU) market 2020, Grand view research 2020).

No kimijas viedokla PU var definét ka organiskus polimérus ar uretana saitém, ku-
ras veidojas kimiskas reakcijas rezultata starp izocianatiem un polioliem (2. att.).

Uretina grupa
p .
0 —Rr.
H HN i N Ri-Owan
HO-R;—OH + M_R;—NCO —_— M_N-R: ______________ J H
Poliols Izocianiis " Poliuretins

2. attéls. Poliuretanu veido$anas reakcija (Li, H., Liang. Y. et al, 2020)

Aptuveni 30-40% no PU sastava péc masas veido polioli vai poliolu maisijumi
(Grand view research, 2020, Ionescu 2005). Paredzams, ka pasaulé poliolu tirgus ap-
joms lidz 2025. gadam sasniegs 45,17 miljardus ASV dolaru ar kopéjo gada pieauguma
tempu - 8,5% (Research and markets, 2020). OH grupu saturs lignina (10-12% péc
svara) atbilst prasibam (11-15% péc svara) (Ionescu, 2005), kas izvirzitas komercia-
liem polioliem, kurus izmanto PU raZo$anai. Lignina izmanto$ana var uzlabot PU
mehaniskas ipasibas, termisko stabilitati un palielinat to biologisko noardi$anos (Hu
et al., 2002). Ligninu saturo$a PU materiala ipasibas ir atkarigas no lignina ievadisa-
nas metodes.
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3. attéls. Poliuretanu veido$anas no lignopolioliem (Li, B., Zhou, M. et al., 2020)

Iespéjamie tehnologiskie celi lignina ievadi$anai PU materialos ir $adi: tos pievie-
no ka inertu pulverveida pildvielu, ka ar hidroksiliem bagatinatu aktivi reagéjosu pul-
verveida pildvielu vai $kiduma veida ka hidroksilfunkcionalu monomeéru, kas iegits
kimiskas modifikacijas cela, pieméram, veicot lignina alkoksilésanu (3. att.) (Hu et al.,
2002, Brodin et al., 2009).

Galvenas gratibas, izstradajot tirgum paredzétus ligninu saturo$us poliméru kom-
pozitmaterialus, ieskaitot PU, ir $adas: tehnisko ligninu neviendabigums, funkcionalo
grupu satura un veidu variacijas, ka ari atskiribas molekulmasas sadalijjuma (MMD)
lignina fragmentu struktaras, kas izveidojusas biomasas parstrades laika, ligninu vei-
dojoso fenilpropana vienibu struktiru un saiSu neviendabigums, atskiriga un ierobe-
zota $kidiba organiskajos $kidinatajos, ierobezota izocianatu reagétspéjigo vietu pie-
ejamiba lignina struktara telpisku traucéjumu dél (Gosselink et al., 2010, Mahmood
et al., 2016). Lai samazinatu iepriek$ minétos lignina trakumus un uzlabotu tehnisko
ligninu ka makromonomeéru ipasibas, ipasi spéju piedalities poliméru struktaru vei-
dosana, tiek izmantotas dazadas lignina prieksapstrades metodes. Daudzas metodes ir
balstitas uz lignina matricas depolimerizaciju, saskelot étera saites un veidojot vienda-
bigakus oligomérus vai samazinatas molekulmasas produktus ar uzlabotu funkcionalo
grupu pieejamibu reakcija ar izocianatiem (Mahmood et al., 2016, Wang et al., 2013).
Depolimerizétos ligninus veiksmigi izmanto ka biopoliolus, aizstajot lidz 50% komerci-
alo poliolu cieto PU putu iegtsanai (Mahmood et al, 2016). Tehnisko ligninu oksipro-
pilésana sarmu katalizatoru klatbutné tiek atzita par vél vienu perspektivu metodi ligni-
nu molekulara un funkcionala neviendabiguma parvarésanai un cieto PU putu sintézei
derigu lignopoliolu iegti$anai (Cateto et al., 2009, Ionescu, 2005) (1).

Chis Sn2  CH, oH
3

Lignin—0° * " Z\) = OG/\n‘A) - Lignin{'oy\]\O@ M
n

Lignin~

Sini gadijuma lignina noardisanos pavada oksipropila vienibu piesaiste pie ligni-
na OH grupam, kas skabas grupas (fenola, karboksilgrupas) parveido alifatiskajas,
kuram piemit lielaka spéja reagét ar izocianatu (Gandini et al., 2002). Literatara ir
aprakstiti vairaki skujkoku, lapkoku un zalaugu komercialo tehnisko ligninu oksip-
ropilésanas aspekti (Nadji et al., 2005, Belgacem and Gandini, 2008, Cateto et al.,
2009, Ahvazi et al., 2011, Li and Ragauskas, 2012). Neap$aubami, iepriek§ minétie
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procesi ir izaicino$i sarezgitu reakcijas apstaklu dél (220-300 °C temperatira un
5-30 baru spiediens) (Mahmood et al., 2016).

Tehnisko ligninu frakcionés$ana ar organiskajiem $kidinatajiem, veicot ekstrakciju
atmosféras spiediena un istabas vai paaugstinata temperatira, varétu bit perspektiva
iespéja paaugstinat lignina ka makromonomeéra izmantosanas efektivitati PU mate-
rialu razo$ana. Dazadu komercialo krafta un organiskajos $kidinatajos $kistoso (eta-
nols-udens) Organosolv ligninu frakcionésana ar dietiléteri, n-propanolu, metanolu un
dihlormetana/metanola maisijumu Jauj iegit lignina produktus ar mazaku molekul-
masu (MM), vienmérigakus péc molekularas masas sadalijjuma un pilnigi $kisto$us or-
ganiskajos $kidinatajos, kurus lieto PU kimija. legitie modificétie lignini ir pieméroti,
lai veiksmigi izpilditu makromonoméru lomu PU materialu sintézé (Gosselink et al.,
2010, Li and McDonald, 2014, Yoshida et al., 1987). Sada pieeja lauj iegiit PU elasto-
meérus ar paredzamam termiskam un mehaniskam ipasibam, kuras var variét plasa dia-
pazona atkariba no lignina frakciju MM, to satura PU un izmantota miksta segmenta
veida (Yoshida et al., 1990, Reiman ef al., 1991). Metiltetrahidrofurana skistosai kraft-
ligninu frakcijai (Indulin AT) pievienojot toluoldiizocianata-trimetilolpropanu aduktu,
var iegtit PU kompozitmaterialus, kurus var izmantot ka augstas kvalitates parklajumus
un limes (Griffini et al., 2015).

Cietinati epoksidsveki parasti ir termoreaktivi termiski izturigi poliméri ar labam
mehaniskajam ipasibam un augstu kimisko izturibu (Abdurahman et al., 2020; He
et al., 2014). Epoksidsveku parklajumus, adhezivus un armétus kompozitmaterialus
pladi izmanto daudzas rapniecibas nozarés, tostarp elektrotehnika, elektronika, au-
tomobilu un gaisa kugu rapnieciba u. c. (Wanga et al., 2016, Katunina et al., 2016).
Paglaik komercialos epoksidsvekus galvenokart (gandriz 90%) razo no naftas atvasi-
natam kimiskam vielam: bisfenola A (BPA) un epihlorhidrina (ECH) (Khalil et al.,
2011). 4. attéla ir paraditi komponenti, kas veido komercialas, uz BPA pamata veido-
tas ar aminu cietinatas epoksidsistémas. BPA nodrosina daudzas ieguita produkta vér-
tigas Ipasibas, ta¢u diemzél tas negativi ietekmé cilvéka veselibu (Sasaki et al., 2013).
BPA un ta atvasinajumi negativi ietekmé cilvéka organisma endokrino sistému. BPA
iedarbiba var izraisit reprodukcijas, attistibas un vielmainas traucéjumus (Fischnaller
et al., 2016).

Epoksidsveki Araldite LY 1564 (EEW=170-eq™")
(0] (0]
%O O O o\/A

H;C CHj

Aminu cietinatajs Aradur 3486 (AHEW=110 g eq™")

NH,
H

NH, HZN/\/N\/\N/\/NHZ
H

HiC
Hj Ha

4. attels. Komercialas, ar aminu cietinatas epoksida sistémas
Araldite LY 1564/Aradur 486 (HUNTSMAN) komponenti
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Nesen tika zinots par vairakiem pétijumiem saistiba ar bioepoksidsveku sintézi no
dazadiem atjaunojamiem resursiem, pieméram, no vanilina (Fache et al., 2014), gal-
luskabes un katehina (Aouf et al., 2013), izosorbida (Lukaszczyk et al., 2011), tanni-
niem (Benyahya et al., 2014), augu ellam (Shah and Ahmad, 2012 et al.) un ligniniem
(Delmas et al., 2013).

Lignina aromatiska struktira un ievérojama OH grupu (fenola, alifatisku, karbok-
silgrupu) daudzuma klatbatne padara tehniskos ligninus par perspektivu izejvielu BPA
aizvieto$anai. Ligninu var modificét, panakot ta OH grupu reakciju ar epihlorhidrinu.
Ligninam reaggjot ar epihlorhidrinu (lignina glicidilé$ana), sarma katalizatora klatbuit-
né notiek divi galvenie procesi (Nieh and Glasser, 1989). Viens no tiem ir hidroksilgru-
pu jonizacija, kas noved pie anjona nukleofila “uzbrukuma” oksirana gredzena oglek-
lim, pie ta atvérSanas un hloroglicerilétera veidosanas. Péc tam notiek dehlorhidroge-
nésana un oksirana gredzena veido$anas. (5. att.)

OH OH OH OH
HO HO HO HO
OLignin OLignin 0] OLignin OLignin
KOH L
—_— _
o~ c o~ o~ Kl o~
H

o (@
- - k® o
e |

5. attels. Lignina fenola OH grupas glicidilésanas shéma

No lignina OH grupam fenola grupas, salidzinot ar alifatiskajam un karboksil-
grupam, iepriek§ minétajos apstaklos ir vispieejamakas glicidilé$anai, jo tiek pa-
nakts vispiemérotakais lidzsvars starp fenolatu skabumu un nukleofilitati (Wu and
Glasser, 1984).

Lai piemérotu ligninu epoksidsveku ieguvei, tiek izmantotas dazadas pieejas, ieskai-
tot lignina depolimerizaciju un kimisko modifikaciju. Ir pieradits, ka cietinato epok-
sidsveku, kas ir iegati uz depolimerizétu kraftligninu, hidrolizes vai organiskajos $ki-
dinatajos $kistoso (Organosolv) ligninu bazes, mehaniskas un termiskas ipasibas ir la-
bakas salidzinajuma ar references komercialajiem epoksidsvekiem (Wang et al., 2013).
Vél viena pieeja ir lignina demetilé$ana un lignina produktu iegaisana ar brivam fenola
grupam 3 un 5 gredzena pozicijas. Sos ligninus varétu izmantot ka izejvielu stipri sa-
zarotu epoksidu razosana. Tomér patlaban nav katalitiskas sintézes metozu §1 procesa
realizacijai un plasi izmantotie reagenti (alkilhalogenidi) ir videi kaitigi un nav piemeé-
roti liela méroga razo$anai (Ferhan et al., 2013, Hu et al., 2014). Fenolésana ir vél viena
lignina modifikacijas metode fenola grupu satura palielina$anai lignina, kura var ra-
dit labveligakus apstaklus lignina reakcijai ar ECH. Tomér $ini procesa tika konstatéta
formaldehida izdali$anas un ciklizacija, fenolam eterificéjoties ar lignina sanu kédes
oglekliem, un tas samazina $is pieejas prieksrocibas (Podschun et al., 2015). Hofmans
un Glazers ieguva epoksida svekus no hidroksialkillignina (ar sarmu ekstrahéts lignins
no dzeltenas papeles, kas hidrolizéta ar tvaika spradziena tehnologiju) atvasinajumiem
ar dazadu alkoksiléSanas pakapi. Lai iegtitu lignina atvasinajumus, kas satur tikai loti
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aktivas OH grupas, pirms reakcijas ar ECH tika veikta lignina modifikacija ar alkile-
noksidiem. Sagatavotos epoksida prepolimérus sacietinaja termoreaktivos kompozitos
ar augstu stiklo$anas temperatiru (Hofmann and Glasser, 1993).

Ta ka lignina ipasibas un iespé&jas to modificét ir oti atkarigas no biomasas izcel-
smes un lignina izdali$anas tehnologijas (Gosselink et al., 2010), ir nepiecieSams veikt
pétijumus ar katru lignina veidu, kuru plano valorizét.
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2. MATERIALI UN METODES
2.1. Petamie lignini

Pieeja lignina ievadiSanai poliuretana materialos ir paradita pieméra ar kviesu sal-
mu Organosolv ligninu. So ligninu ieguva, ekstrahéjot to 3,5 stundas no kviesu salmiem
ar etikskabes, skudrskabes, iidens maisijumu (30/55/15) atmosféras spiediena 105 °C
temperatira CIMV izméginajumu rapnica (Pomacle, Francija) (Delmas et al., 2008).
CIMV piegadaja ligninu, kura aptuvenais iidens saturs bija 48% (2015. gada 9. septem-
bris). Materials tika mazgats ar dejonizétu tdeni lidz pH 4,4, lai atdalitu atlikusas brivas
skabes, péc tam tas tika zavéts gaisa lidz mitruma saturam 5% un samalts laboratorijas
méroga dezintegratora DESI-11 ar atrumu 10 000 apgr./min. Epoksidsveku iegiisana
uz lignina bazes ir paradita pieméra ar komercialo LignoBoost™ skujkoku kraftligninu,
kas ir izoléts no originala melna atsirma, izmantojot jaunu LignoBoost tehnologiju. Sis
lignins ir iegtits no Innventia AB (uzdavinats).

2.2. Lignina modifikacija un ievadiSana poliméru kompozicijas

o Izstradata koncepcija ligninu ka makromonoméru izmanto$anai poliméru kompo-
zicijas ir atspogulota shéma (6. att.).

o Ligninu frakcioné$ana ar organiskajiem $kidinatajiem ir aprakstita P-6.

o Ligninu ievadisana PU elastoméru sastava ir aprakstita P-2.

o Ligninu oksialkilé$ana ir aprakstita P-3 un P-10.

= Poliuretdna
Lignina frakcijas —— s
Sockn eksirakcia ar 8N ) elastoméri
CHyCly—CHOH—CH,ClL/CH,0H lavad®ana PU elastoméros uz PEG 400 un komercidla aromdtiska
Cietviala: $kidrums=1:5(wh), 6 stundas, 20-22 iZock bazes. Ki Lika leprieks polr padi sausd
Divi ciill ar atkdrtoty suspengiu THEF. Katras ignina frakcjas saturs svirstfis 5-40% robe2ds ar
vienddy NCO/OH attiecibu.
0 CHy
4
,\\ e 0
CH Lignin =
3 Cietas poliuretana
Lignopolioli ——— P

putas

== 0al

. e, Lignopoliols,  frociondts
AN £S o komereidlais poliols,
- - e - s katalizatars
KO, € ey c' t' 't‘
s = - 1etinal
o™ nina i ——— = :
Lig epoksidsveki
Komercidlu epoksidsveku (Araidite® LY 1564) uz
& bisfencla A bizes dapja azvelofana ar

apoksidsveriem uz kgnina bizes

6. attels. Shema, kas attélo izstradatas pieejas ligninu modifikacijai un izmantos$anai ka
makromonomérus poliméru kompozicijas
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o Lignopoliolu ievadi$ana PU putu sastava ir aprakstita P-8.

o Ligninu ievadi$ana cietinatos epoksidsveku sastava ir aprakstita P-1.

o Turklat lignini tika mehanokimiski aktivizéti un ievaditi poliuretana putu sis-
téma ari ka pildviela. Tehnisko ligninu mehanokimiska aktivacija ir aprakstita
P-9. Ligninu ka pildvielu ievadisana PUR putu sistéma ir aprakstita P-5 un P-8.

2.3. Tehnisko ligninu un to modifikacijas produktu
komponentu analize, strukturala analize un fizikali
kimiska raksturo3ana

Izejmateriala lignini un to modifikacijas produkti tika izvértéti péc Klasona lignina
satura (TAPPI T222:2006 standarts), pelnu satura (LVS EN 14775:2016 standarts) un
C, H, N satura (LVS EN 15104:2011 standarts). Pétamiem paraugiem tika veikta funk-
cionala analize - tika noteikts metoksilgrupu (OCH3) saturs, fenola un alifatisko OH
grupu saturs, karboksilgrupu saturs (Zakis, 1994). Struktiras informacija tika iegata
un ligninu modifikacijas efektivitate tika novértéta, izmantojot FTIR spektroskopiju,
3P NMR spektroskopiju (Granata and Argyropoulos,1995), 'H-NMR spektroskopi-
ju (Glasser et al, 1984), analitisko pirolizi (Py-GC/MS), gel-filtracijas hromatografiju
(SEC). Stiklo$anas temperatiras (Tg) tika noteiktas ar diferencialas skenéjosas kalori-
metrijas (DSC) palidzibu (DIN standard 53765:1994). TGA analize tika veikta slapekla
un gaisa atmosféra, tika izmantots pirmais termogravimetriskas liknes atvasinajums
(diferenciala termogravimetrija, DTG). Izstradata metodologija tehnisko ligninu rak-
sturosanai ir aprakstita P-4 un P-7.

Ar secigu ekstrakciju iegtitu lignina frakciju ka PU tiklu makromonomeéru pétijumi,
ieskaitot to reakcijas ar 4,4"-metiléndifenildiizocianatu kinétiku, ir aprakstiti P-2 un P-6.

Oksipropilésanas procesa izpéte un iegito lignopoliolu specifiskais raksturojums ir
aprakstits P-3.

2.4. legiito poliméru kompoziciju raksturojums

Tegutas lignopoliuretanu (LPU) pléves bija gludas un caurspidigas (7. att.). LPU
plévju stiepes testi tika veikti saskana ar ASTMD 882-10:2010 standartiem, izmantojot
Zwick/Roell Z100 testéSanas masinu.

Poliuretana putas (8. attéls) tika iegatas ar brivas puto$anas metodi un testétas.

Putu saspie$anas izturibas, blivuma, slégto $tnu satura, izméru stabilitates un
udens absorbcijas mérjjumi tika veikti atbilstosdi attiecigi DIN EN 826:1996, ISO
4590:2016, DIN 53420:1978, ISO 2796:1986 un DIN 53428:2017. Stinu struktiras iz-
pétei tika izmantots skenéjosais elektronu mikroskops SEM TESCAN TS 5136 MM.
Siltumvaditspéja diapazona no 10 lidz 30 °C tika mérita ar Linseis HFM 200 (siltuma
plasmas méritaju) saskana ar ISO 8301:1991.

Stiepes testi sakotnéjiem komercialajiem epoksidsvekiem, kas izstradati uz glicidi-
léta bisfenola A (BPA) bazes Araldite LY 1564, un no tiem iegatajiem epoksidsvekiem
ir veikti saskana ar ASTM D638:2014 standartu, izmantojot Zwick/Roell 2.5 testésa-
nas masinu.
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7. attels. Lignopoliuretanu pléve, kas satur 20% lignina metanola $kistosas frakcijas:
a) cietésana veidné; b) gatavais paraugs

8. attéls. Lignopoliuretanu putas, kas iegutas uz oksipropilétu
kvie$u salmu ligninu bazes

9. attéls. Cietinatie komercialie

epoksidsveki Araldite LY 1564:

sakotnéjais paraugs (1) un paraugs,

kura 10% glicidileta BPA aizvietoti
1 2 ar lignina epoksidu (2)

Lignina produktu ietekme uz materialu termisko noardi$anos tika pétita ar termis-
kas analizes (DTG un DTA) metodém oksidativas (gaisa) un inertas (N2) videés, ka ap-
rakstits P-2.
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3. REZULTATI UN DISKUSIJA

3.1. Lignina 1pasSibu pielagoSana, tos frakcionéjot
ar organiskajiem Skidinatajiem

Galvenie rezultati, kas attiecas uz Organosolv lignina frakcioné$anu, ir paraditi
P-2. Kvie$u salmu Organosolv ligninam (OSL) piemit vaja $kidiba $kidinatajos vai poio-
los, kurus izmanto PU tikla veido$anai. OSL lignina seciga frakcioné$ana ar dihlorme-
tanu, metanolu un abu $kidinataju maisijumu ir perspektivs modifikacijas panémiens
OSL ka makromonomeéra izmanto$anai PU sastava. legitajam frakcijam ir mazaka
molekulmasa un mazaka polidispersitate salidzinajuma ar izejmateriala ligninu (1. ta-
bula), ka ari pilniga $kidiba cikliskajos éteros, ieskaitot tetrahidrofuranu un dioksanu,
un augstaka molekularo kézu mobilitate, par ko liecina stikloSanas temperataras (Tg)
veértibas (izejas lignina Tg ir 177 °C, bet lignina dihlormetana $kistosas frakcijas Tg ir
14 °C) (1. tabula). Tas uzlabo lignina OH grupu pieejamibu uretana veido$anas reakci-
ja. Izocianatu un hidroksilus saturosu savienojumu mijiedarbiba ir nukleofila pievieno-
$anas reakcija.

Sakara ar to, ka fenoli ir daudz skabaki savienojumi neka alifatiskie spirti, tie ar
izocianatiem reagé daudz lénak [Saunders et al. 1962]. Relativais fenola OH reakci-
jas atrums ir aptuveni 300 reizu mazaks neka sekundaro OH grupu reakcijas atrums
(Ionescu, 2005). Ari karbonskabju reaktivitate ar izocianatu ir daudz zemaka neka spir-
tiem (Ionescu, 2005). Tapéc kopéjais OH grupu saturs un to sadalijums starp alifatiska-
jam un skabajam grupam (fenola un karboksilgrupam) ir nozimigi parametri, kas rak-
sturo lignina frakcijas ka makromonomeérus LPU sintézei (Kelley et al. 1989). Zemakais
kopéjais OH grupu saturs, 4,30 mmol-g~, ir dihlormetana $kistosaja frakcija (DCM-F).
Izejmateriala lignina, metanola skistosaja frakcija (MET-F) un abu $kidinataju maisiju-
ma $kistosaja frakcija (MET/DCM-F) to saturs attiecigi ir 5,94, 7,71 un 6,83 mmol-g™'.
Ar organiskajiem $kidinatajiem iegutajas lignina frakcijas relativa alifatis-
ko OH grupu dala, kas visvairak reagé ar izocianatu, palielinas $ada vielu seciba:
DCM < MET < MET/DCM (1. tabula). Attieciba starp fenola un benzola atvasinaju-
mu summaro saturu pret gvajakola un siringola atvasinajumu summaro saturu lignina
frakciju pirolizes produktos norada, ka lignina kondensacijas pakape palielinas jau mi-
nétas rindas seciba.

Palielinoties iegito frakciju lignina sastavdalu molekularajam svaram un kondens-
acijas pakapei, to Tg palielinas no 14 °C DCM-F lidz 160 °C MET/DCM-F (1. tabula).

Poliolu vidéjo OH funkcionalitati definé ki OH grupu skaitu viena molekula
(Ionescu, 2005). Sis vértibas ir 1,4, 4,2 un 7,5 attiecigi DCM-F, MET-F un MET/DCM-F
frakcijam. Tadeé] var sagaidit at$kirigu skérssaistiSanas efektu, ja PU matrica ieklauj vie-
nadu daudzumu dazadu lignina frakciju ar vienadu NCO/OH attiecibu.

Sie rezultati parada, ka uretana veido$anas process, kura lignins tiek izmantots
ka hidroksilgrupas saturo$s komponents, norisinas saskana ar spirtu un izociana-
tu katalitiskas mijiedarbibas pamatnostadném. Pétamo lignina frakciju reagétspéja
ar MDI dioksana skiduma palielinas $ada seciba: DCM-F <MET/DCM-F <MET-F
(1. tabula).
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1. tabula

Organosolv lignina un ta frakciju molekulmasas, funkcionalo grupu saturs, Tg un to
reagétspéja ar 4,4'-metiléndifenildiizocianatu (MDI) dioksana $kiduma

Lignins un ta frakcijas

Raditajs

Lignins DCM-F MET-F MET/DCM-F
Iznakums (%)* - 7,440, 14,540,7 18,240,9
Mw (g-mol™) 11100 1970 2200 5300
Mn (g:mol™!) 1050 334 540 1100
Mw-Mn'! 10,6 59 4,1 48
OCH, grupu saturs 3,1240,03 2,96+0,03 3,55+0,06 3,67+0,03
(mmol g)
Acetiléto OH grupu 4,53+0,15 3,24+0,06 5,30+0,10 5,00+0,10
saturs (mmol g')
Alifatisko OH grupu 3,76+0,28 1,65+0,19 4,540,3 4,35+0,23
saturs (mmol g')
Fenola OH grupu 1,47+0,08 2,1240,10 2,06+0,10 1,600,08
saturs (mmol g')
COOH grupu saturs 0,71+0,05 0,53+0,03 1,18+0,10 0,88+0,05
(mmol g')
Kopejais OH grupu 5,9440,25 4,30£0,12 7,740,3 6,83+0,20
saturs (mmol g')
OH,n/OH o 0,63 0,38 0,58 0,64
Vidéja OH
funkcionalitate 6.2 1.4 4.2 73
Tg (°C) 177 14 121 160
Kondensacijas pakape

+ + + +

(BrPhY(GrS) 0,15+0,02 0,100£0,001 0,16+0,01 0,240,02
kx10* (L-mol ! -s1)** - 2,30+0,15 4,740,4 3,9+0,4

*  no krasni Zavéta sausa izejmateriala lignina masas bez pelniem

** otras kartas konstante reakcijai ar MDI dioksana $kiduma

MET-F frakcijas augstako reagétspéju var izskaidrot ar augstaku alifatisko OH gru-
pu saturu taja un to telpisko pieejamibu ne parak augstas lignina kondensacijas paka-
pes dél (1. tabula).

3.2. Lignina frakciju ka makromonomeéru ietekme uz
poliuretana elastoméru ipasSibam

Rezultati par kviesu salmu Organosolv lignina frakciju ietekmi uz PU elastoméru
ipasibam ir atspoguloti P-2 un P-6.

Tegutas lignina frakcijas, kas aktivi reagé ar izocianatu, ieklaujoties tris komponentu
poliuratana sistéma ($ie komponenti ir lignins (5-40 %), PEG (MW = 400 g-mol) un
PMDI), darbojas ka skérssaistianas agenti (10. attéls).
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10. attéls. Lignopoliuretana struktira ar mikstiem PEG segmentiem (Hu, 2002)

Lignina ievadi$ana PU plévju sastava paaugstina to:

o stiklo$anas temperataru;
o stiepes izturibu;

o Junga moduli.

Pateicoties lignina antioksidativai aktivitatei, lignopoliuretanos (LPU) ar mazu lig-
nina saturu (5%) tika novérota termooksidésanas stabilitates palielinaganas (2. tabula).
Ja PU sintézei izmantoja sastavu ar lignina frakciju saturu 30%, lignopoliuretanos tika
noveérta skérssaistiSanas un tajos palielinajas termostabilu aromatisko komponentu sa-
turs, un ta rezultata savukart talak palielinajas termooksidésanas stabilitate un augsta
temperatira veidoto oglu daudzums.

2. tabula

OSL frakciju ietekme uz PU plévju termooksidésanas destrukcijas raditajiem

Frakcija  Saturs Titart T, . (°C)  Maksimalais Maksimala Ogles
LPU (%) (°C) (5% (50% degradacijas  degradacijas 500 °C (%)
masas masas atrums atruma tem-
zudums) zudums) (mg-min™) peratira (°C)
PU bez 0 274 365 0,94 307 27,0
lignina
5 281 367 0,56 331 33,7
DCM-F
30 238 427 0,21 325 42,2
5 279 403 0,44 331 32,4
MET-F
30 205 442 0,30 360 44,5
DCM/ 5 286 402 0,27 331 35,7
MET-F 30 225 499 0,18 324 50,0

Vél viena prieksrociba lignina izmanto$anai PU razo$ana ir frakcionéto tehnisko
ligninu augsta antioksidativa aktivitate, jo ats$kiriba no komercialajiem fenola antioksi-
dantiem, kas ievérojami kavé kompozitmaterialu biologisko noardisanos, no ligniniem
iegutie antioksidanti ir ne tikai biologiski noardami, bet tie var ari katalizét ta materiala
biologisko sadali$anos, kura tiek ievaditi (Domenek et al., 2013).
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3.3. Organiskajos Skidinatajos Skistosa (Organosolv) lignina
oksialkilesanas procesa izpéte un iegiuto lignopoliolu
raksturosana

Rezultati, kas attiecas uz Organosolv lignina oksialkilésanu, ir paraditi P-3. Nefrak-
cionéta OSL modifikacija ar propiléna oksidu, kas veikta, izmantojot anjonu polimer-
izacijas mehanismu, ir perspektiva pieeja cieto ligninu saskidrinasanai un skabo lig-
nina grupu parveido$anai alifatiskas OH grupas, kas aktivi reagé uretana veido$anas
reakcijas.

Kopolimérs CH,
OH (0]
| (I;H:x | CIIH3
gnin—oH +mH,C—CH _KoH o-+c—c—o—k-|-|
| o | H, H
OH ?
CH, CH, CH,
i —on Ko —C—
HG—CH, HOH+kHZC\O/CH Ho—(—ﬁzﬁ o—J-H

o K21

Homopolimérs

m=n+3

11. attéls. Galveno produktu veido$anas shéma lignina oksipropilésanas procesa

Oksialkilésanas rezultata zad lignina hidroksilgrupu struktiru ierobezojumi un
tiek parvareti telpiskie traucéjumi.

Lignina un propiléna oksida (PO) kopolimerizé$anas procesu pavada oksipropiléna
homopolimerizacija un propilénglikolu veido$anas (11. att.). 'H NMR spektroskopija
iegatie dati apstiprina lignina kopolimerizaciju ar PO (12. att.). Alifatisko protonu sig-
nalu (CH, CH,, CH;) intensitate palielinas, savukart metoksilgrupu intensitate samazi-
nas, at§kaidoties aromatiskajai sastavdalai PO pievieno$anas dé]. Aromatisko acetoksi-
grupu signals paztd un alifatisko acetoksigrupu signals pastiprinas (12. att.).
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12. attéls. Salmu lignina (a) un ta oksipropiléta atvasinajuma
1H KMR spektri (L/(L + PO) = 30%) (b)
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FTIR spektri apstiprina lignina kimisko modifikaciju - OH grupu mijiedarbibu ar
PO, jo CH, CH,, CHj, grupu absorbcija pie 2975, 1465 cm™ un étera saiu absorbcija
pie 1125 cm™! palielinajas, bet nekonjugéto karbonilgrupu absorbcija pie 1720 cm™ sa-
mazinajas (13. attéls).
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13. attéls. OSL un ta oksipropiléta atvasinajuma normalizétie (1510 cm™)
FTIR spektri

OH grupas OSL-PO kopoliméros ir galvenokart sekundaras spirta grupas, ta ka, ap-
stradajot oksipropiléto lignina atvasinajumu ar HI un veicot iegitu produktu GC anali-
zi, hromatogrammas dominé izopropiljodida signals un paradas n-propiljodida pédas.

Kopoliméru molekulmasas sadalijjuma dati Jauj raksturot lignina makromoleku-
las transformaciju oksipropilésanas procesa un iegato lignopoliolu fizikali kimiskas
ipasibas. Kvie$u salmu lignina oksipropilésanas rezultata izveidojusies kopolimeéri ir
stipri viendabigaki molekulmasas sadalijjuma zina salidzinajuma ar sakotnéjo ligninu
(3. tabula). OSL oksipropilésana Java parvarét divus galvenos $i lignina ka atjaunojama
makromonomeéra trakumus (tie bija augsts molekularais neviendabigums un hidrok-
silfunkciju daudzveidiba), tadéjadi tika uzlabota poliuretana tiklu formésanas kontrole
PU putu razosana. Visu kopoliméru paraugu brivas fenola grupas atrodas galvenokart
kondensétas struktaras (OHcond) acimredzot to zemas telpiskas pieejamibas dé] ok-
sipropilésanas gaita. Ir novérots neliels brivo fenola hidroksilgrupu satura pieaugums
kopolimériem, kas ir iegiti ar lielaku (30-40%) sakuma OSL daudzumu reakcijas mai-
sijuma (3. tabula).

Telpiski traucétie fenoli ir visizplatitaka antioksidantu klase, un tie tiek izmantoti
nevélamo ar brivajiem radikaliem saistito procesu izbeiganai/ierobezosanai. Sos anti-
oksidantus plasi izmanto putu poliuretanu sastava, lai uzlabotu to izturibu pret oksida-
tivo noardisanos (Gray et al., 1996). Brivo fenola grupu klatbatne OSL-PO kopoliméros
0,10-0,17 mmol g™! daudzuma var nodrosinat to funkcionalo ieklau$anu antioksidantu

PUR putu sastavos. PUR putu sistémas lignins var bit gan aktivi reagéjoss aromatiskais
makromonomeérs, gan biobazéts tehniskais antioksidants. Nesen $aja virziena ir sakti
pétijumi, un ir ieguti pirmie pozitivie rezultati par OSL-PO kopoliméru antioksidativo
aktivitati PUR putas.
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Salmu lignina un ta oksipropiléto atvasindgjumu funkcionalo grupu saturs

un molekulmasas sadalijums

3. tabula

L/ R Molekulmasa
(L+PO) OH (mmol-g)* OH,_;; OH_,n4/ OCH; (g'mol™) MM
(%) /OH XOH,, (mmol-g’) W
»  OH, YOH,e, COOH XIOH M, M,
15 2,26 0,10 0,03 2,39 0,95 0,62 1,39+0,03 8200 30000 3,7
20 2,53 0,10 0,04 2,67 095 0,65 1,66£0,01 4900 16300 3,3
25 2,56 0,12 0,05 2,73 0,94 0,63 1,77+0,01 4100 16900 4,1
30 2,59 0,14 0,05 2,78 0,93 0,63 1,97£0,01 4200 21500 5,1
35 2,59 0,14 0,07 2,80 0,93 0,63 2,29+0,06 3600 19700 5,5
40 2,65 0,17 0,06 2,88 0,92 0,56 2,39+0,06 3800 25700 6,8
100 1,39 1,62 0,50 3,51 0,40 0,32 3,69+0,10 2200 54000 24,5

* NMR 3P dati

Aprakstosa statistiska analize paradija normalu izmérito parametru sadalijjumu at-
kartotiem eksperimentiem un augstu oksipropilésanas parametru un pétamo lignopo-
liuolu ipasibu atkartojamibu. Tas parada, ka OSL oksipropilésanas procesu potenciali
var veikt rapnieciska méroga (4. tabula).

4. tabula

Organosolv kvie$u salmu lignina oksipropilésanas parametru un iegato lignopoliolu

raksturlielumus aprakstosa statistika (n = 25)

. Lignopoliolu
Statistiskie OP parametri rakgstull"lielumi
parametri Tynset Toaks. P OHV Viskozitate Udens saturs
(°C) (°C) (bar) (mg KOH.g!) 20°C(Pa-s) K.E (%)**
Vidéjais 164 241 24,7 447,3 57,5 0,05
Mediana 164 241 24,6 450,1 56,2 0,50
Minimums 161 235 24,0 409,2 50,1 0,03
Maksimums 167 248 26,0 471,6 70,2 0,14
Standartklada 0,35 0,64 0,10 2,80 1,11 0,02
Standartnovirze 1,7 3,2 0,47 14,0 5,6 0,02
Koef. VA (%)* 1,0 1,3 1,9 3,1 9,7 40,0

*

*>%

variacijas koeficients
lignopoliolu mitrums noteikts, izmantojot Karla FiSera titréSanu ar kulonometrisko KF titratoru

275 KF

3.4. Lignopoliolu ka makromonomeéru un lignina ka pildvielas
ietekme uz cieto poliuretana putu ipasibam

Saja darba ir izpétita Organosolv lignina (OSL) izmanto$ana poliuretana (PUR) putu
razo$anai derigo lignopoliolu sintézé. Taja pasa laika nemodificéts lignins tika izmantots
ka pildviela cietajam PUR putam, kas ir iegttas no iepriek$éminétajiem lignopolioliem,
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palielinot atjaunojamo komponentu saturu poliméra materiala. Ir izpétitas ligninu sa-
turo$u putu termiskas, fizikali mehaniskas un morfologiskas ipasibas salidzinajuma ar
putam, kas iegiitas no komercialiem poliéteriem. Rezultati ir paraditi P-5 un P-8.

Ta ka lignopolioli satur ari kalija acetatu, kas darbojas ka izocianatu konversijas
katalizators, oksipropilésana ir labak piemérota poliuretanu putu razosanai, jo §1 pro-
Komercialais poliols poliéteris Lupranol 3300 tika pakapeniski (25%, 50%, 75%, 100%)
aizvietots ar lignopoliolu uz OSL bazes (L/(L+PO) = 30%; OHV = 450 mg KOH-g™!).
Sastavs, kas satur 30% OSL, ir optimals attieciba uz ta ipasibam un lignina valorizaciju.
Komerciala poliétera aizstagana ar lignopoliolu uzlaboja putu izméru stabilitati un hid-
rofobitati un neietekméja to saspie$anas izturibu. OSL ka pildvielas ievie$ana references
lignopoliolu nesaturo$a sastava pasliktina putu ipasibas. Materiala labakas ipasibas tika
sasniegtas, kad OSL ievadija putu sastava vienlaikus gan ka poliolu, gan ka pildvielu.

Uz lignopoliola bazes veidotu PUR putu (bez Lupranola) stiklosanas temperatira ir
starp vértibam, kas raksturigas putam uz tris- un se$-funkcionalo komercialo poliolu
bazes (14. att.).

® Lupranol 3300 == Lignopoliols == Lupranol 3422
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14. attéls. Komercialo poliéteru un lignopoliola poliuretana putu DSC liknes

References PUR putu un putu ar 6-25% lignopoliola Tg vértibas atradas tempera-
tara no 110 lidz 119 °C. Tapéc lignopoliols var veiksmigi aizvietot trisfunkcionalo ko-
mercialo uz glicerina bazes veidoto poliolu PUR putu sistéma, nesamazinot materiala
siltumnoturibu.

Ir paradits, ka oksipropilétais lignins darbojas ka virsmaktiva viela PUR putu kom-
pozicijas, uzlabojot PUR $anu struktaras vienmeérigumu un samazinot $tnu izmeérus
(15. att.).

A

PUR putas bez Iign!a

I." Lignins ka pildviela PUR putas uz
® V== (saturs — 6,7%) P liznopoliola biizes
SR (lignina saturs — 7,5%)

15. attéls. Lignina ietekme uz PUR putu $inu morfologiju
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Lignina pildvielai un lignopoliolam nav negativas ietekmes uz slégto $tnu saturu
PUR putas (16. att.).

MLignTna pildviela [ Lignopoliols M Lignopoliols + pildviela
100

s m

= ™ (]

3 90 ‘—-—' g -

£ 80

b

2 70
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16. attéls. Lignina ietekme uz PUR putu slégto $inu saturu

Ir novérots lignopoliolu saturo$u PUR putu maksimala termiskas noardisanas at-
ruma ievérojams samazinajums no 1,20 mg/min lignopoliolu nesaturosam PUR putam
lidz 0,54-0,93 mg/min PUR putam ar dazadu lignopoliola saturu. Nemodificéta lig-
nina pildvielai ir mazak izteikta pozitiva ietekme uz materiala termiskas degradacijas
atrumu, jo PUR putam ar lignina piedevu tas ir 0,60-1,16 mg/min atkariba no lignina
satura. Saskana ar kalorimetra testu, ievadot ligninu ka lignopoliolu un pildvielu PUR
putu sastava, ievérojami uzlabojas materiala ugunsizturibas raditaji (17. att.). To var
izskaidrot ar dazu faktoru kombinaciju, ieskaitot lignina brivo radikalu dezaktivésanas
un oglu veido$anas veicina$anu.

B Putas bez lignina M Lignina pildviela ™ Lignopoliols M Putas bez lignina  MLignina pildviela M Lignopoliols
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17. attéls. Lignopoliola un lignina pildvielas ietekme uz PUR putu degSanas parametriem

Uz lignopoliola bazes veidoto PUR putu izméritas ipasibas atbilst ES standarta pra-
sibam attieciba uz siltumizolacijas materialu. Balstoties uz iepriek$minétajiem rezul-
tatiem, ir izstradata siltumizolacijas materialu razoSanas metode uz PUR putu bazes,
izmantojot izocianata komponentu un poliola komponentu, kas sastav no oksipropiléta
lignina un nemodificéta lignina. Si metode ir patentéta Eiropas Savieniba un aprak-
stita P-11.
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3.6. Lignina epoksidu ietekme uz komercialo, uz bisfenola A
bazes izstradato epoksidsveku pasibam

Rezultati par LignoBoost kraftlignina izmanto$anu epoksida svekos ir paraditi P-1.

Kraftlignina (KL) acetona $Kkisto$as frakcijas un ta glicidiléta atvasinajuma FTIR
spektri (18. att.) apstiprina veiksmigu lignina glicidilésanu, jo kopoliméru spektros pa-
radijas jaunas oksirana gredzena absorbcijas joslas (3060, 750, 850, 910 cm™). Turklat
péc lignina glicidilésanas alifatiskas grupas absorbcija (2975-2900 cm™) un éteru saites
absorbcija (1030 cm™) paaugstinas, bet OH grupu absorbcija (3480 cm™) un karbo-
nilgrupu absorbcija (1710 cm™) samazinas salidzinajuma ar nemodificéta KL acetona
$kistoSo frakciju. Absorbcijas joslas pie 1370 cm™ pazu$ana liecina par veiksmigu fe-
nola OH grupas glicidilé$anu. Tai pasa laika butiska absorbcijas intensitate aptuveni
pie 3500 cm™! apstiprina novérojumus, ka dala nefenola OH grupu netiek glicidiléta
jau minéto iemeslu dé]. KOH/TBAB katalitiskas sistémas izmantosana veicinaja lignina
modelvielas gan fenola, gan alifatisko OH grupu glicidilésanu. Siem katalizatoriem ir
potencials pilnigaka lignina glicidilésana.

2500

Vilna skaitlis (cm™)

18. attéls. Nemodificeta KL (a) un ta glicidiléta atvasinajuma
(b) normalizeti (1515 cm™) FTIR spektri

Komercialo epoksidsveku Araldite LY 1524 aizvieto$ana ar lignina epoksidu
(EEW =368 g-eq!), kas ir ieguts, glicidilétu KL ligninu ekstrahéjot ar acetonu (GLAF),
palielina Junga moduli ar aminu cietinatiem kompozitiem stiepes laika, nesamazinot to
izturibu. Lignina epoksidu ievadiSana stipri palielina komercialo epoksidsveku viskozi-
tati (5. tabula).
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5. tabula

Necietinatu epoksidsveku viskozitate un cietinato komercialo epoksidsveku
stiepes ipasibas atkariba no Araldite*LY1564 aizvietosanas pakapes ar GLAF

Aizvieto$anas Viskozitate Parravuma Junga modulis Parravuma
pakape (%) (mPa-s) 25 °C izturiba (MPa) (GPa) deformacija (%)
Reference 1230 63,1+2,7 2,91+0,16 4,9+0,3
2 1420 61,3%1,8 3,13£0,19 4,8+0,9
5 2052 67,1+2,2 3,09+0,21 5,5+0,7
10 3580 66,2+1,3 3,36+0,22 4,9+0,5

Viskozitates palielinaganas padara lignina epoksidu par nederigu tehnologijam, ku-
ras materialam nepiecie$ama zema viskozitate. Tadé] ligninu saturosus epoksidus varé-
tu izmantot limju, mastikas vai plaisu pildvielu veida.

Termiska noturiba ir viena no sacietéjuso epoksidsveku priek$rocibam. Cietinatiem
epoksidiem, kas satur ligninu, ir augstaks oglu iznakums un zemaks degradacijas at-
rums augsta temperatiras iedarbiba, un tas liecina par lignina epoksidu potencialu lies-
mas izturigu materialu razo$ana (6. tabula).

6. tabula
Dalgjas Araldite LY1564 aizvietosanas ar lignina epoksidu ietekme
uz cietinatu sveku termodegradacijas raditajiem
A}‘;‘l’(‘;;‘;s;;;‘s To, °C)  dm/dt(mgmin?) T (°C) Ogles ‘:g‘:f;:;“s
References paraugs 338 1,6 336 10,5
2 325 1,4 368 13,7
5 320 1,4 363 17,6
10 303 1,2 365 22,6

Tsy, — temperatiira, kura tika sasniegts 5% svara zudums
dm/dt - maksimalais degradacijas atrums
Toax — temperatira, kura tika sasniegts maksimalais degradacijas atrums

max
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SECINAJUMI

Ir izstradata koncepcija lignina ka makromonomeéra izmanto$anai dazadas poliure-
tanu un epoksida sistémas. Ta ietver dazadus risindgjumus lignina modifikacijai un
ieklauganai polimeéra sastava, kuri paredz ieklaut lidz 40% biobazétu sastavdalu, kas
vienlaikus Jauj uzlabot materialu mehanisko un termisko stabilitati.

Frakcioné$ana ar organiskajiem $kidinatajiem ir perspektivs risinajums, kas Jauj ie-
gut poliuretanu elastomeériem derigus lignina izcelsmes makromonomeérus. leguitas
lignina frakcijas $kist $kidinatajos, kurus izmanto PU tikla veidog$anai, tas ir vien-
dabigakas salidzinajuma ar izejmateriala ligninu un reagé ar izocianatu. To ievadi-
$ana PU sistéma palielina PU plévju stiklo§anas temperatiru, stiepes izturibu un
Junga moduli.

Oksipropilésana novér§ lignina hidroksilgrupu struktiiras ierobeZojumus un
telpiskos traucéjumus, stipri samazinot lignina molekulmasas polidispersitati.
Oksialkilésana ir efektiva metode ligninu ka skidro lignopoliolu ievadiSanai cieto
poliuretanu putu sastava, kuras var parstradat forméjot un izsmidzinot.
Lignopoliola un cieta lignina vienlaiciga ievadiSana cieto poliuretana putu sastava
lauj ievérojami palielinat materiala izméru stabilitati un samazinat adens absorbci-
jas raditajus salidzinajuma ar references sastavu un ar poliuretana putu sastaviem,
kuras lignopoliols un cietais lignins tika ievaditi atseviski.

Acetona skistosas kraftlignina un epihlorhidrina reakcijas produktu frakcijas ir uz
lignina bazes sintezéti makromonoméri ar $auru molekulmasas sadalijumu un vi-
déju epoksida funkcionalitati 3,1-4,5, tadéjadi ir iespéjams palielinat komerciala bi-
funkcionala uz bisfenola A bazes sintezéta Araldite LY 1564 diglicidilétera epoksida
funkcionalitati.

Fosilo resursu izcelsmes komercialo epoksidsveku Araldite LY 1564 daléja aizvie-
tosana ar glicidiléta lignina frakciju divu komponentu ar aminu cietinato epoksidu
sastava palielina cietinato epoksidu stiepes moduli un termisko stabilitati, jo lignina
makromonomeériem raksturiga augsta funkcionalitate un tie palielina termostabilu
aromatisko komponentu saturu cietinatos epoksidos.
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ANNOTATION

Development of approaches for application of biorefinery lignins as a renewable
raw material for the production of polymers compositions suitable for industrial use.
Arshanitsa, A., supervisor: Dr. habil. chem., Prof. Telysheva, G. Summary of a series of
articles, 33 pages, 18 figures, 6 tables, 60 literature references. In English.

BIOREFINERY, LIGNIN, BIOPLASTICS, FRACTIONATION BY ORGANIC
SOLVENTS, OXYALKYLATION, GLYCIDYLATION, MACROMONOMER,
ACTIVE FILLER, POLYURETHANES, EPOXIDES

The aim of the work is the formation of a theoretical base and the development of
a technological concept for application of technical lignins formed in biorefineries as
components of bio-based materials. The main objectives include the implementation of
lignins’ mechano-chemical activation, chemical modification by fractionation with or-
ganic solvents, modification with oxirane ring bearing monomeric compounds and use
of the products as hydroxyl- and epoxy-containing macromonomers or active fillers in
polymeric materials.

Using the developed methodology, the novel organosolv lignin (OSL) produced
by the wheat straw biorefinery elaborated by Compagnie Industrielle de la Matierre
Vegetale (CIMV) (France) was modified and introduced into polyurethane materials.
The first lignin’s modification approach is suitable for obtaining a macromonomer for
polyurethane elastomers and includes the fractionation of lignin by sequential extrac-
tion with organic solvents. Polyurethane (PU) films were synthesized by casting the
three component systems: lignin fraction - polyethylene glycol (PEG) - polymeric
4,4’-diphenyl methane diisocyanate (PMDI). Depending on the lignin fraction type
and its content in the composition, the tensile properties of PU elastomers in a high
elastic state at room temperature or rigid and glassy crosslinked PU with the glass
transition temperature above 100 °C were obtained. The lignin fractions act as anti-
oxidants and charcoal formation promoters in the case of the 200-600 °C temperature
treatment of PU in air. Another approach of lignin modification suitable for obtaining
rigid polyurethane foams includes its conversion into liquid lignopolyols via a batch
reaction with propylene oxide (PO). The effects of the lignin (L) content in the initial
reaction mixture on the oxypropylation process and the properties of lignopolyols and
L/PO copolymers were studied. At a lignin content of 15-30%, the lignopolyols fulfil
the requirements of polyolpolyethers for rigid PU foam production. It was shown that
the substitution of commercial polyether polyol based on glycerine by lignopolyol en-
hances the PU foam cell structure uniformity, dimensional stability, and decreases the
water absorbtion capacity, improving its physico-mechanical properties. Lignin was in-
troduced into the PU foam system also as a filler after its mechano-chemical activation,
and the influence of the lignin introduction method on the properties of the obtaind
materials was studied. It was shown that the incorporation of lignin into polyurethane
foam leads to the decreasing of the maximum values of thermodegradation rates.

The approach for introduction of lignin into epoxy resins was tested using
LignoBoost™ softwood kraft lignin, isolated in the framework of the biorefinery ap-
proach realized on a commercial scale. Lignin-based epoxy resins were obtained by
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acetone extraction of glycidylated lignin or glycidylation of the acetone-soluble lignin
fraction. The effect of glycidylation regimes on the yields of acetone-soluble fractions,
their functional composition and physico-chemical characteristics was investigated.
Partial substitution of commercial fossil derived resin with the glycidylated lignin frac-
tion positively influences the properties of cured epoxides.
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INTRODUCTION

The availability of fossil raw materials (oil, gas, coal) for the needs of the chemi-
cal industry, as well as the ease of their standardization, and many years of processing
experience, including the effective control of technological processes and developed
logistics, are the constraining factors of the use of biomass as a raw material for the
chemical industry. However, the reduction in the world’s reserves of non-renewable
fossil resources, as well as the aggravated environmental problems arising from the use
of fossil resources-based products, predetermine the need for an active development
of research on biomass as a renewable raw material (Hu et al., 2002, Lampinen et al.,
2011). For today, the aim is to replace at least 30% of the existing petroleum-based
products with a better, more sustainable economically viable version by 2030, leading
to a reduction in GHG emissions by 50%. Expanding the resource base through the use
of renewable raw materials and increasing the share of the “green” component along
with the possibility of improving the biodegrability of the material are defining direc-
tions of the modern development of polymer chemistry and technology.

Delignification and hydrolysis of ligno-carbohydrates biomass are still the most
large-scale technologies for the chemical processing of plant biomass, aimed at using its
carbohydrate component for the production of cellulose, paper and bioethanol. At the
same time, lignin, which is the most widely spread renewable biopolymer of aromatic
nature, is underutilized. The yield of technical lignin in the above processes, depend-
ing on the type of the raw material and the selected technology, is 30-50% of the dry
mass of the raw material. The world industry generates about 55 million tons of lignin
each year (Calvo-Flores et al., 2010). Currently, about 98% of the extracted lignin is
burned to generate energy for the main technological process (Lampinen et al., 2011).
According to the EU Technological platform, the basic requirement for the creation
of modern highly efficient production facilities is waste-free technological processes,
which are implemented according to the “biorefinery” scheme, when each waste is used
as a raw material for obtaining a new target product (Bozell et al., 2007). Thought-out
utilization of the world’s most abundant resource of bio-aromatics could substantially
augment the profitability of future lignocellulosic biorefineries. In this regard, new bi-
orefinery schemes are being developed, wherein the valorization of lignin is regarded as
one of the primary targets (Renders et al., 2017).

The most promising potential applications of lignins from various sources include
the production of chemicals such as phenol(ics) and BTX (benzene, toluene and xy-
lene) (Zakzeski et al., 2010), as well as the use of lignin for the production of polymer
composite materials, both as a filler and as a macromonomer block, which is purpose-
fully incorporated into the structure of the copolymer via covalent bonds. The use of
lignin in various material applications such as phenolic resins (Da Silva et al., 2013),
polyurethanes (Lora and Glasser, 2002, Pan and Saddler, 2013), epoxy resins (Lora and
Glasser, 2002, Stewart, 2008), and carbon fibers (Hu, 2002, Pan, 2013) has been studied.
Along with lowering the cost of the composition, the introduction of lignin increases
the modulus of elasticity of the material, as well as its thermal, light and frost resist-
ance. The use of lignin as an antioxidant for composite materials has been reported
(Pan et al., 2006, El Hage et al., 2020).
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The development of new biomass processing technologies produces technical lign-
ins with improved properties and opens new opportunities for their application as
components of bio-based materials (Renckens, 2017). The main traditional deligni-
fication process in the pulp and paper industry, aimed at the dissolution of lignin as
a waste compound, is the kraft process, where alkali and sodium sulfide are used as
reagents and wood as a feedstock. The developed organosolv delignification CIMV is
a biorefinery concept, which can separate and promote the main components: lignin,
pulp, and pentoses sugars syrop. The three components’ mixture including acetic, for-
mic acids and water is the reagent and wheat straw is a feedstock. Due to the principal
difference of the delignification technologies using organic solvents and the lability
of the native lignins’ structure, the previously obtained knowledge concerning tech-
nical lignins’ valorization cannot be transferred to the novel ones. The CIMV lignin
application in PU compositions would promote the commercial implementation of
the biorefinery technology. Now the only process of lignin isolation in the framework
of the biorefinery approach realized on a commercial scale is the LignoBoost con-
cept developed by Innventia AB and Chalmers University of Technology (Sweden)
(Tomani, 2010). LignoBoost lignin is the product of the novel modified kraft process.
The properties and application possibilities of this technical lignin are under active
studies worldwide.

The aim of this work is the formation of a theoretical base and the development of
a technological concept for application of technical lignins formed in biorefineries as
components of bio-based materials. The main objectives of the work include: devel-
opment and implementation of lignins’ mechano-chemical activation, chemical modi-
fication by fractionation with organic solvents, modification with oxirane ring bearing
monomeric compounds and use of the products as hydroxyl- and epoxy-containing
macromonomers or active fillers in polymeric materials (Fig. 1).

Ho OCH;4
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. . . . O OH
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Figure 1. Schematic representation of the main objectives of the work
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The following tasks have been set to achieve the goal
of the Doctoral thesis

Characterization and comparative analysis of the component and functional com-
position, and physico-chemical parameters of the structure of technical lignins.
Assessment of the effect of fractionation with solvents of different polarity on the
molecular and functional heterogeneity of organosolv lignin in terms of its activity
as polyurethanes macromonomer.

Incorporation of organosolv lignin fractions as hydroxyl-containing macro-
monomers in polyurethane elastomers and studies of the structure, mechanical and
thermal properties of the obtained materials.

Study of the organosolv lignin’s reaction with propylene oxide in different condi-
tions, characterization of the chemical and physico-chemical properties of the ob-
tained lignopolyos.

Application of the lignopolyols as hydroxyl-containing macromonomers in rigid
polyurethane foams and studies of the physical, mechanical and thermal properties
of the obtained materials.

Mechano-chemical activation of lignins, their incorporation as active fillers in the
composition of rigid polyurethane foams and studies of the properties of the ob-
tained materials.

Investigation of non-fractionated and fractionated lignins’ reaction with epichlo-
rhydrin in different conditions, application of the obtained products as epoxy con-
taining macromonomers and their influence on the tensile and thermal properties
of commercial amine cured epoxide resin.

Scientific novelty and significance of the results

The obtained organosolv lignin’s fractions are suitable for application as hydrox-
yl-containing macromonomers in polyurethane elastomers and are simultaneously
capable to regulate the crosslinking of the polyurethane network and to act as tech-
nical antioxidants.

The optimal conditions of the organosolv lignin’s oxypropylation process and opti-
mal ratios of the raw materials were determined.

The obtained lignopolyols consist of two main constituents: the product of the in-
teraction of organosolv lignin with propylene oxide and derivatives of propylene
glycol of different molecular weights and have significantly higher reactivity to-
wards MDI in dioxane in comparison with the commercial glycerol-based poly-
ether widely used in PUR foam recipes. The oxypropylation of organosolv lignin
decreases its polydispersity and increases segmental mobility.

The partial substitution of commercial polyether by lignopolyol improves the di-
mensional stability and hydrophobicity of PU foam, enhances its thermal stability,
lowers its flammability and does not affect its compressive characteristics.
Simultaneous incorporation of organosolv wheat straw lignin as lignopolyol and
filler allows to achieve a better compatibility of the solid lignin filler with the com-
ponents of the polyurethane foam recipe in comparison with the case of the lignop-
olyol free reference polyurethane foam system.



6. LignoBoost kraft lignin epoxies have narrow molecular mass distribution and
epoxy functionalities varying in the range of 3.1-4.5. Lignin, chemically incorporat-
ed into the matrix of cured commercial epoxy resin, increases their charcoal yield
and decreases the degradation rate at the high temperature impact in comparison
to the reference material, suggesting the lignin epoxies’ potential for fabrication of
flame-resistant epoxides.

Practical importance

1. The improved properties (thermal stability, dimensional stability, hydrophobicity,
tensile strength, Young’s modulus, lower flammability) of composite materials con-
taining modified lignins as macromonomers, in comparison to those of the com-
mercial materials used as a reference, opens new opportunities for designing bio-
based polymers.

2. 'The methodology for obtaining hydroxyl-containing macromonomers for polymers
synthesis on the basis of different technical lignins was developed and approbat-
ed in industrial conditions (experimental plant of the Research-and-Production
Association “Polymersintez” (Vladimir, Russia)).

3. The results of these studies allow to produce lignopolyurethane foams processed by
molding and spraying, with properties that correspond to those of foams used as
heat-insulating and lightweight construction materials.

4. The frame elements of upholstered furniture of complex configuration were pro-
duced (experimental lines) by molding of the lignopolyurethane foam system at the
Research-and-Production Association “Gauja” (Riga, Latvia).

5. Heat-insulating coatings and “sandwich”-type building panels with a layer of ligno-
sulphonate and organosolv wheat straw lignin-based polyurethane foam insulation
were produced in collaboration with the Latvian State Scientific Institute of Building
and Experimental Technologies (Riga, Latvia) and the Polymer Laboratory of the
Latvian State Institute of Wood Chemistry (Riga, Latvia).

The results make an important contribution to the implementation of
the following projects

1. Horizon 2020 Project US4 GREENCHEM “Combined ultrasonic and enzyme treat-
ment of lignocellulosic feedstock as substrate for sugar-based biotechnological ap-
plications” (2015-2019);

2. Contract No. 13-46 with MetGen Oy (Finland). Mission: “Characterization of
lignin fractions separated by MetGen processing, their oxypropylation and devel-
opment of rigid PU foams on the basis of lignopolyols obtained” (2018). Starting
lignin was separated by the METNIN™ valorization technology in the framework of
Bio-Based Industries Joint Undertaking under the European Horizon 2020 research
and innovation programme for the SWEETWOODS project under grant agree-
ment No. 792061. Contract leader from LS IWC - A. Arshanitsa;

3. National Research Programme ResProd project No. 3 “Research and sustainable use
of forest and subsoil resources — new products and technologies” (2014-2018);
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4.

Cooperation project “BIOCORE” (“Biocommodity refinery”) in the framework of
the ES 7th Framework Programme. Contract No. 241566 (2010-2014).

The results are presented in 9 publications in reviewed journals, in the book

“Cellulosics: Chemical, Biochemical and Material Aspects”, at 10 international scien-
tific conferences, and a European patent is developed on their basis.
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1. LITERATURE OVERVIEW

Bioplastics represent one of the fastest growing markets today. The average
growth rates over the past years have constantly been double-digit (Storz and Viorlop,
2013, Zhao et al., 2020). The European Bioplastic Association defines bioplastic ma-
terial as biobased, biodegradable, or both (European bioplastic, 2015). The term “bi-
obased” means that material is derived (fully or partially) from biomass. The renewable
carbon content of bioplastics ranges from 20% to 100% (Biron, 2020).

Polyurethanes (PU) are the most versatile type of polymers on the basis of which
all known types of materials used in all, without exception, industries are obtained. PU
foam is one of the most important thermal insulation materials used in the construction
industry and as the main insulation material used in the global appliences (refrigera-
tors, freezers, etc.) industry. Expanding the resource base through the use of renewable
raw materials, increasing the share of the “green” component, along with the possibil-
ity of improving the operational characteristics of the material, are one of the defining
directions of the modern development of chemistry and PU technology (Vahabi et al.,
2020). According to a recent report, the global PU market with a compound annual
growth rate of 6.0% is estimated to reach USD 88 billion by 2026 (Sonnenschein et al,
2014, Polyurethane (PU) market 2020, Grand view research 2020). From a chemistry
standpoint, PUs are identified as organic polymers with urethane links, which are the
result of a chemical reaction between isocyanates and polyols (Fig. 2).

Urethane group
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Figure 2. Reaction of polyurethanes formation (Li, H., Liang. Y. ef al., 2020)

About 30-40% of the PU composition by weight consists of polyol or polyol blends
(Grand view Research, 2020, Ionescu, 2005). The global polyol market size is expected
to reach USD 45.17 billion by 2025 at an 8.5% compound annual growth rate during
the forecast period (Research and markets, 2020). The content of OH-groups in lignin
(10-12% by weight) meets the requirements (11-15% by weight) (Ionescu, 2005) for
commercial polyols used for rigid PU production. The use of lignin can improve the
mechanical characteristics and thermal stability of PU, and increase biodegradability
(Hu et al., 2002). The properties of lignin-containing PU depend on the method of
lignin incorporation.

The possible synthetic routes for lignin incorporation into PU materials are the
following: as an additive filler in the form of powder, as a hydroxyl enriched reactive
filler in the form of powder, and as a hydroxyl functional monomer in a liquid form
obtained by chemical modification, for example, by alkoxylation of lignin (Fig. 3) (Hu
et al., 2002, Brodin et al., 2009).
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Figure 3. Polyurethanes formation from lignopolyols (Li, B., Zhou, M. et al., 2020)

The main difficulties in working out market-oriented lignin-containing polymer-
ic composite materials are as follows: heterogeneity of technical lignins, variation in
the functional groups’ content, their types and proportion in lignins, as well as the
difference in the molecular mass distribution (MMD) of the lignin fragments formed
during the biomass processing, the structure of lignin-forming phenyl propane units,
links between them, the solubility in organic solvents that varies in a wide range and
restricted accessibility of reactive sites towards isocyanate due to their steric hindrance
(Gosselink et al., 2010, Mahmood et al., 2016). Various pretreatments are used to de-
crease the above-mentioned disadvantages of lignin and to enhance the efficiency of
technical lignins’ application as a macromonomer capable of taking part in the forma-
tion of polymeric structures. Numerous methods are based on the depolymerization
of the lignin matrix via the cleavage of ether linkages into more uniform oligomer-
ic or reduced molecular weight products with enhanced accessibility of functional
groups in reactions with isocyanates (Mahmood et al., 2016, Wang et al., 2013). The
produced depolymerized lignins were successfully utilized as bio-polyols replacing up
to 50% of commercial polyols for the preparation of rigid PU foams (Mahmood et al.,
2016). Oxypropylation of technical lignins in the presence of alkali catalysts is recog-
nized as another approach to overcome the molecular and functional heterogeneity of
lignins, and to obtain lignopolyols for the formation of rigid PU foams (Cateto et al.,
2009, Ionescu, 2005) (1).
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In this case, the degradation of the lignin core is accompanied by the attachment of
oxypropyl units towards the OH groups of lignins, those converting the acidic groups
(phenolic, carboxylic) into aliphatic ones with higher reactivity towards isocyanate
(Gandini et al., 2002). Several aspects of the oxypropylation of commercial technical
lignins from softwood, hardwood, and grasses are described in the literature (Nadji
et al., 2005, Belgacem and Gandini, 2008, Cateto et al., 2009, Ahvazi et al., 2011, Li and
Ragauskas, 2012). Undoubtedly, the above-mentioned processes are challenging due to
the severity of reaction conditions (220-300 °C, and a pressure of 5-30 bar) (Mahmood
et al., 2016).
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The fractionation of technical lignins by organic solvents extraction at atmospheric
pressure and room or refluxing temperature could be a prospective opportunity, in-
creasing the efficiency of lignin application as a macromonomer for PU materials’ fab-
rication. Fractionation of different unmodified commercial kraft and organosolv (eth-
anol-water) lignins by diethyl ether, n-propanol, methanol and the dichloromethane/
methanol mixtures allows obtaining of lignin samples with a lower molecular weight
(MW), more uniform by MMD, completely soluble in organic solvents commonly used
in PU chemistry and suitable to fulfill successfully the role of macromonomers in PU
material synthesis (Gosselink et al., 2010, Li and McDonald, 2014, Yoshida et al., 1987).
Such an approach permits obtaining of PU elastomers with predictable thermal and
mechanical properties, which can be varied in a wide range depending on the lignin
fractions MW, their content in PU and the type of the used soft segment (Yoshida
et al., 1990, Reiman et al., 1991). PU composites that have a potential for application
in the field of high-performance coatings and adhesives are obtained also on the basis
of the methyltetrahydrofuran soluble fraction of kraft lignin Indulin AT and toluene
diisocyanate-trimethylolpropane adduct (Griffini et al., 2015).

Cured epoxy resins usually are thermosetting heat-stable polymers with high me-
chanical properties and chemical resistance (Abdurahman et al., 2020, He et al., 2014).
The coatings, adhesives and reinforced composites on the basis of epoxy resins are
widely used in many industrial applications, including electrical engineering, electron-
ics, automobile and aircraft industries, etc. (Wanga et al., 2016, Katunina et al., 2016).
Commercial epoxy resins are currently produced mainly (almost 90%) from petrole-
um-derived chemicals: bisphenol A (BPA) and epichlorhydrin (ECH) (Khalil et al.,
2011). Figure 4 shows the components of the commercial BPA-based amine cured
epoxy system. BPA is responsible for numerous favorable properties of the final ma-
terial, but unfortunately, it exhibits an estrogenic activity and, therefore, is referred
to as an environmental hormone that negatively influences the human health (Sasaki
et al., 2013). BPA and its derivatives possess high potential as an endocrine disruptor.
Exposure to BPA may induce harmful, reproductive, developmental and metabolic dis-
orders (Fischnaller et al., 2016).

Epoxy Resin Araldite LY 1564 (EEW=1709-eq'1)

0O (@]
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Figure 4. Components of the commercial amine cured epoxy system
Araldite LY 1564/ Aradur 3486 (HUNTSMAN)
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Recently, several researches have been reported on the synthesis of bio-based epoxy
resins from various renewable resources such as vanillin (Fache et al., 2014), gallic acid
and catechin (Aouf et al., 2013), isosorbide (Lukaszczyk et al., 2011), tannins (Benyahya
et al., 2014), vegetable oils (Shah and Ahmad, 2012) and lignins (Delmas et al., 2013).

The aromatic structure of lignins and the presence of a significant amount of OH
groups (phenolic, aliphatic and carboxylic) make technical lignins an attractive raw
material for BPA substitution, capable of modification via the reaction of OH groups
with epichlorohydrin. Two major processes take place during the lignin’s reaction with
epichlorohydrin in the presence of the alkaline catalyst (lignin’s glycidylation) (Nieh
and Glasser, 1989). One of them is the ionization of hydroxyl groups, leading to the
nucleophilic attack of the anion on the carbon of the oxirane ring, and its opening and
chloroglyceryl ether formation (Fig. 5). This is followed by dechlorohydrogenation and
oxirane ring formation (Fig. 5).
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Figure 5. Schematic view of OH phenolic glycidylation

The phenolic groups of lignin, in comparison with aliphatic and carboxylic OH
groups, are the most accessible ones for the glycidylation in these conditions, because a
more suitable balance between the acidity and nucleophilicity of phenolates is achieved
(Wu and Glasser, 1984).

Different approaches have been used for utilization of lignin for the synthesis of
epoxy resins, including the depolymerization and chemical modification of lignin.
The mechanical and thermal properties of cured epoxy resins on the basis of depolym-
erized kraft, hydrolysis and organosolv lignins were found to be inferior to those for
reference commercial epoxy resins (Wang et al., 2013). Another approach is demeth-
ylation of lignin and obtaining of lignin products with free phenolic groups in the
3 and 5 ring positions; these lignins could be used as a feedstock for lignin-based
hyperbranched epoxy production. However, at the moment, catalytic pathways do
not exist, and the widely used reagents (alkyl halides) are harmful and undesirable
for large scale production (Ferhan et al, 2013, Hu et al., 2014). Phenolation, as an-
other modification method for increasing the content of phenolic groups in lignin,
has a potential for making more favorable conditions for lignin reaction with ECH.
However, the release of formaldehyde to generate new reactive sites and cyclization via
etherification of phenol with lignin side chain carbons was also detected, that dimin-
ished the advantages of this approach (Podschun et al., 2015). Hofmann and Glasser
prepared epoxy resins from hydroxyalkyl lignin (alkali extracted lignin from steam
exploded yellow poplar) derivatives with varying degrees of alkoxylation. To obtain
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lignin derivatives, containing only high reactive aliphatic OH groups, the consequent
modification of lignin was performed before glycidylation. The prepared epoxy pre-
polymers were cured into stiff thermosets having a high glass transition temperature
(Hofmann and Glasser, 1993).

As lignin properties and its ability towards various chemical modifications de-
pend strongly on the biomass origin and the technology of lignin isolation (Gosselink
et al., 2010), it is nesesarry to conduct studies with each lignin type intended for val-
orization.
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2. MATERIALS AND METHODS

2.1. Lignins under study

The approach for introduction of lignin into polyurethane materials is exemplified
by organosolv lignin of wheat straw. It was extracted from straw using a mixture of ace-
tic acid/formic acid/water (30/55/15) at atmospheric pressure, time of reaction 3.5 h,
105 °C at the CIMV pilot plant (Pomacle, France) (Delmas et al., 2008). The lignin was
supplied with the water content of about 48% by CIMV (09. 2015). The material was
washed with deionized water up to pH 4.4 to remove the residual free acids, then air-
dried up to the moisture content of 5% and ground in a laboratory-scale disintegrator
DESI-11 at 10000 rpm. The introduction of lignin into epoxy resins is exemplified by
commercial LignoBoost™ softwood kraft lignin isolated from the original black liquor
using the novel LignoBoost process. It was kindly gifted by Innventia AB.

2.2. Lignin modification and incorporation in polymers
compositions

o The developed concept for application of lignins as macronomers of polymers com-
positions is represented by the scheme (Fig. 6).

o Lignins fractionation by organic solvents is described in P-6.

o The incorporation of lignins in the composition of PU elastomers is described in P-2.

o The details of lignins’ oxyalkylation are described in P-3 and P-10.

o The incorporation of lignopolyols in the composition of RPU foams is de-
scribed in P-8.

Lignin fractions Polyurel‘ha':e

elastome
Incorporation in PU elastomers on lno basis of PEG 400 and
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Two cycles with resuspens prepolymerized in extra dry THF. Each fignin fraction’s content vaned
in the range 5-40% at the equal NCO/OH ratio,

s, 2 attack

. q ngmn‘[ \~/Jﬂ\
CHy Rigid polvurethane

Lignopoly

foam:
‘ * U -Jal
A 5 =
I.'ﬂ C""'ml I$0~ydv:alg
t:nlalvﬂ
nin epoxle = Cured epoxy resins

FPartial substitution of commercial epoxy resin on

e basis of bisphenol A (Araidite® LY1564) by
Ignin-based epoxy resin

Figure 6. Scheme representing the developed approaches for lignins modification and use as
macromonomers in polymers compositions
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o The incorporation of lignins in the composition of cured epoxy resins is de-
scribed in P-1.

o Besides, lignins were mechano-chemically activated and introduced in the compo-
sition of polyurethane foams as a filler. The mechano-chemical activation of techni-
cal lignins is described in P-9. The introduction of lignins as fillers in the composi-
tion of RPU foams is described in P-5, P-8.

2.3. Component analysis, structural analysis and
physico-chemical characterization of technical lignins
and products of their modification

The parent lignin and products of its modification were characterized in terms
of Klason lignin content (TAPPI T222:2006 Standard), ash content (LVS EN
14775:2016 standard) and C,H,N content (LVS EN 15104:2011 standard, functional
analysis: methoxyl groups’ (OCHj;) content, phenolic and aliphatic OH groups’ con-
tent, carboxylic groups’ content (Zakis, 1994). Structural information was obtained
and the efficiency of lignins modification was evaluated by FTIR spectroscopy, *'P
NMR spectroscopy (Granata and Argyropoulos,1995), 'H-NMR spectroscopy (Glasser
et al.,1984), analytical pyrolysis (Py-GC/MS), size-exclusion chromatography (SEC).
Glass transition temperatures (Tg) were determined by differential scanning calorim-
etry (DSC) (DIN standard 53765, 1994). TGA analysis was performed in nitrogen and
air atmosphere and the first derivative of the thermogravimetric curve (differential
thermogravimetric, DTG) was used for discussion. The developed methodology for
characterization of technical lignins is described in P-4, P-7.

The study of the lignin fractions separated by sequential extraction as macromono-
mers of PU networks, including kinetics of their interaction with 4,4-methylene diphe-
nylene diisocyanate (MDI) in dioxane solution, is described in P-2, P-6.

The study of the oxypropylation process and specific characterization of the ob-
tained lignopolyols is described in P-3.

2.4, Characterization of the obtained polymers
compositions

The prepared lignopolyurethane (LPU) films were smooth and translucent (Fig. 7).
The tensile tests of LPU films were performed according to ASTMD 882-10:2010 stand-
ards using a Zwick/Roell Z100 testing machine.

Polyurethane foams (Fig. 8) were obtained by the free rising method and tested.

Measurements of compression strength, apparent density, closed cell content, di-
mensional stability, and water absorption of foams were performed according to DIN
EN 826:1996, ISO 4590:2016, DIN 53420:1978, ISO 2796:2017 and DIN 53428:2017, re-
spectively. A scanning electron microscope SEM TESCAN TS 5136 MM was used to
study the cell structure. The thermal conductivity in the range between 10 and 30°C
was tested with Linseis HFM (Heat Flow Meter) 200 was measured according to ISO
8301:1991.
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Figure 7. Lignopolyurethane film, containing 20% of lignin’s methanol fraction:
a) under curing in a mold; b) cured and eliminated sample

Figure 8. Lignopolyurethane foams derived on the basis of oxypropylated
wheat straw lignin

Figure 9. Amine cured commercial epoxy resin
Araldite LY 1564: initial (1) and with 10% substitution
of glycidylated BPA by lignin epoxy (2)

Tensile tests of cured commercial glycidylated bisphenol A (BPA)-based epoxy res-
in Araldite LY 1564, initial and with partial substitution of BPA by lignin epoxy, were
performed according to the ASTM D638:2014 plastics standard, using a Zwick/Roell
2.5 testing machine.

The effect of lignin products on the thermal degradation of materials was studied
by thermal analysis (DTG and DTA) methods in oxidative (air) and inert (N,) media as
described in P-2.
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3. RESULTS AND DISCUSSION

3.1. Tuning of lignin properties by fractionation with
organic solvents

The main results concerning organosolv lignin fractionation are presented in:
P-2. Organsolv lignin of wheat straw (OSL) shows weak solubility in the solvents or
polyols used for PU network formation. The sequential fractionation of OSL by di-
chlorormethane, methanol and a mix of both is a promising modification for applica-
tion of OSL as a macromonomer of PU compositions. The obtained fractions have low-
er molecular mass and lower polydispersity in comparison to parent lignin (Table 1), as
well as complete solubility in cyclic ethers including tetrahydrofurane and dioxane, and
higher mobility of the molecular chains as evidenced by the values of the glass transi-
tion temperature (Tg) (Tg of initial lignin is 177 °C, but Tg of dichlomethane soluble
fraction is 14 °C) (Table 1). It enhances the availability of the OH groups of lignin in the
urethane’s formation reaction.

Table 1
Molecular weights, functional groups’ content, Tg of organosolv lignin
and its fractions, and their ractivity towards 4,4-methylene diphenylene
diisocyanate (MDI) in dioxane solution
Lignin and its fractions
Index Lignin DCM-F MET-F Dl\gla\’/lr-/F
Yield (%)* - 7.4+0.2 14.5+0.7 18.2+0.9
Mw (g:mol™!) 11100 1970 2200 5300
Mn (g:mol™) 1050 334 540 1100
Mw-Mn! 10.6 5.9 4.1 4.8
OCH; content (mmol g) 3.12+0.03 2.96+0.03 3.55+0.06 3.67+0.03
OH acetylated content (mmol g!) 4.53+0.15 3.24+0.06 5.30+0.10 5.00+0.10
OH aliphatic content (mmol g™') 3.76+0.28 1.65+0.19 4.5+0.3 4.35+0.23
OH phenolic content (mmol g™!) 1.47+0.08 2.12+0.10 2.06+0.10 1.60+0.08
COOH content (mmol g™!) 0.71+0.05 0.53+0.03 1.18+0.10 0.88+0.05
Total OH groups content (mmol g™!)  5.94+0.25 4.30+0.12 7.70.3 6.83+0.20
OHjipn/ OH,gra 0.63 0.38 0.58 0.64
Average OH functionality 6.2 1.4 4.2 7.5
Tg (°C) 177 14 121 160
Condensation degree (B+Ph)/(G+S) 0.15%0.02 0.100+0.001 0.16+0.01 0.24+0.02
kx10* (L-mol -s1)** - 2.30+0.15 47404 3.9+0.4

* — on the oven-dry ash-free matter of non-extracred lignin
" — second order constant of the reaction with MDI in dioxane solution
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The interaction of isocyanates and hydroxyl containing compounds is the nucleop-
hilic addition reaction. Due to that, phehols, being more acidic compounds than al-
iphatic alcohols, react with isocyanates much slower (Saunders et al., 1962). The re-
alative reaction rates of phenolic OH are about 300 times lower in comparison with
those of secondary OH groups (Ionescu, 2005). The reactivity of carboxylic acids with
isocyanate is also much lower than the one for alcohols (Ionescu, 2005). Therefore, the
total content of OH groups and their allocation between aliphatic and acidic (phenolic
plus carboxylic) groups are significant parameters, characterizing the lignin fractions
as a macromonomer aimed at LPU synthesis (Kelley et al., 1989). The lowest total con-
tent of OH groups, namely, 4.30 mmol-g~! was determined in dichlormethane soluble
fraction (DCM-F) vs 5.94, 7.71 and 6.83 mmol-g™! in lignin, methanol soluble fraction
(MET-F) and in a mix of both solvents soluble fraction (MET/DCM-F), respectively.
The relative portion of the aliphatic OH groups, most reactive towards isocyanates
for lignin fractions obtained, increased in the following row of solvents used: DCM <
MET < MET/DCM (Table 1).

The ratio of the sum of the portions of phenol and benzene derivatives to the sum
of guaiacol and syringol derivatives in pyrolysis products of lignin fractions indicates
that the degree of lignin condensation is increased in the same row. The increasing
molecular weights and increasing degree of condensation of lignin constituents led to
the increase of the Tg of fractions from 14 °C for DCM-F to 160 °C for MET/DCM-F
(Table 1). The average OH functionality of polyols is defined as a number of OH
groups per one molecule (Ionescu, 2005). These values are equal to 1.4, 4.2 and 7.5 for
DCM-F, MET-F and MET/DCM-FE, respectively. Therefore, the different crosslinking
effect can be expected from the incorporation of the same amounts of different lignin
fractions at an equal NCO/OH ratio into the PU matrix.

The results show that the process of urethane formation using lignin as a hydrox-
yl-containing component proceeds in accordance with the basic positions of the cat-
alytic interaction of alcohols and isocyanates. The reactivity of the investigated lignin
fractions with MDI in dioxane solution increased in the following order: DCM-F <
MET/DCM-F < MET-F (Table 1). The highest reactivity of the MET-F fraction could
be explained by its higher content of aliphatic OH groups (Table 1) and their steric
availability due to the not-too-high degree of lignin condensity.

3.2. Influence of lignin fractions as macromonomers on the
properties of polyurethane elastomers

The results concerning the influence of the wheat straw organosolv lignins fractions
on the properties of PU elastomers are presented in P-2, P-6.

The obtained lignin fractions, reactive towards isocyanate, act as a crosslinking
agent being incorporated in the model three components: lignin (5-40%) - PEG
(MW =400 g-mol™') - PMDI polyurethane system.

The incorporation of lignin in the composition of PU films enhances their:

o glass transition temperature;
o tensile strength;
+ Young’s modulus.
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Figure 10. Structure of lignopolyurethane with soft PEG segments (Hu, 2002)

The increase of the thermo-oxidative stability of lignopolyurethanes (LPU) was ob-
served at a minor (5%) content of lignins in LPU, when they revealed antioxidative ac-
tivity (Table 2). Ata 30% content of fractions in the compositions used for PU synthesis,
the crosslinking effect and an increase in the thermostable aromatic constituents’ con-
tent in lignopolyurethanes were revealed, leading to the further enhancement of their
thermo-oxidative stability and charcoal yield under the impact of high temperature.

Effect of OSL fractions on the characteristics
of the thermo-oxidative destruction of PU films

Table 2

Content Tstart (°C) Ts00 (°C) Maxlmz.\l Temper:ature .
. . degradation = of maximal  Char residue
Fraction in LPU (5% of (50% of . o (o
(%)  weightloss) weight loss) rate degradation  at 500°C (%)
(mg-min!) rate (°C)
Lignin
free PU 0 274 365 0.94 307 27.0
5 281 367 0.56 331 33.7
DCM-F
30 238 427 0.21 325 42.2
5 279 403 0.44 331 324
MET-F
30 205 442 0.30 360 44.5
DCM/ 5 286 402 0.27 331 35.7
MET-F 30 225 499 0.18 324 50.0

The revealed high antioxidant activity of fractionated technical lignin is another ad-
vantage for lignin application in PU production, because, unlike commercial phenolic
antioxidants, which significantly inhibit the biodegradation of the composite materi-
als, the antioxidants derived from lignins are not only biodegradable, but they can also
catalyze the biological decomposition of the material into which they are incorporated

(Domenek et al., 2013).
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3.3. Study of the wheat straw organosolv lignin oxyalkylation
process and characterization of the obtained polyols

The results concerning organosolv lignin oxyalkylation are presented in:
P-3. Modification of non-fractionated OSL by propylene oxide using the anionic po-
lymerization mechanism is a promising approach for the liquification of solid lignins
and for the transformation of acidic lignin groups into aliphatic OH groups, highly ac-
tive in urethane formation reactions.

Oxyalkylation leads to the disappearance of the electronic constraints and steric
hindrance of lignin hydroxyl groups. The process of copolymerization of lignin and
propylene oxide (PO) is accompanied by oxypropylene homopolymerization and the
formation of propylene glycols (Fig. 11).

Copolymer CH,
OH 0

| CH, | C
I |
Tgnid—OH +mH,C—CH —KOH . O+ﬁ_ﬁ
| 0 | 2
OH 0
CH, T CH,
T KOH |
HO-cH,  HOH* HZC\;CH S HO—{—S:&—O—L—H

0 K21

H

—30—]"—H

Homopolymer

m=n+3

Figure 11. Sheme of the formation of the main products in the straw lignin
oxypropylation process

The data obtained by 'H NMR spectroscopy confirms the copolymerization of
lignin with PO (Fig. 12). The intensity of aliphatic proton signals (CH, CH,, CHj) is
increasing while that of methoxy groups is decreasing due to the dilution of aromatic
constituents by PO grafting. The aromatic acetoxy signal disappears, and the aliphatic
acetoxy signal is elevated (Fig. 12).
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Figure 12. 1H NMR spectra of straw lignin (a) and its oxypropylated
derivative (L/(L+PO) = 30%) (b)

FTIR spectra confirm the chemical modification of lignin via the interaction of its
OH groups with PO as CH, CH,, CHj, groups’ absorbance at 2975, 1465 cm™! has in-
creased, ether bonds’” absorbance at 1125 cm™ has increased and unconjugated carbon-
yl moieties’ absorbance at 1720 cm™! has decreased (Fig. 13).
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Figure 13. Normalized (1510 cm-1) FTIR spectra of wheat straw lignin and its
oxypropylated derivative

OH groups in OSL-PO copolymers are presented mainly by secondary alcohol
groups, as the HI treatment of the oxypropylated lignin derivative followed by the GC
analysis of the reaction products led to the domination of the isopropyl iodide signal in
the chromatogramm and appearance of the traces of n-propyl iodide.
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The data of the molecular weight distribution of copolymers are other parameters
that allow characterizing the transformation of the lignin macromolecule at oxypro-
pylation and the physico-chemical properties of lignopolyols obtained. A drastic in-
crease in the uniformity of copolymers in terms of molecular weight distribution was
observed (Table 3).

Table 3

Content of the functional groups and molecular mass distribution of wheat straw lignin and
its oxypropylated derivatives

L/ OH (mmol-g)* OH,/ OH,,/ OCH Moieculaff)ms
-alif! cond’ 3 g-mo. . -1
(sz;)o) YOH YOHy, (mmolg) MM,
» OH, YOH,, COOH XOH M, M,
15 226 010 003 239 095 062  1.39+0.03 8200 30000 3.7
20 253 010 004 267 095 065 166+0.01 4900 16300 3.3
25 256 012 005 273 094 063 177001 4100 16900 4.1
30 259 014 005 278 093 063 197001 4200 21500 5.1
35 259 014 007 280 093 063 229006 3600 19700 5.5
40 265 017 006 288 092 056 2.39+0.06 3800 25700 6.8

100 1.39 1.62 050 351 040 0.32 3.69+0.10 2200 54000 24.5

* —NMR 3'P data

The batch oxypropylation of OSL allowed the overpassing of two main disadvan-
tages of this lignin as a renewable macromonomer: high molecular heterogeneity and
diversity of hydroxyl functionalities, thus improving the control over the gelation of
polyurethane networks at PU foams’ processing.

Free phenolic groups for all copolymers samples are located mainly in condensed
structures (OH,,,4), obviously due to their lower steric ability at oxypropylation. Some
increase in the free phenolic groups content was determined for copolymers obtained
at a higher amount (30-40%) of the starting OSL in the reaction mixture (Table 3).

Hindered phenols are the most common class of antioxidants for the dermination
of the processes with the participation of free radicals. This class of antioxidants is
widely used in polyurethane foam compositions to enhance their resistance towards
oxidative degradation (Gray et al, 1996). The existence of free phenolic groups in
OSL-PO copolymers in the amount of 0.10-0.17 mmol-g~! can provide their functional
assignment in PUR foams compositions. Both the roles of lignin as a high reactive
aromatic macromonomer and a bio-based technical antioxidant in PUR foam systems
can be realized. Recently, investigations in this direction have been started and the
first positive results of the antioxidant activity of OSL-PO copolymers in PUR foams
have been obtained.

The descriptive statistical analysis showed a normal distribution of the measured
parameters for repeated experiments and a high repeatability of the oxypropylation pa-
rameters and the properties of the lignopolyols under study. The data presented above
show good potential for upscaling the OSL oxypropylation process (Table 4).
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Table 4

Descriptive statistics of the parameters of organosolv wheat straw lignin oxypropylation and
characteristics of lignopolyols obtained (1 = 25)

L. Parameters of OP Lignopolyol characteristics
Statistical .
parameters Tonset Tmax  Pmax OHV Viscosity at Water cont.
(°C) (°C) (bar) (mg KOH-g!) 20 °C (Pa-s) K.E (%)**

Mean 164 241 24.7 447.3 57.5 0.05
Median 164 241 24.6 450.1 56.2 0.50
Minimum 161 235 24.0 409.2 50.1 0.03
Maximum 167 248 26.0 471.6 70.2 0.14
Standard 035 064 0.0 2.80 111 0.02
error
Standard 17 3.2 0.47 14.0 5.6 0.02
deviation
Coef. VA
(%)* 1.0 1.3 1.9 3.1 9.7 40.0

* — variation coefficient
** — the moisture of lignopolyols was determined by Karl Fisher titration using culonometric KF
titrator 275 KF

3.4. Influence of lignopolyols as macromonomers and lignin as
a filler on the properties of rigid polyurethane foams

In this work, the potential application of wheat straw organosolv lignin (OSL) for
lignopolyols synthesis, capable of rigid polyurethane (PUR) foam production, was
studied. At the same time, non-modified lignin was used as a filler of rigid PUR foams
obtained from the above-mentioned lignopolyols, those increasing the content of the
renewable component in the polymeric material. The thermal, physico-mechanical and
morphological properties of lignin-containing foams vs those of the foams obtained
from commercial polyethers were in focus. The results are presented in P-5, P-8.

Due to the presence of potassium acetate in lignopolyols, acting as a catalyst of iso-
cyanate conversion, oxypropylation is more suitable for polyurethane foam production
as a high-rate interaction of polyols with isocyanate is necessary for the realization of
this process. Commercial polyol polyether Lupranol 3300 was gradually (by 25%, 50%,
75%, and 100%) substituted with OSL-based lignopolyol (L/(L+PO) = 30%; OHV =
450 mg KOH-g™!). The composition containing 30% of OSL is optimal in terms of its
properties and the relevance of lignin beyond energy utilization. The substitution of
commercial polyether by lignopolyol improved the dimensional stability and hydro-
phobicity of foam and did not affect its compressive characteristics. The introduction
of OSL as a filler into the reference lignopolyol free composition led to the decrease of
the main characteristics of foam. The best characteristics of the material were achieved

when OSL was simultaneously introduced into the foam composition, both as a polyol
and a filler.
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The glass transition temperature of Lignopolyol-based PUR foam (Lupranol free) is
between the data of foams on the basis of three functional and six functional commer-
cial polyols (Fig. 14).
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Figure 14. DSC curves of polyurethane foams from commercial
polyethers and lignopolyol

The Tg values of the reference PUR foam and the foam with 6-25% of lignopolyol
were in the range of 110-119 °C. Therefore, lignopolyol can successfully substitute the
three functional glycerol-based commercial polyol in PUR foam systems without de-
creasing the heat resistance of the material.

It was shown that oxypropylated lignin acts as a surfactant in PUR foam compo-
sitions, improving the uniformity of the PUR cell structure and decreasing cell sizes
(Fig. 15).

Figure 15. Effect of lignin on the cell morphology of PUR foam

There were no negative effects of the lignin filler and lignopolyol on the closed cell
content in PUR foams (Fig. 16). A significant decrease in the maximum thermal deg-
radation rate of lignopolysol-containing PUR foams has been observed from 1.20 mg/
min. of lignopolysol-free PUR foams up to 0.54-0.93 mg/min. of PUR foams with dif-
ferent lignopolyol content.
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Figure 16. Effect of lignin on the closed cell content of PUR foams

Unmodified lignin filler has a less pronounced positive effect on the rate of thermal
degradation of the material, as for PUR foams with lignin additive it is 0.60-1.16 mg/
min. depending on the lignin content. In accordance with the cone calorimeter test, a
significant fire retardation effect of the lignin introduced in the PUR foam composition
as lignopolyols and a filler was observed. This can be explained by the combination of
some factors including the free radical scavenging activity of lignin, and its charcoal
formation promoting activity (Fig. 17).
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Figure 17. Effect of lignopolyol and lignin filler on the combustion
parameters of PUR foams

The measured properties of the lignopolyol based PUR foams meet the require-
ments of the EU standard for heat insulating material. Based on the above mentioned
results the method for production of heat insulation materials based on PUR foam by
combination of isocyanate with polyol component, consisting of oxypropylated lignin
an non — modified lignin was developed. This method is patented in the European
Union and is described in P11.
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3.6. Effect of lignin epoxies on the characteristics
of bisphenol A-based commercial epoxy resin

The results concerning LignoBoost kraft lignin application in epoxy resins are pre-
sented in P-1.

The FTIR spectrum of the acetone-soluble fractions of kraft lignin (KL) and its
glycidylated derivative (Fig. 18) confirms that glycidylation of lignin was realized, be-
cause new absorbance bands of the oxirane ring (3060, 750, 850, 910 cm™) appeared
in the spectra of copolymers. Besides, the aliphatic groups (absorbance at 2975-
2900 cm™') and ethers bonds (absorbance at 1030 cm™!) were elevated, but the band
of OH groups (absorbance at 3480 cm™) and carbonyl moieties (absorbance at
1710 cm™) decreased in comparison with the case of the acetone-soluble fraction of
KL. The disappearance of the absorbance band at 1370 cm™ also testified that the suc-
cessful glycidylation of phenolic OH took place. At the same time, the presence of
a significant absorbance intensity at around 3500 cm™ confirmed that a portion of
non-phenolic OH groups were not converted for the reason discussed above. The ap-
plication of the KOH/TBAB catalytic system promoted the glycidylation of both phe-
nolic and aliphatic OH groups of the lignin model compound. It has a potential for
more complete glycidylation of lignin.

Arelaive

3500 2500 1500 500

Wavenumber (cm™?)

Figure 18. Normalized (1515 cm-1) FTIR spectra of non-modified KL (a)
and its glycidylated derivative (b)

Substitution of commercial epoxy resin Araldite LY 1524 by lignin epoxy
(EEW = 368 g-eq!) obtained by acetone extraction of glycidylated KL lignin (GLAF)
leads to the increasing of Young’s modulus at tensile for amine cured composites with-
out decreasing of strength and strain. A drastic increase in the viscosity of commercial
epoxy resin due to the incorporation of lignin epoxies was observed (Table 5).
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Table 5

Viscosity of non-cured epoxy resins and tensile properties of cured commercial epoxy resins
vs the level of substitution of Araldite*LY1564 by GLAF

Level of Viscosity (mPa-s) Stress atbreak  Young’s modulus  Strain at break
substitution (%) at25°C (MPa) (GPa) (%)
Reference 1230 63.1+2.7 2.91+0.16 4.9£0.3
2 1420 61.3+1.8 3.13+£0.19 4.8+0.9
5 2052 67.1£2.2 3.09+0.21 5.5+0.7
10 3580 66.2+1.3 3.36+0.22 4.9+0.5

It makes lignin epoxy not suitable for technologies where the low viscosity of a
composition is needed. Therefore, the possible practical application of lignin-contain-
ing epoxies as adhesive, mastic or crack filler instead of binder for fiber reinforced com-
posites can be considered.

Thermal resistance is one of the advantages of cured epoxy resin. The lignin-con-
taining cured epoxies demonstrated a higher charcoal yield and a lower degradation
rate at high temperature treatment, suggesting that lignin epoxies have a potential for
fabrication of flame-resistant epoxides (Table 6).

Table 6
Effect of the partial substitution of Araldite LY1564 by lignin epoxy on the
thermodegradation parameters of cured resins
wbotiior gy T©O)  dmide(mgmin’)  Tmax(e)  Charesiueat
Reference 338 1.6 336 10.5
2 325 1.4 368 13.7
5 320 1.4 363 17.6
10 303 1.2 365 22.6

Tse, — the temperature when 5% of weight loss was achieved
dm/dt - the maximum degradation rate
Tox — the temperature when the maximum degradation rate was achieved

m:
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CONCLUSIONS

The developed concept of lignin application as macromonomers of different polyu-
rethane and epoxides systems, which includes different approaches of lignin modi-
fication and incorporation into the polymeric composition, allowed to introduce up
to 40% of a bio-based component, simultaneously improving the mechanical and
thermal stability of materials.

The fractionation with organic solvents is a perspective approach for obtaining
lignin-derived macromonomers for polyurethane elastomers. The obtained lignin’s
fractions are soluble in solvents used for PU network formation, have decreased
heterogeneity in comparison to parent lignin and are reactive towards isocyanate.
Their introduction into the PU system enhances the glass transition temperature,
tensile strength and Young’s modulus of PU films.

Oxypropylation leads to the disappearance of the electronic constraints and steric
hindrance of lignin hydroxyl groups, highly decreasing the molecular mass poly-
despersity of lignin. Oxyalkylation is effective for incorporation of lignins as liquid
polyols in the composition of rigid polyurethane foam suitable for mold and spray
processing.

Simultaneous incorporation of lignopolyol and solid lignin into the rigid polyure-
thane foam composition allows to significantly increase the dimensional stability
and decrease the water absorption characteristics of the material in comparison
with the case of the reference composition, and polyurethane foam compositions in
which lignopolyol and solid lignin were incorporated separately.

The acetone-soluble fractions of kraft lignin-epichlorhydrine reaction products rep-
resent lignin based macromonomers with a narrow molecular mass distribution
and the average epoxy functionality of 3.1-4.5 such increasing that of commercial
bifunctional bisphenol A-based diglycydyl ethers Araldite LY 1564.

Partial substitution of commercial fossil derived epoxy resin Araldite LY 1564 in a
two components amine cured epoxy composition with the glycidylated lignin frac-
tion enhances the tensile modulus and thermal stability of cured epoxides due to
the realization of the favorable effects of the high functionality of lignin macromon-
omers and the increase of the thermostable aromatics content in cured epoxides.
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ARTICLE INFO ABSTRACT

Keywords: In this study, i ion of Li; sl kraft lignin with epichlorhydrin in water-organic solvents
Kraft lignin media was realized. Lignin-based epoxy resins were obtained by two ways: acetone extraction of glycidylated
Glycidylation lignin or glycidylation of the acetone soluble lignin fraction. The effect of glycidylation regimes on the yields of

Lignin-based epoxies
Epoxy equivalent weight
Viscosity

Young’s modulus

acetone soluble fractions, their functional composition and physical-chemical characteristics was investigated
using wet chemistry methods, FTIR spectroscopy, size exclusion chromatography (SEC) and differential scanning
calorimetry (DSC). The positive effect of the biphasic phase transfer catalytic system — KOH/quaternary am-
monium salt - on glycidylation of both phenolic and aliphatic hydroxyl groups was testified, exemplified using a
lignin-like model compound - 4-hydroxy-3-methoxylbenzyl alcohol (vanillyl alcohol). The partial substitution
(up to 10%) of commercial epoxy resin on the basis of bisphenol A (Araldite” LY1564) by lignin-based epoxy
resin significantly increased the viscosity of resin. Therefore, the possible practical application of lignin-con-
taining epoxies as adhesive, mastic or crack filler instead of binder for fiber reinforced composites was con-
sidered. A tendency towards increasing Young’s modulus of cured lignin-containing epoxies, compared with the
case of the reference composition, was observed. The lignin chemically incorporated into the matrix of cured

commercial epoxy resin acts as a charcoal formation

in high

1. Introduction

Cured epoxy resins are thermosetting heat-stable polymers with
high mechanical properties and chemical resistance (He et al., 2014).
The coatings, adhesives and reinforced composites on the basis of epoxy
resins are widely used in many industrial applications, including elec-
trical engineering, electronics, automobile and air craft industries, etc.
(Wanga et al., 2016; Katunina et al., 2017; Cakir et al., 2014; Murakami
et al., 2016).

Commercial epoxy resins are currently produced mainly (almost
90%) from petrol derived ch Is: bisphenol A (BPA) and epi-
chlorhydrin (ECH) (Abdul Khalil et al., 2011).

BPA is responsible for numerous favorable properties of the final
material, but unfortunately, it exhibits an estrogenic activity and,
therefore, is referred to as an environmental hormone that negatively
influences the human health (Sasaki et al., 2013). BPA and its deriva-
tives possess high potential as an endocrine disruptor. Exposure to BPA
may induce harmful, reproductive, developmental and metabolic

* Corresponding author.
E-mail address: arshanica@edi.lv (A. Arshanitsa).

https://doi.org/10.1016/j.indcrop.2017.12.003

disorders (Fischnaller et al., 2016).

Besides, the depletion of fossil resources and the environmental
problems induced by their processing and extensive utilization have
encouraged the industry and science all over the world to seek for re-
newable resources for the production of bio-based polymerics, parti-
cularly epoxy resins (Ferdosian et al., 2016).

Recently, several researches have been reported on the synthesis of
bio-based epoxy resins from various renewable resources such as va-
nillin (Fache et al., 2014), gallic acid and catechin (Aouf et al., 2013),
isosorbide (Lukaszczyk et al., 2011), tannins (Aouf et al, 2014;
Benyahya et al., 2014), vegetable oils (Shah and Ahmad, 2012) and
lignins (Delmas et al., 2013; Hirose et al., 2012).

Nowadays, cellulose and other carbohydrates, derived from plant
biomass, are successfully used in the paper industry and as a feedstock
for bioethanol production. However, only 2% of the lignin obtained as
by-products in pulp and fuel ethanol processing is used commercially
(Li et al., 2012). The biorefinery conception assumes the most profit-
able usage of all components extracted from the lignocarbohydrate
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complex at its processing. Therefore, lignin utilization for the fabrica-
tion of value added products is a worldwide bio economic task.

Lignin in situ is a three-dimensional amorphous biopolymer formed
by three major monolignols: p-coumaryl (P), coniferyl (C) and sinapyl
(S) alcohols with different ratios, linked together by various types of
ether and carbon—carbon bonds (Laurichesse and Avérous, 2014). The
technical lignins extracted from plant biomass as by-products differ
from native lignins; however, the aromatic structure of lignins and the
presence of a significant amount of OH groups (phenolic, aliphatic and
carboxylic) make technical lignins an attractive raw material for BPA
substitution, capable of modification via the reaction of OH groups with
epichlorohydrin.

The direct utilization of lignin for the synthesis of epoxy resins is
challenging due to the large molecular weight and heterogeneity of
lignins, their restricted solubility in common organic solvents, different
electronic constraints and steric hindrance of the available OH groups.
Overcoming these challenges, different approaches have been used,
including the de-polymerization and chemical modification of lignin.

In recent decades, different lignin de-polymerization methods have
been introduced. Base and acid catalyzed reactions at high tempera-
tures and pressure were performed on a laboratory scale. The me-
chanical and thermal properties of cured epoxy resins on the basis of de-
polymerized kraft, hydrolysis and organosolv lignins were found to be
inferior to those for reference commercial epoxy resins (Wang et al.,
2013).

Another approach is demethylation of lignin and obtaining of lignin
products with free phenolic groups in the 3 and 5 ring positions; these
lignins could be used as a feedstock for lignin based hyperbranched
epoxy production. However, at the moment, catalytic pathways do not
exist, and the widely used reagents (alkyl halides) are harmful and
undesirable for large scale production (Ferhan et al., 2013; Hu et al.,
2014).

Phenolation, as another modification method for increasing the
content of phenolic groups in lignin, has a potential for making more
favorable conditions for lignin reaction with ECH. However, the release
of formaldehyde to generate new reactive sites and cyclization via
etherification of phenol with lignin side chain carbons was also de-
tected, that diminished the advantages of this approach (Podschun
et al., 2015).

Hofmann and Glasser prepared epoxy resins from hydroxyalkyl
lignin (alkali extracted lignin from steam exploded yellow poplar) de-
rivatives with varying degrees of alkoxylation. To obtain lignin deri-
vatives, containing only high reactive primary OH groups, the con-
sequent modification of lignin with propylene oxide and ethylene oxide
was performed before glycidylation. The prepared epoxy prepolymers
were cured into stiff thermosets having a high glass transition tem-
perature (Hofmann and Glasser, 1993).

The complexity and labor expensive processing can be considered as
the disadvantages of this modification from the viewpoint of its prac-
tical application.

It is known that lignin properties and its ability towards various
chemical modifications depend strongly on the biomass origin and the
technology of lignin isolation (Gosselink et al., 2010).

Different novel processes of lignin isolation in the framework of the
biorefinery approach are currently under development, although only
single of them are realized on a commercial scale. The LignoBoost
concept developed by Innventia AB and Chalmers University (Sweden)
is one of them (Tomani, 2010). LignoBoost lignin meets the require-
ments for a material pure enough to be used as a chemical feedstock for
green chemicals and for quality fuel production.

The objectives of the present work were: (i) to provide the con-
trolled covalent incorporation of the epoxy function in the LignoBoost™
softwood lignin structure via the glycidylation reaction, (ii) to in-
vestigate the tensile and thermal characteristics of cured lignin con-
taining epoxy resins, (iii) to study the effect of quaternary ammonium
salt as a phase transfer catalyst, combined with an alkali catalyst, on the
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glycidylation of both phenolic and aliphatic OH groups using vanillyl
alcohol as a lignin-like model compound (LMC).

To obtain a lignin-based epoxy resin prospective for substitution of
commercial BPA-based epoxy resin in amine cured composites, two
pathways were used, i.e. extraction of glycidylated LignoBoost™ soft-
wood lignin with acetone and glycidylation of the acetone soluble
lignin fraction.

2. Experimental
2.1. Materials

LignoBoost™ softwood kraft lignin (KL), isolated from the original
black liquor using the LignoBoost process, was kindly presented by
Innventia AB.

Epichlorohydrin (ECH), acetone, dichloromethane, vanillyl alcohol,
potassium hydroxide, dimethyl sulfoxide and sodium dihydrogen
phosphate dihydrate (NaH,PO,42H,0) were all of analytical grade and
were sourced from Sigma Aldrich Company Ltd. and Lach-Ner Ltd. 2-
Methoethanol was gas chromatographic grade from Fluka. Commercial
BPA-based epoxy resin Araldite’ LY1564 (epoxy equivalent weight,
EEW = 170 geq~?), cured by the amine hardener Aradur®3486 (amine
hydrogen equivalent weight, AHEW = 111 geq~") containing cycloa-
liphatic polyamines: 5-amino-1,3,3-trimethyl isophoronediamine cy-
cycloh hanamine, 4,4’-methylenebis(2-me-
thylcyclohexylamine) and polyoxy(methyl-1,2-ethanediyl), was
sourced from Huntsman Chemical Company.

1oh
clot

2.2. Klasson lignin content and functional characteristics of KL

Klasson lignin (96 + 1%) was determined according to the TAPPI
T222 Standard.

The content of total OH groups in KL was determined via acetylation
of samples with acetic anhydride followed by potentiometric titration
of free acetic acid in excess with 0.1 N NaOH in water. The content of
phenolic and carboxylic OH groups in KL was determined by acid-base
conductometric titration using an automatic titration device ABU901,
coupled with a Conductometer CDM 210 and a titration manager TIM
900. The methoxyl groups (OCH;) content was measured according to
the Viebock-Schwappach method (Zakis, 1994). The functional com-
position of KL is shown in Table 1.

2.3. Extraction of non-modified KL and glycidylated lignin with acetone

The acetone soluble fraction of kraft lignin (KLAF) was isolated by
double solid-liquid extraction of 10 g of KL with 100 mL of acetone in a
round flask at room temperature. Each extraction step was done by
vigorous stirring of the suspension for 60 min. The undissolved material
was filtered off and resuspended for a second identical extraction. The
acetone solutions of each extraction step were collected. After filtration,
the acetone was distilled off in a rotary evaporator and the residue was
oven dried in vacuum at 50 °C. Three replicate fractionations were
made.

The acetone soluble fraction of lignin-based epoxy resin (GLAF) was
isolated from glycidylated lignin (GL) by two times solid-liquid ex-
traction with 100 mL of acetone in a round flask at room temperature.

Table 1
Functional groups of KL.

Functional group Content (mmol g ')

OH, total 7.3 £ 0.3
OH, phenolic 1.4 + 0.2
COOH 2.4 * 03
OCH,4 41 =01
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The fractionation procedure was the same as for non-modified KL.
GLAFs were used for further analysis by the FTIR spectroscopy, DSC and
wet chemistry methods (functional analysis). The yield of the acetone
soluble fraction was expressed in percentage from the dry weight of the
non-extracted sample.

2.4. KL and KLAF glycidylation

The necessary amount of ECH (10-20 mol of ECH per each mole of
lignin OH groups) was mixed with 5 g of KL or KLAF. In the case of
using dimethylsulfoxide (DMSO) as a solvent, lignin had been pre-
viously dissolved in 30 mL of DMSO. The mixture was heated up to
65 °C and stirred up to complete KL dissolution. Then, a 30% solution of
KOH in water (0.25-1.25mol of KOH per each mole of lignin OH
groups) was added dropwise. After that, the mixture was stored at
mixing and heating during 2 h, and the next portion of KOH was added
using the above mentioned ratio and mixed for the next 2h, and then
cooled (Table 1). After cooling, the reaction mixture was neutralized
with NaH,PO,42H,0 up to pH = 7.5-8.0 and precipitated in deionized
cool water (T = 4-5°C). The excess of ECH existed in the reaction
mixture till the moment when the precipitation of lignin epoxy in cool
water was done. After that the precipitate was filtrated, washed with
warm water to remove the traces of ECH and oven dried at 50 °C. The
schematic view of glycidylation is presented in Fig. 1.

2.5. Glycidylation of LMC

A biphasic transfer catalytic system, including ammonium salt —
tetrabutylammonium bromide (TBAB) and KOH, was used. Vanillyl
alcohol (0.033 mol), ECH (0.66 mol) and TBAB (0.008-0.033 mol)
were placed in a round bottom flask and stirred for 2-6 h at 65 °C and
98 °C, respectively. After cooling, 0.132 mol of KOH (30% water solu-
tion) was added and the mixture was stirred for 8 h at 20-25 °C. Then,
the mixture was neutralized with NaH,P04-2H,0 and extracted twice
with 100 mL of dichloromethane. Dichloromethane was dried under
NayS04. The solvent was distilled in a rotary evaporator and oven dried
in vacuum at 50 °C. The products obtained were analyzed by GC/MS.
For comparison, the single KOH catalyzed glycidylation of vanillyl

Kraft lignin

Extraction
with acetone
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alcohol was performed. The reaction conditions for each of experiments
are presented in Table 4.

2.6. Characteristics of glycidylated products

2.6.1. FTIR spectroscopy

A Spectrum One (Perkin-Elmer) FTIR spectrometer was used to
analyze the chemical structure of the KL, GL and GLAF by scanning
from 500 to 4000 cm ~!; scan resolution and the number of scans were
4cm™ and 64, respectively. The KBr technique was used.

2.6.2. UV spectroscopy

Two weights (20 mg) of each lignin sample, including acetone so-
luble fractions of non-modified and glycidylated lignin were dissolved
in 15 mL of 2-Metoxyethanol using two 25 mL flasks. 5 mL of 0.1 N
NaOH and 5 mL of deionized water were added in first and second flask
respectively. Both flasks were filled with 2-Metoxyethanol up to mark
point. The difference UV spectrum was determined by measuring of
absorbance of lignin alkali solution using Lambda 25 Perkin Elmer
Instruments (Goldschmid, 1954).

2.6.3. Chemical analysis

The EEW of lignin-based epoxies was measured by treatment of the
sample with 0.2 N HCL in acetone, followed by the titration of the HCL
excess by 0.1 N NaOH using a potentiometric titrator manager
Radiometer analytical TIM 840 (GB/T 1677-2008).

2.6.4. SEC analysis of KL and its glycidylated derivatives

Lignins were analyzed by SEC using a PL-GPC 110 apparatus
(Polymer Laboratories, Shropshire, UK), equipped with a pre-column,
10 pm, Plgel and two 300 mm X 7.5 mm columns, 10 pm, Plgel MIXED
D (Polymer Laboratories, Shropshire, UK) and a refraction index de-
tector. The columns and the injection system were maintained at a
temperature of 70 °C. The eluent flow (0.1 M LiCl in DMF) was 0.9 mL/
min. The lignin solutions (1%) were prepared just before the analysis by
dissolution in eluent solution (0.1 M LiCl in DMF). The column calibra-
tion was carried out using lignin model compounds (monomers, dimers
and tetramers) and selected lignin samples (Mp = 950-3200 Da)

Acetone soluble

(KL)

Glycidylation in DMSO

Products 1

Solvent free glycidylation

fraction (KLAF)

Glycidylation in DMSO

Sample E

Products 2

Extraction
with acetone

Extraction
with acetone

Samples Sam
p ples
((};TLéF; ?,;), (GLAF): A, B

Fig. 1. Scheme of lignins glycidylation.
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previously characterized by (electro spray ionization mass spectroscopy)
ESI-MS.

2.6.5. Thermal analysis

The measurements of glass transition temperature (Tg) for non- and
modified lignins were performed by a Metler ToledoStarDSC 823 in-
strument with a heating rate of 10 °C/min in a temperature range of
20-200 °C in a nitrogen atmosphere. Two scans were done. The second
scan was used for calculation of Tg (the temperature at which specific
heat capacity achieved a half of its change during the transition)
(Affolte et al., 2001).

The thermal gravimetric analysis (TG/DTG) of cured epoxy resins
was performed by a Metler Toledo Stare System TOA/ADTA 851e de-
vice in a nitrogen atmosphere between 20 °C and 650 °C at a heating
rate of 10 °C/min. Each thermal analysis under study was performed in
duplicate.

2.6.6. GC/MS chromatography

The GC/MS analysis of glycidylated LMC, dissolved in acetone, was
done by a Shimadzu GC/MS-QP2010 device equipped with a capillary
column Agilent, RTX-1701 (60 m x 0.25 mm X 0.2 ym film). FID and
MS quadrupole detectors (detectable range: 15-370 m/z) were used.
The temperature regimes were: injector — 270 °C, detector — 250 °C. The
content of different compounds was expressed in percent from the total
chromatogram area. Averaged data of two replicated measurements
were presented.

2.6.7. Curing of lignin-containing epoxy resins

Lignin-containing epoxy resins were prepared by consequential
substitution of 2.0%, 5.0% and 10% of commercial BPA-based Araldite”
LY1564 epoxy resin with GLAF (EEW = 367.5 geq™ '), followed by
mixing the blends obtained with the Aradur’ 3486 amine hardener at a
constant equivalent ratio of 2:1, which agreed with the Araldite”
LY1564 specification.

Then, the mixture was poured into a metal mold for two step curing:
12hat 25 °Cand 8 h at 80 °C. Six dog-bone specimens with a weight of
~8 g (per each) were obtained for the given composition.

The viscosities of GLAF — Araldite” LY1564 epoxy mixtures were
determined by rotation viscosimetry using a HAAKE Viscotester 6L/R
plus at 25 °C.

2.6.8. Acetone extraction of cured resin

Cured epoxies (~10 g) were crushed and extracted with acetone
(200 mL) for 8 h in soxhlet. The solid residues were dried at 100 °C for
4h.

The yield of sol fractions was shown in percentage from the weight
of the non-extracted sample. Three replicates for each composition
were made.

2.6.9. Tensile characteristics of cured resins

Tensile tests were performed according to the ASTM 638 plastics
standard, using a Zwick/Roell 2.5 testing machine. A 250-kN dynam-
ometer was used. Six dog-bone specimens were tested for each com-
position. Gage zone — 2 X 10 X 50 mm, crosshead rate — 2.0 mm/min.
Stress and strain at break, and Young’s modulus were calculated using
Zwick/Roell software.

3. Results and discussion
3.1. KL glycidylation

The three primary classes of epoxies used for composite application
are phenolic glycidyl ethers, aromatic glycidyl amines and cycloali-
phatic epoxy resins (Boyle et al., 2001). Among them, the first com-
mercial BPA-based epoxy resins remain the most widely used ones
today. Within each class of epoxy resins, the structure of the
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glycidylated component, the type and content of the catalyst, and the
excess of ECH in the reaction mixture will influence the key char-
acteristics of epoxy resins: EEW, molecular weight (MW), physical state
(liquid or solid), and Tg. Taking into account the above mentioned
positions, the effect of the reaction media and the OH/KOH/ECH molar
ratio on the yield of GLAF, their EEW, molecular mass distribution
(MMD), average functionality, FTIR spectra and Tg were studied.

3.1.1. Effect of reaction media

Two different reaction media were used for KL glycidylation: ECH
and ECH-DMSO (Fig. 1 and Table 2). In the first case, ECH acted as both
a solvent and a reagent. In both cases, water alkali solution (30 wt%)
was used to incorporate the alkali catalyst into the reaction media.

KL was found to be particularly soluble in ECH at elevated tem-
perature, but when the alkali water solution was added into the reac-
tion mixture, lignin solubility drastically decreased, and lignin lumps of
different size were formed.

Therefore, an alternative method was used by the previous complete
solubilization of lignin in alkali solution of water (30 wt.%), followed
by its dropwise feeding into the bulb, containing an excess of ECH
(Table 2, samples A and B). In this case, no lignin lump formation was
observed. The yields of GL varied in the range 112-120% on dry weight
of lignin. An incomplete solubility of unfractionated GL in commercial
resin was observed. To obtain lignin derived epoxies, completely so-
luble in commercial epoxy resins, GLs were extracted with acetone, a
widely used solvent for epoxy resins. The yield of the isolated acetone
soluble fraction was about 80% from the weight of the GLs synthesized
in ECH, and their EEW were in a range of 780-1075 g eq ™' (Table 2,
samples A and B).

A significantly higher content of  epoxy groups
(EEW = 330-368 geq~') in GLAF was determined in the products
synthesized in the presence of DMSO (Table 2, samples C and D).
However, the yield of the acetone soluble fraction was about twice
lower in comparison with that for the GLAF synthesized in ECH
(Table 2, samples A and B). The highest content of the epoxy groups
(EEW = 300 g eq ") was achieved for the glycidylated lignin fraction,
which had been previously isolated from the initial KL by acetone ex-
traction (yield = 65 + 2%). These products were also completely so-
luble in acetone. The rather low yields of the GLAF isolated from the
products obtained in ECH-DMSO media can be probably explained by
the reaction of the epoxy groups in GL with the unmodified aliphatic
OH groups remaining in the lignin macromolecule (Fig. 2). As a result,
partial crosslinking of lignin-based epoxies took place and their solu-
bility in acetone decreased. At the same time, the acetone soluble non-
crosslinking fraction of GL, synthesized in ECL-DMSO media, was en-
riched with oxirane rings. In contrast, obviously, the low conversion of
OH groups into glycidyl ethers arms in lignin modified in ECH media is
not favorable for self-condensation performance. The use of the acetone
soluble fraction of KL instead of the initial KL allowed avoiding self-
condensation, and epoxy lignin, completely soluble in acetone, with

Table 2
Effect of the reaction media type and the molar ratio of reagents on the yield and EEW of
GLAF.

Sample  Reaction conditions® Yield (%) EEW (geq™")
Organic OH/KOH/ECH (molar
media ratio)

A ECH 1/1.2/10 80.4 + 1.8 1075 * 135

B ECH 1/2/10 811 =15 780 + 71

c DMSO-ECH  1/2/10 443 + 1.3 330 + 13

D DMSO-ECH  1/2/20 367 £ 14 368 = 9

E" DMSO-ECH  1/2/20 100.0 = 0.0° 300 = 5

AT =65°C,t=4h
® The acetone soluble fraction of KL was used for glycidylation.
© The glycidylated product was fully soluble in acetone.
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Fig. 3. Schematic view of OH phenolic glycidylation.

Table 3
Effect of the KOH content on the yield of GLAF and their EEW.

Sample Reaction conditions® Yield (%) EEW (geq )
OH/KOH/ECH molar ratio

F 1/0.5/10 442 = 11 439 + 13

G 1/0.75/10 433 + 13 398 + 11

H 1/1/10 395 £ 0.9 380 = 10

1 1/1.5/10 412 = 1.0 339 £ 13

J 1/2.5/10 463 + 1.2 309 + 12

AT =65°C, T = 4h, organic media: ECH-DMSO.

low EEW, was obtained. The acetone soluble fractions isolated from
different GL were completely soluble at elevated (80 °C) temperature in
the commercial epoxy resin Araldite” LY1564 independently of the
glycidylation regimes.
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3.1.2. Effect of catalysts

Two major processes take place under the effect of the alkaline
catalyst of the glycidylation reaction (Nieh and Glasser, 1989). One of
them is the ionization of hydroxyl groups, leading to the nucleophilic
attack of the anion on the carbon of the oxirane ring, and its opening
and chloroglyceryl ether formation (Fig. 3). This is followed by de-
chlorohydrogenation and oxirane ring formation (Fig. 3). In this reac-
tion, KOH is consumed and additional KOH input is necessary to
compensate for this consumption.

The phenolic groups of lignin, in comparison with aliphatic and
carboxylic OH groups, are the most accessible ones for the glycidylation
in these conditions, because a more suitable balance between the
acidity and nucleophilicity of phenolates is achieved (Wu and Glasser,
1984; Alelio Gaetano, 1975). The glycidylation of both phenolic and
non-phenolic OH groups in lignin has to increase the epoxy groups’
content in the product. It is shown that the increase of the alkali content
in the reaction mixture leads to some decrease of the EEW of products
(Table 3). We can assume that the portion of glycidylated non-phenolic
OH groups in lignin is increased with increasing alkali content.
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Table 4
Effect of the biphasic phase transfer catalysis system on the content of glycidyl (2) and
diglycidyl (3) ethers of LMC in products of the glycidylation reaction.

No. Reaction conditions Content of products” (%)
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(absorbance at 1710 cm ™~ ") decreased in comparison with the case of
the acetone soluble fraction of KL. The disappearance of the absorbance
band at 1370 cm ™! also testified that the successful glycidylation of
phenolic OH took place (Malutan et al., 2008; El Mansouri et al., 2011).
The di; ance of phenolic groups in glycidylated KL due to their

T(C) t(h) TBAB/LMC LMC/KOH/EC  (2) (3)  Side

(molar ratio) ~ (molar ratio) products
1 65 4 0 1/4/20 69.3 26 281
2 65 4 0.25 1/4/20 572 186 242
3 65 6 0.25 1/4/20 588 20.1 211
4 98 4 0.25 1/4/20 489 224 287
5 98 6 0.25 1/4/20 16.0 44.0 40.0
6 98 2 1.0 1/4/20 116 55.0 334
7 98 4 1.0 1/4/20 135 51.8 347
8 98 6 1.0 1/4/20 143 484 334

2 From the total area of the chromatogram.

3.2. Structural characterization of lignin-based epoxies by FTIR and UV
spectroscopies, SEC and DSC

3.2.1. FTIR and UV spectroscopy

As an example, the FTIR spectrum of the acetone soluble fractions of
KL and its glycidylated derivative (Fig. 4) confirms that glycidylation of
lignin was realized, because new absorbance bands of the oxirane ring
(3060, 750, 850, 910 cm™") appeared in the spectra of copolymers.
Besides, the aliphatic groups (absorbance at 2975-2900 cm™') and
ethers bonds (absorbance at 1030 cm ™) were elevated, but the band of
OH groups (absorbance at 3480cm™') and carbonyl moieties

1515, 137

3500

A relative

3500

2500
Wavenumber (cm™)

1500

1'030
119
'

etherification was confirmed also by differential UV spectroscopy. The
method is based on the bathachrome shift of the characteristic max-
imum of the lignin UV spectra at 280 nm due to phenolic groups’ io-
nization in alkali media and is widely used in the analytical chemistry
of lignin (Goldschmid, 1954; Zakis, 1994). As a result of ionization, the
difference in the UV spectra of non-modified lignin has two dis-
tinguished absorption maxima at 300 and 370 nm (Fig. 5). This clear
effect observed for non-modified lignin was not observed for glycidy-
lated lignin samples due to the complete disappearance of phenolic
groups in them, which coincides with FTIR data.

At the same time, the presence of significant absorbance intensity at
around 3500 cm ~* confirmed that a portion of non-phenolic OH groups
were not converted for the reason discussed above (Fig. 4). Besides, we
can assume that, at a low catalyst content, the dechlorohydrogenation
and oxirane ring formation did not proceed completely although the
formation of chlorglycerol ethers took place (Fig. 3).

The FTIR spectra show that the increase of the KOH/OH molar ratio
at a given ECH content decreased the content of non-converted OH
groups in lignin, which agrees with the data presented in Table 3
(Fig. 4b). Nevertheless, a lot of thenon-phenolic OH groups of KL re-
mained free. It means that lignin’s potential as an aromatic OH enriched
renewable feedstock for obtaining high branched epoxy resins was not
fully realized. The presence of significant absorption of O—H stretching

Fig. 4. Normalized (1515cm™") FTIR spectra: a) the acetone soluble

fraction of non-modified KL (1) and its glycidylated derivative (2); b)
GLAF, obtained at different (2.5; 0.5) KOH/OH molar ratios.

500
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Fig. 5. Difference UV spectra of the acetone soluble fraction of non-
modified KL (1) and its glycidylated derivative (2).

330 350 370
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250 270 290 310

at 3400-3500 cm™! in FTIR spectra of glycidylated steam explosion
lignin was reported also by Asada et al. (2015).

3.2.2. SEC analysis

The SEC data testified a well-formed decrease of MW and an in-
crease of the uniformity of the acetone soluble lignin fraction in com-
parison with the case of the initial KL (Table 5). A marked increase of
MW and some increase of polydispersity in comparison with KLAF was
observed for all lignin epoxies under study, which testified the covalent
incorporation of ECH into the lignin macromolecule. The calculated
average epoxy functionalities for lignin derived epoxies varied in the
range of 3.1-4.5. Therefore, an increase in the crosslinking density of
cured lignin epoxies in comparison with that of cured bifunctional BPA
derived commercial epoxy resins can be proposed, with appropriate
influence on the mechanical properties of composites. The correlation
of MMD and EEW data for lignin epoxies was not observed, because not
the whole glycidylated KL but only its acetone soluble fractions dif-
fering by yields were analyzed.

3.2.3. DSC of glycidylated lignins

The T, of polymers depends on the heat mobility of the main
polymeric chains and therefore is a physicochemical parameter, re-
flecting the structural changes in the polymeric matrix (Boyle et al.,
2001).

The Ty of acetone soluble fractions of all GL samples under study is
lower compared to the unmodified acetone soluble fraction of KL, tes-
tifying the modification of the lignin matrix by ECH (Fig. 6). Firstly, this
can be explained by the weakening of the hydrogen bond network due
to the disappearance of phenolic OH. Besides, the incorporation of
aliphatic glycidyl ethers chains into the lignin aromatic structure pro-
motes the free molecular motion in modified lignin.

Table 5
MMD of non-modified and modified lignins, and average functionality of glycidylated
derivatives.

Sample Mw (gmol™!) Mn (gmol™!) MwMn~! Average epoxy
functionality”

KL 2840 1680 17 2

KLAE 1510 1160 13 /-

E 1840 1295 14 43

F 1965 1370 14 3.1

G 2135 1480 14 37

H 1920 1380 14 38

1 1940 1400 14 41

J 1960 1370 14 45

* Mn EEW™".
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The decrease of the T, of GLAF with increasing KOH/OH ratio is
observed, which confirms the FTIR data and testifies that more com-
plete glycidylation of lignin with increasing KOH content takes place
(Table 3, Fig. 4). For example, the increase of the KOH/OH molar ratio
from 0.5 (sample F) up to 2.5 (sample J) leads to the decrease of T, for
lignin epoxies from 84 °C to 74 °C (Fig. 6).

3.3. Glycidylation of vanillyl alcohol in the presence of biphasic catalyst

To promote the ionization of not only phenolic but also aliphatic OH
that are less acidic, the biphasic phase transfer catalytic system, in-
cluding quaternary ammonium salt (TBAB) and alkali (KOH), was
tested. Vanillyl alcohol, containing both aliphatic and phenolic groups,
was used as LMC (Fig. 7). It was shown that the content of diglycidyl
ethers of LMC in reaction products was only 2.6% when single KOH was
used as a catalyst (Table 4). This testified that predominantly phenolic
OH groups were modified in this case confirming the results of alkali
catalyzed KL glycidylation. The content of diglycidylated ethers in re-
action products was increased significantly (up to 55%) when TBAB in
combination with KOH was used. The increase of the TBAB content and
the reaction temperature were favorable factors, promoting the glyci-
dylation of both phenolic and aliphatic OH groups. The results obtained
confirmed the data reported in (Fache et al., 2014). Thus, the biphasic
catalyst phase transfer catalytic system, including TBAB and alkali
KOH, can be a prospective catalytic system for KL glycidylation, in-
cluding its oxypropylated derivatives in which phenolic and acidic
groups were transformed into aliphatic ones with similar electronic
constrains. When vanillic alcohol was used as a model compound, the
main products of the reaction were mono-and di-glycidyl ethers of
vanillic alcohol, while significant amounts of side products were also
indentified by GC/MS. Most of side products consisted of epi-
chlorohydrin transformation products (1,3-dichloropropanol-2, gly-
cerol, glycerol derivatives, diepoxyglycidyl ether and other epoxy
groups containing ethers). However, in some cases, minor amounts of
dimerized glycidilated vanillic alcohol derivatives were also observed.
With increasing reaction temperature from 65 °C to 98 °C, the total
yield of side products increased from 21 to 28% to 30-40% (Table 4).
Probably, the side reactions of lignin modification with epichlorohydrin
in the presence of alkali also occurred. Taking into account the results
of vanillic acohol glycidylation, we can assume that the major portion
of side products, due to their polarity, remains in the decantated ECH-
water solution. The lignin washing with warm water will remove the
epichlorohydrin derived side products absorbed by glycidylated lignin.
Therefore, only traces of epichlorohydrin derived side products in
glycidylated lignin could occur.
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120 Fig. 6. The Ty of the acetone soluble fractions of kraft lignin (KLAF),
and its glycidylated derivatives synthesized in different conditions.
(The abbreviations of samples are the same as in Tables 2 and 3).
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Fig. 7. Schematic view of glycidyl (2) and diglycidyl (3) ethers formation from vanillyl alcohol (1).

3.4. Effect of lignin epoxies on the characteristics of bisphenol a — based
commercial epoxy resin

The acetone soluble fraction of glycidylated KL (Table 2, sample D),
with EEW equal to 368 geq™", was used for partial substitution of
commercial epoxy resin (Araldite” LY1564).

It was shown that at 80 °C and the substitution level up to 10%,
lignin epoxy was completely solubilized in commercial resin. After
cooling, the lignin was not precipitated and uniform Newtonian fluids
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were obtained. At the same time, a drastic increase in the dynamic
viscosity of the mixed resins was observed (Fig. 8).

For example, at 10% of the substitution level, the viscosity of the
resin obtained exceeded threefold the viscosity of the reference lignin
free epoxy resin. This can be explained by the branched/cross-linked
and high molecular structure of the lignin core in lignin epoxy vs the
low molecular (340 gmol~?!) and linear structure of the diglycidyl
ethers of bisphenol A. Hence, the incorporation of lignin epoxy into
BPA-based resin leads to the increase of the intrinsic friction between

Fig. 8. Effect of the level substitution of commercial epoxy resin
Araldite® LY1564 by lignin epoxy on the dynamic viscosity of the
resulting mix at 25 °C.
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Table 6
Tensile properties of cured commercial epoxy resins vs the level of substitution of
Araldite” LY1564 by GLAF.

Industrial Crops & Products 112 (2018) 225-235

Table 7
Effect of the partial substitution of Araldite” LY1564 by lignin epoxy on the thermo-
degradation parameters of cured resins.

Level of Stress at break Young’s modulus Strain at break

substitution (%) (MPa) (GPa) (%)

Reference 631 + 2.7 291 + 0.16 49 = 0.3
61.3 = 1.8 3.13 = 0.19 48 = 09

5 67.1 + 2.2 3.09 + 0.21 55 + 0.7

10 66.2 + 1.3 3.36 = 0.22 49 = 05

the fluids’ molecules despite the same aromatic origin of both - lignin
and BPA. It can be assumed that the increase of the content of flexible
oxirane-bearing polyether arms in modified lignin because of the
complete glycidylation of all OH moieties in the lignin macromolecule
will improve the compatibility of lignin-based epoxies with commercial
epoxies.

The amounts of the non-cross-linked fraction extracted by acetone
from cured reference and lignin-containing resins was similar, namely,
0.1-0.2%. This demonstrated that epoxy lignin had completely reacted
with the amine hardener, being incorporated in the common epoxy
network.

The analysis of the tensile characteristics of cured reference and
lignin-containing resins showed similar strength and strain parameters
(Table 6). A linear tendency towards increasing Young’s modulus with
increasing lignin epoxy content in epoxy blends was observed.

Thermal resistance is one of the advantages of cured epoxy resin.
The results revealed that the lignin-containing cured resins, in com-
parison with the reference resins, started to degrade at a slightly lower
temperature (Fig. 9). This can be explained by the intra-chain dehy-
dration (so-called primary condensation) of the lignin structure at a
temperature lower than 300 °C because of the presence of free OH
groups (Arshanitsa et al., 2016).

The results of thermogravimetric analysis are presented in Table 7.
The temperature at which a 5% weight loss is achieved is decreased
from 338 °C (reference resin) to 303-325 °C for lignin-containing resins.
At higher temperatures (330-400 °C), the favorable effects of the in-
crease in crosslink density as well as the increase in the content of
thermostable aromatics and condensed units in the molecular matrix of
lignin-containing epoxides were realized.

As a result, the maximum degradation rate value achieved at a

Level of Tsy ('C) Tmax (‘C) ~ Char residue
substitution (%) dm at 500 °C (%)
‘o (mgmin—1)
Reference 338 16 366 105
325 1.4 368 137
5 320 14 363 17.6
10 303 12 365 226

Tsy. — the temperature when 5% of weight loss was achieved.
T the maximum degradation rate.
Trmax — the

when the rate was achieved.

similar temperature of about 365 °C is decreased but the char residue is
significantly increased with increasing lignin epoxy content. This tes-
tifies that modified lignin, present in the epoxy polymer, acts as a
charcoal formation promoter, influencing the pyrolysis mechanism of
cured epoxides. In the presence of char, the heat transfers from the
flame to the condensed phase and the emission of gases, hazardous for
human health, are decreased (Morgan and Gilman, 2013). The positive
correlation between char yield and flame retardant properties of dif-
ferent polymers was established (Chattopadhyay and Webster, 2009).
Above mentioned allow to propose that the incorporation of lignin
epoxies into the compositions of traditional epoxy resins could be a
valuable pathway for increasing the fire retardancy of the epoxide
material. The performance of cone calorimeter tests for cured lignin
containing epoxies is planned.

Taking into account the above results, we can conclude that lignin
epoxies, being added into the BPA-based commercial resin, could find
practical application as a constituent for adhesive, mastic, crack filler,
etc. At the same time, the lignin epoxies obtained are not convenient for
technologies where a low viscosity of the composition is needed, for
example, injecting of an epoxy resin composition into a reinforcing
fiber substrate.

It can be assumed that the increase of the content of flexible oxi-
rane-bearing polyether arms in LignooBoost™ lignin and avoiding the
self-condensation because of the complete glycidylation of OH moieties
in the lignin macromolecule will improve the compatibility of lignin-
based epoxies with commercial epoxies. This will prevent the drastic

120 1.6 Fig. 9. TG/DTG curves of amine cured epoxy resins:
referred and partly (5% and 10%) substituted by
——Reference ——10 ——5 h DTG lignin epoxy.
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increasing of the viscosity of non-cured epoxy blends and will increase
the level of substitution of commercial epoxies by lignin-based epoxies.
In this context, one batch high pressure oxypropylation (Arshanitsa
et al., 2015) of LignooBoost ™ lignin, followed by its glycidylation using
a biphasic phase transfer catalysis system — KOH/quaternary ammo-
nium, could be considered as a suitable approach for obtaining liquid
lignin-based epoxies in which the complete substitution of OH groups
by glycidyl ethers arms takes place. Such a modification is under study.

4. Conclusions

Unmodified LignooBoost™ softwood kraft lignin was glycidylated in
single epichlorhydrin and epichlorhydrin - dimethyl sulfoxide media in
the presence of KOH as a catalyst. The lignin epoxies isolated from
glycidylated KL by its acetone extraction or the glycidylated acetone
soluble fraction of KL were soluble in commercial bisphenol A - based
epoxy resin. The increase of the alkali catalyst content and the use of
dimethyl sulfoxide led to the increase of the epoxy groups’ content in
lignin epoxies. However, in any case, in the presence of a single alkali
catalyst, the glycidylation of phenolic OH predominantly took place,
while the other OH functions were not modified completely.
Application of the biphasic phase transfer catalysis system — KOH/
quaternary ammonium salt — promoted the glycidylation of aliphatic
OH groups, which was testified using vanillyl alcohol as a model lignin-
like compound. The lignin epoxies were characterized by narrow MMD
and epoxy functionalities varying in the range of 3.1-4.5. As a result,
the partial substitution (up to 10%) of commercial resin by lignin epoxy
revealed the increasing of Young’s modulus for amine cured resins. The
lignin-containing cured epoxies demonstrated also a higher charcoal
yield and a lower degradation rate at the high temperature impact,
suggesting the lignin epoxies’ potential for fabrication of flame resistant
epoxides. A drastic increase in the viscosity of commercial epoxy resin
due to the incorporation of lignin epoxies therein was observed, which
restricted the extent of commercial epoxy resin substitution. Therefore,
the obtained KL-based epoxies could be suitable in compositions of
adhesive and crack filler, but are not convenient for technologies where
the low viscosity of a composition is needed. The batch oxypropylation
of KL, followed by the glycidylation of the products obtained employing
the two-component catalytic system — KOH/quaternary ammonium salt
— was assumed as a suitable approach for obtaining liquid KL-based
epoxies and more effective use of LignooBoost ™ lignin as a precursor of
epoxy resins.
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A new type of organosolv wheat straw lignin, so-called Biolignin™, was studied. It is obtained according
to the biomass processing in water diluted organic acid media and is not completely soluble in con-
ventional organic solvents traditionally applied for polyurethanes (PU) synthesis. The fractionation of
the lignin by sequential extraction with dichloromethane, methanol and a mixture of both solvents was
performed. The total yield of the separated soluble fractions was 40%. The separated fractions were char-
acterized, and preliminary kinetic investigations were used to reveal the reactivity of fractions obtained
towards 4,4’-methylene diphenylene diisocyanate (MDI) in dioxane media. PU films were synthesized
by casting the three component systems: lignin fraction - polyethylene glycol with a molecular weight
of 400 g mol~! - polymeric methyl diisocyanate prepolymerized in tetrahydrofurane solution at a con-
stant NCO/OH ratio of 1.05. The content of lignin in PU compositions was varied in a range of 5-40%. The
PU films were characterized in terms of crosslink density, tensile properties, glass transition tempera-
ture and thermal stability. The obtained results show that the isolated fractions of Biolignin™ act as a
crosslinking macromonomer in the PU network. Depending on the lignin fraction type and its content in
the composition, the tensile properties of PU films with a high elastic state at room temperature or the
tensile properties of glassy cross-linked films were obtained. Evidence for the activity of lignin fractions
as antioxidants of PU compositions and charcoal formation promoters in the case of the high temperature
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treatment of PU in air was obtained.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Lignin is a unique polyphenolic renewable raw material avail-
able as a by-product of the existing chemical processing of
plant biomass that has an excellent capability for producing
a value-added polymeric material, characterized by competi-
tive mechanical and thermal properties, and chemical stability
(Belgacem and Gandini, 2008; Hu, 2002). Nowadays, the annual
industrial output of lignin is about 50 million tons, which are
used primarily for energy production by combustion. Only a small
amount (1-2%) is used for manufacture of a wide range of value-
added products (Lora and Glasser, 2002). However, this approach
disagrees with the main principle of the modern biorefinery
conception — achievement of the most profitable usage of all com-
ponents of the lignocellulosic complex.

All known technical lignins, irrespective of how they have
been obtained and from what plant sources, are amorphous het-
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erogenic aromatic polymers with glass transition in a range of
70-170°C, containing a significant amount of functional groups and
reactive sites, namely, phenolic, aliphatic, carboxylic OH groups,
substituted aromatic sites and C=C bonds (Belgacem and Gandini,
2008). These chemical feasibilities allow considering lignin as a
prospective building block for different polymeric compositions:
phenol- and urea-formaldehyde resins, polyester resins, epoxy
resins, polyurethanes etc. (Hu, 2002). In the broad spectrum of
modern industrially produced polymers, PU are considered as a
most versatile materials (Ionescu, 2005). Free aliphatic and pheno-
lic OH groups are the most important functional groups opening up
considerable opportunities for lignins’ application as an aromatic
polyol building block, capable of forming a number of covalent
bonds with isocyanates in PU compositions. Although different
technical lignins (kraft lignin, lignosulfonates, some organosolv
lignins) have been successfully tested for obtaining PU materi-
als on a laboratory scale (Belgacem and Gandini, 2008; Hu, 2002;
Hatakeyama et al., 2004), lignin-containing PU materials have not
yet been manufactured on an industrial scale. The main difficulties
in working out market-oriented lignin-containing polymeric com-
posite materials are as follows: heterogeneity of technical lignins,



2 A. Arshanitsa et al. / Industrial Crops and Products 92 (2016) 1-12

variation in the functional groups’ content, their types and pro-
portion in lignins, as well as the difference in molecular mass
distribution (MMD) of the lignin fragments formed during the
biomass processing, the structure of lignin-forming phenyl propane
units, links between them, the solubility in organic solvents that
varies in a wide range and restricted accessibility of reactive sites
towards isocyanate due to their steric hindrance (Gosselink et al.,
2010; Kelley et al., 1989; Lora and Glasser, 2002; Mahmood et al.,
2016).

Various pretreatments are used to decrease the above-
mentioned disadvantages of lignin and to enhance the efficiency
of technical lignins’ application as a macromonomer capable of
taking part in the formation of polymeric structures that have to
improve the target properties of polymeric materials. These meth-
ods are based on the depolymerization of the lignin matrix via the
cleavage of ether linkages into more uniform oligomeric or reduced
molecular weight products with enhanced accessibility of func-
tional groups in reactions with isocyanates (Mahmood et al., 2016).
Acid -, base- and metal-catalyzed as well as ionic liquids-assisted,
and sub- and supercritical fluids-assisted depolymerizations of
lignins have been investigated (Wang et al., 2013). The produced
depolymerized lignins were successfully utilized as bio-polyols
replacing up to 50% of commercial polyols for the preparation of
rigid PU foams (Mahmood et al., 2016). Oxypropylation of techni-
cal lignins at ambient pressure in the presence of alkali catalysts
is recognized as another approach to overcome the molecular and
functional heterogeneity of lignins, and obtain lignopolyols for the
formation of rigid PU foams that meet the requirements of com-
mercial standards (Arshanitsa et al., 2015; Cateto et al., 2009; Li
and Ragauskas, 2012). In this case, the degradation of the lignin
core is accompanied by the attachment of oxypropy! units towards
the OH groups of lignins, thus converting the acidic groups (phe-
nolic, carboxylic) into aliphatic ones with higher reactivity towards
isocyanate. Undoubtedly, the above mentioned processes are chal-
lenging due to the severity of reaction conditions (220-300°C, and
a pressure of 5-30bar) (Mahmood et al, 2016; Arshanitsa et al.,
2015). The fractionation of technical lignins by organic solvents
extraction at atmospheric pressure and room or refluxing temper-
ature could be a prospective opportunity, increasing the efficiency
of lignin application as a macromonomer for PU materials’ fabri-
cation. Fractionation of different unmodified commercial kraft and
organosolv (ethanol - water) lignins by diethyl ether, n-propanol,
methanol and the dichloromethane/methanol mix allows obtain-
ing of lignin samples with a lower molecular weight (MW), more
uniform by MMD, completely soluble in organic solvents com-
monly used in PU chemistry and suitable to fulfill successfully the
role of macromonomers in PU material synthesis (Gosselink et al.,
2010; Kelley et al., 1989; Li and McDonald, 2014; Morck et al., 1986;
Vanderlaan and Thring, 1998; Yoshidaetal., 1987a). Fractionation is
not an exclusive technique for obtaining a more uniform raw mate-
rial for further processing but is used as an approach to elucidate
the mechanism of the process, to gain new knowledge about the
integral impact of different lignin characteristics on the properties
of PU materials and, finally, to reveal a new application potential
of non-modified lignins. Such an approach permits obtaining of PU
elastomers with predictable thermal and mechanical properties,
which can be varied in a wide range depending on the lignin frac-
tions’ MW, their content in PU and the type of the used soft segment
(Yoshida et al., 1987b; Yoshida et al., 1990; Reiman et al., 1990). PU
composites that have a potential for application in the field of high
performance coatings and adhesives are obtained also on the basis
of the methyltetrahydrofuran soluble fraction of kraft lignin Indulin
AT and toluene diisocyanate-trimethylolpropane adduct (Griffini
etal, 2015).

Today, the production of bioethanol as an alternative to fossil
gasoline can be performed by acid and enzymatic hydrolysis of var-

ious pretreated plant biomasses. Therefore, various processes are
currently under development. This leads to a new type of techni-
cal lignins, the properties of which are strongly dependent on the
biomass origin and the pretreatment technology (Zhao et al., 2009).
This is a challenge for the synthesis of novel lignin-containing poly-
ols for application in different PU materials.

In this work, the object of investigation was a novel organo-
solv lignin of wheat straw, Biolignin™, obtained as a product of
the technology developed by Compagnie Industrielle de la Matiere
Vegetale (CIMV, France). This technology allows separating all the
three main plant polymeric biomass components - cellulose, hemi-
cellulose and lignin — without their significant degradation using a
mix of water diluted acetic and formic acids and represents the first
biomass refinery technology (Delmas et al., 2011).

The objective of the present study was to evaluate the suit-
ability of application of the novel wheat straw lignin, Biolignin™,
as a hydroxyl-containing macromonomer for PU films’ synthesis.
The poor solubility in organic media and the high polydisper-
sity eliminate the use of Biolignin™ as a macromonomer in
a lignopolyurethane (LPU) system. To avoid this disadvantage,
Biolignin™ was fractionated by sequential extraction using sol-
vents of different polarity and their mixture. Each fraction was
characterized in terms of the composition, MMD, functionality and
reactivity with MDI The effects of the incorporation of each frac-
tion on the structure, and tensile and thermal characteristics of
model LPU systems on the basis of polyether diol and aromatic
polyisocyanate were studied and discussed. The valorization of the
fractionated novel lignin as an antioxidant and a charcoal formation
promoter in PU systems was discussed.

2. Materials and methods
2.1. Lignin sample

Biolignin™ (further “lignin”) was extracted from wheat straw
using a mixture of acetic acid/formic acid/water at the CIMV pilot
plant (Pomacle, France). Klason lignin (89.0 + 1.0%) was determined
according to TAPPI T222 standard. Ash content (1.0+0.1%) was
measured according to LVS EN 14775, 2010. Before fractionation,
lignin was washed with deionized water up to pH 4.4, then air dried
up to a moisture content of 5% and ground using a disintegrator
DESI-11 (DESINTEGRAATOR Tootmise OU). The particle size of the
ground lignin was <0.1 mm.

The chemicals used for analyses, including solvents, were of ana-
lytical grade (Sigma-Aldrich, Karl Rotch GmbH) with the exception
of dioxane and tetrahydrofuran, which were extra-dry (Fluka).

2.2. Solvent fractionation

Lignin was fractionated by successive extraction with a
dichloromethane, methanol, and methanol/dichloromethane mix-
ture (7:3v/v), differing by their polarity. The fractions obtained
were abbreviated as DCM-F, MET-F and MET/DCM-F, respectively.
The choice of solvents was conditioned by their proven efficiency
for fractionation by molar mass and purification of different wood
and grass lignins, targeted for application in binder compositions
(Gosselink et al., 2010). Lignin (20 g) was suspended in 100 mL of
the respective solvent and continuously stirred using a laboratory
shaker at room temperature for 6 h. The undissolved material was
filtered off and resuspended for a second identical extraction. The
fractions from both steps were combined. The collected dissolved
material was filtered over a glass filter (pore size 40-100 wm) and
vacuumdried. The yields of the fractions were shown in percentage
on oven dry ash-free non-extracted lignin. Three replicates of each
fractionation were made.
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2.3. FTIR spectroscopy

A Spectrum One (Perkin Elmer) FTIR spectrometer was used for
the measurements. The KBr pellet technique for preparing lignin
samples was employed. The spectral range was 4000-500cm™!;
scan resolution and the number of scans were 4cm~! and 64,
respectively. Baseline correction was carried out by the Spectrum
version 5.0 software (Perkin-Elmer) and the resulting spectra were
normalized to an intensity of the band of 1510cm~". Analysis was
performed in duplicate. Average data were used for discussion. In
the case of LPU, the Universal ATR Sampling Accessory was used.

2.4. Functional analysis

The functional groups’ (methoxyl, carboxylic OH plus phenolic
OH, carboxylic OH, acetylated OH) content was determined by wet
chemistry methods. The procedures and calculations are described
in detail elsewhere (Zakis, 1994). For each analysis, 5 repeated mea-
surements were performed. All air dried samples were vacuum
dried at 50°C for 48 h before analysis. The results are expressed
on a dry-weight and ash free basis.

The methoxyl groups’ (OCH3) content in lignin samples was
determined according to the

Viebock-Schwappach method in a Zeisel apparatus (domestic
glassware). The 57% HI was used for splitting of the ether bond in
methoxyl groups and obtaining CHsl. This procedure was followed
by three subsequent quantitative reactions yielding free I and its
titrating with thiosulfate.

The total contents of phenolic OH and carboxylic OH groups
were determined by two independent methods. Acid-base con-
ductometric titration under N, using an automatic titration device
ABU901, coupled with a Conductometer CDM 210 and a Titration
manager TIM 900, and BaCl;-based chemisorption were used. Sim-
ilar data differing by 2.5-3.5% were obtained by different methods.
The content of carboxylic OH groups in lignins was examined by
chemisorption with calcium acetate in water solution. The liber-
ated free acetic acid was determined by potentiometric titration
with 0.05 M NaOH solution in water. The content of phenolic groups
was calculated from the difference of both chemisorption methods.

The sum content of phenolic and aliphatic OH groups in lignin
samples was determined by the modified Verley's method. Subse-
quently, the lignin samples were acetylated at 50°C for 24 h using
acetic anhydride and pyridine as a catalyst. The excess of acetic
anhydride was decomposed by water into free acetic acid, which
was titrated with 0.1 M NaOH. Because of the presence of carboxylic
groups in lignin samples, the total content of phenolic and aliphatic
OH groups was calculated as the sum of OH groups determined by
the acetylation procedure, and carboxylic OH groups determined
by the chemisorption method. The content of aliphatic OH groups
(OH,jiph.) was calculated as acetylated OH + carboxylic OH — phe-
nolic OH.

2.5. SEC analysis

The alkaline SEC analysis of lignin and fractions obtained was
performed according to the procedure described in (Gosselinket al.,
2010). The solution of the lignin sample in 0.5 M NaOH (1 mg mL~!)
was injected into a column (4.6 x 30cm) packed manually with
ethylene glycolmethacrylate copolymer TSK gel Toyoperl HW-
55F, eluted with the same solvent and detected at 280nm.
Standards for calibration of the molar mass distribution were
sodium-polystyrene sulfonates (Mw range: 891-976000 g mol~1)
and phenol.

94

2.6. Kinetic study

The chemical interaction of separated lignin fractions with
MDI was realized in extra dry dioxane solution in a dry argon
atmosphere at 25°C in a glass reactor (50 cm?) equipped with a
thermostatic jacket in argon media. The initial concentration of
OH groups and NCO groups was 0.3 molL-! for all experiments.
The concentration of dibutyltin dilaurate (DBTD) used as a cata-
lyst was 0.0075 mol L~". FTIR spectroscopy Perkin-Elmer Spectrum
One equipped with ATR mode was applied for monitoring the
NCO groups’ disappearance during the reaction (300 min). For this
purpose, the ratio of absorbance at 2273 cm~! (NCO groups) to
that of 2853 cm~! (CH;, groups, used as an internal standard) was
calculated (Cateto et al., 2008). To determine the absolute value
of the NCO groups’ concentrations, the calibration Anco/AcHz Vs
the concentration of NCO groups in dioxane solution was plotted
(R2=0.9995). Experiments were performed in triplicate for each
type of lignin. The experimental data were inspected according to
the second order kinetics:

1/C = 1/Co + kt(Cordeiroet al., 1997; Evtiouginaet al., 2001).

where C is the concentration of unreacted NCO groups in any
moment of time, mol L~'; Cy is the starting concentration of NCO
groups, 0.3 mol L-1; t is the time of reaction, s; and k is the second
order rate constant, L mol~1s-1.

The reaction products were stored in a closed reactor at 25°C
under argon for 24h to achieve ~100% NCO conversion. Then,
the solvent was removed under vacuum and the products were
extracted in a Soxhlet apparatus with dichloromethane for 8 h to
remove the soluble non-crosslinking constituent (Evtuguin et al.,
1998). The yield of the cross-linked polymer was determined by
weight.

2.7. LPU films’ synthesis

Model LPU films with a thickness of 0.150-0.200mm
were obtained by pre-polymerization of polyethylene glycol
(Mn=400gmol-!, [OH]=5.0mmol g~!), lignin fractions, and com-
mercial polymeric methylene diphenyl diisocyanate (PMDI)
VORATEC SD 100 ([NCO]=7.3 mmolg=!) in extra dry tetrahydro-
furan (THF) according to Ni and Thring (2003). The content of the
lignin constituent in LPU varied in arange of 5-40% for each fraction,
at a constant NCO/OH ratio equal to 1.05. DBTD at a concentration
of 3% in terms of total solids was used as a catalyst. PEG, lignin,
PMDI, and DBTD were dissolved each in THF. The obtained solu-
tions were combined and mixed at room temperature for 20 min.
In order to avoid the appearance of bubbles in LPU films, the pre-
polymerized system was treated in an ultrasound bath Cole Parmer
8891 for 5min 48 g of the pre-polymerized mixture, containing
9.5 g of prepolymer, was then poured into a disk mold with a flat
bottom covered by polytetrafluorethylene (Teflon) for curing. To
avoid the presence of small voids caused by rapid solvent evapo-
ration, the mold was covered by flat glass. After the formation of
gel, the glass was placed back and slower evaporation proceeded in
a hood overnight. After 24 h, the cast films were peeled and dried
in a desiccator above P,05 at 20°C for 7 days, followed by thermal
curing at a temperature of 90°C for 8 h. All lignin fractions were
completely soluble in THF and the prepared LPU films were smooth
and translucent (Fig. 1).

2.8. Swelling test

The experimental measurement of the crosslink density of LPU
films was done by the swelling method (Yoshida et al., 1987b; Ni
and Thring, 2003; Kurimoto et al., 2001). Five replicates of oven-
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Fig. 1. LPU film, containing 20% of MET-F: a) under curing in a mold; b) cured and eliminated sample.

dried species with a weight of about 0.3500 g for each LPU film were
placed in five weighing vessels, containing 20 mL of dimethylfor-
mamide (DMFA), and were stored at 20 °C for 7 days. The crosslink
density of LPU films (v¢/Vp, unit: mol cm~3) was calculated using
the Flory-Rethner equation (Yoshida et al., 1987b):

Ue/Vo =2 (v + xV? +In(1 - v)) /V1(2U1A —v)

where U, is the effective number of crosslink chains (mol), Vg is the
volume of dry polymer (cm?),

V; is DMFA molar volume (76.87mLmol-'), x is the
polyurethane-DMFA interaction parameter (0.40) (Yoshida et al.,
1987b), v is the volume fraction of polyurethane in swollen gel
(v=Vp/V) and V is the volume of swollen gel at equilibrium (cm?).

25mL of liquid pycnometers was used to determine the dry
films’ densities according to EN ISO 1183-1, 2004.

Theyield of the sol fraction (Sol) and weight gain (WG) as aresult
of LPU swelling were determined by the corresponding equations:

Sol = (mg —mp) /mg x 100%

WG = (ms —mp)/mp x 100%

where my is the mass of the dry LPU sample before swelling (g), mp
is the mass of the dry LPU after swelling (g) and ms is the mass of
the swollen gel (g).

2.9. UV spectroscopy

The quantities of the lignin removed from LPU films at
swelling were determined using an UV spectrometer PerkinElmer
Lambda 25 UV-vis (cuvette thickness 2.0 mm). The dependences of
absorbance at 316 nm on the concentration of each lignin fraction
(in a range of 50-250 mg L!) in DMFA were plotted for calibration.
The absorbance intensity at 316 nm of DMFA solutions after 7-day
swelling of each LPU film therein was measured using pure DMFA
as areference. The amount of dissolved lignin was computed using
the corresponding calibration graph.

2.10. Tensile tests

The tensile tests of LPU films were performed according to ASTM
D 882-10 standards using a Zwick/Roell Z100 testing machine. The
tensile tests were carried out at 22°C and ¢=>55%. The samples
were stored in these conditions for 24 h prior to the test. The cross-
head distance was 70 mm. The dimensions of samples were: length
100mm, width 5mm and thickness 150-200 pm. Five to seven
specimens were tested per each sample. Tensile strength (stress
at break), elastic modulus (Young’s modulus) and percent elonga-

tion at break (ultimate strain) were computed using the software
testXpert.

2.11. Differential scanning calorimetry (DSC)

DSC analysis of PU films was carried out using a calorimeter
Metler Toledo Star DSC 823¢. To eliminate the effect of enthalpy
relaxation, the starting lignin and its fractions obtained were first
scanned from +20°C to 200°C, then cooled again to —20°C and
scanned once again. PU films were first scanned from +20°C to
170°C, then cooled to —50°C and scanned again. In all cases, glass
transition temperature (Tg) was measured from the second scan.
The measurements were done at a heating rate of 10°Cmin~!.
According to DIN 53765, Tg was defined as a temperature where
half of the change in heat capacity (0.5 ACp) takes place (Affolte
et al, 2001).

2.12. Thermal gravimetric analysis (TGA)

TGA of LPU was realized in nitrogen and air atmosphere (flow
rate 50 mL min~1) using a Metler Toledo Star TOA/SDTA 851¢ device
at a heating rate of 10°C min~!. A sample weight of 8 mg was used.
Temperature range was 20-1000 °C. The first derivative of the ther-
mogravimetric curve (DTG) was used for discussion.

2.13. Analytical pyrolysis (Py-GC/MS)

The analysis was performed using a Frontier Lab Micro Double-
shot Pyrolyser Py-2020iD (pyrolysis temperature 500 °C, heating
rate 600°Cs~1) directly coupled with the Shimadzu GC/MS — QP
2010 apparatus with a capillary column RTX-1701. The regimes of
analysis are described in detail elsewhere (Arshanitsa et al.,, 2013).

3. Results and discussion
3.1. Characteristics of lignin fractions

As shown in Table 1, the Tg of non-fractionated Biolignin™ is
177 °C. This suggests that the main chain molecular motion of the
lignin used in this study is markedly restricted. Comparing with the
other wheat straw lignin produced by the ethanol based organo-
solv process; it is considered that a high-condensed structure is
fabricated by the acid based organosolv process (Huiggen et al.,
2014).

The total yield of the fractions separated from lignin by sequen-
tial extraction was 40.1%. The fraction dissolved in the mixture of
solvents was the most representative, namely, 18.2% (Table 1).

The FTIR spectra of the fraction soluble in dichloromethane
differed significantly from those of other fractions and non-
fractionated lignin by the highest absorbance in the region of
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Table 1

Molecular weights, functional groups’ content and Tg of lignin and its fractions.
Index Lignin and its fractions

Lignin DCM-F MET-F MET/DCM-F

Yield® (%) - 74402 14.5+0.7 182409
Mw (gmol-') 11100 1970 2200 5300
Mn (g mol~1) 1050 334 540 1100
Mw Mn~! 106 59 4.1 48
OCH; content (mmolg') 3.12+0.03 296+0.03 3.55+0.06 3.67+0.03
OH acetylated content (mmolg-') 4.53+0.15 3.24+0.06 530+0.10 5.00+0.10
OH aliphatic content (mmolg~') 3.76+£0.28 1.65+0.19 4.47+0.30 4354023
OH phenolic content (mmolg~') 1.47 £0.08 2.12+0.10 2.06+0.10 1.60+0.08
COOH content (mmol g-') 0.71+£0.05 0.53+0.03 1.18+0.10 0.88+0.05
Total OH groups’ content (mmolg~') 5.94+0.25 430+0.12 7.71+£0.30 6.83+0.20
OH iph JOH totat 0.63 0.38 0.58 0.64
Average OH functionality 6.2 14 42 ¥ ]
Tg(°C) 177 14 121 160

2 On the oven dry ash-free matter of non-extracted lignin.

= 2020

Absorbance

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Fig. 2. Normalized (1515cm=") FTIR spectra of lignin (4) and its fractions soluble in
dichloromethane (1), methanol (2) and a mixture of both solvents (3).

Table 2
Relative content of liphophilic, carbohydrate and lignin derived compounds in pyrol-
ysis products of lignin and its fractions according to Py-GC/MS data.

Compounds Content (%)

Lignin DCM-F MET-F MET/DCM-F
Liphophilics 45 28.1 87 17
Carbohydrates 31.8 21.1 34.2 313
Lignin 63.7 50.8 57.1 67.0

2850-2920cm~! (C—H bonds in aliphatic structures), 1720cm~!
and 1238 cm~! (carboxylic and ester bonds) (Fig. 2). It is explained
by the presence of high amounts of lipophilic extractives (waxes
and paraffins) therein, intrinsic to wheat straw. The results
obtained by the Py-GC/MS method confirmed the FTIR data
(Table 2).

The difference in the spectra of the fractions soluble in the mix-
ture of solvents and pure methanol was less significant. The higher
content of conjugated C=0 (bands at 1655cm~") and the lower
content of C—H bonds (bands at 2850-2920cm~') in MET/DCM-F
are explained by the highest content of the lignin constituent and
the removal of extractives in the latter by two previous extraction
steps (Table 2).

Lignin was the predominant component of all samples under
study, although a noticeable amount of compounds originated from
carbohydrates as well as lipophilic extractives was also present
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in pyrolysates (Table 2). Therefore, the term “lignin-enriched by-
products” would be stricter. However, for the purpose of abridging,
the term “lignin” was used in this paper. The presence of carbo-
hydrates moieties covalently bonded to the lignin (Monteil-Rivera
et al,, 2013) can be considered as a favorable factor for valoriza-
tion of non-modified technical lignins as polyols due to the high
reactivity of aliphatic OH groups towards isocyanate (Saunders and
Frisch, 1962). The action of lipophilic extractives as a hydrophobic
plasticizer of the PU network can be proposed.

Both the total content of OH groups and their allocation between
aliphatic and acidic (phenolic plus carboxylic) groups are the main
parameters, characterizing the lignin fractions as amacromonomer
aimed at LPU synthesis. The lowest total content of OH groups,
namely, 4.30mmolg~! was determined in DCM-F vs 5.94, 7.71
and 6.83 mmol g~! in lignin, MET-F and MET/DCM-F, respectively
(Table 1).

The relative portion of the aliphatic OH groups most reactive
towards isocyanates for lignin fractions obtained was increased for
the following row of solvents used: DCM <MET <MET/DCM. The
ratio of the sum of the portions of phenol and benzene derivatives
to the sum of guaiacol and syringol derivatives in pyrolysis products
of lignin fractions indicates that the degree of lignin condensation
is increased in the same row (Arshanitsa et al., 2013).

Both factors, namely, the increasing of the molecular weights
and degree of condensation of lignin constituents, led to the
increase of the Tg of fractions from 14°C for DCM-F to 160°C
for MET/DCM-F (Table 1). The average OH functionality of polyol
is defined as a number of OH groups per one molecule (lonescu,
2005). These values were equal to 1.4, 4.2 and 7.5 for DCM-F, MET-
F and MET/DCM-F, respectively (Table 1). Therefore, the different
crosslinking effect can be expected from the incorporation of the
same amounts of different lignin fractions at an equal NCO/OH ratio
into the PU matrix.

3.2. Reactivity of lignin fractions with isocyanate

The conversion of NCO groups into urethane ones as a result of
the MDI reaction with OH groups of separated lignin fractions was
established by kinetic investigations.

A simplification, assuming equal reactivity for all hydroxyl
groups present in the reaction mixture, was considered for all frac-
tions. This approach is widely used for monitoring the formation of
PU systems, containing complex renewable polyols enriched with
OH groups of different origin (Cateto et al., 2008; Cordeiro et al.,
1997; Evtiougina et al., 2001; Pavier and Gandini, 2000). The linear-
ity of the second order plot was observed up to about 51-55% of the
NCO group conversion (Table 3, Fig. 3). The positive deviation from
the second order plots achieved at higher conversions was pro-
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Table 3
Kinetic data of lignin fractions’ interaction with MDI in dioxane media.

Fraction kx10% (Lmol-1s-1) NCO groups’ conversion (%)* Insoluble fraction (%)"
DCM-F 227 +£0.15 545+ 5.2 620 + 5.0
MET-F 473 £043 53.1£35 86.0 3.2
MET/DCM-F 3.87 £ 0.36 509 + 2.2 96.7 £ 3.5
@ Conversion limit when the linearity of second order plots was observed (R? =0.991-0.995).
b Content of the dichloromethane insoluble fraction in reaction products at complete NCO groups' conversion.
oDCM - F aMET -F oMET/DCM - F Table 4
15 Compositions for LPU films’ casting.
A Lignin (%) DCM-F MET-F MET/DCM-F
<
12 ?) PEG (%) PMDI(%) PEG(%) PMDI(%) PEG(%) PMDI(%)
a 0 579 421 579 421 579 421
o 9 5 53.1 419 51.8 422 52.1 429
= A 10 48.7 13 458 449 463 437
a4 20 395 405 333 46.7 347 453
5" 30 30.1 399 211 489 236 46.7
6 et 40 21.0 390 9.4 50.6 12.0 480
L)
nRzy
oa®
3 T T T | —DCM-F —MET-F ——MET/DCM-F
0 100 200 300 400 2 16 a)
Time (min) * 14
2~ 12
Fig. 3. Second-order plots for the reaction of lignin fractions with MDI in dioxane 5 5 1
solution (the points at which the deviation from the second order begins are marked £% os
by an arrow). s E 0.6
2 X
s 04
nounced for comparatively high reactive MET-F and MET/DCM-F 0.2
and can be explained by the autocatalytic effect induced by ure- 0 ‘
thane bonds formation (Cordeiro et al.,, 1997; Saunders and Frisch, 0 10 il 30 40
Lignin content in LPU (%)
1962).
The reactivity of the investigated lignin fractions with MDI
in dioxane solution was increased in the following order: DCM- —#-DCM-F —-MET-F ——MET/DCM-F
F<MET/DCM-F < MET-F (Table 3). The highest reactivity of the o 2B "
MET-F fraction could be explained by the higher portion of aliphatic 52 20 )
OH groups contained therein (Table 1) and their steric availabil- S
ity due to the not-too-high degree of lignin condensity (Arshanitsa 8 15
etal, 2013). 5 1
When the complete NCO conversion was achieved, the prod- g 10
ucts of MET-F and MET/DCM-F condensation with MDI in dioxane z .
solution were uniform gels. In the same conditions for DCM-F, ;_9
high viscous but non-gelated products were observed. Corre- 0
spondingly, the content of the cross-linked fraction, insoluble in 0 10 20 30 40
dichloromethane, removed from the polycondensation products of Lignin content in LPU (%)
this fraction with MDI, was the least (Table 3). The yields of the frac-
tions, non-soluble in dichloromethane, were conditioned by the 3D —=—DCM-F  ——MET-F  —+—MET/DCM-F
PU network formation as a result of lignin interactions with bifunc- 3209 ¢
tional isocyanates. This effect was the most pronounced for the =5 Bap
highest functional MET/DCM-F. e
g 240
3.3. Composition of LPU and their swelling behavior £ 200
2
In order to suit the requirements of the constant NCO/OH ratio 160
in preparing LPU, the increase of the OH groups’ content in the 120
lignin fraction resulted in a decrease of the PEG (soft segment) con- 80 4 . g
tent in the LPU composition at the same lignin content (Table 4). 0 10 20 30 40

Both structural parameters, namely, the variation of the soft seg-
ments’ content in the PU matrix and its crosslink density, defined
as the amount of covalent bonds (in moles) per units’ volume of
the polymer, have a significant effect on the mechanical and ther-
mal properties of lignin based PU elastomers (Yoshida et al., 1990;
Thring et al., 2004; Rials and Glasser, 1984; Vanderlaan and Thring,
1998; Ni and Thring, 2003; Saraf and Glasser, 1984).

The most pronounced effect of crosslinking was established for
the LPU prepared on the basis of DCM/MET-F, and the least — for

Lignin content in LPU (%)

Fig. 4. Crosslink density (a), the yield of sol fraction (b) and mass gain (c) of LPU
films determined by the swelling test as a function of lignin fractions’ content.

DCM-F (Fig. 4a). The results obtained were in good agreement with
the values of the average functionality of lignin fractions (Table 1).
The effect of DCM-F and MET/DCM-F on the weight gain and the
yields of the sol fractions of LPU at swelling had a reverse corre-
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Fig. 5. Yield of the lignin portions removed from LPU films during swelling tests vs
the lignin fractions content therein.

lation with crosslink density (Fig. 4a-c). However, for DCM-F, the
relationships between the crosslink density and weight fraction of
sol were unexpected. The small increase of crosslink density rela-
tive to lignin free PU films was accompanied by the increase of the
sol fractions’ yield from 12.5 to 20% as a result of the incorpora-
tion of 40% DCM-F into the LPU films (Fig. 4b). The contradictory
results of the abnormally high sol fraction content at almost con-
stant crosslink densities of PU films, containing ALCELL lignin and
polycaprolactone 400, has been also reported (Cateto et al,, 2011).
On the contrary, a significant increase in the crosslink density of
PU films as a result of the use of liquefied wood for PU formula-
tion at the constant sol fraction yield has been observed (Kurimoto
et al.,, 2001). The results obtained in the presented work could be
explained by the polydispersity and inhomogeneity of the com-
ponent composition of DCM-F. In particular, this low molecular
fraction was characterized by the lowest average functionality,
the highest Mn/Mw ratio and the highest content of non-lignin
admixtures (the main part of them were identified as lipophilic
derivatives) (Table 2). It could be assumed that only part of this
fraction contained more than 2 OH groups per one macromolecule
capable of acting as a crosslinker. The crosslinking effect of DCM-F
was testified by decreasing of swelling for DCM-F-containing LPU in
comparison with the case of lignin free PU films (Fig. 4c). However,
the other parts of lignin macromolecules, due to their low function-
ality (less than two) or the absence of OH groups (paraffins), did not
form the 3D PU network and were extracted from LPU by DMFA
during swelling tests. The direct measurements of the lignin frac-
tions released from LPU in the swelling test using UV spectroscopy
confirmed the validity of the above-mentioned explanation. In the
cases of LPU films, containing DCM-F, MET-F and MET/DCM-F, the
portion of lignin incorporated into the 3D network PU and therefore
undissolved in DMFA consisted of about 60%, 82% and 97% of the
total lignin amount introduced in LPU, respectively (Fig. 5). In the
same row, the growth of average molecular weights and average
functionality and the decrease of the non-lignin admixtures’ con-
tent (i.e., the growth of the composition uniformity) were observed
(Tables 1 and 2).

3.4. Effect of lignin fractions on the Tg of LPU films

The Tg of polymers depends on the segmental mobility of the
main polymeric chains and therefore is a sensitive physicochem-
ical parameter, reflecting the structural and composition changes
of the amorphous polymeric matrix (Affolte et al., 2001). Besides,
this physicochemical parameter correlates with the heat resistance
of polymers—important characteristics of polymeric materials for
their practical application.

A linear direct correlation of the Tg of LPU with the lignin frac-
tions’ content therein was observed (Fig. 6a). At an equal content
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Fig. 6. Tg of LPU films as a function of lignin fractions (a), soft segment contents (b)
and crosslink density of LPU(c).

of lignin, the Tg of LPU was increased in the row: DCM-F, MET-F,
MET/DCM-F. It was established that the incorporation of fraction-
ated lignin into the compositions of LPU enhanced the crosslink
density of the obtained films (Fig. 4a) and decreased the content
of PEG 400 (soft segments) therein (Table 4). For all series of the
fabricated LPU films, the same correlation between the crosslinks
density and PEG 400 content in LPU was not observed (Fig. 7). Each
series was characterized by a specific dependence of crosslink den-
sity on the PEG content. Taking into account the constant NCO/OH
ratio accepted as the necessary condition for films’ preparation, it
was shown that, at a given soft segment concentration, the crosslink
density of LPU, containing different lignin fractions, was increased
with increasing functionality of lignin fractions. Therefore, the
separation of the varied contemporary soft segment content and
crosslink density contributions into the process of LPU glass tran-
sition was a rather complicated task. A correlation analysis of the
influence of the most important structural LPU parameters - soft
segment content and crosslink density — on the Tg of LPU films was
done (Fig. 6b,c). A rather good linear reverse correlation (R? >0.99)
between the Tg and the PEG 400 content in LPU was observed for
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Fig. 7. Crosslink density of LPU films as a function of the soft segment content
therein.
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Fig. 8. DSC curves of LPU films differing by the content of MET-F (lignin content is
shown by the upper curve) therein.

each series of samples. It was shown that at a given PEG content,
the highest Tg was determined for the sample with the highest
crosslink density (Fig. 6b). Both the decrease of the PEG content and
the increase of the crosslink density enhanced the Tg of the investi-
gated LPU. However, the relationship between the crosslink density
of LPU and their Tg was less pronounced (Fig. 6¢). This data suggests
that the content of soft segments is the major factor influencing the
heat mobility of polymeric chains in the LPU systems under study.
The effect of crosslink density seems to be of less importance. An
especially weak correlation was observed for LPU, containing low
molecular DCM-F. It means the greatest contribution of the soft
segment content to the heat mobility of polymeric chains for this
sample in comparison with the contribution of crosslink density
that varied in a narrow range of 0.21-0.43 x 10~4 molcm~3.

Asingle glass transition region for LPU in the whole investigated
range of lignin concentration was observed. As an example, the DSC
curves of LPU, containing MET-F, are presented (Fig. 8).

As mentioned above, the Tg of LPU films, containing each lignin
fraction, steadily increased with decreasing soft segments’ (PEG
400) content therein (Fig. 7). Both these results indicate that soft
(PEG) and hard segments (PMDI +lignin) in the three component
LPU system exist without phase separation. It has been proposed
by Yoshida et al. (1990) that the incorporation of lignins in the PU
matrix restricts the mobility of polymer chains due to the crosslink
effect and therefore reduces the aggregation of hard segments
into domains, preventing phase separation. A small typical melting
region at about 0°C was observed on DSC curves at the 5% concen-
tration of high functional lignin fractions (MET-F and MET/DCM-F)
in LPU films. Obviously, the part of linear PU chains in these con-
ditions became strongly ordered, resulting in the formation of a
crystal region that melted at about 0°C. The enhancement of the

Stress (MPa)
oo
8

150 200

100
Strain (%)

Fig. 9. Tensile stress-strain curves of LPU films, containing MET-F (lignin content is
shown by the upper curves).

lignin fractions’ content led to the disappearance of this endother-
mic peak (Fig. 8).

3.5. Tensile test of LPU films

The Tg magnitudes of lignin free PU and LPU films, containing
5% of MET-F, MET/DCM-F and 5-10% of DCM-F were below or near
the tensile testing temperature of 22 °C (Fig. 6a). This means that
these samples were in a rubbery state whereas the others were
in a glassy state at testing. Therefore, the behavior of LPU in con-
ditions of tensile stress detection differed significantly depending
on the lignin fractions’ content therein. The stress-strain curves of
LPU films containing MET-F are presented as an example (Fig. 9).
For lignin free PU films and those containing low amounts (5-10%)
of lignin, the deformation curves of samples are typical for rub-
bery polymers. The further increase of lignin content up to 20-30%
leads to the appearance of the forced rubberlike elasticity, which is
characteristic of polymeric glasses and is followed by a decrease in
ultimate strain. At the lignin content of 40% in LPU films, the frag-
ile destruction prevailed and rigid but very fragile materials were
obtained in all cases.

The lignin fractions used promoted the increase of the ten-
sile strength and Young’s modulus of LPU films in the following
row: DCM-F < MET-F < MET/DCM-F, which coincided with increas-
ing of the average functionality of lignin fractions (Fig. 10a,b).
These parameters were enhanced steadily in the whole range of
the lignin content in LPU using low and average functional lignin
fractions (DCM-F and MET-F). In the case of the MET/DCM-F with
the highest functionality, the strength and modulus of LPU were
steadily enhanced with increasing lignin content therein up to 30%
and 20%, respectively. At a higher content of lignin, these param-
eters remained constant. As shown earlier, the MET/DCM-F gave
the highest crosslink density of LPU (Fig. 4a). A similar insensi-
tivity of the tensile properties of high cross-linked epoxides and
lignin-derived PU towards the increase of crosslink density has
been previously reported by Saraf and Glasser (1984) and Yoshida
et al. (1990). In the authors’ opinion, the deformation of glassy
highly cross-linked polymers proceeds due to stretching of covalent
bonds and van der Waal’s bonds, and the degree of crosslinking may
have relatively little influence on the tensile properties. Another
explanation could be connected with the accumulation of micro
defects in the structure of high cross-linked LPU due to the strongly
restricted segmental motion at curing.

At contents of MET/DCM-F, DCM-F and MET-F of 5%, 10% and
5-10%, respectively, in PU compositions, all the tested tensile
parameters of lignin derived LPU, namely, strength, modulus and
elongation at break exceeded the parameters of the reference lignin
free PU (Fig. 10a-c). All series of LPU samples displayed a maximum
in ultimate strain as a function of lignin content (Fig. 10c). The ulti-
mate strain plotted against the temperature difference between
the test temperature (T) and Tg showed that the maximum in all
cases appeared at around T—Tg=0 (Fig. 11). According to Reiman
et al. (1990), the observed maximum relates to the transition of
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Fig.10. Tensile strength (a), Young's modulus (b) and ultimate stress (c) of LPU films
as a function of the lignin fractions content therein.
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Fig. 11. Ultimate strain of LPU films as a function of the difference between the test
temperature and Tg.

LPU from a rubbery state to a glassy one. The further increase
of the lignin fractions’ content led to a drastic depression of LPU
strains. This depression was more pronounced for LPU, contain-
ing lignins with a higher functionality. At the given lignin content
(till 30%), the flexibility (higher ultimate strain) of LPU increased in

100
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Fig. 12. Dependence of the tensile strength of LPU films on their crosslink density.

the row MET/DCM-F < MET-F < DCM-F, e.g., with decreasing molec-
ular weights and functionalities of lignin fractions. At a high (=30%)
lignin fractions content, rigid LPU films with a low ultimate strain
were obtained in all series of experiments.

The tensile strength values plotted against the crosslink density
values of LPU showed that this relationship for LPU, contain-
ing lignin fractions with the highest and medium functionality,
was similar: the tensile strength grew exponentially (R? =0.946)
with increasing crosslink density independently of the lignin type.
A weak correlation (R?=0.734) was observed for low functional
lignin, DCM-F (Fig. 12). This indicated that the influence of the
crosslink density of LPU, containing MET-F and MET/DCM-F, on the
tensile properties of films was more significant unlike the case of
LPU, containing DCM-F, in which the decrease of the soft segment
content had the major effect on the increase of the tensile strength
of LPU films.

3.6. TGA test of LPU films

The thermal decomposition of PU is an important characteris-
tic determining the technological prospects of their application. In
its turn, the TGA analysis in inert and oxidizing atmospheres is a
valuable analytical tool for gaining new fundamental knowledge
regarding the mechanism of thermal degradation of polymers and
their relationships with the polymer structure (Chattophadhyay
and Webster, 2009).

The DTG curves obtained (Fig. 13) show the three distinguished
stages of the thermal degradation of reference lignin free PU films
in an air atmosphere. The regions with peak degradation rates at
around 300 and 360 °C involve the scission of PU macromolecules
into gaseous products (primary and secondary amines, olefins,
carbon dioxide, vinyl and alkyl ethers, etc.) as a results of both ther-
mal and radical processes (Chattophadhyay and Webster, 2009;
Lattimer and Williams, 2002). The third high temperature region
(peak rate at 531 °C) is connected mainly with the charcoal oxida-
tion in heterogenic conditions (charcoal combustion).

The significant shifting of peaks’ degradation rates, connected
with PU chains’ destruction in high temperature regions, was
observed at minor (5%) incorporation of lignin fractions into PU
compositions (Fig. 13). Moreover, in this case, some increase in
the starting temperature of volatilization (Tstart), the temperature
when a half weight of the samples was lost (Tsgy), and the yield
of the char residue was observed (Table 5) that can be explained
by the antioxidant action of the lignin fractions used for LPU for-
mulation. The radical scavenging activity of the lignin fractions
under investigation has been revealed by the authors earlier, in
tests with stable radicals: 2,2_-azino-bis(3-ethylbenzthiazoline-6-
sulphonic radical (ABTS® +), 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH*) and superoxide anion-radical (02°*—). The radical scav-
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Fig. 13. DTG curves (in air) for lignin free PU and LPU, containing 5 and 30% of lignin
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Table 5
Effect of lignin fractions on the thermodegradation parameters of LPU films in the
air.

Fraction Content in LPU (%) Tyari, (°C*) Tsox, (°C”) Char residue at 500°C
- 0 274 365 27.0
DCM-F 5 281 367 33.7
30 238 427 422
MET-F 5 279 403 324
30 205 442 44.5
MET/DCM-F 5 286 402 35.7
30 225 499 50.0

@ The temperature when 5% of weight loss was achieved.
b The temperature when 50% of weight loss was achieved.

enging activity against stable radicals was increased in the row
DCM-F < MET-F < MET/DCM-F with increasing condensation degree
of lignin macromolecules and their aromaticity (Arshanitsa et al.,
2013).

The increase of the lignin fractions’ content up to 30% led to
the further lowering of the LPU degradation rate in the air in a
range of 250-450°C and an increase of char residue yields (Fig. 14,
Table 5). Besides, at a high content of the lignin fraction (30%), a
decrease in the starting temperature of degradation (Tstart) Was
observed, in comparison with the case of lignin free PU (Table 5).
It could be connected with the formation of some amounts of ther-
molabile arylisocyanate-aryl alcohol urethane bonds, the thermo
degradation of which started at around 120°C (Chattophadhyay
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Fig. 14. DTG curves (in air and nitrogen) for lignin free PU (a) and LPU, containing
5% (b) and 30% (c) of MET-F.

and Webster, 2009; Garcia et al., 2015). In total, the active degra-
dation process of LPU, containing 30% of lignin fractions, started at a
higher temperature and proceeded with a significantly lower rate in
comparison with the degradation of lignin free PU. The temperature
at which 50% of weight loss was achieved in LPU, containing 30%
of lignin fractions, exceeds that for the lignin free PU by 60-130°C
(Table 5).

The degradation rate of the PU material in the air is acceler-
ated significantly due to the overlapping of both thermal stress
and the processes of radical destruction of polyurethane chains
(Chattophadhyay and Webster, 2009; Hirose et al., 1998; Jiao et al.,
2013). The TGA analysis confirmed this conclusion for lignin free
PU films. However, in the case of LPU films, the retardation of
thermo degradation processes in the air, in comparison with that
in nitrogen, was observed. The DTG curves of lignin free PU and
MET-F-containing LPU are presented as an example (Fig. 14). This
retardation effect can be explained by the simultaneous impact of
different factors, including the radical scavenging activity of lignin
fractions, their crosslinking action and the increasing of the ther-
mostable aromatic constituents’ content in LPU. We assume that, at
a minor content of lignin fractions (5%), their antioxidative action
is the prevailing factor, but at a high portion of lignin, the contribu-
tion of two other factors into the growth of the thermo-oxidative
stability of lignopolyurethanes is enhanced.

As shown, all lignin fractions act as effective promoters of char
formation at the thermo-oxidative degradation of the LPU under
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study (Fig. 13, Table 5). In the presence of char, the heat trans-
fer from the flame to the condensed phase and emission of gases,
hazardous for human health, are decreased (Jiao et al., 2013). There-
fore, the incorporation of lignin fractions in combination with
traditional flame retardants into PU systems could be a valuable
pathway for increasing the thermostabilty and fire retardancy of
PU materials. The residual lignin (60% from the initial), insoluble
in organic solvents under study, can be oxypropylated, and the
obtained propylene oxide — lignin copolymer can be also used as a
macromonomer for PU synthesis (Arshanitsa et al., 2015).

4. Conclusions

Organosolv wheat straw lignin, Biolignin™, represents the
group of technical lignins, the solubility of which in conventional
organic solvents is limited. Therefore, they cannot be used as
received for PU synthesis as a macromonomer. The obtained results
have shown that the fractionation by organic solvents of differ-
ent polarity could be considered as an approach for successful
application of a significant part (up to 40%) of lignin types such
as lignopolyol, able to substitute the different portions of fossil
derived polyols, with simultaneous improvement of PU material
operation characteristics.

The separated lignin fractions, reactive towards isocyanate, act
as a crosslinking agent being incorporated in the model three
components (lignin — polyethelene glycol — polymeric methyl
diisocyanate) PU system, enhancing the glass transition tempera-
ture, tensile strength and Young’s modulus of PU films. This activity
directly correlates with the average functionality of the used lignin.
Depending on the lignin fraction type and its content in the com-
position, the lignin derived PU films exhibit the tensile properties
of elastomers with a rubberlike state at room temperature or the
tensile properties of glassy and rigid cross-linked polyurethanes.

The effects of fractions’ applications were observed from their
minor content in PU (5%), when they revealed the antioxidative
activity. However, at a 30% content of fractions in the composi-
tions used for polyurethane synthesis, the crosslinking effect and
the increasing of the thermostable aromatic constituents’ con-
tent in lignopolyurethanes were revealed, leading to the further
enhancement of their thermooxidative stability and charcoal yield
at combustion.
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Functionality and physico-chemical
characteristics of wheat straw lignin, Biolignin™,
derivatives formed in the oxypropylation process

Abstract: The new organosolv process of wheat straw
fractionation elaborated by Compagnie Industrielle de la
matiere Vegetale (France) corresponds to the biorefinery
approach, which allows separating cellulose, hemicel-
luloses, and lignin. The straw lignin (Biolignin™) is an
attractive product, for which new applications are sought.
In the present work, straw lignin (L) was converted into
liquid lignopolyols via a batch reaction with propylene
oxide (PO). The effects of the lignin content (L%) in the
initial reaction mixture (L/(L+PO) on the oxypropylation
process and the properties of whole lignopolyols and
L/PO copolymers were studied. Almost complete disap-
pearance of L-OH,,, and L-COOH groups in copolymers
was accompanied by an increase in the L-OH_  groups’

liph

content therein. The polydispersity (M, /M,) ofd apll copoly-
mers obtained decreased essentially compared to the refer-
ence. The extent of PO grafting onto OH groups increased
with decreasing lignin content in the initial reaction mix-
ture. At a lignin content of 15-30% in the initial reaction
mixture, the lignopolyols fulfil the requirements of polyol
polyethers for rigid polyurethane foam production. The
further increase in the lignin content leads to the appear-
ance of the non-liquefied fraction and the undesirable
increase in the viscosity of the liquefied part.
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Introduction

Bio-based plastics, which at least partly consist of
renewable components, are among the fastest growing
markets today. The average growth rates over the past
years have constantly been double-digit (Storz and Vorlop
2013). Rigid polyurethane (PUR) foams are versatile poly-
meric materials used as thermal insulation of buildings,
refrigerators, cold stores, pipes, refrigerated transport,
and in various fields of the chemical and food industries
(Ionescu 2005). The application of renewable resources is
an important avenue in modern development of chemis-
try and technology of PUR foams (Lampinen 2011). Polyol
polyethers production from renewable resources via oxy-
propylation (OP) is also a promising way to achieve this
goal (Gandini and Belgacem 2008). The most abundant
natural phenolic polymers are lignins, which are sepa-
rated from plant biomass as by-products resulting from
hydrolysis and pulping processes. As of 2010, the pulp and
paper industry generated approximately 55 million t year®
technical lignins, the bulk of which are being burned to
generate energy for pulp mills (Li and Ragauskas 2012).
The sustainable biorefinery concept is aimed at the opti-
mization of biomass processing for profitable utilization
of all products and byproducts. The aromatic nature of
lignin containing phenolic and aliphatic hydroxyl groups
(OHphen and OHath) permits its utilization as the aromatic
macromonomer moiety of the polyurethane matrix. On
the other hand, there are limitations for utilization of
technical lignins because of their low solubility and func-
tional and molecular heterogeneity, as well as because
of the steric hindrance of OH groups. The OP of lignin
is an approach to overcome these disadvantages, while
the resulting liquid high-functional lignopolyols are well
suitable for PUR foam production. Several aspects of
the OP of commercial technical lignins from softwood,
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hardwood, and grasses are described in the literature (Wu
and Glasser 1984; Kelley et al. 1989; Oliveira and Glasser
1989; Gromova et al. 1993; Nadji et al. 2005; Gandini and
Belgacem 2008; Cateto et al. 2009; Ahvazi et al. 2011; Li
and Ragauskas 2012).

The production of bioethanol as an alternative to fossil
gasoline can be performed by acid and enzymatic hydrol-
ysis of various pretreated plant biomasses, and various
processes are currently under development. This process
leads to a new type of technical lignins, the properties of
which are strongly dependent on the biomass origin and
the pretreatment technology (Zhao et al. 2009; Gosselink
et al. 2010). This is a challenge for the novel lignin-based
polyols’ synthesis for application in PUR foams.

In focus of the present study is a novel technical
lignin from wheat straw, Biolignin™, which was obtained
in biorefinery pilot plant [Compagnie Industrielle de la
matiere Vegetale (CIMV) France] by the pretreatment of
biomass with a mixture of acetic and formic acid (Delmas
et al. 2011). The goal was to investigate the OP of the
lignin, the composition of the obtained lignopolyols, and
the structural and functional transformation of straw
lignin as a result of copolymerization with PO in terms of
the products’ suitability for PUR foam production.

Materials and methods

Straw lignin was supplied with a water content of about 48% by CIMV
(France). The material was washed with deionized water to remove the
residual free acids, then air dried up to the moisture content (MC) of 5%
and ground in a laboratory-scale disintegrator DESI-11 (Desintegtrator
Tootmise OU, Tallinn, Estonia). Before analysis, the lignin was ground
in a Mixer Ball Mill MM200 (Retsch, GmbH, Haan, Germany) at fre-
quencies of 30 s* for 60 min and oven dried in vacuum at 50°C.

Oxypropylation: Six batches of lignopolyols (liquid products of
lignin OP), differing by the lignin content in the initial reaction mix-
ture from 15 to 40% (based on the dry mass of lignin, b.o.d.1.) were
synthesized in a 11 Parr reactor (Parr instrument company, Moline,
IL, USA). In all cases, 140 g of PO (ACROS, Geel, Belgium), air dried
lignin (5% MC), and KOH (Lachner, Neratovice, Czech Republic) (5%
b.o.d.1.) were loaded into the reactor, which was sealed and heated
under stirring to 160-176°C, when the signifying exothermic process
started. The reactor pressure increased and then dropped to a value
close to atmospheric pressure. After cooling, the KOH was neutral-
ized by acetic acid; the product was dissolved in 200 ml of dichlo-
romethane (CH,Cl,) (Evtiougina et al. 2002; Nadji et al. 2005) and
filtered over a glass filter (pore size 40-100 um). CH,Cl, was distilled
off from the soluble fraction in a rotavapor. The solid residue was
washed with CH,Cl, and dried in vacuum at 50°C. The non-liquefied
fraction in the reaction products was weighted.

Lignopolyols fractionation: Oxypropylated straw lignin was iso-
lated from lignopolyols by dissolving 5 g of a lignopolyol in 20 ml of
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MeOH, followed by a fivefold liquid-liquid extraction with 100 ml of
hexane in a separating funnel to remove PO homopolymers (poly-
propylene glycols, PPG) soluble in non-polar solvents. Each extrac-
tion step was done by vigorous shaking by hand during 10 min. After
15-min storage, the MeOH layer was separated and was extracted
again with a fresh portion of hexane. Finally, the copolymer frac-
tion was precipitated in cool water (6°C), slightly acidized (pH=4.0)
by 1 M HCl, filtered, washed with deionized water, and dried under
vacuum at 50°C (Wu and Glasser 1984). The hexane layers of each
extraction step were collected, and hexane was distilled off under
vacuum. The contents of hexane-soluble homopolymer fractions and
precipitated copolymer fractions were determined by weighing. For
each lignopolyol, three parallel experiments were done.

FTIR spectroscopy: Spectrum One (Perkin Elmer, Beaconsfield, UK)
instrument and KBr pellet technique were used (1% solid in KBr);
resolution: 4 cm?; number of scans: 64.

3P NMR spectroscopy: Thirty milligrams of a sample was dis-
solved in the solvent mixture consisting of N,N-dimethylformamid
e:pyridine:CDCL :2-chloro-4,4,5,5-tetramethyl-1,3,2,-dioxaphospho-
lane=1:1:4:1v/v as described by Gosselink et al. (2010). The instrument
used was the Bruker 400 MHz NMR spectrometer (Bruker UK Limited,
Coventry, UK) with 30° pulse angle, inverse gated proton decoupling,
a delay time of 5 s, and 256 scans (double experiments per sample).
Signal assignment was according to Granata and Argyropoulos (1995).

H-NMR spectroscopy in the liquid state: Acetylated straw lignin
and its oxypropylated derivatives in CDCl, were recorded on a
BRUKER AVANCE 300 NMR spectrometer (Bruker UK Limited, Coven-
try, UK) at 298 K; 200-250 of 12 pus pulses were collected with a delay
of 2sat90°. Signal assignment was according to Glasser et al. (1984).

Size-exclusion chromatography (SEC): The samples dissolved in
hexafluoroisopropyl alcohol+0.02 M potassium trifluoroacetate were
injected into two serially connected columns [PSS PFG linear M,
7 um, 8 mm (ID)x300 mm (length) and a PSS PFG guard column,
8 mm (ID)x50 mm (length)] and eluted with the same solvent. Flow
was 0.7 ml min’, at 40°C, with injection volume of 100 pl, by refrac-
tive index detection. Polymethylmethacrylate standards with M,
ranging from 1.020 to 790.000 g mol" served for calibration.

The TGA analysis was performed with vacuum oven-dried sam-
ples (8 mg) in N, atmosphere between 20 and 1000°C (10°C min?) in
a Mettler Toledo Star System TGA/STDA 851°¢ (Mettler Toledo, Schwer-
zenbach, Switzerland). The first derivative of thermogravimetric curve
(differential thermogravimetric, DTG) is the basis for discussion.

Glass transition temperatures (Tg) were determined by differen-
tial scanning calorimetry (DSC) using Mettler Toledo Star DSC 823e
instrument (Mettler Toledo, Schwerzebach, Switzerland); 8 mg vac-
uum oven-dried samples, heating rate was 10°C min* between 20°C
and +180°C, with double experiments. The second scan was used for
Tg calculation according to DIN standard 53765 (1994) (specific heat
capacity, ACp, achieved a half of its change during the transition).

Chemical analysis: OMe group determination was performed in
combination with GC separation of alkyl iodides concentrated in CCl,
according to Baker (1996). The samples were treated in a sealed vial
with HI for 20 min at 130°C. Ethyl iodide was added to the cooled vial
with a syringe as internal standard (IS). The alkyl iodides were extracted
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with 10 ml of CCl, and dried over Na,SO,. The GC instrument was Agi-
lent 6850 Series GC System (Agilent Technologies, CA, USA) with a FID
detector equipped with a capillary column CP7946 (25 mx320 pmx1.2
um film). Temperature program was 40°C for 5 min — 180°C (10 min),
with injector at 200°C and detector at 250°C, and the carrier gas was He.
The ratio of the peak area of methyl iodide to that of IS was calculated
by the Agilent 6850 software; the system was calibrated with vanillin.
The oxypropyl groups were determined via the content of isopropyl
iodide deliberated from the copolymers. The hydroxyl values (OHV) of
lignopolyols were determined via acetylation of samples with Ac,0 fol-
lowed by potentiometric titration of free acetic acid in excess with 0.1 N
NaOH in water (Zakis 1994). The potassium acetate (KAc) content in
lignopolyols (ethanol solution) was determined by potentiometric titra-
tion with 0.1 N HCI. The water content in lignopolyols was determined
by the Karl Fisher (KF) titration method. The viscosity of lignopolyols
was determined by means of rotation viscosimetry [HAAKE Viscotester
6L/R plus (Thermo Electron GmbH, Karlsruhe, Germany)] at 20°C.

Results and discussion

Oxypropylation and properties of
lignopolyols

A typical pressure-temperature-time diagram of the lignin
OP is presented in Figure 1. The maximum pressure (Pmax)
of PO decreased steadily from 30 to 21.7 bar with increasing
lignin content in the reaction mixture from 15 up to 40%
(Table 1), but the onset temperature (T ) for the rapid
homopolymerization step differed less significantly. This
can be explained by a partial consumption of PO at the low
rate of the copolymerization reaction with acidic groups of
lignin, which react with PO before the homopolymerization
step in the presence of an alkali catalyst (Wu and Glasser
1984). The high rate of homopolymerization reactions takes
place after the transformation of acidic lignin groups into
aliphatic ones after finishing the low-rate copolymerization
step. During the high-rate step, two processes proceed: for-

mation of propylene glycol derivatives of different molecular
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Figure 1: Typical pressure-temperature-time (P-T-t) diagram of straw
lignin OP (L/(L+P0)=30%).
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Table 1: Formulations related to the OP of straw lignin and opera-
tion conditions for this process.

L/L+PO) KOH T, T. P 1, Solid

(%) (%) (C) () (ba) (min) residue (%)
15 0.7 176 225 30 4.7 n.d.

20 1.0 171 242 27.1 3.3 n.d.

25 1.2 168 235 25.9 3.4 0.2

30 1.5 166 236 24.5 3.2 0.1

35 1.7 166 235 23.1 3.4 1.3

40 1.9 160 227 21.7 7.1 7.5

n.d., not detected.

weights and the propagation of the oxypropyl chains of the
copolymer. These processes are competing because the rates
of both of them are predetermined mainly by the nucleo-
filicity of oxyanions, originated from secondary hydroxyl
groups. Between 20 and 35% lignin content, the process
rates were approximately the same (Table 1), in the course of
which a twofold decrease of maximal pressure in the reactor
occurs (‘co_s). This can be explained by the increase of the cat-
alyst content in the reaction mixture alongside the increase
of the lignin content consumed for modification. Obviously,
the retardation effect of lignin on PO homopolymerization
was compensated by the catalytic effect of KOH. Between 15
and 40% lignin content, the above mentioned balance was
broken because of the too low amount of the catalyst in the
first case and the too high content of lignin in the second
one. As a result, the delay of PO conversion was observed
in both cases. The T, was steadily decreased with increas-
ing catalyst content in the initial reaction mixture. A direct
correlation between T and the composition of the initial
mixture was not found, but the lowest rates of homopolym-
erization was combined with the lowest T .

Higher lignin contents in the initial reaction mixture
resulted in a steady increase of the OHV and viscosity
of the lignopolyols (Table 2) in agreement with observa-
tion on Alcell lignin OP (Cateto et al. 2009). Based on the
results listed in Tables 1 and 2, the conclusion is that at
15-30% lignin in the initial reaction mixture, the ligno-
polyols fulfil the requirements in terms of viscosity and
OHV for PUR foam production (Nadji et al. 2005; Cateto
et al. 2009). Higher lignin contents elevate the amount of
non-liquefied solid fractions (up to 7.5%), and the viscos-
ity of lignopolyols becomes higher than 100 Pa-s.

Composition of lignopolyols

The L/PO copolymers were separated from the prod-
ucts of PO hopolymerization. As indicated in Table 2,
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Table 2: Effect of the straw lignin content in the initial reaction mixture on the properties and composition of lignopolyols obtained.

Composition (%)

L/(L+PO) Viscosity at OHV

(%) 20°C (Pa-s) (mg KOH g*) KAc (%) Copolymer PPG* Total
15 1.7 280.8 1.3 20.740.6 64.1£1.3 84.8
20 4.9 397.7 1.8 27.5%£2.0 60.2+1.8 87.7
25 16.8 414.8 2.2 31.2+1.7 46.0+2.5 77.2
30 63.7 450.1 2.6 43.5%3.2 37.9+2.3 81.4
35 138.5 462.3 2.9 44.9£2.0 38.612.1 83.5
40 >200.0 474.9 3.3 46.5+1.0 32.2+0.9 78.7

OHYV, hydroxyl value; KAc, potassium acetate; L, lignin; PO, propylene oxide; PPG, polypropylene glycols. *Hexane soluble.

increasing lignin contents go along with elevated
amounts of the copolymer moieties, which caused higher
viscosities, while the content of the homopolymer frac-
tion soluble in hexane was reduced. The sum of the
copolymer and PPG fractions was <100%. This is due to
the limited solubility of homopolymers with low molecu-
lar weights in hexane compared to water. At molecular
weights higher than 700 g mol”, the PPG becomes insol-
uble in water (Alexandridis and Hatton 1995). The part
that is soluble in water is around 12.3-22% based on the
total weight of lignopolyols. The contribution of water-
soluble short-chain homopolymers to OHV is high. If the
lignin content in the mixture is between 15 and 20%, the
amount of water-soluble homopolymer will be 13.9 and
10.5%, respectively. Thus, the higher excess of PO in the
reaction mixture promoted the formation of long-chain
homopolymer and not only the copolymer/homopolymer
ratio. This detail is important because the homopolymers
act as a soft segment in the polyurethane matrix, which
governs the balance between the rigidity and elasticity
of the foam.

Structure and functionality of the L/PO
copolymers

The FTIR spectra confirms the OP (Figure 2) as the ali-
phatic groups CH, CH,, and CH, (absorbance at 2975—
2909 cm?, 1465 cm?) are elevated in the copolymer. The
band at 1720 cm? (unconjugated carbonyl moieties) is
decreasing, and the band at 1125 cm? is increasing due to
the formation of ether bonds. As shown in Figure 3, the
content of CH, CH,, and CH, groups in copolymers esti-
mated by the S,/ ratios was increased with increasing PO
content in the initial reaction mixture. The same changes,
but to a lesser extent, were observed in the FTIR spectra of
solid fractions, separated from lignopolyols (data not pre-
sented). This testifies that solid fractions are also partly
oxypropylated and therefore can act as a reactive filler of
rigid PUR foams.

The data obtained by '"H NMR spectroscopy confirms
the copolymerization of lignin with PO (Figure 4). The
intensity of aliphatic proton signals (CH, CH,, CH,) are
increasing while those of the OMe groups is decreasing

= Straw lignin  ---- L/(L+PO)=30% 1125
i
b ;
3 3468 B
° A 2975-2909 ue L
© AR "
- ik :
< ! TN :
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Figure 2: Normalized FTIR spectra of straw lignin and its oxypropylated derivative.
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Figure 3: Ratios of the area enclosed by FTIR spectra in the range of
3035-2695 cm™!(S) to that enclosed in the range of 3705-3035 cm™(S))
for oxypropylated straw lignin derivatives vs. L/(L+PO) values.
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Figure 4: 'H NMR spectra of straw lignin (a) and its oxypropylated
derivative (L/(L+P0)=30%) (b).
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due to the dilution of aromatic constituents by PO graft-
ing. The aromatic acetoxy signal disappears, and that of
the aliphatic acetoxy signal is elevated.

The HI treatment led to the appearance of signals for
isopropyl iodide (predominantly) and n-propyl iodide
(traces) in products of the copolymers, while the lignin
alone gives rise to only methyl iodide as a result of OMe
group splitting (Figure 5). A series of successful experi-
ments were also carried out with chloroform (CHCla) as CCl,
is a dangerous chemical. In this experiment, the internal
standards iso-propyl iodide and n-propyl iodide instead
of ethyl iodide help to avoid overlapping of signals. The
results are similar with both solvents.

The OP is initiated by hydroxyl-containing starters:
the nucleophilic attack of the alcoholate group on the
o-carbon of the oxirane ring (S,2 normal attack), which
is due to the low steric hindrance and the electron donor
effect of the methyl group, which increasing the electron
density at the B-carbon atom (lonescu 2005). The OH
groups in L/PO copolymers are presented mainly by sec-
ondary alcohol groups (Figure 6).

The apparently decreasing OMe content of the
samples with increasing of PO grafting extent (Figure 7
and Table 3) is due to the dilution effect by the presence
of more and more oxypropyl groups. Dimethoxylation of
lignin does not occur during OP under the conditions of
this study.

The P NMR spectra of lignin show that acidic OH
groups with low reactivity (OHthJrCOOH) (Saunders and
Frisch 1962) amounts to 60% of all OH groups present
(Table 3). Lignin addition within the range of 15-40%
led to the almost complete transformation of OH,;.., and
COOH groups. For copolymers, the shear of aliphatic
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Figure 5: Gas chromatograms of CCl, extracts from straw lignin (a) and oxypropylated derivatives (b) obtained at L/(L+P0)=30% after their
treatment by HI. (1) methyliodide; (2) internal standard (ethyl iodide); (3) iso-propyliodide; and (4) n-propyliodide.
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Figure 6: Scheme of the straw lignin-PO copolymers’ formation according to the anionic S 2 polymerization mechanism.
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Figure 7: Correlation between the methoxyl groups’ content in
straw lignin, its oxypropylated derivatives, and the isopropyl iodide
content in products of their treatment by HI.

AU (arbitrary units): a ratio of peak area of isopropyl iodide to that
of the internal standard on chromatograms.

groups grew up to 92-95%. However, the total amounts of
OH groups in copolymers diminished with decreasing L/
(L+PO) ratios, due to PO grafting on lignin. The free OH,.,
groups for all copolymers are located mainly in 3,5- con-
densed structures, obviously because of their steric hin-
drance. The OH , = groups increment was low in case of
lignin addition up to 40% (Table 3). The OP of wheat straw
soda lignin under alkali conditions was reported to be
more efficient even under mild conditions (water media,
room temperature) (Ahvazi et al. 2011). Hence, the straw
lignin seems to be less reactive toward PO in comparison

with soda wheat straw lignins, but the reason for this is
not yet clear (Arshanitsa et al. 2013).

Hindered phenols are known antioxidants for terminat-
ing free radical chain reactions, which are also applied in
PUR foam production (Gray et al. 1996). Free OH,,,, groups
in L/PO copolymers in amounts of 0.10-0.14 mmol g* may
be useful for influencing the PUR foam properties.

The data of mole mass distribution (MMD) in Table 3
indicate that the unreacted lignin has the broadest MMD.
With advancing of OP, the polydispersity of copolymers
decreased dramatically. Li and Ragauskas (2012) made
similar observation with oxypropylated kraft lignin.

The results of DTG analysis confirmed the SEC data
(Figure 8). The profile of the copolymer thermodegra-
dation rate is narrower, but the peak degradation rate
is higher compared with that of the lignin alone. The
thermodegradation process of L begins at 190°C. The
T ., value inside the Parr reactor as the OP is initiated
varies between 225 and 242°C (Table 1). In this temper-
ature range, two opposite processes occur (Cui et al.
2013): the crosslinking process that proceeds via radical
coupling leading to the growth of molecular mass, and
thermal splitting resulting in macromolecule degrada-
tion. Radical coupling prevails under temperatures close
to the Tg of lignin, while degradation reactions are domi-
nant at higher temperatures (Brebu and Vasile 2010).
These processes influence the MMD profiles. Moreover,
molecular hydrodynamic volumes also influence the
MMD (Gosselink et al. 2010).

Table 3: Content of functional groups and molecular mass distribution of straw lignin and its oxypropylated derivatives.

Data related to OH and OMe groups (mmol g%)

Mol mass (g mol?)

L/(L+PO) OH,,, OH,,,/OH MM,
(%) OH_,, total COOH z X ratio OMe m, M, ratio
100° 1.39 1.62 0.50 3.51 0.40 3.69£0.10 2200 54000 24.5
15 2.26 0.10 0.03 2.39 0.95 1.39+0.03 8200 30000 3.7
20 2.53 0.10 0.04 2.67 0.95 1.6610.01 4900 16 300 3.3
25 2.56 0.12 0.05 2.73 0.94 1.77+0.01 4100 16 900 4.1
30 2.59 0.14 0.05 2.78 0.93 1.97+0.01 4200 21500 5.1
35 2.59 0.14 0.07 2.80 0.93 2.29+0.06 3600 19700 5.5
40 2.65 0.17 0.06 2.88 0.92 2.39£0.06 3800 25700 6.8
#Straw lignin.
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Figure 8: DTG curve of straw lignin and its oxypropylated
derivative.
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Figure 9: Average numbers of PO units grafted onto each OH
function of straw lignin, calculated on the basis of the M, values of
oxypropylated lignin derivatives vs. those calculated on the basis
of methoxyl groups’ content. Straw lignin content in the reaction
mixture: (1) 15%; (2) 20%; (3) 25%; (4) 30%; (5) 35%; (6) 40%; and
(7) 100%.

The average numbers of PO units grafted onto
each OH group of L, calculated on the basis of M, and
OMe content, increases with decreasing L/(L+PO)
values (Figure 9). Results calculated by both methods
were similar for copolymers obtained at 20-40% of L.
However, significant difference was observed for 15% of
L content, which can be explained by overestimation of
the molecular weight of copolymer due to higher hydro-
dynamic volumes of its macromolecule (Cateto et al.
2009).

Steady reduction of L/PO copolymers’ Tg and increase
of their ACp with decreasing L content in the reaction
mixture were observed (Figure 10). This can be explained
by the increase of free molecular motion in copolymers
relative to the straw lignin (Yoshida et al. 1987; Oliveira
and Glasser 1989; Cui et al. 2013). According to DSC data,
the extent of modification increased with decreasing L
content in the reaction mixture. The batch OP successfully
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Figure 10: Tg and the corresponding ACp for straw lignin and its
oxypropylated derivatives vs. L/(L+PO) values.

neutralized the lignins’ molecular heterogeneity and
diversity of its hydroxyl functionalities, and thus the
control over the gelation of polyurethane networks
was improved (Kelley et al. 1989). The PUR foams with
twheat suaw 0@5€d lignopolyols exhibit various beneficial
properties compared to the foams obtained with commer-
cial polyethers only (Arshanitsa et al. 2014).

Reproducibility of the oxypropylation
process

In the present work, 25 parallel syntheses were realized
at 30% lignin content in the reaction mixture. The cor-
responding data are compiled in Table 4. The descrip-
tive statistical analysis shows a normal distribution of
the measured parameters for repeated experiments.

Table 4: Descriptive statistics of parameters of straw lignin OP and
characteristics of lignopolyols obtained (n=25).

Lignopolyol

Parameters of OP characteristics

Viscosity ~ Water

Statistical Toser  Towe Puax OHV(mg  at20°C cont.

parameters (°C) (°C) (bar) KOHg?") (Pa-s) K.F.(%)

Mean 164 241 24.7 447.3 57.5 0.05

Median 164 241 24.6 450.1 56.2 0.50

Minimum 161 235 24.0 409.2 50.1 0.03

Maximum 167 248 26.0 471.6 70.2 0.14

Standard error  0.35 0.64 0.10 2.80 1.11 0.02

Standard 1.7 3.2 047 14.0 5.6 0.02
deviation

2Coef. VA (%) 1.0 13 1.9 3.1 9.7 40.0

Variation coefficient.
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Moreover, a high repeatability of OP parameters and the
properties of the lignopolyols can be seen. The reproduc-
ibility of OHV values was higher than that of viscosity. The
magnitude of the coefficient of variation did not exceeded
10%. The greatest data scattering was observed for the
water content in lignopolyols. However, variations of these
parameters do not influence the process of the further
application of lignopolyols for PUR foam production. All
25 batches of lignopolyols (L/(L+P0)=30%) synthesized
in this work were combined and successfully processed
into PUR foam under the conditions of a commercial-scale
equipment working with high-pressure spraying.

Conclusions

A new type of wheat straw lignin, Biolignin™, was con-
verted into liquid lignopolyol polyethers via bulk OP. The
obtained lignopolyols consisted of two main constituents:
the product of the interaction of the straw lignin with pro-
pylene oxide and derivatives of propylene glycol of differ-
ent molecular weights. The grafting of oxypropyl chains
onto the hydroxyl functions of the straw lignin was proven,
and the structure and functionalities of the obtained oxy-
propylated products were characterized by a set of differ-
ent independent chemical and physicochemical methods.
The oxypropylated derivatives have a lower polydispersity
and a higher segmental mobility, and the OH function-
alities were converted to secondary aliphatic groups. The
application of 30% lignin in the initiating mixture seems
to be appropriate. The OP process and the properties of
the obtained lignopolyols were highly reproducible.
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Non-purified lignins resulting from ethanol-based organosolv fractionation of wheat straw were char-
acterized for the presence of impurities (carbohydrates and ash), functional groups (hydroxyl, carboxyl
and methoxyl), phenyl-propanoid structural moieties, molar mass distribution and thermal behavior. In
accordance with its herbaceous nature, the syringyl/guaiacyl-ratio of the wheat straw lignins was sub-
stantially lower than of Alcell lignin. In addition, the content of p-hydroxyphenyl and carboxyl groups is
substantially higher for the wheat straw lignins. The non-purified organosolv lignins had a high purity
with 0.4-5.2% carbohydrate impurities, both originating from lignin to carbohydrate complexes and resid-
ual organosolv liquor. The use of H,SO4 in the organcsolv process improved the lignin yield, but at low
acid doses increased the carbohydrate impurities. For applications where a low amount of carbohydrates
is important, lignin from a high-temperature autocatalytic organosolv process was found to be pre-
ferred. The highest content of total hydroxyl groups was determined when lignins were produced using
30mM HS04 as catalyst or 50% w/w aqueous ethanol as solvent for the organosolv process. Aliphatic
hydroxyl groups, the most predominant type of hydroxyl groups present originating for a substantial part
from residual carbohydrates, were found to decrease with reaction time and ethanol proportion of the
organosolv solvent. The correlations between organcsolv process conditions and lignin characteristics
determined can facilitate the use of organosolv lignins in value-added applications such as in polymers
and resins and as a feedstock for bio-based aromatics.

© 2014 Published by Elsevier B.V.

1. Introduction

Lignin is the most abundant aromatic biopolymer in nature con-
sisting of phenylpropane units that originate from three aromatic
alcohol precursors (monolignols); i.e., p-coumaryl, coniferyl and
sinapyl alcohol (Fengel and Wegener, 2003; Ghaffar and Fan, 2013).
The cross-linked phenolic substructures that originate from these
monolignols are defined as p-hydroxyphenyl (H, from coumaryl
alcohol), guaiacyl (G, from coniferyl alcohol) and syringy! (S, from
sinapyl alcohol) structural moieties (Fengel and Wegener, 2003;
Buranov and Mazza, 2008). Cereal straw lignin is a GSH-type lignin
containing all three monolignols (Dence and Lin, 1992). The com-
position of degradation products of lignins from wheat straw by
thioacidolysis shows that the proportion of H, G, and S is 5, 49,
46% (Buranov and Mazza, 2008). During the biological lignifica-
tion process, the monolignols form a complex network closely

* Corresponding author. Tel.: +31 88 5158162.
E-mail address: huijgen@ecn.nl (W.]J. Huijgen).

http://dx.doi.org/10.1016/j.indcrop.2014.05.003
0926-6690/© 2014 Published by Elsevier B.V.
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associated with hemicelluloses. Hydroxycinnamic acids (fer-
ulic and p-coumaric) act as cross-linking agent between lignin
and carbohydrates forming so-called lignin-hydroxycinnamate
carbohydrate complexes (Sun, 2010). The major inter-unit linkages
within lignin are of an ether type with around 50% (3-0-4 ether
linkages (Ghaffar and Fan, 2013).

Lignin’s aromatic nature makes it a potential renewable source
of (aromatic) chemicals and performance products (Hu, 2002; Lora
and Glasser, 2002; Bozell et al., 2007; Stewart, 2008; Zakzeski et al.,
2010). Potential applications of lignins from various sources include
the production of chemicals such as phenol(ics) and BTX (ben-
zene, toluene and xylene) (Zakzeski et al., 2010). The use of lignin
in various material applications has been studied such as pheno-
lic resins (Da Silva et al., 2013; Lora and Glasser, 2002; Stewart,
2008), polyurethanes (Lora and Glasser, 2002; Pan and Saddler,
2013), epoxy resins (Lora and Glasser, 2002; Stewart, 2008), and
carbon fibers (Hu, 2002; Pan, 2013). Finally, the use of lignin as
antioxidant has been reported (Dizhbite et al., 2004; Pan et al.,
2006; El Hage et al., 2012). In spite of the various potential appli-
cations, the current industrial use of lignin is still limited due to
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limited industrial supply and challenging lignin properties such
as its complex and non-uniform chemical structure (Vishtal and
Kraslawski, 2011). However, the expected substantial increase in
available technical lignins from pulp and paper processes, ligno-
cellulosic biofuels production and biorefineries as well as lignin’s
unique chemical structure warrant additional research to develop
(new) outlets (Vishtal and Kraslawski, 2011).

The desired lignin characteristics depend on the application.
Monteil-Rivera et al. (2013) provide an interesting discussion on
therequired lignin properties for various applications. For example,
molar mass (polydispersity) and (total) OH content are physico-
chemical lignin characteristics that are important for the use of
lignins in lignin-polymer blends. For many applications, lignins
having a high purity, i.e. low in ash, residual carbohydrates etc.
are preferred. Isolation of lignin from lignocellulosic biomass e.g.
by using organic solvents (organosolv) enables production of such
high-purity lignins (Pan, 2013).

Organosolv fractionation is considered to be a promising biore-
finery approach given the coproduction of cellulose products (e.g.,
fibers or enzymatically digestibly cellulose), high-purity lignin
and hemicellulose-derived products such as xylose, furfural and
acetic acid (Zhao et al., 2009; Pan, 2013). Coproduction of these
materials seems critical to improve the cost-effectiveness of biore-
finery schemes for second generation biofuels such as bioethanol.
Organosolv processes currently operated at pilot-scale include the
ethanol-based process of Lignol in Burnaby, BC, Canada (former
Alcell® process) (Arato et al., 2005) and the acetic and formic
acid-based process from CIMV in Pomacle, Champagnes-Ardennes,
France (Delmas et al., 2011).

Characterization of lignins produced including dependency
on the organosolv process conditions is a prerequisite for the
development of value-added lignin applications and, thereby, an
economically viable organosolv biorefinery concept. In the litera-
ture, lignins extracted by ethanol-based organosolv processes have
been widely studied for various types of biomass such as loblolly
pine (Sannigraphi et al., 2010), switchgrass (Hu et al., 2012), flax
(Buranov et al, 2010; Monteil-Rivera et al,, 2013), fiber hemp
(Zomers et al., 1995; Monteil-Rivera et al., 2013) and wheat straw
(Monteil-Rivera et al., 2013). Characterization of organosolv lignins
including correlation to organosolv process conditions have been
reported for bagasse (Vallejos et al., 2011), hybrid poplar (Pan et al.,
2006), olive tree pruning (Toledano et al., 2011) and Miscanthus (El
Hage et al., 2010). However, in most studies washed or otherwise
purified lignins have been used in order to remove non-bonded
impurities and to be able to study the chemistry occurring dur-
ing the organosolv process. Whether the lignin product will be
washed or otherwise purified in an industrial organosolv process
depends on the economic trade-off between potentially improved
lignin application possibilities and additional costs for the purifi-
cation step. In this study, we focused on non-purified organosolv
wheat straw lignins.

The objective of this paper is to characterize non-purified
lignins resulting from an earlier study in which we reported
on ethanol-based organosolv pretreatment of wheat straw for
enzymatic cellulose hydrolysis (Wildschut et al, 2013). Wheat
straw is an attractive low-cost feedstock for the production
of bio-based chemicals because of its annual renewability and
abundance, being an agricultural residue from the production
of cereals (Buranov and Mazza, 2008; Sun, 2010). In this study,
selected wheat straw lignins will be analyzed for their compo-
sition (carbohydrate and ash impurities), physical properties as
molar mass distribution (SEC), thermal degradation (TGA) and
glass-transition temperature (DSC), as well as hydroxyl, carboxyl
and methoxyl functional groups (both by wet chemical methods
and 3!P-NMR). The influence of the organosolv process conditions
on the lignin characteristics will be assessed. Alcell® lignin, an

ethanol organosolv hardwood lignin, will be used as a reference
lignin.

2. Materials and methods
2.1. Lignin samples

Lignin samples from an earlier study (Wildschut et al.,, 2013),
in which lignin was isolated from wheat straw using an ethanol-
based organosolv process, were selected for characterization such
that the influence of the main process parameters of the organo-
solv process on the lignin characteristics could be assessed. In
addition, the optimum process conditions for enzymatic cellulose
digestibility and lignin yield were included (Wildschut et al., 2013).
Table 1 gives an overview of selected lignin samples including
the organosolv process conditions used. In addition to the wheat
straw organosolv lignins, Alcell® (here and further Alcell) lignin
was included in all lignin characterizations as a reference material.
Alcell ethanol-water organosolv lignin from mixed hardwoods was
obtained from Repap Technologies, Canada.

The methods used for the organosolv delignification experi-
ments as well as the analysis method used to determine the lignin
content of the resulting wheat straw pulp and thereby the deligni-
fication degree have been reported earlier (Wildschut et al., 2013).
The summative composition of the wheat straw was (% w/w, dry
basis): glucan, 35.4; xylan, 19.8; arabinan, 2.1; galactan, 1.4; lignin,
17.6; ash, 3.5; extractives, 10.2 (Wildschutet al,, 2013). The elemen-
tal composition was (%): C 47.3,H 6.4, N 0.7, and O 44.6 (Wildschut
et al,, 2013). The liquids resulting from the organosolv process,
i.e. the “organosolv liquor” and the solution resulting from pulp
washing, were combined and added to chilled water to separate
the dissolved lignin by precipitation (4°C, 3:1 w/w dilution ratio
H,0: organosolv liquor). Precipitated lignin particles were sedi-
mented by centrifugation, the liquor was decanted and the lignin
was dried. No further purification steps, such as washing, were
applied on the lignin. For more details on the lignin isolation proce-
dure, we refer to Huijgen et al. (2010). Analysis of the sugar content
ofthe combined liquors was performed by High Performance Anion
Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD) after post-hydrolysis of oligomeric sugars present,
as described earlier (Huijgen et al., 2012).

2.2. Lignin composition

The dry matter content (DM) was measured using a halo-
gen moisture analyzer (Mettler Toledo HR83, Columbus, OH). The
ash content was determined in duplicate using thermogravimet-
ric analysis under air (Mettler Toledo TGA 850, Columbus, OH).
10mg of sample was heated with 10°C/min to 900 °C, including
an isothermal interval at 105°C to determine the dry weight of the
sample.

The residual carbohydrate content of the lignin samples was
determined using an analytical procedure for summative composi-
tion analysis of lignocellulosic biomass, which has been reported
in earlier work (Huijgen et al, 2011, 2012) and is based on
the standard Laboratory Analytical Procedures (LAP) of NREL
(Golden, CO) (National Renewable Energy Laboratory (NREL),
2009). The lignin samples were finely crushed to powder and
hydrolyzed in two steps: (1) 12M (72% w/w) H2S04 (30°C, 1h)
and (2) 1.2M H,S04 (100°C, 3 h). The acid-insoluble lignin (AIL)
content was defined as the amount of ash-free Klason lignin
(i.e,, the solid residue corrected for its ash content according
to NREL/TP-510-42618 (National Renewable Energy Laboratory
(NREL), 2009)). The hydrolysate was analyzed for acid-soluble
lignin (ASL, UV-absorption at 205 nm) as well as monomeric sugars
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Characteristics of the organosolv process used for the production of the lignin samples (Wildschut et al., 2013).

Table 1
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(after neutralization of the hydrolysate using BaCOs). Analysis
of monomeric sugars was performed using HPAEC-PAD, using a
method that has been reported before (Huijgen et al., 2012). No
correction factors for possible sugar degradation during hydrolysis
were applied.

2.3. Physical properties

2.3.1. Molar mass distribution

Molar mass distribution of lignin was determined in dupli-
cate using alkaline size exclusion chromatography (SEC) according
to Gosselink et al. (2010). 0.5M NaOH was used to dissolve the
lignin samples and as eluent (Gosselink et al., 2004, 2010). The
following modifications were made to the published protocol:
a column temperature of 40°C, a flow rate of 1 ml/min and a
home-packed column with Toyopearl HW-55 Fof 7.8 mm ID x 3/8”
OD x 300 mm L were used.

2.3.2. Thermal degradation

The thermal degradation behavior of the lignin samples was
studied by thermogravimetric analysis (TGA) analysis using a Met-
tler Toledo Star system (TGA/SDTA851) and an inert nitrogen
atmosphere. Regime: temperature range 20-1000°C, heating rate
10°C/min, sample weight ~8.000 mg. Analysis was performed in
duplicate.

2.3.3. Glass transition temperature

The glass transition temperature was measured using Differen-
tial Scanning Calorimetry (DSC). 8-10 mg of sample was analyzed
with aMettler Toledo DSC 823. The temperature program consisted
of three stages: heating from 20 to 140°C (rate 20°C/min), hold-
ing time 5 min, quenching from 140°C to —50°C (rate 20°C/min),
holding time 5min, and finally heating from —50 to 200°C (rate
10°C/min). The final heating run was used for analysis.

2.4. Functional groups

The presence of functional groups was determined both by wet
chemical methods (Section 2.4.1) and by 3'P-NMR (Section 2.4.2).

2.4.1. Wet chemical analysis

The content of methoxyl and (carboxylic, aliphatic and pheno-
lic) hydroxyl groups was determined using wet chemical methods
described by Zakis (1994). For each analysis, 3-5 repeated measure-
ments were performed. All samples were vacuum dried at 50°C
during 48 h before analysis.

In short, the content of methoxyl groups was determined using
57% HI for splitting of CH3I followed by three subsequent quan-
titative reactions yielding free I and titrating I, with thiosulfate
(Zeisel-Viebdck-Schwappach method) (Zakis, 1994).

Lignin hydroxyl groups (OH total) consisting of phenolic OH,
aliphatic OH and carboxylic OH. Firstly, carboxyl groups were
determined using a calcium acetate-based chemisorption method.
Secondly, the sum of phenolic hydroxyl and carboxyl groups
(i.e., acid hydroxyl groups) was determined using BaCl,-based
chemisorption. The phenolic hydroxyl content was calculated
from the difference between both chemisorption methods. Sub-
sequently, the lignin samples were acetylated during 24 h at 50°C
using acetic anhydride and pyridine as catalyst (Verley's method,
see Zakis (1994)). The excess of acetic anhydride was decomposed
by water into free acetic acid, which was titrated with 0.1 N KOH.
Lignin sample size was chosen such that the volume of KOH solution
used for the titration was less than 80% of the quantity required for
titration of the blank sample. Difference between amount of acetic
acid determined for the lignin and blank samples was used for
calculation of the ‘OH acet.” groups content. Finally, aliphatic OH
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Table 2

Composition of lignin samples.
Sample DM? (%) Carbohydrates (% dw)" Ash (%dw)  Lignin (% dw) Sum (% dw)

Arabinan  Xylan Galactan Glucan Sum  Ratio C5:C6 AL AsL!

1 97.0 0.440.0 1.7+0.1  03+0.0 12406 36 14 88.2+03 27400 96.0+1.0
2 97.8 0.1+0.0 09400 01400 04+00 16 1.8 941+£03 14400 98.0+04
3 97.3 0.1+0.0 05+0.0 01400 03+00 1.0 1.6 949+02 18400 98.6+0.3
4 96.4 0.5+0.0 33400 04400 07+00 49 34 86.5+02 19400 95.0+0.3
5 ND"¢ 01" 01" 01" 05" 08 04 95.0" 1k 96.9
6 971 03+0.0 1.3+£00 02+£0.0 05+00 23 22 91.9+04 14400 97.1+04
7 97.4 0.1+0.0 07+£0.0 01400 04+00 13 1.6 963+04 12400 98.8+04
8 96.9 0.5+0.0 3.7+£00 03£00 07+£00 52 43 886+03 14£00 95.3+0.2
9 96.8 0.5+0.0 1.0+£0.1 0.1+0.0 04+00 20 3.1 0.1+0.0° 927403 1.1+00 959404
10 97.3 <0.02 0.1+£00 0.0£00 02+00 04 0.6 0.7+0.1¢ 95.9¢ 2001 99.0+0.2
11 95.8 0.0+0.0 04400 0.0+00 03+00 08 13 1.1+£0.0° 96.2+0.5 1.5+00 99.7+0.5
Alcell (De Wild 96.9 <0.05 0.1+£00 <0.05 01+00 0.1’ 1.9 0.0+0.0' 93.8+£03 19400 95.8+0.2

etal, 2012)

@ Dry matter content.
b Mannan and rhamnan below detection limit in all cases.

¢ Acid-insoluble lignin: ash-corrected gravimetric residue H,SO, hydrolysis; includes ‘pseudo-lignin’. No correction for N-content (protein derivatives) was made (National

Renewable Energy Laboratory (NREL), 2009).

4 Acid-soluble lignin: determined by UV absorption using a standard absorption coefficient of 110L/g cm (Huijgen et al,, 2012).

¢ Determined by TGA.

f Not determined.

€ Estimated dry matter content of 97.0% used in calculations.
b Single measurement.

i A round robin within the ‘Eurolignin’ network using a similar approach resulted in 0.3 dw% total carbohydrate impurities (Baumberger et al., 2007).
I Determined in duplicate by combustion at 550 °C according to NREL/TP-510-42622 (National Renewable Energy Laboratory (NREL), 2009).

was calculated as: ‘OH acet.’ + carboxylic OH—phenolic OH (Zakis,
1994).

242 31p-NMR

The use of 3!'P-NMR for lignin characterization has been
reviewed extensively by Pu et al. (2011). Lignin samples were
analyzed in duplicate using 3! P-NMR according to Gosselink et al.
(2010). In a 1ml vial, 30mg of lignin was mixed with 100 pl
DMEF/pyridine (1:1 v/v) and 100 pl internal standard solution con-
taining 15 mg/ml cyclohexanol (internal standard) and 2.5 mg/ml
chromium(Il) acetylacetonate in pyridine. This suspension was
stirred overnight at room temperature. Derivatization (100 l)
reagent  (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane)
was mixed with 400wl of deuterated chloroform (CDCl3) prior
to addition to the lignin suspension. After mixing, the mixture
was analyzed by NMR (Bruker 400 MHz), with 30° pulse angle,
inverse gated proton decoupling, a delay time of 5s and 256 scans.
Signal assignment was performed as described by Granata and
Argyropoulos (1995). The results are expressed on a dry lignin
weight basis. The moisture content of the lignins samples was
determined by drying at 105 °C overnight till constant weight.

3. Results and discussion
3.1. Delignification and lignin yield

The organosolv process conditions have a clear influence on
the lignin yield (Table 1) (Wildschut et al., 2013). The yield of
precipitated lignin increases with reaction temperature, time and
sulfuric acid dose, while it decreases as a function of the EtOH
proportion of the solvent (in the range of 50-80% w/w EtOH). The
maximum lignin yield is 97.6% w/w based on the lignin content
of the feedstock (experiment 11). The sum of the lignin yield and
the residual lignin in the pulp is in all cases >100% (Table 1), which
indicates the formation of ‘pseudo-lignin’ (as well as possibly
‘furan derived humins’). ‘Pseudo-lignin’ is a product of lignin
condensation with extractives, proteins and hemicellulose derived
products such as furfural that cannot be distinguished from native
lignin by the analytical hydrolysis protocol used (Section 2.2).
Formation of ‘pseudo-lignin’ during alcohol-based organosolv

process has been reported previously in literature (Zhao et al.,
2009; Huijgen et al., 2011). Also for other lignocellulose processes,
the incorporation of carbohydrates degradation products in the
lignin matrix has been discussed in literature, e.g. for wheat straw
soda lignin (Bikova et al., 2006) and softwood acid-catalyzed
hydrolysis (Dizhbite et al,, 2011). The highest sum of the lignin
yield and residual lignin in the pulp (>120%) was found for exper-
iments 10 and 11, the optima for enzymatic cellulose hydrolysis
and lignin yield, respectively. In these experiments, the highest
reaction temperature (210°C) was combined with a prolonged
reaction time as well as a low ethanol-water ratio or added H,SOy4.
A high temperature at acidic conditions promotes the dehydration
of hemicellulose sugars to furfural and thereby the formation of a
lignin-furfural condensation product.

3.2. Composition lignin

The amount of carbohydrate impurities varies between 0.4
and 5.2% w/w depending on the organosolv process conditions
(Table 2). The non-purified wheat straw lignins show a higher
amount of carbohydrate impurities than the washed Alcell ref-
erence lignin (0.1-0.3% w/w, see Table 2) (Arato et al., 2005).
Carbohydrates present in lignins might originate from polysac-
charides covalently bonded to the lignin in the wheat straw. In
literature, covalent bonds between lignin and hemicellulose have
been widely discussed (Fengel and Wegener, 2003; Monteil-Rivera
et al, 2013; Sun, 2010). However, since in this study the wheat
straw lignins were not washed or otherwise purified, carbohydrate
impurities might also (partly) originate from residual organosolv
liquor adhering to the precipitated and sedimented lignin particles.
Fig. 1 shows the correlation between the carbohydrate impurities
present in the lignins and the concentration of sugars in the corre-
sponding organosolv liquor. Interestingly, for galactose, xylose and
arabinose the amount of a particular carbohydrate present in the
lignin seems to depend on the concentration of that carbohydrate
in the liquor (with the noticeable exception of lignins 2, 7 and 9).
For glucose, results are less conclusive. However, it seems that for
most lignins the carbohydrate impurities originate for some part
from hydrolyzed (oligomeric) sugars in residual organosolv liquor.
Thus, it seems that the lignin purity might be further increased
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Fig. 1. Content of carbohydrate impurities in lignin compared to the concentration of sugars in organosolv liquor determined after post-hydrolysis.

by extensive washing procedures. Lignins 2, 7 and 9 deviate from
this correlation for all sugars (Fig. 1). Lignin 9 is the only lignin
produced at acidic conditions due to the use of 30 mM H,S04 as cat-
alyst (organosolv liquor pH 3.3, in all other cases pH >4 (Wildschut
etal, 2013)). Lignins 2 and 7 were produced at a later date than the
other lignins. In the meantime, the protocol used for lignin isolation
had been improved resulting in less adhering moisture to the sedi-
mented lignin precipitate and, thereby, lower amounts of residual
carbohydrates.

The total carbohydrate content decreases upon higher organo-
solv temperatures, ethanol proportion and reaction time. The high
amount of carbohydrate impurities (4.9% w/w) of lignin 4, in which
50% w/w aqueous ethanol is used as solvent, is probably due to
increased hemicellulose hydrolysis resulting in higher concentra-
tions of sugars in the organosolv liquor (Fig. 1). The use of sulfuric
acid as a catalyst first increases the amount of carbohydrate impuri-
ties from 3.6% w/w without H,SO4 to 5.2% w/w using 15 mM H;SO04.
However, at the highest dose of 30 mM H, S04 (experiment 9), the
amount of sugars has been decreased to 2.0% w/w. It seems that
H,S0, acts as catalyst for two competitive processes: hydrolysis of
polysaccharides (leading to higher amount of carbohydrates in the
residual organosolv liquor) and lignin condensation reactions (for-
mation of inter- and intra-molecular bonds including those with
residual or cleaved carbohydrates and their acid-catalyzed degra-
dation products). In addition, ethoxylation of sugars occurs at the
higher catalyst dose possibly changing the interaction of carbohy-
drates with lignin.

Interestingly, the process conditions, except the organosolv
temperature, also affect the ratio between C5 and C6 sugars present
in the lignin, varying from 0.6 to 5.1 (Table 2). The largest effect is
observed for the H,SO4 dose. Addition of 15 mM H;SO4 increases
the C5:C6 ratio from 1.4 (experiment 1) to 4.3 (experiment 8),
substantiating the hypothesis that the carbohydrate impurities
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originate from the adhering liquor rather than lignin-carbohydrate
complexes. A higher HSO4 dose increases hydrolysis of the hemi-
cellulose during the organosolv process, leading to particularly
more C5 sugars in the liquor. Experiments 10 and 11 (i.e., optimum
conditions for enzymatic digestibility and lignin yield, respectively)
show the lowest ratio of C5:C6 sugars. At these severe conditions,
most sugars formed upon hydrolysis degrade to furfural leading to
a high amount of pseudo-lignin and low amount of carbohydrate
impurities.

The ash content of the wheat straw lignins (Table 2) is generally
substantially higher than that of Alcell hardwood lignin as well as of
previously reported wheat straw organosolv lignins (De Wild et al.,
2012) (except lignin 9). The lower ash content of hardwood Alcell
lignin is due to the different type of biomass from which it origi-
nates. The reason for the higher ash contents compared to those
of earlier wheat straw lignins is unknown, but might be attributed
to differences in biomass used (e.g. different growing conditions,
type of soil, time of storage of straw in open air (leaching of ash by
rain fall)). It could also be that drying of adhering organosolv liquor
plays a role, although lignin 2 (produced with the improved lignin
production protocol, see above) did not show a substantially lower
ash content. Finally, the pH used for organosolv pulping seems to
affect the ash content since lignin 9 (30 mM H;SO4 case) shows a
remarkably lower ash content.

3.3. Physical properties

3.3.1. Molar mass distribution

Organosolv lignins generally have a low molar mass and poly-
dispersity compared to other types of lignin (Gosselink et al., 2010).
For lignins, size exclusion chromatography (SEC) mainly gives
relative molar mass values, since the absolute molar mass of lignins
determined by SEC is known to be dependent on the set-up used
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Fig. 2. Molar mass distribution of lignins 8 (lowest Mw of wheat straw lignins), 10
(highest Mw), and Alcell lignin.

(Gosselink et al., 2004), including way of packing of the columns, as
well as on the calibration and calculation methods applied. There-
fore, in this paper SEC results are used only relatively without
discussing the absolute mass-average molar mass (Mw) and poly-
dispersity (PD) determined.

Fig. 2 shows, as example, the molar mass distribution of lignins
8, 10 and Alcell. Lignins 8 and 10 were found to have the lowest
and highest mass-average molar mass of the wheat straw lignins
studied. No significant effect of the organosolv process conditions
within the ranges studied was found on the molar mass distribu-
tion of the wheat straw-derived lignins. The average molar mass of
all wheat straw lignins was lower than that of the reference Alcell
lignin.

3.3.2. Thermal degradation
Thermogravimetric analysis was used to study the pyrolytic
thermal stability of the wheat straw and Alcell lignins. Fig. 3 shows
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the thermogravimetric (TGA) weight loss curves and their first
derivatives (DTG) for lignins 5, 6, 9 and Alcell as example. The
volatiles content and residual char were determined from the TGA
weight loss curve. The peak in the DTG curve corresponds to the
temperature at which the lignins exhibit the maximum rate of
degradation. The determined inflection points of maximum rate
of degradation are for lignin 5: 360°C, lignin 6: 354°C, lignin 9:
359°C and Alcell lignin: 374°C, which are typical values for tech-
nical lignins such as Kraft, steam explosion and organosolv lignins
(Gaur and Reed, 1998; De Wild et al., 2012; Monteil-Rivera et al.,
2013). In general, lignins such as ball milled wood lignin that are
generally considered to resemble the native form of lignin in the
plant more than technical lignins show a lower temperature at
which the thermal degradation is at its maximum (typical values
around 316-330°C (Gaur and Reed, 1998)). In these lignins, the
easily degradable 3-0-4 intramolecular ether linkages are more
abundant compared to technical lignins. The DTG curves show a
low-temperature shoulder in between 200 and 300 °C, which indi-
catesthe possible existence of a thermally less stable domain within
the lignin polymer. Finally, a number of samples showed (limited)
weight loss between 150 and 200°C, which might be attributed to
coprecipitated or condensed proteins and hemicellulose degrada-
tion products (Toledano et al., 2011).

The residual weight at 900 °C of lignin 5 is with 29.5% w/w sub-
stantially lower than that of the other wheat straw lignins and
Alcell (35.2-40.1% w/w). The latter does not seem to be related
with the relatively low content of residual carbohydrates in lignin
5(Table 2), but rather with the low total amount of OH groups in this
sample (Section 3.4). It is known that thermal treatment of lignin
is accompanied by condensation processes with participation of
OH groups of lignin. These processes proceed in the temperature
range of 150-270°C and finally led to the formation of unsaturated
C=C and C—C bonds. As a result, the yield of residual char at high-
temperature treatment is enhanced. Obviously, because the total
OH groups in lignin 5 is lowest from all samples under study (see
Section 3.4) the processes of condensation take place in less extent
in comparison with other lignins and therefore the yield of char is
reduced correspondingly.
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Fig. 3. Thermogravimetric TG (A) and differential thermogravimetric curves DTG (B) of lignins 5, 6, 9, and Alcell lignin.
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Table 3

Glass transition temperatures of lignin samples.
Sample Tg (°C)
1 110
2 110
3 97
4 110 (59)
5 133 (14)
6 112 (8)
7 110
8 119
9 116
10 87
11 103
Alcell 100

2 Number between brackets: additional low-temperature inflection point of DSC
curve,

3.3.3. Glass transition temperature

Table 3 shows the determined glass-transition points (Tg) using
differential scanning calorimetry (DSC). Typical DSC graphs of
organosolv lignins are given in Fig. 4, showing lignin 1 (reference
point), lignin 8 (highest in carbohydrate residues), lignin 10 (lowest
in carbohydrate residues) and Alcell lignin.

Determined glass transition temperatures were between 87
(lignin 10) and 133 °C (lignin 5). For Alcell, a Tg of 100 °C was deter-
mined. Approximately the same value of Tg (97 °C) of Alcell lignin
was reported by Lora and Glasser (2002). A high process tempera-
ture seems to reduce the Tg since the three experiments at 210°C
showed the three lowest glass transition points, although no dif-
ference between lignins 1 and 2 (190 and 200°C) was observed.
Interestingly, a correlation could be made between the average
molar mass (Mw) and the Tg showing that a lower Mw results in
a lower Tg, except for lignin 5 (Fig. 5). Lignin 5 (80% w/w EtOH)
showed a substantially higher Tg than all other lignins, but the
organosolv conditions at which this lignin was produced allowed
isolation of only 28.9% of the initial lignin present in wheat straw
(Table 1). If we leave lignin 5 out of consideration, lignins 10 and 8
resulted in the lowest and highest Tg and Mw, respectively (Fig. 5).
These lignins also showed the lowest and highest amount of car-
bohydrate residues, respectively, although no correlation between
the amount of carbohydrate residues and Tg could be determined
based on all wheat straw lignins.
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Fig. 4. DSC curves of lignin 1, lignin 8 (highest in residual carbohydrates), lignin 10
(lowest in residual carbohydrates), and Alcell lignin.
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Fig. 5. Comparison of glass-transition temperature (Tg, Table 3) with mass-average
molar mass (Mw).

The Tg of lignin as amorphous polymer reflects the segmental
mobility of lignin polymeric chains at heat treatment and depends
on a lot of factors including molar mass distribution (see Sec-
tion 3.1.1), crosslinking degree, hydrogen bonding and presence
of low molecular admixtures that act as a plasticizer increasing the
free volume of polymer (Ghaffar and Fan, 2013). It is difficult to
quantitatively estimate the input of each factor. Therefore, direct
correlation between organosolv process conditions and Tg of lignin
obtained was not observed. However, we can conclude that the Tg
of most wheat straw lignins under study is in the range 0of 97-119 °C
and do not differ significantly from reference Alcell lignin (Table 3).
The ethanol-based organosolv process seems to produce lignin with
a comparatively low-crosslinked structure independently of raw
material origin (hardwood and wheat straw) and process condi-
tions.

Data analysis for lignins 4-6 showed a second inflection point in
the DSC curve at a low temperature (<60°C). For all other lignins,
no low-temperature inflection point was found. The presence of
this second inflection point seems to indicate that these samples
are not fully homogenous because of phase separation. Presence of
the second phase immiscible with the main lignin phase might be
explained by extractives incorporated from native wheat straw.

3.4. Functional groups

Analysis of functional groups using wet chemical methods
(Table 4) and 3'P-NMR (Table 5) resulted in substantial discrepan-
cies between results. First, the influence of the organosolv process
conditions on the content of functional groups as determined by
wet chemical methods (Section 3.4.1) and 3! P-NMR (Section 3.4.2)
will be discussed separately. Subsequently, the differences between
the analyses will be discussed in Section 3.4.3.

3.4.1. Wet chemistry

Wheat straw lignins contain lower amount of methoxyl groups
(3.3-4.7 mmol/g) than Alcell lignin (5.6 mmol/g) as determined by
wet chemistry (Table 4). Wheat straw lignins most rich in methoxyl
groups are those resulting from a HySO4-catalysed process (experi-
ments 8 and 9). However, it should be noted that the method used to
determine methoxyl groups cannot distinguish between methoxyl
and ethoxyl groups (Zakis, 1994; Monteil-Riveraet al.,2013). A part
of the methoxyl groups determined will therefore in fact probably
be ethoxyl groups resulting from etherification of aliphatic OHs or
esterification of carboxyl groups during the organosolv process.

In contrast to the methoxyl groups, the total amount of hydroxyl
groups is in most cases higher for the wheat straw lignins
(6.7-8.6 mmol/g) than for Alcell lignin (6.6 mmol/g) (Table 4).
Only lignin 10 has a slightly lower amount of hydroxyl groups
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Table 4
Functional groups by wet chemistry.

Sample Content of functional groups (mmol/g dw)*

Hydroxyl Methoxyl

OHcoon OHphenalic OHapphatic OHiota1 OCH3
1 112 0.97 5.94 8.03 3.95
2 0.88 0.78 5.46 712 3.96
3 0.76 0.85 548 7.09 3.76
4 1.14 0.82 6.61 8.57 3.91
5 0.86 0.94 5.09 6.89 3.29
6 0.96 0.46 5.80 7.22 3.70
7 0.62 0.81 5.27 6.70 3.85
8 1.01 1.06 5.52 7.59 4.16
9 1.39 0.70 6.32 8.41 468
10 0.49 136 4.52 6.37 3.87
11 0.72 0.63 533 6.68 3.63
Alcell 0.94 247 3.24 6.65 5.58

2 Standard deviation for OHacet, OHphenscoon (BaClz method), and OHcoon (CaAC method) is <10%. Standard deviation for OCH3 is 3-6%. Standard deviation for phenolic,
aliphatic and total OH cannot be indicated because those data were calculated (see Section 2.4.1).

(6.4mmol/g). In general, lignins produced at the highest organo-
solv temperature (experiments 3, 10 and 11) and the longest
reaction time (experiment 7) tend to have the lowest amount of
hydroxyl groups. The same holds for the lignin produced using
80% w/w aqueous ethanol, which might be due to etherification of
the hydroxyl groups although lignin 5 shows the lowest amount
of alkoxy groups present (Table 4). The highest content of total
hydroxyl groups is found for lignins 4 and 9, i.e. lignins pro-
duced using 30 mM H;SO4 or 50% w/w aqueous ethanol. Aliphatic
hydroxyl groups are the most predominant type of hydroxyl group
present. The amount of aliphatic hydroxyl groups was found to
decrease with reaction time and ethanol proportion of the organo-
solv solvent. Aliphatic hydroxyl groups are strongly related to the
presence of carbohydrate impurities containing aliphatic hydroxyl
groups.

342. 3TP-NMR

Table 5 shows the amount of hydroxyl groups as determined by
31P-NMR, consisting of aliphatic OH, condensed phenolic OH, S-OH,
G-OH, H-OH and carboxyl groups. Presented values fit within a
range of values reported earlier for 3'P-NMR functional groups
determination on various herbaceous crops, like Miscanthus (El
Hage et al.,, 2010), switchgrass (Hu et al., 2012), triticale and wheat
straw (Monteil-Rivera et al., 2013) (see also Pu et al,, 2011). An
example 3'P-NMR spectrum of lignin 4 is given in Fig. 6. Lignin 4

Table 5
3TP-NMR results.

has the highest content of total OH groups according to 3!'P-NMR
(Table 5). Fig. 7 shows the correlation between aliphatic OH groups
determined by 3'P-NMR and residual carbohydrate content of the
lignins (Table 2).

During the organosolv process, the amount of total —OH groups
decreases to some extent as a function of the reaction time
(experiments 1, 6 and 7). This decrease is mainly due to a reduc-
tion in the amount of aliphatic hydroxyl groups from 2.19 to
1.88 mmol/g (Table 5), which is strongly linked to the observed
decrease in sugar residues (Fig. 7). On the other hand, the amount
of condensed phenolic OH groups slightly increases from 0.65 to
0.78 mmol/g. An increase of the reaction temperature leads to
a reduction of the amount of aliphatic hydroxyl groups due to
lower amount of carbohydrate impurities (Fig. 7), whereas the
amount of the other types of hydroxyl groups increases (Table 5,
lignins 1-3). Overall, these effects lead to a maximum amount of
total hydroxyl groups of 5.34 mmol/g for experiment 2 (200°C),
although differences are very small. The use of sulfuric acid as
catalyst (lignins 1, 8 and 9) also leads to a maximum in the total
hydroxyl content (5.41 mmol/g at 15mM H;S0y, lignin 8). Lignin
8 contains the highest amount of aliphatic hydroxyl groups of
all lignins studied (2.70 mmol/g). A further increase of the sulfu-
ric acid dose (lignin 9) reduces the content of aliphatic hydroxyl
and carboxyl groups, whereas all other types of hydroxyl groups
increase.

Sample DM (%) Content of functional groups and phenyl-propanoid structural moieties (mmol/g dw)*

Aliphatic Phenolic Carboxyl Sum

OHaliphatic” OHphen cond® S—OH G—OH H—OH S/G-ratio COOH OHiotal
1 93.5 219 0.65 0.50 0.92 034 0.55 0.57 517
2 88.8 2.02 0.85 0.48 1.00 0.40 0.48 0.58 534
3 93.6 1.61 0.87 0.53 1.06 0.40 0.50 0.60 5.08
4 91.7 261 0.79 044 0.96 039 0.46 0.60 579
5 92.7 1.87 0.54 0.28 0.67 032 0.41 0.50 419
6 938 2.04 0.69 0.50 0.92 034 0.55 0.56 5.06
7 94.1 1.88 0.78 0.46 0.95 0.36 0.49 0.53 497
8 916 2.70 0.66 039 0383 041 0.47 043 541
9 86.2 1.75 0.92 0.56 1.06 047 0.53 0.38 5.15
10 9238 139 0.98 0.55 113 045 0.49 0.64 5.15
11 86.4 1.49 1.06 0.56 117 0.52 0.48 0.62 542
Alcell 97.3 1.46 0.87 132 0.82 023 1.62 035 5.05

a Standard deviation typically <5% (some cases <10%).
b Aliphatic OH.
¢ Condensed phenolic OH (Granata and Argyropoulos, 1995).
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Fig. 6. *'P-NMR example spectrum of lignin 4 phosphitylated with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane.

The most dominant effect on the presence of the functional
groups is caused by the ethanol-water ratio of the solvent used
(lignins 4, 1, 8). Lignin 4 (produced using 50% w/w aqueous
ethanol) has the highest content of total hydroxyl groups, whereas
lignin 5 (produced using 80% w/w ethanol) has the lowest content
of total hydroxyl groups of all lignins studied (Table 5). Differ-
ences are probably due to the dependence of etherification of the
hydroxyl groups on the ethanol-water ratio. The content of all
types of hydroxyl groups analyzed reduces upon an increase of
the ethanol-water ratio, except S-OH which shows an optimum
at 60% w/w aqueous ethanol. The largest reduction occurs in the
content of aliphatic hydroxyl groups; from 2.61 to 1.87 mmol/g at
50 and 80% w/w aqueous ethanol, respectively (Table 5). However,
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Fig.7. Aliphatic OH content determined by *' P-NMR (Table 5) compared to the total
carbohydrate content of studied wheat straw lignins (Table 2).
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in contrast to the content of total hydroxyl groups, the content of
aliphatic hydroxyl groups of lignins 4 and 5 is neither the highest
nor the lowest of all lignins studied. For example, all experiments
performed at 210°C (lignins 3, 10 and 11) result in a lower amount
of total aliphatic hydroxyl groups than the experiment using 80%
w/w aqueous ethanol. The low amount of total hydroxyl groups for
lignin 5 is because the content of “condensed phenolic OH” (Granata
and Argyropoulos, 1995), S—OH, G—OH and H—OH are the lowest
of all lignins studied.

The wheat straw lignins have a similar content of total hydroxyl
groups as Alcell lignin (Table 5), although particularly lignins
4, 8 and 11 (produced using either 50% w/w aqueous ethanol
or 15mM H;S04 as catalyst) do contain up to 15% more OH
groups than Alcell lignin. The type of hydroxyl groups present
in wheat straw lignins is different than that of those present in
hardwood-derived Alcell lignin due to the different botanical origin
of the feedstock used. The content of S—OH is substantially higher
in Alcell lignin (1.32mmol/g) compared to wheat straw lignins
(0.28-0.56 mmol/g) (Table 5). On the other hand, the content of
H—OH and carboxyl groups is lower in Alcell lignin than in wheat
straw lignins. As reported extensively in literature, in herbaceous
plants, such as wheat straw, all three monolignols p-hydroxyphenyl
(H), guaiacyl (G) and syringyl (S) occur in lignins in significant
amounts, whereas hardwood lignins contain predominantly gua-
iacyl and syringy!l units (Dence and Lin, 1992). The S/G-ratio for
Alcell lignin is 1.62 compared to 0.41-0.55 for wheat straw-derived
lignins.

3.4.3. Comparison functional groups analysis by wet chemistry
and 3P NMR

Comparison of functional groups analysis performed by wet
chemistry (Section 3.4.1) and 3!'P-NMR (Section 3.4.2) shows sub-
stantial differences in results,acommon phenomenon in functional
group determination of (straw) lignins (Ghaffar and Fan, 2013).
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Wet chemistry gives higher contents of aliphatic hydroxyl groups
(2.0-3.6 times) and carboxyl groups (1.2-3.7 times, except lignin
10) than 3'P-NMR. Remarkably, the hydroxyl content in Alcell
determined by wet chemistry is also 2.5-2.9 times higher than by
31P_NMR for aliphatic, phenolic and carboxyl groups.

Differences between wet chemistry and 3'P-NMR in the total
content of hydroxyl groups are smaller than for the individual types
of hydroxyl groups (wet chemistry:3!'P-NMR=1.2-1.6). Elucida-
tion of the observed differences is beyond the scope of this paper.
However, possible explanations include a potential difference in
accessibility of the lignin functional groups. Different solvents are
used in the analyses (acetic anhydride/pyridine in the case of
lignin acetylation, alkaline water with added ethanol in the case
of chemisorption, and DMF/pyridine/chloroform for 3'P-NMR, see
Section 2.4). In addition, methods developed for OH groups deter-
mination by chemical derivatization of lignin followed by NMR can
be less accurate due to the broad signals related to different types of
OH groups. In view of this, “wet acetylation” is considered a univer-
sal method both for individual compounds and multi-component
systems of natural origin. Finally, the discrepancy between the wet
chemistry and 3!P NMR results could be related to the lower accu-
racy of the chemisorption methods used for acid hydroxyl groups
determination.

It is important to note that despite differences in absolute val-
ues in contents of hydroxyl groups, the trends how these contents
depend on the organosolv process conditions is in most cases the
same. For example, a decrease of the amount of aliphatic hydroxyl
groups upon the ethanol-water ratio as well as the reaction time
has been found both by wet chemistry as well as by 3!P-NMR. A
noticeable exception is the influence of sulfuric acid on the content
ofaliphatic hydroxyl groups. According to the wet chemical method
used, the aliphatic hydroxyl content is at minimumat 15 mM H,SO4
(lignin 8), whereas according to 3! P-NMR a maximum occurs at this
acid dose. These opposite results make it unclear how addition of
sulfuric acid as catalyst influences the functional groups present,
although the maximum in carbohydrate impurities found for lignin
8 supports a maximum in aliphatic hydroxyl content as found by
31P-NMR (see also Fig. 7).

3.5. Lignin applications

Organosolv processing aims to fractionate the lignocellulosic
biomass as much as possible into its individual major fractions. As
has been shown in this work, organosolv lignin has a high purity
(low in residual carbohydrates and minerals). Consequently, the
application spectrum of organosolv lignin is broader than that of the
impure lignin residues derived from pretreatments such as steam
explosion which are targeted toward the production of fermentable
sugars.

Based on the identified dependencies of lignin characteristics
on the organosolv process conditions, a first selection of condi-
tions can be made for different potential applications of organosolv
wheat straw lignin. For many applications of lignin such as feed-
stock for production of aromatic chemicals, lignins having a high
purity, i.e. low in ash, residual carbohydrates etc. are preferred.
The more pure the lignin is, the lower is the formation of other
than aromatic chemicals in envisaged conversion processes. For
a low amount of carbohydrates, lignin from a high-temperature
autocatalytic organosolv process seems preferred (Section 3.2).

For the production of phenol-formaldehyde resins, a high
content of non-sterically hindered aromatic hydroxyl groups is
beneficial in combination with free aromatic ring sites on the
ortho and/or para positions (Gosselink et al, 2010). Organo-
solv lignin with its relatively low molar mass, high purity and
abundance of reactive groups is a preferred candidate for phe-
nolic resins as was shown by Cetin and Ozmen (2003) who

successfully replaced up to 30 wt% of phenol by organosolv lignin
in a phenol-formaldehyde resin. Based on our study, lignin with
maximum amount of hydroxyl groups can be produced by reduc-
ing the aqueous ethanol solvent to 50% w/w and using H,SO4 as
catalyst. In addition, reduction of reaction temperature and time
seems beneficial for high hydroxyl content.

According to 3'P-NMR, lignin 8 contains the highest amount
of aliphatic hydroxyl groups of all lignins studied. A high amount
of aliphatic hydroxyl groups has been reported to be especially
beneficial for application of lignin as polyol in polyurethanes
(Monteil-Rivera et al., 2013). For example, encouraging attempts
have been made to replace petrochemical polyols by organosolv
lignin in the manufacture of rigid polyurethane foams. The foams
contained up to 25-30 wt% of organosolv lignin (produced from
hardwood) (Pan and Saddler, 2013).

Lignin 10, i.e. lignin produced at optimum conditions for sub-
sequent enzymatic cellulose hydrolysis (Wildschut et al., 2013),
shows the highest content of phenolic hydroxyl groups and the low-
est for aliphatic hydroxyl groups (since it has the lowest amount
of residual carbohydrates). El Hage et al. reported this particular
combination of hydroxyl groups present to be beneficial for the
antioxidant properties of Miscanthus organosolv lignins (El Hage
et al, 2012). Pouteau et al. (2003) reported anti-oxidant trials for
various lignins and concluded that especially a low molar mass, a
low total OH content and a low polydispersity improve the anti-
oxidant activity of the lignin-polypropylene blend.

Finally, the Tg values of the lignins studied are low compared
to e.g. softwood Kraft lignins (Tg=176°C (Cui et al., 2013)), which
gives favorable opportunities for chemical modification of wheat
straw lignins in bulk and application of it as a renewable thermo-
plastic constituent for polymeric compositions.

4. Conclusions

Non-purified wheat straw lignins produced by ethanol-based
organosolv fractionation under different process conditions were
characterized for their yield, purity, residual carbohydrates, ther-
mal behavior, functional groups, phenyl-propanoid structural
moieties and molar mass distribution. In accordance with its
herbaceous nature, the syringyl/guaiacyl-ratio of the wheat straw
lignins was found to be substantially lower and the content of p-
hydroxyphenyl and carboxyl groups to be substantially higher than
of Alcell lignin.

The non-purified lignins were found to have a high purity with
5% carbohydrate impurities at most, both originating from lignin to
carbohydrate complexes and from residual organosolv liquor. The
use of HySOy4 in the organosolv process improved the lignin yield,
but at low acid doses increased the amount of carbohydrate impuri-
ties (particularly, pentoses). For applications where alow amount of
carbohydrates is important, lignin from a high-temperature auto-
catalytic organosolv process was found to be preferred.

The highest content of total hydroxyl groups is found when
lignins were produced using 30 mM H,SO4 or 50% w/w aqueous
ethanol as a solvent for organosolv process. Aliphatic hydroxyl
groups, the most predominant type of hydroxyl groups present,
were found to be strongly linked to the amount of residual carbo-
hydrates and decrease with reaction time and ethanol proportion
of the organosolv solvent, the latter probably due to reduced ether-
ification of hydroxyl moieties.

In this study, correlations between organosolv process con-
ditions and lignin characteristics have been determined. Under-
standing such correlations is of vital importance to facilitate the
use of wheat straw organosolv lignins in value-added applications
such as in polymers and resins and as a feedstock for bio-based
aromatics.
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Abstract: Rigid polyurethane (PUR) foams with the apparent density in the range of 45—60 kg/m? were
produced from tall oil polyol (TOP) and organosolv wheat straw lignin as filler. PUR foams were filled
with lignin in the amount of 0—6.3 wt %. Mechanical properties, dimensional stability, water absorption
and thermal conductivity of prepared foams were investigated. The use of lignin increased the content of
renewable materials in the end product, reaching together with TOP the value of 23.6 wt %. The viscosity
of polyol system and foaming process parameters (cream time, gel time, tack-free time and full rise time)
were determined. The viscosity of polyol system rose exponentially when concentration of lignin in the
PUR foam was increased. The maximum value of compressive strength (0.35 MPa parallel to the foaming
direction) was reached in the PUR sample where the concentration of lignin in foam was 1.2 wt %. It was
concluded that wheat straw lignin can be used as a filler to obtain rigid PUR foams having the characteris-
tics of thermal insulation material.

Keywords: rigid polyurethane foams, tall oil, polyol, lignin.

Liinina ze stfomy pszenicznej jako napelniacz stosowany do sztywnych pia-
nek poliuretanowych na bazie amidow oleju talowego

Streszczenie: Stosujac poliol z oleju talowego (TOP) oraz ligning ze stomy pszenicznej jako napelniacz
otrzymano sztywne pianki poliuretanowe (PUR) o gestosci pozornej 45—60 kg/m?3. Wyznaczono wlasci-
wosci mechaniczne, stabilno$¢ wymiarowsa, chtonnoé¢ wody oraz wspotczynnik przewodzenia ciepta
przygotowanych materiatléw w zaleznosci od zawartosci ligniny (0—6,3 % mas.). Wprowadzenie ligniny
spowodowato zwigkszenie udziatu surowcéw odnawialnych w koricowym produkcie, ktére razem z
TOP osiagaja 23,6 % mas. W ramach pracy wyznaczono lepkos¢ przedmieszki poliolowej oraz parametry
technologiczne procesu spieniania (czas startu, czas zelowania, czas wzrostu, oraz czas suchego lica).
Lepkos¢ przedmieszki poliolowej wzrastata wykladniczo wraz ze zwigckszaniem zawartosci ligniny. Naj-
wieksza wytrzymatos¢ na $ciskanie (0,35 MPa w kierunku réwnolegtym do wzrostu pianki) otrzymano
w przypadku pianki PUR o zawarto$ci ligniny 1,2 % mas. Stwierdzono, ze lignina ze stomy pszenicznej
moze by¢ uzyta jako napetniacz w procesie otrzymywania sztywnych pianek PUR majacych cechy mate-
rialéw termoizolacyjnych.

Stowa kluczowe: sztywne pianki poliuretanowe, olej talowy, poliol, lignina.
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Nowadays it is important to find new ways to replace
petro-chemical products with renewable raw materials
because of environmental and economic concerns. Poly-
ols used in polyurethane (PUR) production can be obtai-
ned from different natural oils and different natural fil-
lers could be used to improve characteristics of PUR,
reduce production costs and to enhance the renewable
content in the material.
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Lignin, a product of bio-refining, can be characterized
as an amorphous heterogenic polymer with high amount
of aromatic units in its structure. The common property
of lignin is the content of three types of hydroxyl groups
(aliphatic, phenolic, carboxylic), capable of chemical
interaction with isocyanates, and/or physical interaction
by hydrogen bonds with structural units of PUR [1]. Due
to the hydroxyl functionality, lignin can be used as reac-
tive filler in the production of PUR. The use of lignin can
improve the mechanical characteristics and thermal sta-
bility of PUR in certain cases [2]. However the structural
heterogeneity, functional composition and solubility of
lignin vary depending on the methods of its isolation and
the plant source. Correspondingly, the properties of PUR
foams containing lignin depend on the lignin type (Kraft
lignin, Klason lignin, organosolv etc.) used. Due to the
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development of new generation of biomass processing,
the examination of novel lignin products for creation of
lignin-containing PUR remains actual up to now.

A novel type of organosolv lignin marketed under the
trade name biolignin™ extracted from wheat straw in
organic acid media using biomass refinery technology de-
veloped by Compagnie Industrielle de la Matiére végétale
(CIMYV, France) was used for preparation of lignin-contai-
ning PUR in this study [3]. The disadvantage of biolig-
nin'™, in its application as a macro monomer in PUR, is the
weak solubility in polyols and in organic solvents.

The properties of PUR containing lignin depend on
the method of lignin incorporation. The possible synthe-
tic routes for lignin incorporation into PUR materials are
following:

— as an additive filler in the form of powder,

— as a hydroxyl functional reactive filler in the form
of powder [4—5],

— as a hydroxyl functional monomer in a liquid form
obtained by chemical modification, for example by alko-
xylation of lignin [2, 3—5].

The aim of this study was to test the possibility to use
chemically non-modified biolignin™ as filler in rigid
PUR foams and to evaluate the influence of lignin on the
properties of PUR foams. The compositions of rigid PUR
foams were based on tall oil polyol (TOP) to increase the
content of renewable materials in the end product. The
influence of lignin as filler on physical and mechanical
properties, dimensional stability, water absorption pro-
perties and thermal conductivity were investigated and
were evaluated according to European standard for ther-
mal insulating products for buildings (EN 14315-1). It
was assumed that lignin acts only as additive filler.

EXPERIMENTAL
Materials

Tall oil polyol (TOF, OH = 269 mg KOH/g; H,O =
0.2 wt %) was synthesized from tall oil and diethanol-
amine by amidization reaction. More detailed descrip-
tion of TOP synthesis is given in our previous work by
Cabulis et al. [7]. Lupranol 3422 (OH = 490 mg KOH/g)
from BASF is higher functional polyether polyol based on
sorbitol and was used to increase the average functiona-
lity of polyol mixture. Glycerine (OH = 1824 mg KOH/g)
from Sigma-Aldrich was used as an additional crosslin-
king agent.

The catalysts used were NIAX Catalyst E-A-1 from
Momentive Performance Materials and 30 % solution of
potassium acetate in diethylene glycol from Performance
Chemicals Handels GmbH. NIAX Catalyst E-A-1 is an
amine catalyst. Potassium acetate promotes reaction of
isocyanate trimerization.

Surfactant NIAX Silicone L6915 from Momentive Per-
formance Materials was used as an additive to provide
closed foam structures.
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Distilled water was used as a blowing agent.

Polymeric diphenylmethane diisocyanate — IsoPMDI
92140 (PMDI) from BASF was used as an isocyanate com-
ponent (wyco =31.5 %).

Biolignin (H,O =10 wt %) was ground with laboratory
disintegrator DESI-11 (rotors rotation rate 10000 rpm). The
ground lignin was dried for 24 h at 40 °C and p = 30 mbar.
After drying the moisture content of 2 wt % was reached.

Sample preparation

The substrates for rigid PUR foams preparation is
composed of PMDI and other ingredients, which was
named polyol system. The composition of polyol systems
used in this work are presented in Table 1. We developed
two series of PUR compositions. Because lignin additive
affects PUR foams apparent density, series 1 was prepa-
red in order to investigate density and determine the
amount of a foaming agent which will provide appro-
priate density of all foams. Therefore in series 1 only the
amount of lignin differs, but in series 2 the samples with
lignin contents of 7.5, 15 and 22.5 parts by weight (pbw)
were repeated with adjusted amount of the blowing
agent (series 2) to obtain samples with unified apparent
density.

Table 1. The composition of the mixtures, named polyol sys-
tems, that were added to PMDI in two series of prepared samples

Content of component in polyol system, pbw
Compo- 3 .
series 1 series 2
nent
1112 18 [ 14 [ 15 [ 16 | 2-1 [ 22| 23

TOP 75.0 75.0
Lupranol
3422 20.0 20.0
Glycerol 5.0 5.0
Lignin 0 |188]375] 75 [15.0] 225 75 |15.0(225
Water 2.0 25|35 |35
Catalyst EA-1 0.5 0.5
Potassium 05 05
acetate
L6915 15 1.5

The amount of necessary PMDI was calculated accor-
ding to equation:

11
Mpyipy = — . [Z
Nco

OH, -m,
1336

+4.67- mH;DJ 1)

I — isocyanate index (Il = 155), mpyp; — mass of
PMD], wyco — content of NCO groups of PMDI (wyco =
31.5 %), m, — mass of each polyol, OH,, — hydroxyl value
of each polyol (in mg KOH/g), m;,0 — summary mass of
water in polyol system.

In our experiments lignin was assumed to act as
non-reactive filler. Therefore the hydroxyl group content
of lignin was not taken into calculation of the necessary
amount of PMDI needed.
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Polyol systems were made as follows — polyol com-
position ingredients (TOPF, cross linkage reagents, cata-
lysts, surfactant, blowing agent) were mixed together in
plastic cup for 3 minutes at the speed of 2000 rpm. After-
wards the necessary amount of the ground and dried lig-
nin was added and mixed for 4 minutes at the speed of
2000 rpm. High speed mechanical stirrer IKA RW 20.n
was used for mixing.

To prepare PUR samples the necessary amount of
PMDI was added to polyol component and the whole
system was mixed for 15 s at the speed of 2000 rpm. The
parameters of foaming process (cream time, gel time,
tack-free time and full rise time) were determined. Larger
samples of PUR foams were prepared using 20 x 30 x 10
cm mold. The height of these foams was 8 —10 cm. The
obtained samples were conditioned for 24 h at the room
temperature. PUR samples for testing were cut out after-
wards.

Methods of testing

Scanning electron microscope SEM Tescan TS 5136
MM was used to test the size of lignin particles. A&D
moisture analyser MX-50 was used for in lignin determi-
nation of water content. Viscosity was tested for polyol
systems kept for 5 days at two temperatures: room tem-
perature and 50 °C. Temperature 50 °C was chosen to eva-
luate the influence of storage temperature to polyols vis-
cosity. Higher temperature is not favorable for tall oil
polyol storage. After conditioning the viscosity of polyol
systems was tested with the rotation viscometer Haake
Viscotester 6L/R Plus at 20 °C.

The tests of rigid PUR foam compression were perfor-
med on testing machine Zwick/Roell Z100 (LVS EN ISO
844:2009 standard, percent of compression 10 %). The
measurements of closed cell content and apparent den-
sity were done according to the standards ISO 4590:2003
and ISO 845:2009, respectively. Water absorption was tes-
ted according to ISO 2896:2001 standard by immersing
PUR samples in water for 7 days. The dimensional stabi-
lity was established according to ISO 2796:1986 standard.
The dimensional stability was determined for two sets of
parameters: 28 days at 80 °C, ambient relative humidity
(RH) and 28 days at 70 °C, RH = 97 %. The thermal con-
ductivity in the range between 10 and 30 °C was tested
with Linseis HFM (Heat Flow Meter) 200. Because the
series 1 was made to determine necessary water amount
needed in series 2 samples, only the apparent density was
tested for series 1. All previously mentioned tests were
carried out for samples with unified density.

RESULTS AND DISCUSSION
Characterization of lignin

Lignin disintegration was carried out to enlarge the
active surface area and to reach uniform refinement of
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a)

Fig. 1. SEM images of lignin: a) before disintegration, b) after dis-
integration

lignin. The size of lignin particles before and after grin-
ding was determined using SEM images presented in
Fig. 1. Before disintegration the size of lignin particles
was higher than 50 pm but after disintegration it was
between 1 and 20 um. After drying the moisture content
of 2 wt % was reached.

Viscosity of polyol systems

The viscosity of polyol systems is an important para-
meter that determines the possibility and efficiency of
mixing (which affects the quality and uniformity of
foam). Viscosity is also an important parameter to deter-

30

[
O

4 Kept at room
temperature

O Kept at 50 °C

Viscosity, Pa's
— — [}
(=3 w (=

w

0 3 10 15 20
Lignin content in polyol system, wt %
Fig. 2. Viscosity at 20 °C of polyol systems with different lignin
content
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mine the possibilities of polyol to be used in industrial
production as well. The viscosity of polyols can be affec-
ted by its storage temperature. The viscosities of prepa-
red polyol systems versus lignin contents are presented
in Fig. 2. The viscosities of the mixture kept at the room
temperature exponentially rises from 3.0+0.1 t024.2 0.2
Pa - s when the concentration of lignin in polyol system
increases from 0 to 17.5 wt %, respectively. The viscosity
of mixtures kept at 50 °C was slightly higher than viscosi-
ty of samples kept at the room temperature. It could indi-
cate the engorgement of lignin particles in polyol system
as the result of physical and chemical interaction of poly-
ols with functional groups of lignin located on the outer
surface of lignin particles. The increase of viscosity du-
ring storage is caused by swelling of lignin particles in
polyol.

Rigid PUR samples characterization

Apparent density is an important property of rigid
PUR foams because it strongly affects other properties of
foams such as dimensional stability and compressive
strength. Usually technical requirements for rigid PUR
foams depend on apparent density. Figure 3 shows the
effect of lignin concentration on apparent density of PUR

70

03t 3
g8 @
%40
g 4 Series |
30 €ries
0O Series 2
20
0 2 4 6

Lignin content in foam, wt %

Fig. 3. The apparent density of PUR foams with different lignin
content: series 1 and series 2

foams prepared using both series of polyol systems. The
density of series 1 samples increased from 45 to 60 kg/m?>.
The quantity of blowing agent (water) was adjusted to
obtain series 2 rigid PUR foams with density of 49.5 +
1.8 kg/m®. The changes of water content were taken into
account when the necessary amount of PMDI was calcu-
lated. IT was the same (IT = 155) for all samples.

The closed cell content varied between 92 and 96
vol. %. Obtained rigid PUR foams were classified as
CCC4 class for closed cell content (according to EN
14315-1).
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Table 2 presents the foaming process parameters
describing its kinetics.

Table 2. Parameters of foaming process for samples with uni-
fied apparent density

Symbol | Concentration Cream Gel Tack- Full
of polyol |  of lignin in : A 2 s
; % time, s | time,s | -free,s | rise s
system foam, wt %
1-1 0 19 55 86 135
1-2 0.6 20 59 93 150
1-3 12 20 65 98 148
2-1 24 23 73 115 150
22 43 23 110 185 215
2-3 6.3 37 170 315 328

The increase of lignin content slows down the foam-
ing rise as evidenced by the rise of cream, string, tack-free
and full rise time. It is a result of the acidity of lignin
(Weoon = 1.71 = 0.16 wt %) and increased viscosity
(Fig. 2).

In Fig. 4 the compressive strength values of prepared
samples are shown as a function of lignin concentration.

Compressive strength parallel to the foaming direc-
tion slightly increases in samples where the concentra-
tion of lignin in foam is up to 1.2 wt %. The maximum va-
lue of compressive strength (0.35 MPa parallel to foaming
direction) is reached for PUR sample where the concen-
tration of lignin in foam is 1.2 wt %. It complies with the
CS(10\Y)300 level for compressive strength (according to
EN 14315-1). The compressive strength decreases to
0.28 MPa when concentration of lignin is higher than
2.4 wt %. It complies with the level CS(10\Y)200 (accor-
ding to EN 14315-1).

The thermal conductivities for samples with unified
apparent density are listed in Table 3. The thermal con-

0,40

0,35
& ¢
= 0,30
£
2 0,25
2
@ 0,20 %
2 ?
20,15
2
£ 0,10
S Gio% # Parallel to foaming direction

? OPerpendicular to foaming direction
0,00
0 2 4 6 8

Lignin content in foam, wt %
Fig. 4. Compressive strength of PUR foams with different lignin
content for samples with unified apparent density
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ductivity decreases from 0.0352 to 0.0298 W/m - K with
increasing lignin content in PUR foam from 0 to 6.3 wt %.

Table 3. Thermal conductivity for samples with unified appa-
rent density

Symbol of polyol Lignin content Thermal conduc-
system in foam, wt % tivity, W/m - K
1-1 0 0.0352 + 0.0008
2-1 24 0.0324 + 0.0011
2-3 6.3 0.0298 + 0.0002

Table 4. Water absorption and dimensional stability for samp-

les with unified apparent density

Symbol Concen- | oo Dimensional stability
tration of

of lignin absorp- | yolume change | volume change

polyol i foari UOY‘\j (80 °C, ambient | (70°C, RH=

system t o vol. % RH), % 97 %), %
11 0 1.86 +0.40 06+0.4 1.0+05
1-2 0.6 1.67 £0.18 0.1+0.4 -0.7+0.5
1-3 1.2 2.24+0.12 -0.8+04 01+0.5
2-1 24 2.25+0.27 -04+04 03+0.5
22 43 1.87+0.21 -04+04 0.0+0.5
2-3 6.3 1.97+0.15 -0.6+£0.4 01£0.5

For samples with unified apparent density the water
adsorption and dimensional stability were determined
and were collected in Table 4. Water absorption after
7 days is 2.1 + 0.2 vol. % (Table 4). Absorption of water is
not affected when lignin is added. Volume changes of
PUR samples are no more than 1.5 % for all samples (Tab-
le 4). It complies with the level 3 for dimensional stability
under the specified temperature and humidity condi-
tions (according to EN 14315-1).

CONCLUSIONS

It was concluded that it is possible to use chemically
non-modified biolignin™ as filler in rigid PUR foams.

481

The rigid PUR foam composition was developed where
total concentration of lignin in PUR foam reached 6.3 wt
%. The viscosity of the polyol component system too
much when more than 6.3 wt % of lignin was added. In-
creasing viscosity decreased the efficiency of component
mixing and slowed down the time of foam rise. Lignin
did not impact water absorption and dimensional stabili-
ty indicators in PUR materials. The maximum value of
compressive strength (0.35 MPa parallel to the foaming
direction) is reached in PUR foam sample where the con-
tent of lignin in foam is 1.2 wt %. Increasing concentration
of lignin in rigid PUR foam improved thermal insulation
properties (thermal conductivity decreased).These rigid
PUR foam compositions can be used for further research
as thermal insulation material using renewable raw ma-
terials. In this case flame retardants should be added. It
was possible to obtain rigid PUR foams with the rene-
wable raw materials in the amount of 23.6 wt % due to the
use of TOP and lignin.
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The modern biorefinery concept is aimed at the elaboration of sustainable processes with the most
profitable utilization of all biomass products obtained at the technological cycle. Lignin separated as by-
product in the lignocellulosic chemical processing is recognized as an important component of polymer
systems. The presence of sterically hindered phenolic hydroxyl groups in the lignin macromolecule opens
the possibility of its application as antioxidant for composites, e.g. polyurethanes (PU), which are con-
sidered as one of the most versatile polymeric materials. In the present work, the object of investigations
was lignin obtained as a product, so-called BIOLIGNIN™, of wheat straw organosolv processing for pulp
and fuel ethanol production (CIMV pilot plant, France). However, heterogeneity of the lignin obtained
negatively influences its applicability that can be overcome by fractionation. Three soluble fractions
were isolated from CIMV lignin by a sequential extraction with dichloromethane (A fraction), methanol
(B fraction) and mixture of both the solvents (C fraction) and characterized in terms of their compo-
sition, functionality and structure using analytical pyrolysis (Py-GC/MS), *'P NMR and Size Exclusion
Chromatography (SEC) methods. Antioxidant properties of BIOLIGNIN™ fractions were assessed in the
tests with free radicals ABTS™* and DPPH". Application of Py-GC/MS for characterization of the fractions
opened an opportunity to found some novel “structure-activity” correlations needed for understanding
and tuning of antioxidant properties of lignins. The antioxidant activity of the fractions under investi-
gation was tested by their influence on thermo-oxidative destruction of prepared model PU films. The
data of TGA method (oxidative conditions) clearly testified the antioxidant effect of all three fractions
with the most prominent activity for C fraction. The shifting of the exothermal maxima connected with
oxidizing of volatile products of PU destruction to the higher temperature region by 20-30 K and 30-40K
was registered.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

carrier of biologically active agents, additive for animal food prepa-
rations [3,4], lignins are considered as prospective antioxidants.

The biorefinery concept is aimed at the elaboration of sus-
tainable processes with the most profitable utilization of all
biomass products obtained at the technological cycle. Lignins sepa-
rated as by-products in lignocelluloses chemical and bio-chemical
processing, despite their good recognized potentials for usage as
an important component of polymer systems, is mainly (approxi-
mately up to 98%) burned for the improvement of energy balance
of the main production processes and only a small portion (1-2%)
is processed into value-added products [1,2].

In addition to traditional avenues for lignin application, e.g.
binder, plasticizer, sorbent, filler of composite materials, polymeric

* Corresponding author.
E-mail address: Icl@edi.lv (T. Dizhbite).

0165-2370/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j,jaap.2012.12.023
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Hindered phenolic groups of lignin can act as stabilizers in reac-
tions induced by oxygen and its reactive species and condition
slowdown of ageing of composites and biological systems. The
well documented antioxidant properties of lignins open variety
of fields for their topical application in industry, healthcare and
agriculture [5,6]. Lignin is characterized by higher thermal and bio-
logical stability than compounds with low molecular weight and
could be applied in those fields in which the employment of a
single molecule with antioxidant activity will be inefficient. How-
ever, the well-known polydispersity and chemical heterogeneity
along MMD ask for the detailed characterization of the lignins com-
position and structure for determination of their applicability as
antioxidants in targeted systems

The antioxidant efficiency of lignin is both related to its solubil-
ity in protecting material and structural characteristics [5]. Due to
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the molecular complexity of lignins, it is difficult to assign their
antioxidant efficiency to specific structural elements, compared
to the activities of synthetic antioxidants or naturally originated
chemically defined polyphenols, e.g. tannins and flavonoids [7].
Researches carried out on the lignin model compounds indicate
that free phenolic hydroxyl groups and ortho-methoxy substitution
in aromatic ring are essential for antioxidant activity, but conju-
gated carbonyl group in the side chain has a negative effect on the
antioxidant activity [8,9]. High molecular weight, polydispersity
and heterogeneity in terms of functionality of lignin are factors that
decrease radical scavenging activity [10,11]. Since lignins in situ
are embedded in a complex network containing several types
of polymers (polysaccharides, protein or other macromolecules -
according to biological origins), isolated lignins contain admixtures,
which may influence the efficiency of the lignins as antioxidants by
changing the polarity (e.g. at the presence of polysaccharides that
are more polar than lignins) and by decreasing the concentration
of the reactive phenolic functions [5].

In the present work, the object of investigations was a novel
type of technical lignins — BIOLIGNIN™, obtained as a product of
a recently developed biomass refinery technology (CIMV, France)
[12], which realizes efficient plant biomass fractionation with
production of three main biomass components - cellulose, hemicel-
luloses and lignin that will themselves be marketable commodity
chemicals and raw materials for further processing as well. Frac-
tionation of technical lignins by extraction with organic solvents
seems to be attractive opportunity for obtaining of more uniform
by molecular mass distribution (MMD), component composition
and, respectively, by properties, value added products [13,14].

The aim of the present work was the evaluation of suitability
of fractionation of BIOLIGNIN™ as a tool for obtaining on its basis
the products with good antioxidant properties for polymeric com-
posite materials, specifically for polyurethanes (PU) on the basis
of polyethers-polyols and aromatic isocyanates, e.g. elastomers.
With this purpose, BIOLIGNIN™ was fractionated by sequential
extraction using two organic solvents of different polarity and
their mixture. Each soluble fraction obtained was characterized
in terms of structure of lignin macromolecule and the presence
of carbohydrate and other admixtures, using analytical pyrolysis,
functionality, MMD, and radical scavenging activity. The charac-
teristics obtained were compared with the data on effect of lignin
addition in low quantity on the thermo-oxidative destruction of
model PU elastomer used as indications of antioxidant efficiency of
lignin fractions.

2. Experimental
2.1. Materials

BIOLIGNIN™ was extracted at pilot scale from wheat straw
using a mixture of acetic acid/formic acid/water at the CIMV pilot
plant (Pomacle, France). Purity of the lignin was about 95% [12].

Chemicals used for the analyses, including solvents, were of
analytical grade (Sigma-Aldrich). All tests solutions were prepared
freshly before use.

The parent BIOLIGNIN™ sample was dried in vacuum at 313K
(a vacuum drying oven VACIOTEM-T, Spain) to moisture content
below 1%. The dried sample was grinded in a Retsch Mixer Mill
MM200 (Retsch, Germany) at the frequency 30s~! for 30 min and
fraction with particle size d<0.5mm was used for the further
extraction with organic solvents and analyses.

2.2. Solvent fractionation

Lignin was fractionated in duplicate by successive extraction
with dichloromethane, methanol and the mixture of methanol

with dichloromethane (7/3, v/v). Lignin (225 g) was suspended in
1000 mL of the respective solvent and continuously stirred at room
temperature for 2 h. The undissolved material was filtered off and
resuspended for a second identical extraction. The fractions from
both steps were combined. Collected dissolved material was fil-
tered and vacuum dried. The yields of the fractions were shown in
% on dry ash-free non-extracted lignin.

2.3. Chemical analysis

All analyses were done in triplicate. All results are expressed on
a dry-weight and ash free basis. The dry weight was determined
by separate oven drying of samples at 378 K for 18 h. Ash content
was determined by the combustion of samples at 973 Kfor 3hina
Carbolite furnace ELF 11/6B (UK).

The methoxyl group (OCH3) content in lignin samples was
determined according to the Viebock-Schwappach method in a
Zeisel apparatus (domestic glassware). The procedure is described
in detail in [15].

The contents of phenolic and aliphatic hydroxyl groups (OHphen
and OHjpp, respectively) and carboxylic groups (OHcoon) were
determined in the derivatizated lignin samples by 3!'P NMR with
Bruker 400 MHz (30° pulse angle, inverse gated proton decoupling,
a delay time of 55 and 256 scans). The procedure is described in
detail in [14]. Signal assignment was performed as described by
[16].

The molar mass distribution (MMD) of the fractions obtained
was analysed by alkaline SEC method in accordance with pro-
cedure described in [14]. Lignin samples of 1 mgmL-! dissolved
in 0.5M NaOH were injected into a manually packed column
(4.6 cm x 30 cm) with ethylene glycolmethacrylate copolymer TSK
gel Toyopearl HW-55F (thermostated at 298K), eluted with the
same solvent and detected at 280 nm. Standards for calibration of
the molar mass distribution: sodium polystyrene sulfonates (My
range: 891-976,000 Da) and phenol.

24. Py-GG/MS

The Py-GC/MS analysis was performed using a Frontier Lab
(Japan) Micro Double-shot Pyrolyser Py-2020iD (pyrolysis tem-
perature 773 K, heating rate 600Ks~!) directly coupled with the
Shimadzu GC/MS - QP 2010 apparatus (Japan) with capillary col-
umn RTX-1701 (Restec, USA), 60 m x 0.25 mm x 0.25 pm film (the
injector temperature 523K, ion source 523 K with EI of 70eV, the
MS scan range m/z 15-350, carrier gas helium at the flow rate of
1mLmin~! and the split ratio 1:30). The mass of a sample probe
(residual moisture content < 1%) was 1.00-2.00 mg. The oven pro-
gram was 1min isothermal at 333K, then 6Kmin~! to 543K, and
finally held at 543K for 10 min. The apparatus was modified by
installation of the splitter of gas-carrier flow Vitreous Silica Out-
let Splitter VSOS (SGE, Australia) in order to operate FID and MS
detectors simultaneously. The mass spectrometer was operated in
the electron impact mode using 70 eV electron energy. Fluoran-
thene is used as an inner standard for quantification of content of
individual phenols. The identification of the individual compounds
was performed on the basis of GC/MS chromatogram using Library
MS NIST 147.L113, whereas the relative area of the peak of individ-
ual compounds was calculated using the Shimadzu software on the
basis of GC/FID data. The summed molar areas of the relevant peaks
were normalized to 100% and the data for five repetitive pyrolysis
experiments were averaged.

2.5. Assessment of radical scavenging activity

Testing radical scavenging activity was performed against stable
radicals 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic cation
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radical (ABTS™*) and 2,2-diphenyl-1-picrylhydrazyl (DPPH"), and
superoxide anion-radical (03°~).

In the DPPH’ radical scavenging assay the method described
in [10] was adopted with minor modification. A sample solu-
tion in DMSO (0.03mL) was mixed for 15min with 3.0mL
of a 1x10~4molL~! DPPH’" methanol solution, and then the
absorbance at 517 nm of the mixture was immediately measured
using a Perkin Elmer Lambda 25 UV/VIS spectrometer.

ABTS™* was produced by reacting 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) with potassium
persulfate (K3S,0g) [17]. A stock solution of ABTS (2 mM) was pre-
pared by dissolving in 50 mM of phosphate buffered saline (PBS),
consisting of 8.18 g NaCl, 0.27g KH,POy4, 3.58 g NaHPO4 x 11H,0
and 0.15gKClin 1 Lof distilled water. The pH of the solution should
be 7.4; otherwise it was adjusted with 0.1 M NaOH. The ABTS"*
solution was produced reacting 50 mL of stock solution with
200 pL of 70mM K;S,0g water solution. The mixture was left to
stand in the dark at room temperature for 15-16 h before use. For
the evaluation of the antioxidant capability, the ABTS'* solution
was diluted with PBS to obtain the absorbance of 0.800+ 0.030 at
734 nm. 0.03 mL of the sample solution in DMSO were mixed with
3 mL of the ABTS’* solution in the 1cm path length microcuvette.
The absorbance at 734 nm was read at ambient temperature after
10 min. PBS solution was measured as a blank sample.

The characterization of the antioxidant activity against O,*~ was
carried out using the hypoxantine-xanthine oxidase system and
0,°~ was detected by the NBT (nitroblue tetrazolium) method [18],
where the formazan formed upon NBT oxidation was controlled.
The generation of O~ was measured in areaction mixture contain-
ing 250 wM hypoxanthine, 150 wM NBT,and 4 mU mL~" of xanthine
oxidase in NaHCO3-Na; COj3 buffer (pH 10.2). The reduction of the
NBT concentration was measured by the change in absorbance
at 560 nm for 12 min. Test solutions were prepared in DMSO and
added to the reaction mixture to give a final concentration of 0.2%
(v/v) DMSO. The solution without xanthine oxidase was used as a
blank sample.

For all tests performed, the inhibition percentage (IP) of the
radical species was calculated as follows:

IP(%) = s —An) _ 100,

Ag
where Ag is absorbance in blank probe (antioxidant was omitted)
and Ap is absorbance in the sample after 15, 10 and 12 min for
DPPH’, ABTS™ and O,"~ assays, respectively. Using different con-
centrations of antioxidants, the dependence of the IP values on the
antioxidant concentration was established and used for the cal-
culation of IC5q (the concentration of the tested sample required
for a 50% inhibition of radical species). To calculate the ICsq val-
ues, the linear regression analysis was made, using SPSS Statistics
17.0 (level of significance 0.05). According to the definition, higher
antioxidant activity results in lower value of ICsq.

Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (water soluble derivative of vitamin E) was tested as a
reference antioxidant.

2.6. Obtaining model polyurethane (PU) elastomer films

The model PU elastomers in the form of films were obtained
in accordance with [19] using a system included PEG (polyethyl-
ene glycol) with M, of 400 g mol~!, PMDI (commercial polymeric
diphenylmethane diisocyanate Voratec SD 100) with the content of
isocyanate groups (NCO) of 31% and DBTD (dibutyltin dilaurate) as
a catalyst. The films were prepared by pre-polymerization of con-
stituents followed by preparation of films by solution casting. PEG,
PMDI and DBTD were dissolved each in extra dry THF (tetrahy-
drofuran), solutions obtained were combined and a system was
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pre-polymerized at 20°C under argon atmosphere. The NCO/OH
ratio in the composition was 1.05. In order to avoid bubbles appear-
ance in PU films, the solutions were pre-treated in the ultra sound
bath. The pre-polymerized mixture was then cast into the disk mold
with flat bottom covered by polytetrafluorethylene (Teflon) for cur-
ing. After 24 h the cast films were peeled and dried for 7 days in
desiccators above P, 05 at 20°C following by thermal curing for 8h
at the temperature of 90°C in air atmosphere. The films containing
5% of lignin fractions were prepared in the same manner, adding
their solutions in extra dry THF on the pre-polymerization step.

The cross-link density of the PU elastomers obtained was mea-
sured as an effective number of cross-linked chains per volume
unit of a polymer network, mol cm=3 using Flory-Rehner method
as described in [19]. Dimethyl formamide was used as a swelling
agent.

2.7. The effect of lignin fractions on thermo-oxidative destruction
of PU

The thermo-oxidative destruction of the model PU elastomer
films was studied in the temperature range 293-973K by ther-
mogravimetric analysis in air atmosphere (flow rate 50 mLmin~!)
using the Metler Toledo Star System TGA/ADTA 851e device at a
heating rate of 10K min=!. The sample size of 8-10mg was used.
The data for five parallel experiments were averaged.

3. Results and discussion

3.1. The fractionation of BIOLIGNIN™ and functionality of the
fractions obtained

The weak solubility of technical lignins in organic solvents usu-
ally used in PU chemistry (e.g. THF, glycol, dioxane) restricts their
application in PU systems. The solvent fractionation is one of the
pathways for obtaining more uniform completely soluble products
for PU production.

Three soluble fractions were isolated from BIOLIGNIN™ by a
sequential extraction with dichloromethane (A fraction), methanol
(B fraction) and mixture of both the solvents (C fraction). The frac-
tionation procedure in total solubilized about 40% of the lignin.
Among soluble fractions, C fraction was dominating with the yield
of (18.2+0.4)% (from parent lignin), while A and B fractions were
obtained with the yields of (7.4+0.2) and (14.5+0.3)%, respec-
tively.

The results of SEC analysis (Table 1) showed that the fraction-
ation yielded fractions of increasing molecular weight. The A and
B fractions had rather close molecular weights, whereas both M,
and My, of C fraction were substantially higher. All soluble fractions
obtained had about twice lower polydispersity index (Mw /M) than
that for parent BIOLIGNIN™,

The comparison of the results of functional analysis (Table 1)
shows that the fraction obtained slightly differs by the content of
phenolic hydroxyl groups, which have the important influence on
the lignins antioxidant activity [10]. The difference in the content
of metoxyl group, which is the diagnostic group for lignin, is more
prominent. The OCH3 group content is the highest in the fraction
soluble in the CH30H/CH,Cl; mixture (C fraction) and it was consid-
erably higher than that in the parent lignin. For the same fraction
the highest content of phenolic hydroxyl groups included in the
so called condensed phenolic units, i.e. biphenyl- and diphenyl-
methane lignin substructures, was observed. This could indicate
that the lignin yielded in C fraction has more condensed structure
of lignin extracted by the mixture of solvents. The last assumption
was confirmed by the data obtained using Py-GC/MS.
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Table 1

Molar masses and functional groups contents of BIOLIGNIN™ and its fractions: A-F - CH,Cl, soluble fraction; B-F - CH;0H soluble fraction; C-F - CH30H/CH,Cl; soluble

fraction.
Index Lignin sample

Unfractionated BIOLIGNIN™ A-F B-F C-F

Average M,, Da 1051 + 22 33442 54145 1094 + 80
Average My, Da 11,143 + 146 1973 + 46 2201 + 27 5295 + 430
My /My 106 £ 0.3 59401 41 +0.1 48 +0.1
OCHs content, mmol g~ 2,62 +0.03 2,67 £ 0.04 2.89 +0.02 322 +0.01
OH_jiphatic cONtent, mmol g 1 1.51 £ 0.01 0.94 + 0.02 2.51 +0.08 1.68 + 0.02
OHphenolic cONtent in condensed substructures,* mmol g~! 0.50 + 0.01 0.40 +0.01 0.43 +0.01 0.54 + 0.01
OHyppenolic content in syringyl substructures, mmol g 1 0.31 £ 0.01 0.45 + 0.01 0.33 £ 0.01 0.36 + 0.01
OHphenolic content in guaiacyl substructures, mmol g1 0.54 + 0.01 0.71 + 0,01 0.67 + 0.02 0.63 + 0.01
OHyppenolic content in p-hydroxy-phenyl substructures, mmolg-! 0.22 + 0.01 0.12 £ 0.01 0.31 £ 0.01 0.27 £ 0.01
Total OHpphenotic cONtent, mmol g~! 1.58 £ 0.03 1.68 + 0.04 1.74 £ 0.03 1.80 + 0.01
COOH, mmolg~! 0.69 + 0.02 0.67 + 0.01 0.81 + 0.02 0.48 + 0.01
Total OH groups content, mmol g~ 3.77 + 0.06 3.29 + 0.08 510+ 0.13 3.96 + 0.01

@ Biphenyl- and diphenylmethane substructures.

Evaluation of the phenolic hydroxyls composition of the frac-
tions (Table 1) shows that the dichloromethane soluble fraction
(A fraction) is characterized with the highest content of phenolic
hydroxyl groups attached to syringyl and guaiacyl substructures.
At the same time, this fraction is characterized by the much lower
content of aliphatic hydroxyl groups as compared with parent
BIOLIGNIN™ and other two fractions that could be connected with
increased content of lipophilic admixtures in A fraction.

3.2. Characterization of BIOLIGNIN™ soluble fractions using
Py-GC/MS

The distribution of lignin and carbohydrates related products
detected by analytical pyrolysis for the parent BIOLIGNIN™ and its
fractions is shown in Table 2. Lignin is the predominant compo-
nent for parent BIOLIGNIN™ and its fractions, although noticeable
amounts of compounds originated from carbohydrates as well as
lipophilic admixtures are also present in the pyrolysates (Fig. 1).
Application of the mixture of solvents allowed separating the C
fraction with the highest molecular mass and the highest portion
of the lignin derived compounds (Table 2, compounds 20-66) in
the volatile pyrolysis products, which was higher than that for the
parent BIOLIGNIN™, The latter is in conformity with the highest
content of methoxyl groups detected for this fraction (Table 1). It
could be explained by better affinity of hydrophilic/hydrophobic

Content, %

C)Lipophilics 7 Carbohydrates m Lignin

Fig. 1. Relative content (%) of lignin (L) derived compounds, carbohydrates (C)
derived c and aliphatic c in the BIOLIGNIN™ and its fractions
pyrolysis products. (A) Fraction — CHxCl, soluble fraction; (B) Fraction - CH3OH
soluble fraction; (C) Fraction - CH3OH/CH,Cl; soluble fraction.

sites of lignin macromolecule to the combination of non-polar and
polar solvents in the mixture used. At the same time, the lignin frac-
tion soluble in CH,Cl; (A fraction) differed from the parent lignin
and other fractions by multi-times increased portion of aliphatic
compounds (Fig. 1), which could originate from waxes and paraf-
finsintrinsic to wheat straw. The volatile products from pyrolysis of
B fraction are most enriched with the carbohydrates derived prod-
ucts. This is in good conformity with the results of 3! PNMR showing
the highest content of aliphatic hydroxyl groups in this fraction
(Table 1).

In order to determine the variations in the chemical structure
of the lignin containing in the fractions differed by molecular mass,
special attention was paid to lignin derived pyrolysis products.
With this purpose, peak areas of lignin pyrolysis products were
normalized to 100% and peak areas of lignin-derived phenols (indi-
vidual phenols) were calculated as relative percentages (Table 3).
The lignin component of the A fraction contains the highest amount
of syringyl sub-structures (Table 3, compounds 14-25) in compar-
ison with other soluble fractions and, simultaneously, the highest
portion of the substructures with a-carbonyl groups (Table 3, com-
pounds 9-13 and 21-25). The fraction soluble in CH3OH (B fraction)
is characterized with the highest portion of lignin guaiacyl sub-
structures (Table 3, compounds 1-13). Lignin components of both B
and C fractions are characterized by higher aromaticity than parent
lignin and lignin in the A fraction.

The highest ratio of the sum of portions of phenol and ben-
zene derivatives to the sum of guaiacol and syringol derivatives
in the pyrolysis products from the C fraction (0.24 £0.02 against
0.15+0.02; 0.10+£0.01 and 0.16+0.01, respectively, for parent
lignin, A fraction and B fraction) indicates the most high degree of
condensation of the lignin contained in this fraction that coincided
with its highest content of phenolic hydroxyl groups in condensed
lignin units (Table 1). The significantly decreased portion of4-vinyl-
2-metoxyphenol (Table 3, compound 4) in the pyrolysis products
from C fraction, as compared with other fractions and the parent
lignin, also confirmed indirectly the increased degree of condensity
of lignin contained in C fraction, because this compound is formed
as the result of destruction of the aryl-alkyl ether bonds in lignin
during analytical pyrolysis. Therefore, decreasing relative portion
of 4-vinyl-2-metoxyphenol could reveal the lower relative portion
of ether interunit bonds in lignin of the A fraction and, respectively,
the higher portion of C—C bonds in its macromolecule.

3.3. Radical scavenging activity of BIOLIGNIN™ fractions

In the present study, the antioxidant properties of the sol-
uble fractions of BIOLIGNIN™ were characterized using three
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Table 2
Peak assignments and relative abundance (%) of lignin (L) and carbohydrates (C) derived pyrolysis products detected in parent BIOLIGNIN™ and its fractions: A-F - CH2Cl,
soluble fraction; B-F - CH30H soluble fraction; C-F - CH3OH/CH,Cl; soluble fraction.

Number Compound Origin Compound proportion in the volatiles, %
BL? A-F B-F C-F

1 Acetic acid C 9.13+0.05 10.41+£0.05 7.71£0.05 9.52+0.05

2 Octyl 2-methyl-2-propenoate C n.d® 0.2240.01 0.07+0.01 n.d.

3 Prop-2-enal c Trace Trace Trace Trace

4 Propanone c 0.53+0.01 0.16+0.01 0.51+0.01 0.72+0.03

5 2-Methylpropanal C 0.09+0.02 0.0240.005 0.10+0.01 0.10£0.01

6 Butane-2,3-dione C 0.18+0.01 0.02+0.005 0.17+0.01 0.19+0.01

7 3-Methylbutanal C 0.13+0.01 0.03+0.005 0.18+0.01 0.14+0.01

8 2-methylbutanal C 0.08+0.01 0.04+0.005 0.08+0.005 0.09+£0.01

9 Hexanal {c; Trace 0.06 +0.005 0.05+0.005 Trace
10 1-(Acetyloxy)-2-propanone € 0.07+0.01 Trace 0.05+0.005 0.07+£0.01
1 Furan C 0.01+0.005 Trace Trace 0.06+0.01
12 2-Methylfuran C 0.46+0.03 0.32+0.01 0.26+0.01 0.47+£0.01
13 Oxolane G nd. 0.21+0.01 nd. nd.
14 2,5-Dimethylfuran € 0.08+0.01 0.05+0.01 0.06 +0.005 0.11+£0.01
15 2-Ethyl-5-methylfuran C Trace Trace Trace 0.04+0.005
16 Furan-2-carbaldehyde C 0.3840.02 0.1540.02 0.39+0.01 0.33:+£0.02
17 2,3-Dihydro-1-benzofuran GL 3.68+0.07 1.36+0.02 5.76+0.03 2.78+0.05
18 5-Acetoxymethyl-2-furaldehyde C Trace 0.14+0.02 Trace Trace
19 3,5-dihydroxy-6-methyl-2,3-dihydropyran-4-one C 0.07£0.01 Trace 0.09+0.005 0.09+0.01
20 Benzene L 0.04 +0.005 Trace 0.03+0.005 0.03+0.005
21 Methylbenzene L 0.39+0.01 0.30+0.02 0.34+0.02 0.31+£0.02
22 14-Dimethylbenzene L 0.08 +0.005 0.04+0.005 0.09+0.005 0.10£0.01
23 1,2-Dimethylbenzene L 0.09+0.005 0.12+0.005 0.07 +£0.005 0.08 £0.005
24 1,3- Dimethylbenzene, L Trace 0.1140.005 n.d. nd
25 Ethenylbenzene L 0.10+0.005 0.05+0.005 0.09+0.005 0.06+0.005
26 3 L Trace 0.07 +0.005 0.07+0.005 0.08+£0.01
27 1,2,4-Trimethylbenzene L 0.05+0.005 0.07 +0.005 Trace 0.04:0.002
28 1-Methoxy-2-methylbenzene L 0.10+0.01 0.01+0.001 0.09+0.005 0.09+0.01
29 Pentylbenzene L nd 0.04+0.005 nd nd
30 Phenol L 0.85+0.05 0.40+0.02 1.154+0.02 1.11+0.03
31 2-Methylphenol L 0.23+0.02 0.2240.01 0.27+0.01 0.31+£0.01
32 2,3-Dimethylphenol L 0.03 +£0.005 Trace 0.02+0.005 Trace
33 4-Methylphenol L 1.07 £0.05 0.65+0.02 1.05+0.02 1.23+0.02
34 2-methoxy-3-methylphenol L 0.04+0.01 0.04+0.005 0.06+0.005 0.07 £0.005
35 3,4-Dimethylphenol L 0.21+0.02 0.22+0.01 0.18+0.02 0.26+£0.02
36 1,2-Dimethoxy-3-methylbenzene L 0.08 +0.005 0.07 +0.005 0.05+0.005 0.07 £0.005
37 4-Ethylphenol L 0.33+0.02 0.22+0.01 0.60+0.005 0.68+£0.02
38 3',5'-Dihydroxy-1-phenylethanone L 0.12+0.01 0.16+0.01 0.13+0.01 0.16+0.01
39 4-Ethyl-1,2-dimethoxybenzene L 0.09+0.01 0.05+0.005 0.04+0.005 0.07 +0.005
40 3-methoxy-5-methylphenol L 0.19+0.01 0.05+0.005 0.14+0.01 0.24+0.01
41 4-Allylphenol L Trace Trace 0.08+0.005 0.09+0.005
42 2-Methoxyphenol L 3.06+0.04 2.88+0.05 3.56+0.05 3.97+0.05
43 2-Methoxy-4-methylphenol L 3.27+0.05 2.96+0.05 3.19+0.01 3.87+0.04
44 4-Ethyl-2-methoxyphenol L 1.14£0.05 1.04+0.01 1.47+0.01 1.99+0.04
45 4-Vinyl-2-metoxyphenol p-vinylguaiacol L 8.29+0.05 7.57+£0.05 9.46+0.05 5.25+0.05
46 4-Allyl-2-methoxyphenol L 0.23+0.01 0.24+0.01 0.19+0.01 0.23+£0.01
47 2-Methoxy-4-propylphenol L 0.15+0.005 0.06+0.005 0.15+0.01 0.21+£0.01
48 2-Methoxy-4-[(Z)-prop-1-enyl]phenol L 0.22+0.01 0.19+0.01 0.21+0.005 0.29+0.01
49 2-Methoxy-4-|(E)-prop-1-enyl Jphenol L 1234002 0.77+0.01 1.0540.02 1.18+0.02
50 4-Hydroxy-3-methoxybenzaldehyde vanillin L 0.2740.01 1.56+0.03 0.30+0.01 0.20+£0.01
51 1-(4-Hydroxy-3-methoxyphenyl)ethanone acetoguaiacon L 0.19+0.005 0.51+0.01 0.18+0.01 0.29+0.02
52 1-(4-Hydroxy-3-methoxyphenyl)propan-2-one guacylacetone L 0.17+0.005 0.09+0.01 0.15+0.01 0.19+0.01
53 1-(4-Hydroxy-3-methoxyphenyl)propan-1-one propioguaiacone L 0.09+0.005 0.07+0.01 0.05+0.005 0.07+£0.01
54 1-(4-Hydroxy-3-methoxyphenyl)propan-1-one-1-oxy L 0.37+0.01 1.40+0.01 0.31+0.01 0.30+0.01

propioguaiacone, alpha-oxy-

55 2,6-Dimethoxyphenol syringol L 1.90+0.03 2.43+0.05 2.40+0.05 238+0.05
56 2,6-Dimethoxy-4-methylphenol syringol, 4-methyl- L 1.65+0.05 2.00+0.05 1.95+0.03 225+0.05
57 4-Ethyl-2,6-dimethoxyphenol syringol, 4-ethyl- L 0.28+0.03 0.32+0.01 0.31+0.01 0.50+0.01
58 4-Vinyl-2,6-dimethoxyphenol syringol, 4-vinyl- L 0.9240.02 0.91+0.02 0.82+0.01 0.74+0.01
59 4-allyl-2,6-dimett pt | and 2,6-dimetk 4 ol L 0.35£0.005 0.26+0.01 0.3140.01 0.37£0.01
60 2,6-Dimethoxyphenol derivate L 0.07+0.01 0.11+0.01 0.06+0.005 0.07 £0.005
61 2,6-Dimethoxy-4-[(E)-prop-1-enyl]phenol L 0.95+0.01 0.67+0.02 0.77+0.03 0.91+0.01
62 4-Hydroxy-3, methoxybenzaldehyde L 0.09+0.01 1.50+0.05 0.10+0.01 0.14+0.02
63 1-(4-Hydroxy-3,5-dimethoxyphenyl)ethanone L 0.5240.02 0.46+0.02 0.30+0.01 0.63+0.02
64 1-(4-Hydroxy-3,5-dimethoxyphenyl)propan-2-one L 0.08+0.01 0.03+0.005 0.11+0.01 0.15+0.01
65 1-(4-Hydroxy-3,5-dimethoxyphenyl)propan-1-one L 0.04+0.005 0.05+0.005 0.05+0.006 0.06 +0.005
66 1-(4-Hydroxy-3,5-dimethoxyphenyl)propan-1-one-1-oxy L 0.18+0.01 0.86+0.01 0.21+0.01 0.12+0.005

@ BIOLIGNIN™,
b n.d., not detected.
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Table 3

The distribution of lignin-derived methoxylated phenols in pyrolysates of BIOLIGNIN™ and its fractions normalized to 100% of lignin derived products.

No. Compound Compound proportion in the lignin-derived volatiles, %
BIOLIGNIN™ A-F B-F C-F
il 2-Methoxyphenol 1031 + 0.01 9.08 + 0.08 11.11 £ 0.08 12.69 + 0.06
2 2-Methoxy-4-methylphenol 10.97 + 0.05 9.33 + 0.06 9.90 + 0.07 12.31 £ 0.11
3 4-Ethyl-2-methoxyphenol 3.83 +0.08 3.27 +£0.02 4.56 + 0.03 6.33 4+ 0.02
4 4-Vinyl-2-metoxyphenol 27.82 +0.07 23.85 + 0.09 29.43 + 0.04 16.73 £ 0.12
5 4-Allyl-2-methoxyphenol 0.78 + 0.05 0.75 + 0.02 0.59 + 0.01 0.73 £+ 0.04
6 2-Methoxy-4-propylphenol 0.50 + 0.03 0.19 £ 0.01 0.47 + 0.02 0.67 + 0.03
7 2-Methoxy-4-[(Z)-prop-1-enyl]phenol 0.74 £ 0.03 0.60 + 0.04 0.65 £+ 0.01 0.92 + 0.02
8 2-Methoxy-4-[(E)-prop-1-enyl|phenol 4.13 £ 0.04 2.42 +0.06 3.26 +£0.08 3.75 £ 0.06
9 4-Hydroxy-3-methoxybenzaldehyde 091 + 0.05 4,90 + 0.03 0.93 + 0.04 0.64 + 0.02
10 1-(4-Hydroxy-3-methoxyphenyl)ethanone 0.64 + 0.01 1.60 + 0.07 0.56 + 0.03 0.92 + 0.02
11 1-(4-Hydroxy-3-methoxyphenyl)propan-2-one 0.57 + 0,02 0.28 + 0.04 0.47 + 0.01 0.60 + 0.03
12 1-(4-Hydroxy-3-methoxyphenyl)propan-1-one 0.30 + 0.02 0.22 + 0.04 0.16 + 0.02 0.22 £+ 0.02
13 1-(4-Hydroxy-3-methoxyphenyl)propan-1-one-1-oxy 1.24 £ 0.03 443 £0.08 0.96 + 0.05 0.95 + 0.03
14 2,6-Dimethoxyphenol 6.38 + 0.09 7.70 £ 0.10 7.45 + 0.05 7.57 £ 0.05
15 2,6-Dimethoxy-4-methylphenol 5.54 4 0.08 6.28 + 0.08 6.05 & 0.07 7.16 £ 0.05
16 4-Ethyl-2,6-dimethoxyphenol 0.94 + 0.02 1.01 £0.03 0.96 + 0.02 1.59 + 0.06
17 4-Vinyl-2,6-dimethoxyphenol 3.09 + 0.06 2.86 +£0.08 2.55 +0.02 2.3540.05
18 4-Allyl-2,6-dimethoxy-phenol and 2,6-dimethoxy-4-propylphenol 1.17 + 0.01 0.82 + 0.08 0.96 + 0.01 1.18 + 0.04
19 2,6-Dimethoxyphenol derivate 0.23 4+ 0.02 0.35 £ 0.02 0.19 + 0.02 0.22 + 0.02
20 6-Dimethoxy-4-[(E)-prop-1-enyl]phenol 3.19 + 0.07 2,10 + 0.06 239 £ 0.05 2,89 + 0.08
21 4-Hydroxy-3,5-dimethoxybenzaldehyde 0.30 + 0.02 474 £ 0.08 0.31 + 0.03 0.45 + 0.03
22 1-(4-Hydroxy-3,5-dimethoxyphenyl) ethanone 175 + 0.08 1.54 + 0.06 0.93 + 0.03 2.00 + 0.04
23 1-(4-Hydroxy-3,5-dimethoxyphenyl)propan-2-one 0.30 £ 0.02 0.10 £+ 0.02 0.34 £ 0.03 0.48 + 0.02
24 1-(4-Hydroxy-3,5-dimethoxyphenyl)propan-1-one 0.12 £ 0.01 0.16 + 0.04 0.16 + 0.01 0.19 £+ 0.02
25 1-(4-Hydroxy-3,5-dimethoxyphenyl)propan-1-one-1-oxy 0.60 + 0.06 2.70 £ 0.08 0.65 + 0.03 0.38 + 0.01

A-F - CH,Cl, soluble fraction; B-F - CH3OH soluble fraction; C-F - CH30H/CHCl, soluble fraction.

antioxidant capacity assays frequently used to estimate antioxidant
capacity of polyphenols. The results of the ABTS™*, DPPH" and 0,
tests are presented in Table 4 in terms of ICsg (the concentration of
the tested antioxidant sample required for a 50% inhibition of radi-
cal species). The lower is this value the higher is radical scavenging
activity of the compounds tested.

Radical scavenging activity against stable free ABTS™* radicals of
BIOLIGNIN™ soluble fractions was rather close to that of antioxi-
dant Trolox, which is often used as a standard (Table 4). In opposite,
in the test with free radical DPPH’, the radical scavenging activity
of all fractions under study was almost 10-fold lower than that for
Trolox. The values of radical scavenging activity obtained using the
both above mentioned test did not strongly differ for various frac-
tions. Unlike this, in the test with reactive oxygen form, namely
superoxide radical anion, the radical scavenging capacity of C frac-
tion was threefold higher as compared with the value found for
the A fraction (Table 4). In this test the radical scavenging capac-
ity detected for the C fraction was not much lower than that for
Trolox. Some discrepancy between the results of ABTS™* and 0;"~
tests, from one side, and DPPH’ test from other side, could be
connected with the difference in mechanisms of the lignin radical
scavenging activity in the various assays [20]. For the ABTS™* and
0,°~ tests scavenging activity occurs by electron transfer—proton
transfer (ET-PT) mechanism, whereas for the DPPH" test the com-
bination of ET path with H atom transfer is considered. In the latter

Table 4

The results of the tests on radical scavenging activity of BIOLIGNIN™ soluble frac-
tions presented in terms of ICso (the concentration of the tested sample required for
a 50% inhibition of radical species).

Sample 1Cs0, mg/L, in the tests with:

ABTS™ DPPH’ 0~
CH,Cl; fraction 107 £0.3 50.0 + 1.4 125.6 £ 5.5
CH;OH fraction 71103 427 L 0.8 60.6 L 10.7
CH30H/CH,Cl, fraction 91+03 428 +1.0 43.9 + 2.0
Trolox 40+0.1 47 +£0.1 17.7 £ 0.4

case, the reaction could be very slow and hindered by side reaction,
in particular, for o-methoxyphenols [20].

The CH;Cl; soluble fraction (A fraction) showed the lowest
activity in the all tests applied that can be explained by the rela-
tively high content of lipophilic admixtures in this fraction (Fig. 2).
Besides, this fraction is characterized by the presence of the high-
est portion of lignin-derived compounds with a-carbonyl groups
in the volatile products of pyrolysis (Table 3). The negative effect
of conjugated carbonyl groups on antioxidant activity was noted
earlier for monomeric lignin-related phenols [10].

CH30H/CH,Cl; soluble fraction (C fraction) showed the high-
est radical scavenging activity, especially against superoxide-anion
radicals, which can be compared with of flavanoids and other natu-
ral antioxidants. IC5q values of CH3 OH soluble fraction in tests with
three different radicals also are relatively low.

Consideration of the results of radical scavenging tests together
with the data of analytical pyrolysis opened an opportunity to
precise some “structure-activity” correlations needed for under-
standing and tuning of antioxidant properties of lignins. It was
found that the ICsq value in the test with the reactive oxygen species
(superoxide radical anion) linearly decreased with the increas-
ing condensation degree of lignin macromolecules and aromaticity
(the Pearson correlation coefficients r=0.993 at the critical coeffi-
cientvaluer=0.988). Formation of phenylpropanoid aroxyl radicals
is an essential step in the realization of antioxidant activity of
lignin. The stability of the aroxyl radicals strongly depends on
unpaired electron delocalization. The development of condensed
lignin structure with increased aromaticity leads to the extension
of electron delocalization thus decreasing dangerous prooxidant
potential of polyphenols.

3.4. The antioxidant effect of BIOLIGNIN™ soluble fractions on
PU thermo-oxidative destruction
The antioxidant activity of the BIOLIGNIN™ soluble fractions

was tested by their influence on thermo-oxidative destruction of
model PU films in air atmosphere. The PU films obtained were
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Fig. 2. Thermo-oxidative destruction results (TGA and DTG curves) for PU films: Control PU - lignin free PU film, (A) Fraction - PU film with addition of CH,Cl; soluble
fraction, (B) Fraction - PU film with addition of CH3OH soluble fraction, (C) Fraction - PU film with addition of CH3OH/CH>Cl, soluble fraction.

Table 5

Effect of BIOLIGNIN™ soluble fractions on characteristics of thermo-oxidative destruction of PU films. A-F - CH,(l, soluble fraction; B-F - CH3OH soluble fraction; C-F -

CH30H/CHCl; soluble fraction.

Sample Tstare, K DTG Tpax, K Maximal weight loss rate, mg min~' Tsox,* K DTA exo-peaks Tmax, K

Lignin free PU 536 + 2 577 +2 0.94 + 0.05 633 +£2 580 + 2 639 + 2 804 + 3
PU with A-F 544 + 2 616 + 2 0.56 + 0.02 638 + 2 590 + 2 639 + 2 834+ 3
PU with B-F 552 42 624 + 2 0.44 + 0.03 675+ 2 603 + 2 675+ 2 84143
PU with C-F 559 + 2 675+ 2 0.27 +0.02 675 +2 608 + 2 675+ 2 852+ 3

@ Temperature, when 50% weight loss of the sample is observed.

transparent, without solid inclusions and had the uniform thickness
(~200 mkm).

The data of TGA (Fig. 2, Table 5) clearly testified the antioxidant
effect of all three fractions, which is revealed in increasing tem-
peratures of starting (Tstarr) and maximal development (Tmax) of
PU thermo-oxidative destruction as well as decreasing the process
rate on the first stage of PU thermo-oxidative degradation. The data
of DTA (Table 5) also confirmed the changes in thermo-oxidative
behavior of model PU films: the exothermal maximum connected
with oxidizing of PU destruction volatile products shifted to the
high temperature region by 20-30K (Table 5). It is considered in
the literature [21] that for the polyether-based polyurethanes (used
in the present study as model elastomers) this step involves the
scission of the PU molecule into primary amine and proceeds by
a radical chain process. The addition of antioxidants, in particular
sterically hindered phenols, can stabilize PU against oxidation [22].

Lignins and lignocelluloses, mostly modified by oxialkylation,
have long been a research subject in polyurethane chemistry
as an aromatic polyol components [23,24]. It has been pub-
lished that thermostability of PU synthesized using lignin-based
polyols in enough quantities (10% and more) increases owing
to significant changes in PU network structure, in particular an
increase in PU cross-linked density up to 1.5-2.5 x 10-3 mol cm—3
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[25]. However, in the present study, the BIOLIGNIN™ frac-
tions were added in small amounts (5%) that did not lead
to increase in the cross-linked density of PU elastomers: it
was changed from (0.25+0.02) x 103 mol cm~3 (lignin-free elas-
tomer) to (0.26+0.02) x 103 molcm=3 (A fraction was added),
to (0.35+0.02) x 103 molecm=3 (B fraction was added) and
(0.6+0.05) x 10-3 mol cm=3 (C fraction was added). Therefore, the
noticeable retardation effect of lignin fractions on PU thermo-
oxidative degradation observed cannot be connected with the
cross-linking action of lignin.

In correlation with the results of the test on radical scav-
enging activity towards superoxide radical anion, CH30H and
CH30H/CH,Cl; soluble fractions decreased the PU thermo-
oxidation rate stronger than that soluble in CH,Cl;. The action of
lignin-based antioxidants manifested itself also in increasing the
temperature of 50% mass loss by PU from 364 (control PU sample)
up to 400 (PU with lignin fractions).

4. Conclusions
Fractionation of BIOLIGNIN™ with solvents of different polar-

ity is a prospective tool for obtaining of more homogeneous lignin
products, which reveal prominent antioxidant activity.
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The results obtained clearly show that antioxidant activity of
fractionated technical lignin is one more advantage for lignin appli-
cation in PU production.

Application of Py-GC/MS opened an opportunity to found some
novel “structure-activity” correlations needed for understanding
and tuning of antioxidant properties of lignins.
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Analytical pyrolysis combined with gas chromatography/mass spectrometry (Py-GC/MS) was used to ana-
lyze chemical composition of non-hydrolyzed residues (LHRs) obtained by three methods of bioethanol
production: softwood acid hydrolysis (AH), separate enzymatic hydrolysis and fermentation (SHF), and
simultaneous saccharification and fermentation (SSF). Complementary techniques, such as EPR- and FTIR-
spectroscopy, and routine chemical analysis procedures were used for this study as well. The Py-GC/MS
analysis of the LHRs has shown a higher efficiency of carbohydrates hydrolysis upon SSF process in
comparison with SHF and AH processes. Comparison of chemical analysis results and data obtained by
Py-GC/MS of LHRs brought the direct evidence of incorporation of carbohydrates-derived fragments into
the lignin matrix and formation of so-called pseudo-lignin upon different stages of softwood processing.
Modifications of lignin component of LHRs on various stages of the process of bioethanol production,
such as oxidation and condensation reactions, cleavage of ether bonds and destruction of side propane
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© 2010 Elsevier B.V. All rights reserved.

1. Introduction

At present bioethanol produced by hydrolysis of lignocellulosic
materials is considered as a real alternative for gasoline for trans-
port needs. The feedstocks for these processes include softwood,
agricultural residues, municipal solid wastes and dedicated energy
crops. The most abundant source of lignocellulose in the Northern
hemisphere is softwood, which is considered as a raw material for
fuel ethanol production in Sweden, Canada and USA [1].

Acid hydrolysis of lignocellulosic biomass has a long history and
the technologies based on usage of diluted and concentrated acids
have been developed [2]. At the present moment the enzymatic
hydrolysis is considered to be the most promising technology for
conversion of lignocellulosic biomass into sugars (from carbohy-
drates) and raw material (from lignin) for obtaining various value
added products [3].

Any configuration of lignocellulose hydrolysis process, even
the most efficient one, leads to 40-50% of raw material remain-
ing as rich-in-lignin solid residue (LHR), which contains some
amounts of non-hydrolyzed carbohydrates. The feasible use of this
residue is the necessary condition for the cost-effective operation
of bioethanol production. The composition of LHRs as well as struc-

* Corresponding author. Tel.: +371 67555916; fax: +371 67550635.
E-mail address: ligno@edi.lv (G. Telysheva).

0165-2370/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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ture and functionality of their lignin component vary significantly
depending on bioethanol production process conditions. The pro-
found knowledge of LHRs composition and structure is required to
find methods for their conversion to value added products.

The aim of the present work was to study composition of LHRs,
with emphasis on their lignin component chemical structure mod-
ification, obtained from various stages of the three methods of
bioethanol production from softwood, namely AH, SHF, and SSF.

Py-GC/MS was applied for characterization of raw material and
LHRs on the molecular level. EPR and FTIR spectroscopy as well as
routine chemical analysis, were used as complementary techniques
for this study.

Py-GC/MS is being successfully used for determination of the
chemical composition of lignocelluloses and lignin for several
decades [4-8]. An advantage of the Py-GC/MS method is that the
products detected are being accurately identified. This allows to
estimate the composition of analyzed lignin containing complex
in whole hy determination of Py-products referring to the struc-
ture forming units of wood components. Problems relating to lignin
quantification based on traditional wet chemistry methods, such as
kappa number or Klason procedure [9-11], can therefore be solved.
Py-GC/MS has been used for characterization of lignins obtained
by acid percolation hydrolysis of wood [12-14]. Lignin transforma-
tions during biodegradation of plant biomass have been thoroughly
studied using Py-GC/MS method [15-18]. However, there is lack
of literature sources devoted to detailed characteristics of lignin
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Table 1
The designation of LHRs under study.

Sample designation Type of treatment

Softwood No treated

LHR pretreatment Acid catalysed steam explosion pretreatment

LHR AH Diluted acid hydrolysis of the pre-treated sample

LHR SHF Enzymatic hydrolysis upon SHF* process of the
pre-treated sample

LHR SSF Enzymatic hydrolysis upon SSF® process of the

pre-treated sample

2 Separate hydrolysis and fermentation.
b Simultaneous hydrolysis and fermentation.

component of non-hydrolyzed residues from bioethanol produc-
tion via SHF or SSF processing of softwood.

2. Experimental
2.1. Materials

Four different non-hydrolyzed solid residues (LHRs), designa-
tions of which are presented in Table 1, were obtained after the
key stages of the softwood processing for bioethanol production:
acid catalysed steam explosion pretreatment and hydrolysis. Spec-
imen of parent softwood (spruce chips) was used for the present
investigation as well.

Softwood (moisture content of 12%) and LHRs (moisture con-
tent of 50-55%) were kindly supplied by Ornskoldsvik bioethanol
production pilot plant (Sweden), where different techniques of the
softwood hydrolysis are under development.

KBr of FTIR grade used for FTIR spectroscopy was from
Sigma-Aldrich. Chemicals used for analyses, including solvents,
were of analytical grade (Sigma-Aldrich). All tests solutions were
prepared freshly before use.

2.2. Chemical analysis

Samples under investigation were dried in vacuum at 40°C
(a vacuum drying oven VACIOTEM-T, Spain) to moisture content
below 1%. The dried samples were grinded in a Retsch Mixer Mill
MM200 (Retsch, Germany) at the frequency 30s~! for 30 min and
fraction with particle size d <0.05 mm was used for the analyses.

Klason lignin content was determined according to Tappi
method T222, and carbohydrates in hydrolizates were analyzed as
described in [19] using gas liquid chromatography (GC). GC anal-
ysis was performed on a Hewlett Packard 6890 instrument (USA)
equipped with a BPX 70 column (12 m x 0.32mm x 0.25mm film
thickness). The injector temperature was 230 °C, the detector tem-
perature was 250°C and the oven temperature was 215°C. The
carrier gas was He at a constant flow rate of 0.9 mL/min at the split
ratio 1:100.

The methoxyl group (OCH3) content in lignin samples was
determined according to the Viebock-Schwappach method in a
Zeisel apparatus (domestic glassware). The contents of phenolic
hydroxyl (OHpe ) and carboxylic (COOH) groups were determined
by acid-base conductometric titration performing the analysis
with an automatic titration device ABU901 (Radiometer Analytical,
France) coupling with Conductometer CDM 210 (MeterLab, France)
and Titration manager TIM900 (Radiometer Analytical, France).
The titration was carried out under nitrogen. The procedures are
described in detail in [20].

All analyses were done in triplicate. All results are expressed on
a dry-weight and ash free basis. The dry weight was determined
by separate oven drying of samples at 105°C for 18 h. Ash content
was determined by the combustion of samples at 700°C for 3 h in
a Carbolite furnace ELF 11/6B (UK).

2.3. Py-GG/MS

The Py-GC/MS analysis was performed using a Frontier Lab
(Japan) Micro Double-shot Pyrolyser Py-2020iD (pyrolysis tem-
perature 500°C, heating rate 600°C/s) directly coupled with the
Shimadzu GC/MS-QP 2010 apparatus (Japan) with capillary col-
umn RTX-1701 (Restec, USA), 60 m x 0.25 mm x 0.25 pm film (the
injector temperature 250°C, ion source 250 °C with El of 70 eV, the
MS scan range m/z 15-350, carrier gas helium at the flow rate of
1mL/min and the split ratio 1:30). The mass of a sample probe
(residual moisture content <1%) was 1.00-2.00 mg. The oven pro-
gram was 1 min isothermal at 60°C, then 6°C/min to 270°C, and
finally held at 270°C for 10 min The apparatus was modified by
installation of the splitter of gas-carrier flow Vitreous Silica Out-
let Splitter VSOS (SGE, Australia) in order to operate FID and MS
detectors simultaneously. The mass spectrometer was operated in
the electron impact mode using 70eV electron energy. Fluoran-
thene is used as an inner standard for quantification of content of
individual phenols. The identification of the individual compounds
was performed on the basis of GC/MS chromatogram using Library
MS NIST 147.L113, whereas the relative area of the peak of individ-
ual compounds was calculated using the Shimadzu software on the
basis of GC/FID data. The summed molar areas of the relevant peaks
were normalized to 100% and the data for five repetitive pyrolysis
experiments were averaged.

2.4. EPR spectroscopy

The aromaticity of lignin in LHR samples was estimated using
the value of the conjugation length of w-polyconjugation systems
calculated from the EPR spectra as the number of CH fragments
included in the region of unpaired electron delocalization [21].
For humic substances this parameter is correlated with aromatic-
ity degree [22], which is obtained usually from 13C NMR spectra
[23]. EPR-spectra were recorded at room temperature with a Bruker
EMX spectrometer (Germany) operating at 9.6 GHz and a 50 kHz
magnetic field modulation. The central magnetic field was 345 mT,
a resonance field corresponding to organic free radicals includ-
ing lignin-related radicals. Spectra were recorded at a microwave
power of 1mW and modulation amplitude of 0.02 mT; the scan
range was 10-20 mT. The spectra were obtained as the first deriva-
tive of absorption and the spin quantifications of the EPR signals
were determined by double integration of the first derivative of
the spectra relative to the spectrum of DPPH* standard. Before EPR
measurements the samples were annealed at 120°C under high
vacuum (ca. 1 x 10~4Torr) [24,25] to remove free radicals non-
inherent to polyconjugated systems. The mass of a sample probe
(residual moisture content <1%) was 10.0-20.0 mg.

2.5. FTIR spectroscopy

Fourier transform infrared (FTIR) spectra of the samples under
investigation were recorded in KBr pellets by Spectrum One (Perkin
Elmer, UK) FTIR spectrometer in the range of 4000-400cm~! (res-
olution: 4cm~", number of scans: 64).

The resulting spectra were normalized to the intensity of max-
imum at 1510cm~!, which is assigned to the aromatic skeletal
vibrations in lignins [26].

3. Results and discussion

3.1. Chemical composition and functionality of LHRs

The bulk analytical characteristics of LHR and softwood samples
are shown in Table 2. The Klason lignin content of LHR samples
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Table 2
Chemical characteristics of LHR samples.
Sample Klason lignin OCH3, mmolg-' OHjypen, mmol g-! COOH, mmol g-' Carbohydrates,
content, % dry sample % dry weight
Ondry On Klason Ondry On Klason
sample lignin sample lignin
Softwood 28.8 1.6 5.6 nd.2 n.d. nd. 67.5
LHR pre-treatment 44,5 22 54 1.8 4.0 1.0 48.0
LHR AH 80.9 32 4.0 21 26 14 20.0
LHR SHF 746 37 5.0 23 3.1 0.7 242
LHR SSF 82.8 42 5.1 18 22 1.5 18.0

@ Not determined.

varied between 45 and 83%. Comparison of the amounts of carbo-
hydrate polymers in LHRs has shown that the SSF process was the
most effective.

Taking into account the Klason lignin content, a reduction in
methoxyl group content was observed for all LHRs, which is espe-
cially notable in the case of LHR AH. To some extent this could be
connected with the formation of so called “pseudolignin” due to
the grafting of intermediate products of destruction of carbohy-
drates on lignin macromolecules and formation of heteroaromatic
cycles [27,28]. The presence of such heteroaromatic impurities
was clearly shown using multi-wave UV-vis detection during size
exclusion chromatography (SEC) analysis of softwood kraft lignin,
wheat straw soda lignin and soluble fractions of lignin obtained
by percolation hydrolysis [27,29,30]. Possibility of covalent bond-
ing of lignin (with participation of a-C-OH, C=0 and PhOH) and
cellulose upon heating in the temperature range of 100-130°C
was confirmed by modeling of their solid phase interaction [31].
During hydrolysis the novel C-C bonds are formed in lignin on
account of the splitting of mainly a-alkyl-aryl ether bonds with car-
bonium cations. As a result the structure of lignin becomes more
condensed. The formation of condensed sub-structures combining
3-4 aromatic rings in the process of lignocellulose acid hydrolysis
via secondary condensation reactions was suggested in the work
[12]. The condensed lignin reacts with carbohydrate degradation
products forming a lignin-like structures, which are insoluble in
acid.

The comparison of the results of functional analysis of LHRs
under study (Table 2) has shown that LHR AH and LHR SSF sam-
ples have the highest COOH group contents. It was assumed that
the conditions of AH and SSF processes led to development of lignin
oxidation. Decreasing content of OHpe, groups under SSF hydrol-
ysis conditions (Table 2) allowed suggesting occurrence of lignin
condensation processes. The data obtained by Py-GC/MS as well
as FTIR and EPR spectroscopy analyses of the samples under study
confirmed these assumptions.

The results of FTIR spectroscopy are presented in Fig. 1 and
Table 3. The main peaks used for analysis in this study were

Table 3

— — S— - p
1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 corl

2000

Fig. 1. FTIR spectra of parent softwood (1) and its processing solid residues (LHRs)
obtained after pretreatment (2), SHF (3), SSF (4) and AH (5) processes.

assigned in accordance with [26,32,33]: 1705 cm™! for unconju-
gated C=0 and COOH stretching, 1500cm™! for aromatic skeletal
vibration in lignin, 1462cm~! for aromatic C-H deformation,
1375cm~"! for C-H deformation in cellulose and hemicelluloses,
1158 cm~! for C-O-C vibration in cellulose and hemicelluloses,
1140cm~! for aromatic C-H in plane deformation, typical for
G-units, whereby Geondensed > Getherified: 1035¢cm~! — a complex
band for aromatic CH deformation, C-O, C-C stretching and C-OH
bending in carbohydrates and 898 cm~! for C-H deformation in
cellulose.

The decrease in intensity of maxima at 1375cm~! and
1158 cm~! in the FTIR spectra of the LHR AH, LHR SHF and LHR
SSF (Table 3) in comparison with softwood sample revealed low-
ering of carbohydrate portion in samples upon wood processing.
The decreasing intensity of the complex band with maximum
at 1035cm~! also could be assigned to removal of hydrolyzed
carbohydrates. Among AH, SHF and SSFLHRs, the presence of carbo-
hydrate originated admixtures and their influence on the spectral
profile is a little more visible for the LHR AH (Fig. 1 and Table 3).

Intensities of some lignin and carbohydrates related absorption bands in FTIR spectra of LHRs.

Band wavenumber, cm~! Band origin Band intensity, normalized to Iys10
Parent softwood LHR pre-treatment LHR AH LHR SHF LHR SSF
1705 C=0 stretch in unconjugated carbonyl, carboxyl groups nr? 0.51 0.67 0.40 043
1655 C=0 stretch in conjugated carbonyl groups nr. 0.88 0.80 0.84 0.88
1462 C-H deformations 1.1 0.95 0.83 075 0.73
1375 Aliphatic C-H stretch in CHs 1.09 0.95 0.69 0.49 0.49
1158 C-0-Cvibration in carbohydrates 1.55 147 0.83 0.62 0.62
1140 Aromatic C-H in-plane deformation nr. n.r. 0.78 nr. 0.60
1086 C-0 deformation in secondary alcohols and aliphatic 2.50 2.80 1.00 0.80 0.60
ethers
1035 C-0 deformations in primary alcohols, aromatic C-H 254 1.09 1.04 0.89 0.74

in-plane deformation

2 Not resolved.
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Table 4
Parameters of LHRs structure aromaticity/condensity as inferred from EPR spectra.

Sample Conjugation length, Content of polyconjugated
CH number aromatic sub-structures per
100 lignin monomeric units
LHR pre-treatment 12 1
LHR AH 17 10
LHR SHF 14 4
LHR SSF 14 5

The comparison of carbohydrate/lignin peak intensity ratios (nor-
malized intensities of peaks assigned to carbohydrates) obtained
for raw material and LHRs shows that the trends in the changes of
lignin portion are in conformity to the results obtained by chemical
analysis (Table 2). At the same time, a linear correlation between
carbohydrate/lignin peak ratios and lignin content determined by
the wet chemistry method, found in [32] for various lignocellulosic
materials, was not established. This could be explained by overlap-
ping of bands in IR spectra of LHRs and by overestimation of the
lignin content by the Klason method as well.

Absorption maximum at 1715cm~! in the parent wood FTIR
spectrum, which corresponded to the acetyl ester groups, disap-
peared after the pretreatment stage (Fig. 1). For all LHRs under
study, absorption maxima at 1705 cm~! originated from uncon-
jugated carbonyl/carboxyl stretches with a shoulder at around
1660 cm~! (conjugated carbonyl stretching) were found (Table 3).
The spectrum of LHR AH sample showed the highest absorption
intensity at 1705cm~! among all LHRs studied. These results indi-
cate occurring of the lignin oxidation process under hydrolysis
conditions, beginning with the pretreatment stage.

Some decrease in intensity of the maximum at 1462cm~"' in
the spectra of LHRs in comparison with that for the parent sample
(Table 3) indicates the condensation of lignin accompanied with
substitution of protons at aromatic carbon atoms. Simultaneously
the weak absorption maxima at 1140cm~! (aromatic C-H in plane
deformation, typical for G-units, whereby Gcondensed > Getherified
[26]) is observed in spectra of LHR AH and LHR SSF.

The EPR data (Table 4) show that in conditions of acid hydroly-
sis (AH process) the aromatization, estimated in terms of size and
amount of polyconjugated aromatic sub-structures, is much more
developed in comparison with the enzymatic hydrolysis processes.

3.2. Characterization of LHRs using Py-GC/MS

The distribution of lignin and carbohydrates related pyrolytic
products for LHRs is shown in Table 5. The total content of
volatile products resulted from carbohydrates pyrolysis decreased
by 10% after softwood pretreatment and threefold and quadru-
ple after enzymatic hydrolysis (SHF) and SSF process, respectively.
After acid hydrolysis (LHR AH) the portion of carbohydrates
related pyrolytic products decreased twofold in comparison with
softwood raw material. The highest portion of lignin derived
compounds in LHR SSF shows the efficiency of enzymatic
hydrolysis process and vise versa the highest portion of the
carbohydrates-derived pyrolytic products for LHR AH sample
indicates development of side reactions leading to hindrance of
hydrolysis. The latter could be connected with bonding of carbo-
hydrate degradation products with lignin under acid hydrolysis
conditions.

The relative content of CO, in volatile products of LHRs pyrol-
ysis increased drastically in comparison with the parent softwood
(Table 5). The relative abundance of CO; in volatiles released upon
flash pyrolysis is supposed to be connected with the develop-
ment of the process of oxidation of the primary carbon atoms
of carbohydrates and lignin macromolecules upon a treatment.
These Py-GC/MS data are in conformity with the results of FTIR

1 /
os|
ol

Parent wood
LHR pretreatment

LHR AH

LHR SHF

LHR SSF

Fig. 2. Ratio of lignin and carbohydrates components contents in parent softwood
and LHRs, calculated on the basis of Py-GC/FID (1) and chemical analysis (2) data.

spectroscopy showing that lignin oxidation process starts at the
pretreatment step.

The ratios of lignin content to carbohydrates content, calculated
from the Py-GC/MS data (Table 5 and Fig. 2), are close to the results
of chemical analysis of the parent wood and LHR samples obtained
after both enzymatic processes (SHF and SSF), whereas approx.
50% discrepancies were found for LHR samples obtained after pre-
treatment step and AH process. The latter gives clear evidence of
pseudo-lignin formation (incorporation of carbohydrates-derived
fragments into lignin matrix). Comparison of relative contents of
lignin- and carbohydrate-derived compounds (L and C, respec-
tively) in volatile products of LHRs pyrolysis confirmed the highest
efficiency of SSF process: for LHR SSF the C/L ratio was 0.2 against
2.2,0.5 and 0.3, respectively for the parent wood, LHR AH and LHR
SHF (Table 5).

Areas of pyrograms peaks, typical for carbohydrates and lignin
degradation products, were summed up and normalized to 100%
in order to characterize the changes in the composition of carbo-
hydrate components of lignocellulosic complex and to determine
the alteration in the chemical structure of the lignin component
depending on the prehistory of LHR samples. Py-GC/MS analysis
data show (Fig. 3) that aliphatic acids, esters, alcohols, aldehydes,
ketones are prevalent carbohydrates derived products of the par-
ent wood pyrolytic. At the same time, for LHR obtained after the

100%

80%

SAHS
mPD
@aCPD
oFD
BAAAK
BAAE

40%

20%

Proporion in carbohydrates-derived volatiles, %

0%

Parent LHR pre- LHR AH LHR SHF LHR SSF
wood treatment

Fig. 3. Distribution (after normalization to 100%) of aliphatic acids and esters
(AAE), aliphatic alcohols, aldehydes and ketones (AAAK), furan derivatives (FD),
cyclopentane derivatives (CPD), pyran derivatives (PD) and anhydrosugars (AHS)
in carbohydrates related volatile products from pyrolysis of parent softwood and
LHRs.
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Table 5

Peak and relative e (%) of lignin and carbohydrate derived pyrolysis products detected in parent wood and LHRs samples.
Peak number Compound Origin Compound proportion in the volatiles, %

Softwood LHR pre-treatment LHR AH LHR SHF LHR SSF

1 CO, C L2 49 145 146 208 213
2 H20 CL 5.2 26 38 43 45
3 Methanol CGL 48 1.7 78 55 6.4
4 Acetone {<] 22 6.5 58 38 35
5 Methylglyoxal {<] 4.9 ndt nd. n.d. n.d.
6 Furan,2-methyl (<] 0.9 1.0 0.5 0.5 0.5
7 2,3-Butanedione C 24 1.9 18 0.6 0.5
8 2-Butanone C 1.0 Traces Traces Traces Traces
9 Formic acid, methyl ester (<] 0.7 0.6 nd. 0.9 0.7
10 Hydroxyacetaldehyde (o] 24 0.4 20 Traces Traces
11 2-Butenal C 17 0.1 0.1 nd. nd.
12 Acetic acid C 6.4 20 18 13 12
13 Ethyl propenyl ether 9 0.2 n.d. Traces n.d. nd.
14 2-Propanone 9 6.7 0.7 21 20 15
15 Propanoic acid 9 0.1 03 0.3 0.3 03
16 Propanoic acid, methyl ester 9 0.1 Traces n.d. n.d. nd.
17 Cyclopentanone £ 0.1 Traces 0.1 0.2 0.1
18 2-Butanone, 1-hydroxy ] 0.1 0.2 n.d. 0.2 0.1
19 3-Hydroxypropanal c 1.7 Traces 0.3 0.6 0.3
20 2(5H)-Furanone L 21 03 0.6 04 0.2
21 5-(Hydroxymethyl)-2(5H)-furanone L 0.6 2.0 n.d. 0.3 0.2
22 2-Hydroxy,4-oxobutanal G 0.7 n.d. nd. n.d. n.d.
23 2-Hydroxy,3-oxobutanal C 1.9 0.2 0.4 0.5 0.2
24 2(3H)-Furanone,5-ethoxydihydro C 1.0 0.2 13 n.d. n.d.
25 Furfural (2-Furalaldehyde) C 1.9 6.2 13 27 0.9
26 2(3H)-Furanone,5-methyl C 0.2 0.5 0.2 Traces Traces
27 Furfuryl alcohol C Traces Traces 0.7 0.2 0.7
28 Acetol acetate C 0.6 Traces Traces 0.1 0.1
29 2-Cyclopentene-1-one,2-methyl C 0.2 Traces 0.2 Traces Traces
30 2-Heptanone, 3-methyl C 04 03 0.1 Traces Traces
31 2-Acethylfuran C 0.2 0.5 0.2 0.1 0.1
32 1,2-Cyclopentadione C 42 12 1.1 0.5 0.2
33 Furfural,5-methyl C 0.2 1.2 0.3 0.8 0.6
34 2-Butanone, 1-hydroxy-acetate C 0.2 0.5 n.d. Traces Traces
35 2-Cyclopenten-1-one, 3-methyl C 0.2 0.2 0.2 0.1 Traces
36 (3H)-Furan-2-one,dihydro € 0.3 Traces Traces 0.1 Traces
37 (5H)-Furan-2-one (gamma-Crotonolactone) € 21 0.3 0.6 04 0.2
38 2(5H)-Furanone, 5-methyl € 0.5 0.6 0.2 0.1 0.1
39 3-Hydroxy-5,6-dihydro-(4H)-pyran-4-one C 0.4 0.4 Traces n.d. n.d.
40 2-Cyclopenten-1-one, 2,3-dimethyl- C 0.1 0.1 0.2 Traces Traces
41 1,2-Cyclopentanedione, 3-methyl- C 24 0.7 0.8 0.5 0.3
42 2-Cyclopenten-1-one,3-ethyl-2-hydroxy- C 0.4 Traces nd. n.d. n.d.
43 Phenol L 03 1.0 16 14 17,
44 o-Guaiacol L 32 55 14.9 145 153
45 o-Cresol (o-methylphenol) & 0.2 0.6 1.1 0.9 11
46 Methyl 2-furoate C nd. 0.5 n.d. nd. nd.
47 3-Hydroxy-2-methyl-pyran-4-one (4] 03 02 nd. n.d. n.d.
48 Phenol,2,3/3,4-dimethyl- or phenol-2-ethyl L nd. nd. 0.2 0.2 02
49 Guaiacol,6-methyl L 03 0.4 0.9 1.0 1.1
50 p-Cresol L 0.2 0.4 0.6 12 09
51 m-Cresol L 0.1 02 1.0 0.7 0.6
52 4-Methyl-5H-furan-2-one C 0.3 Traces n.d. n.d. nd.
53 Guaiacol,5-methyl L nd. 03 0.4 03 0.4
54 Guaiacol 4-methyl (p-Methylguaiacol) L 38 5.8 f S 103 11.7
55 Phenylpropiolaldehyde L n.d. 0.6 n.d. n.d. 0.2
56 Phenol,2,3-dimethyl-or phenol-3-ethyl L 03 0.7 0.8 1.0 1.0
57 Benzene, 1,2-dimetoxy-4-methyl L nd. n.d. 28 0.6 0.6
58 Benzene, 1,2-dimetoxy 3-methyl L nd. n.d. nd. 0.2 0.2
59 n-Pentanal (Valeraldehyde) Pentanedial C 1.0 n.d. nd. n.d. n.d.
60 Levulinic acid C nd. nd. 26 nd. nd.
61 3,5-Dihydroxy-2-methyl-(4H)-pyran-4-one C 0.1 0.1 n.d. n.d. nd.
62 Benzene, 1,4-dimetoxy-2-methyl L nd. nd. 0.1 0.1 0.1
63 Phenol,2,5/,2,4-dimethyl- L n.d. n.d. 03 Traces Traces
64 Phenol, 4-allyl- L 0.1 0.1 0.2 0.1 0.1
65 4-Hydroxy-2,4,5-trimethyl-2,5-cyclohexadiene-1-one G 0.1 0.5 0.5 0.7 0.8
66 Guaiacol, 4-ethyl- L 0.1 0.5 0.5 0.7 0.8
67 Phenol, 2-ethyl-5-methyl- L nd. nd. 0.2 0.2 0.2
68 Hydroperoxide, 1-methylhexyl-( C 0.9 0.7 n.d. nd. nd.
69 2,4 (3H,5H)-Furandione, 3-methyl- € 1.0 n.d. n.d. nd. nd.
70 2H-Pyran-3(4H)-one, dihydro- < 0.6 0.2 Traces 0.1 0.1
71 Benzene, 1,2-dimethoxy-3-methyl- L nd. n.d. nd. 0,2 02
72 Ethanone,1-(2-hydroxy-4-methoxyphenyl)- L Traces 0.5 0.3 0.6 0.6
73 1,4,3,6-Dianhydro-a-p-glucopyranose C 03 4.9 0.2 Traces Traces
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Table 5 (Continued)

Peak number Compound Origin Compound proportion in the volatiles, %
Softwood LHR pre-treatment LHR AH LHR SHF LHR SSF

74 1,4-Dimethoxy-2,3-dimethylbenzene (b.p.151) L n.d. nd. nd. n.d. 0.2
75 Ethanone,1-(2-hydroxy-6-ethoxyphenyl)- L n.d. nd. 0.2 0.2 0.2
76 Guaiacol, 4-vinyl- L 3.6 1.8 35 3.0 32
7l p-Eugenol L 14 0.5 1.0 12 13
78 Phenol, 4-allyl- L 0.1 0.1 0.2 0.1 0.1
79 5-Hydroxymethylfurfural (OMF) C 12 20 0.5 03 Traces
80 1,2-Dimetoxy-4-vinylbenzene L nd. n.d. n.d. 0.1 0.1
81 5-(Hydroxymethyl)dihydro-2(3H)-furanone C 0.1 Traces 0.1 n.d. n.d.
82 Isoeugenol (cis) | 5 1.0 0.2 0.5 0.6 0.6
83 o-Eugenol L 0.2
84 Phenol, 3-methoxy-5-methyl- L 0.1 0.7 0.2 0.2 0.2
85 Phenol,2-methoxy-3-(2-propenyl)- nd. nd. n.d. 0.1 0.2
86 Isoeugenol (trans) 42 232 22 24 26
87 Vanillin L 14 11 11 16 12
88 Isovanillin L 0.1 nd. nd. nd. 0.1
89 Homovanillin L 0.6 0.7 0.2 0.2 0.2
90 Vanillic acid, methyl ester L Traces nd. 0.2 0.2 0.2
91 Acetoguaiacone L 0.7 0.5 0.8 1.0 1A
92 Guaiacyl acetone L 0.5 0.7 1.0 1.0 1.2
93 Homovanillic alcohol L nd. 0,1 nd. nd. 0.6
94 Propioguaiacone L 0.1 0.1 0.2 03 03
95 Coniferyl alcohol L 0.4 nd. nd. nd. nd.
96 Ethanone,1-(3-hydroxy-4-methoxyphenyl)- L Traces 0.5 0.3 0.6 0.6
97 Dihydroconiferyl alcohol L 14 nd. 0.6 nd. nd.
98 Levoglucosan C 0.8 7.2 Traces Traces 0.5
99 Homovanillic acid L n.d. 1.0 nd. 19 11
100 Coniferylaldehyde L 0.7 n.d. 0.4 n.d. nd.
101 1,6-Anhydro-beta-p-glucofuranose C n.d. 0.7 nd. n.d. nd.
Carbohydrates 57.0 456 256 16.7 124

originated

products,

total
Lignin 253 273 471 50.3 436

originated

products,

total

2 C, carbohydrates originated product; L, lignin originated product.
b n.d., not detected.

pretreatment step the major part (more than 50%) of carbohydrates
derived volatiles are presented by cyclic compounds: furan, pyran,
cyclopentane derivatives and anhydrosugars. The drastic increase
in relative contents of furfural, methylfurfural, hydroxymethylfur-
fural, levoglucosan and levoglucosenone in the volatile products of
LHR pretreatment was observed (Table 5). These data show that
the acid catalysed steam explosion pretreatment of softwood has
not degraded polysaccharides (e.g. pentosans and cellulose) sig-
nificantly. Comparison of the portions of furan and cyclopentane
derivatives in the volatile pyrolytic products (Table 5) indicates
more effective degradation of pentoses by enzymatic hydrolyses,
in particular, by SSF process.

The destructive transformation of lignin macromolecule upon
softwood hydrolysis is evident in comparison of Py-GC/MS data
for LHRs with those for untreated softwood (Table 5). The increase
in portion of guaiacyl derivatives with shortened side chains
{Ph(Cq)+Ph(Cz)} could be considered as a consequence of the
cleavage of the native (-aryl-alkyl bonds in lignin [8], whereas
an increase in the relative content of guaiacyl derivatives without
side chains (Ph) points out that more severe lignin transformations
take place. The ratio of {Ph+Ph(C;)+Ph(C;)}portion to the Ph(C3)
compounds portion increases for all LHRs in comparison with the
parent softwood (Fig. 4), confirming cleavage and degradation of
lignin side chains [18].

The significant increase in the portion of phenyl derivatives and
appearance of benzene derivatives (Table 5) indicates the conden-
sation changes in the structure of lignin component upon all steps

of softwood processing beginning with the pretreatment step. The
highest development of condensation processes was observed for
acid hydrolysis: LHR AH is characterized with the extremely high
portion of benzene derivatives in pyrolytic volatile products (15
times higher than that for untreated softwood and 4-5 times higher
in comparison with other LHRs investigated).

Ratio {Ph+Ph(C1)+Ph(C2)}/Ph(C3)

0 T
Parentwood  LHR pretreatment

LHR AH LHR SHF LHR SSF
Fig. 4. Ratio of the portions of G-type phenols with shortened apliphatic chains
{Ph+Ph(C; ) +Ph(Cy)} and those with propanoid aliphatic chains Ph(Cs ) in the lignin-
related volatile products from parent softwood and LHRs.
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4. Conclusion remarks

Application of Py-GC/MS method for characterization of solid
residues obtained from wood processing aimed at bioethanol
production opens the opportunity for control of processing
conditions and estimation of efficiency of different hydrolysis
configurations. The highest efficiency in conversion of softwood
carbohydrate components has been found for SSF process.

The development of condensation reactions, ether bonds cleav-
age, degradation of side propanoid chains and oxidation of LHRs
lignin component has been revealed using Py-GC/MS together with
complementary techniques and chemical analysis. The character-
ization of component composition of non-hydrolyzed residues by
Py-GC/MS gave direct evidences of incorporation of part of carbo-
hydrates as well as products of their degradation into lignin matrix.
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Abstract

In present work the BIOLIGNIN™ obtained in the result of wheat straw organosolv processing in CIMV pilot plant (France) was
investigated as a component of rigid polyurethanes (PUR) foam systems. Diflerent separate approaches of lignin introduction into
PUR foam system were studied: as filler without chemical preprocessing and as liquid lignopolyol obtained by lignin oxypropylation
in alkali conditions. The incorporation of increasing amount of lignin as filler into reference PUR foam systems on the basis of
mixture of commercial polyethers Lupranol 3300 and Lupranol 3422 steadily decreased the compression characteristics of foams,
their dimensional stability and hydrophobicity. The complete substitution of Lupranol 3300 by lignopolyol increases its cell structure
uniformity and dimensional stability and does not reduce the physical-mechanical properties of foam. In both cases the incorporation
of lignin into PUR foam leads to the decreasing of maximum values of thermodegradation rates. The lignin filler can be introduced
into lignopolyol based PUR foam in higher quantity than in the reference Lupranol based PUR without reduction of compression
characteristics of material. In this work the optimal lignin content in the end product - PUR foam as both polyol and filler is 16%.

Keywords: lignin, propylene oxide, lignopolyol, rigid polyurethane foam.

INTRODUCTION oxypropylation of BIOLIGNIN™, is the aim of

Rigid polyurethane foam is one of the most important presented work.
materials used as thermal insulation of buildings,
refrigerators, cold stores, pipes, refrigerated transport, EXPERIMENTAL
and in chemical and food industries [1]. The world Materials
consumption of PUR foam systems in 2007 was 3720 BIOLIGNIN™ used for oxypropylation was washed
million tones - 21% from global polyurethane market. for increasing pH up to 4.4 and air dried up to 5% of
PUR foam consumption is predicted to increase in the water content. BIOLIGNIN™ used as filler for PUR
future steadily [2]. The application of renewable foam was ground in laboratory scale disintegrator
resources instead of petrochemical raw materials is one DESI-11 and then oven dried for 24 hours at 105°C.
of the main directions in modern development of PUR
foam chemistry and technology [3]. Oxypropylation of lignin

Lignin, the most abundant natural phenolic polymer, The reaction was carried out in 1 L. Parr reactor:
is separated from the plant biomass as by-products in 140.00 g of PO (Sigma-Aldrich), 63.15 g of washed
results of hydrolysis and pulp making processes. Free and air dried lignin (water content 5%) and 3.00 g of
phenolic and aliphatic hydroxyl groups allow lignin KOH (Lachner) were loaded into reactor. Reactor was
application in PUR foam compositions. Investigations sealed and heated with stirring to 160-165°C when
aimed at incorporation of well known industrial wood exothermic reaction has started. The pressure inside
lignins (kraft, lignosulfonates, hydrolysis and water- reactor increased (o maximum and then dropped
ethanol extracted lignin) into PUR foam system are dramatically to value close to atmospheric. After
known [4-6]. In this works lignins were introduced into reactor cooling the KOH was necutralized by acetic
polyol systems without any modification or were acid, product was dissolved in dichloromethane and
preliminary modified with propylene oxide (PO). Due filtered. Dichloromethane was distilled off in vacuum
to limited solubility in polyols the non-modified evaporator. Tive repeated synthesis were made. All
technical lignins acted in PUR foams mainly as active batches were combined together, characterized and
filler. In the result of oxypropylation liquid lignin used for PUR foam preparation.
containing polyols soluble in organic solvents were
synthesized and then incorporated into PU polymeric Chemical analysis
matrix as a macromonomers. Beneficial effect of both The methoxyl groups (-OCHj;) content in lignin
approaches strongly depends on chemical and samples was determined according to the Viebock-
structural characteristics of lignin used. In the present Schwappach [8]. The combined content of both
work the object of investigation was a novel technical aliphatic and phenolic OH groups in lignin and
lignin — BIOLIGNIN™ obtained as product of wheat hydroxyl value (OHV) of lignoplyols was determined
straw biorefinery based on biomass treatment with using acetylation of samples by acetic anhydride and
mixture of water solution of acetic and formic acids at potentiometric titration of free acid by 0.1 N NaOH
CIMV npilot plant [7]. Its application in PUR foam solutions in water [8].

systems as filler and liquid lignopolyol, obtained by
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The contents of phenolic (-OH,;) and carboxylic
groups (-OHcoon) in BIOLIGNIN™ were determined
by chemisorption method using barium chloride and
calcium acetate [8]. The content of acid groups in
lignopolyol ~ was  determined by  acid-base
conductometric titration [8]. The viscosity of
lignopolyol was determined by rotation viscometer
HAAKE Viscotester 6L/R plus at 20°C.

PUR foam preparation and characterization
All components of reference PUR foam system are

shown in Table 1.

TABLE 1 - The composition of reference PUR foam

RESULTS AND DISCUSSION
Oxypropylation of lignin and characterization of
lignopolyols

BIOLIGNIN™ contains relatively high amount of
hydroxyl groups able to copolymerize with PO in the
condition of alkali catalysis (‘Table.2). Moreover 28.6%
of total BIOLIGNIN™ O groups are represented by
acid hydroxyl groups (Ol and Olcoon), which could
be more favorable for copolymerization with PO in
alkaline conditions comparing to more neutral lignins

[9].

TABLE 2 - The functional composition of BIOLIGNIN™
The content of functional groups, mmol/g

: ’ Content, OCH; [ OHy | OHeoon | OH gy | OHiw
Constituent Supplier pbw 3L ] 1 | 13 | 6.0 [ s4
Lupranol 3330 (OITV=400 700
mg KOIl/g) BASF ’ At temperature ~160°C the activation barrier was
Tupranol 3422 (OHV=490 : reached and spontaneous exothermic  process
30.0
mg KOI/g) commenced.
Water 0.5
- Temperature = == Pressure
Catalyst Polycat 5 Air Products 0.5 240
P 2 Performance 220 -~
Potassium acctate Chemicals 0.8 g)' pois ]63
TCPP g s
(trichlorpropylphosphate) Alberarle 250 § 180 12 é
Surfactant : 2 2
Niax Silicone L 6915 Momentive L5 E 160 g &
Blowing agent Solkane e 140
365/227 (87:13) Solvay 00 120 !
Isocyanate [soPMDI 92140
(NCO-31.8%) BASF 130.7 100 ; 0
50 70 90
Time, min
Lupranol 3300 was gradually substituted by FIGURE 1 - Pressure-time-temperature diagram of

lignopolyol. The lignin filler was added into the polyol
component of reference and lignopolyol containing
systems. Correction of polymeric methylene diphenyl
diisocyanate (PMDI) amount has been done for each
composition taking into account NCO/OH=1.2. All
foams were obtained by free rising method and tested.
Measurements of compression strength, apparent
density, closed cell content, dimensional stability,
walter absorption of foams were performed according
DIN EN 826:1996, 1SO 4590, DIN 53420, ISO 2796
and DIN 53428 respectively. Scanning eclectron
microscope SEM TESCAN TS 5136 MM was used to
study cell structure. The thermo gravimetric (TG) tests
of foams were performed in nitrogen atmosphere in
temperature range 10-1000°C using Metler Toledo Star
System TGA/STDA 851°. The glass transition
temperature (Tg) of PUR foam was measured using
Metler Toledo Star DSC 823° device. Samples were
first heated to 170°C thereafter cooled to -20°C and
then again heated to 170°C. Tg was determined from
the second scan.
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BIOLIGNIN™ oxypropylation in Parr reactor

Two major reactions take place: 1) copolymerization
of PO with OH groups of lignin, leading to the
disappearance of acidic OH groups and appearance of
aliphatic OH groups distant from aromatic ring. 2)
homopolymerization of PO leading to formation of
polypropylene  glycols. As the result liquid
lignopolyols completely soluble in alcohols, cyclic
ethers and dichloromethane were synthesized.
Conductometric data testified the absence of free Ol
and COOH groups in lignopolyols.

TABLE 3 - Characteristics of lignoplyols

Batch The lignopolyols characteristics
OHV, mg KOH/g Viscosity at H,0,
20°C, Pa*s %

1 446.8 26.1 0.06

2 474.5 23.7 0.07

3 396.0 12.7 0.05

4 450.8 17.3 0.07

5 427.0 20.9 0.15
(1-5) 445.0 20.1 0.10

The results of repeated experiments testified that
repeatability of OHV values was higher than that of
lignopolyols  viscosity values (Table 3). For all



lignopolyols obtained the OHV and viscosity values
correspond to the requirements for polyols usable in
rigid foam formulation [1, 5].

Characterization of PUR foam
The kinetics of PUR foam formation is one of the
factors influencing on the properties of materials.

TABLE 4 — The change of gel time values of PUR foam
compositions in dependence of lignopolyol content in them

Substitution | Lignopolyol Lignin Gel time,
extent, % content, % content, % s
0 0 0 200
25 6.3 1.9 126
50 12.5 3.8 90
75 18.9 547 75
100 25.0 7.5 70

Lignopolyols are more reactive towards isocyanate
comparing to the mix of both commercial polyethers
used in reference sample. Almost threefold decrease of
gel time was observed at complete substitution of
Lupranol 3330 by lignopolyol (Table 4). The high
reactivity of OH groups of lignopolyol and catalytic
effect of potasium acetate (~2.5%) can explain the
effect observed. The higher activity of PUR foam
composition revealed itself in higher rate of heat
release during foaming. As the result the apparent
density of PUR foam decreased from 53 to 40 kg/m’ at
complete substitution of Lupranol 3300 by lignopolyol.
Vice versa the retardation effect was observed at
introduction of lignin as filler into PUR foam
composition (Table 5).

TABLE 5 - The gel time and density values of PUR foam
compositions vs. lignin filler content

Lignin content Gel time, Density,
/100 g of In PUR s kg/m®
polyol foam, %

0 0 200 52.8

5 1.8 223 47.9

10 35 240 47.3

20 6.7 265 44.7

30 9.7 283 42.4

40 12.5 450 42.0

50 15.2 510 39.5

This fact can be explained by decrease of catalysts
concentration in composition of PUR foam and by
binding of basic amine catalyst with free acetic/formic
acids present in lignin. The last assumption is
confirmed by decrease of apparent density of lignin
filled foam due to free carboxylic acids reaction with
isocyanate and subsequent substituted amide and
carbon dioxide formation, acting as a blowing agent
[1].

Mechanical characteristics of PUR foam directly
correlate with its density [1]. Therefore for comparison
of characteristics of all PUR foams the compressive
strength and Young’s modulus values were normalized
to density 44.5 kg/m’.
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Characteristics of PUR foams containing lignin filler
and lignopolyol were evaluated taking into account
total dry lignin content in material (lignopolyol
contains 30% of lignin).

M Tiller OLignopolyol
0.35

e
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(=]
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@ 0

s o
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Compressive strength, MPa
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FIGURE 2 - The compressive strength of PUR foams in
direction to foam rising vs. lignin content

The steady decreasing of PUR foam compression
strength with increasing of lignin filler content was
observed while the increasing of lignopolyol content
did not affect the strength of material (Fig. 2).
Moreover at complete substitution of thee functional
Lupranol 3330 by lignopolyol the increment of
strength value was observed. The same type
dependence was established for Young’s modulus
values.
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FIGURE 3 - The effect of lignin filler content on
compression characteristics in direction of foam rising of
lignopolyol based PUR foams. (The -characteristics of
reference foam: Young modulus—6.87 MPa, strength —0.26
MPa).

It was found that up to 16% total lignin content does
not reduce compressive characteristics of material. It
was achieved at compete substitution of Lupranol 3330
by lignopolyol and simultaneous incorporation of 10%
of lignin filler (Fig. 3).

These facts testify that not only two functional
propylene glycols but also high functional modified
lignin  have been incorporated as reactive
macromonomers into polyurcthane (PU) matrix of
lignopolyol  containing  foam.  Morcover  the
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compatibility of lignopolyol containing PU matrix with
lignin filler was better in comparison with that of
lignopolyol free PU matrix.

The data of TG analysis show that increasing of
lignopolyol content in foam did not influence
temperature values (Tp.) at which maximum rates
(dn/dt,,,) of foam thermodegradation were achieved,
though the magnitude of these rates were decreased
dramatically (Table 6).

TABLE 6 - The data of TG analysis for PUR foams

Lignopolyol T | dm/dtsg, Charcoal

content, % °C mg/min yield at 1000
°C, %

0 331 1.20 14.9

6.3 327 0.93 11.9

12.5 327 0.74 11.7

18.9 326 0.51 10.5

25.0 334 0.54 142

The yield of charcoal residue changed insignificantly.
For lignopolyol free foams containing lignin filler the
decreasing of thermodegradation rate was less
pronounced, but the yield of charcoal was somewhat
higher at the same content of lignin in foam.

The Tg values of reference PUR foam and foam with
6-25% of lignopolyol were in the range 110-119°C.
This shows that lignopolyol can successfully substitute
the three functional glycerol based commercial polyol
in PUR foam systems without decreasing of heat
resistance of material.
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FIGURE 4 - The increment of volume (AV) of PUR foam
samples vs. lignin content after 28 days storage at 80°C in
dry atmosphere

The lignopolyol containing PUR foams revealed
much higher dimensional stability in comparison with
reference samples and approximately the same
hydrophobicity. Vice versa those characteristics
declined significantly for lignopolyol free foams
containing lignin filler (Fig. 4-5). This fact can be
explained by lager cell structure of filled foams despite
the same content of closed cells in all foams (92+3 %).

The AV and water absorption values for PUR foam
containing 22% of lignopolyol and 9.5% of lignin filler
were 0.6% and 3.1% respectively which is lower than
data of lignopolyol containing foam without filler.
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FIGURE 5 - The water absorption values of PUR foams vs.
lignin content after 7 days storage in fresh water

CONCLUSIONS

The modification of BIOLIGNIN™ by propylene
oxide allows production of highly reactive lignopolyols
which can completely substitute commercial glycerol
based polyether in PUR foam composition. This
substitution improved dimensional stability and
hydrophobicity of foam and did not affect on its
compressive and heat resistance characteristics.
The introduction of BIOLIGNIN™ as filler into
reference lignopolyol f[ree composition leads to
decreasing of the main characteristics of foams.
The best characteristics of material were achieved
when BIOLIGNIN™ was simultancously introduced
into the foam compositions both as polyol and filler.
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_A. C.. Apwanuya, M. . I'pomosa, M. . Hoerosu,
E. A. Yupkosa,¥. O. Cucack :

WHCTHTYT XHMHH APEBECHHDI JlaTBuiicKoil akajeMHH HayK
_CKTB «]leannterpatops .

BJIUSTHUE MEXAHUYECKOM OBPABOTKH.
HA CBOVICTBA THAPOJIM3HOTO JIMTHHHA
KAK HATIOJTHUTEJIS1 9JIACTOMEPOB

IIpi ‘BBeACHHH ‘B icHCTBHE BCEX MOLHOCTEll THAPOJINSHOrO MPOH3BOA-
‘CTBA B CTpAHE €XKErojHo B OTBaJaX, 3arpssHAIOLINX OKPYZKaIOULyI0 Cpeny,
GyleT cKamImBaThes cpbite | MuH. T ruaposusnoro auriuna [11. Tlepciek-
THBHBIM HaNpaBJEHHEM YTHJH3ALHH THAPOJH3HOTO JHIHHHA SIBJISIETCS HC-
‘TI0/Ib30BAHHE €T0 B KauecTBe HamoJHuTeas jaactomepos [2]. Oxnako Heob-
paboTaHHbIil JHTHHH BCJICJACTBHE HH3KOH CTENeHH AMCIEPCHOCTH HE OKasbl-
BACT YNPOUHSIONIEro AeficTBUS HA MOJHMEpLI, YTO BbI3bIBAET HEOOXOAHMOCTD
ero aKkTHBAIWH, HAapHMeEp NMyTeM MexaHuueckoil o6paborTku. B macrosiuiee
BpemMs JJIsi MEXaHHYeCKOH aKTHBALUHH PasjiMyHbIX MaTepHajoB LIHPOKO HC-
MOJL3YeTCs Je3HHTErpaTopHasi TEXHOJOTHS, MPH KOTOPOH B mpolecce Jauc-
NeprupoBauus M3MEHsACTCH XHMHUECKas CTPYKTypa martepnana [3, 4].

B pamnoii paGoTe MCCJeNOBAHO BJHSIHHE AE3HHTErPATOPHOl 06paboTKi
HA TPOIECC MEXAHOAKTHBALMH THAPOJH3HOrO jurhuHa (JIT), usyyensr ¢u-
3HKO-MEeXaHHUECKHE CBOIICTBA JHMTHOHAMOJIHEHNNBIX KOMIO3HTOB Ha OCHOBEC
kayuykoB CKIIIT-40 u CK®P-26.

B kauectBe o6bekTa mccacgosauns uenoanzosan JII Keaaiinsiickoro 6HOXIMHUECKOTO
saoga (ta6a. 1). Hesunterpatopuyio o6pa6orky Jurmnua nposoanan B CKTB «Jlesus-
terpatop» (r. Ta/ulHHH), HCHOAL3Ys Ja0OPATOPHYIO YCTaHOBKY J-7119 ¢ xoMmiaekToM

TaGaunua 1
OUZUKO-MEXAHUYECKHWE CBOMCTBA JIMIHHHA,
MOABEPIHYTOI'O MEXAHHUUECKO¥M OBPABOTKE*
Tlapamerpst BJaXKHOCTb, Temnepatypa ConepxKanie
06paGoTKH % "EV‘;-(\;“’M' OH-rpynun, %
Hcxoanpiit  amrunn®*
—_ 53 76 73
O6paboTka B Ae3HHTErpaTope
n-10° 06/mMun:
) 6,0 55 10,9
10,0 53 47 11,1
15,0 3,9 45 10,1
17,0 2,6 50 12,6
20,0 3,0 45 12,7

OGpaGoTka B IIapoBOil  MeJbHile
[1pOAOMKITEALHOCTD, U:

) 3,6 60 7.6
3,5 42 55 8,2
9,0 3,9 55 9,2

24,0 4,1 — 9,3

* 3oabnocts 06pasuos JII' cocrasasaa 4,7 ...53%.
** Uactuust Anamerpom Menee 1,0 M.
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6-panubix poropoB Thna 61 npu wacrore spaitenns poropos (2...20)-10% o6/mum. Pac-
X0J, - MaTepHala, cocTaBisa 2,5 Kr/u. Jna wmamocTpauun 0coGEHHOCTEH JHCTIePrHPOBaHHS’
JIT nyTem Jc3unTerpatopHoii o6pabOTKH MO CPABHEHHIO € TPAaAHIHOHHBIMH BHIAMI Mexa-
HHyecKoil o6paborTki Hccaenonann cpoficrBa JII, pasmosororo B wapoBoit MesbHHILE,
HpopomxknrensrocTs pasmona cocrapasna 150...24,0 4. Amajaus JNCNEPCHOrO cOCTaBa
JIUTHANA BLINOJIHEH KOMGUHHPOBAHHLIM = MCTO/OM, COBMEIIAIONIUM CHTOBBII H CEJHMEHTa-
uponnblii anaans. JII' - ppakunonHpoBalH Ha KOMINVIEKTE CHT € pasmepoM sueex or 1,0
sio 0,1 mm. Ipamyaromerpuueckuii cocraB ¢pakuuii ¢ pasmepom uactui menee 0,1 mMm on-
pellensin Ha  passeprhiBaiolleM (oTocennmentorpade «Analizette», pesyabraTel oGpaGa-
THIBAMMCE dBTOMaTHUECKH. B Kauccrse paboueii KHAKOCTH OB BHGpan Gemsom Ilpu pac-
YeT¢ TPAaHYJIOMETPHIECKOr0’ COCTaBa: MIIOTHOCTb JIMPHHHA NPHHHMAJH paBHOil 1,5 r/cm®

. Yaeabuyio, noBepXHOCTh 06pasuoB JII ‘onpeje/isiiu ‘ABYMsI METOAAMH — MeTOAOM Terl-
JIOBOH AecopOUuK-.aproHa Sar B TOKe reamnsi [5] M METOXOM BO3AYXONPOHHIAEMOCTH Sy
[6]. Meroa Bo3nyXonmpOHHLAEMOCTH MO3BOJSCT OLEHHTL JHIUDL. IUIOMAAL BHeIIHell TOBepx-
HOCTH YaCTHil, METOAOM ‘TeIJIOBO JiecOpOUiH ONpeAessyiH IVIOIaAb HX TOMHON TOBEpX-
HOCTH C YYeTOM IOBEPXHOCTH HOp. PasHoctb 3Hauennii Sir M Sp XapaKkTepH3yeT CTeleHb
pPa3BHTHSI MOPHETOMH: CTPYKTYphI JII.

Ilns onpejenienus TepMOMeXaHHYecKHx xapaktepHcTHk JII' o6pasusl, BICyuleHHBIE B
Bakyyme Ipil_TeMmnepaType KuHNCHHS amerona (56,2°C), moMellann B. TepMOMEXaHHUCCKYIO
yeranoBky [7] u oxmaxpamnm xuakuMm asotom o —50°C. 3atem o6pasenm marpyxa.n
(p=0,5.MH/m?) u marpesaan co ckopoctbio 2°C/mun a0 150°C. Temueparypy uaMmepsJiu
¢ ToyHoCcThI0 0,5°C; JneopManHIo onpejeasii € TOYHOCTBIO =2 MKM. L mperoTspa-
LekHsT COPOLHH MapoB BOALL ONBIT NPOBOAHJH B atMocdepe CyXOro-rasoo6pasHOro aproxa.
O6miee cojepkanue THAPOKCHIBHEIX TPYIN ONPeAESIH METOAOM aleTHJIHpoBannsa [8].

¥

“ OCHOBHBIMH XapaKTEPHCTHKAMH HAIOJHHTENE, ONpeeNTIOMUMA HX
yCHJIABAOILEe AeHCTBHE HA MOJHMEpbl, SIBJIAIOTCS TUCIEPCHOCTh H IOPHC-
TOCTb, KOTOPbIe 06ecneuHBAlOT PA3BHTYIO IUJIOMA[b KOHTAKTa HA TpaHHIe
pasjena noaumepa ¢ HanoaHutesem [9, 10]. . s B e 3
Kak BuaHO H3 pHC. 1, TIpH yBeJHYEHHH UACTOTHI BPAILCHHS POTOPOB
JIe3HHTerpaTopa A0 15 ThIC. 06/MHH, YTO COOTBETCTBYET MaKCHMAMBHON pac-
UeTHOM CKOPOCTH yAapa 225 M/c, BHEIUHsis y/Je/bHAas MOBEPXHOCTH YACTHIL
yBeanunsaercs Gojiee 4eM B JBa pasa W NPH AAJbHEHIIEM POCTE HHTEHCHB-
HOCTH  06paGoTKHi He MeHsieTcsi. M3 panubix (paxiuuonnoro amannza (puc.
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Puc: 1. Bnusune MexaHHueckoii o6paGoTKH B 1IAPOBOf MeabHuné (I, 2) & B ;e3unrerpa-
Tope” (3, 4) ua mueunniono Sy (I, 3) u noanyio Sar (2, 4) yHeNBHYIO TIOBEPXHOCTb THJi-
POJIH3HOrO JIMTHHHA. ; }
PIBM2; I/In"rerpaﬂbﬂbxe KpHBbIE CEHMCHTALHH B 6ensoue THAPOJH3HOTO nuruuga_, nojasepr-
HYTOTO 'H3MEJIbYEHHIO B JIe3HHTErpaTOpe MpPH PA3JHYHOI YacTOTe BpalleHHs POTOPOB: [ —
uexopubtit JIT; 2 = 3000 -06/Muny; 8 — 5000 o6/mun; 4 — 7500 o6/Mun; § —
10 000 o6/mui; ‘6 — 20000 06/Muu. - i t }
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Puc. 8. VInTerpaspHbic KpHBBIE CEAHMCHTAalLHH B
GeH3oqe THAPOJIH3HOTO JINTHHHA, TNOJABEPrHyTOro pas-
MOJly B WIApOBOH MeJbHHIE B TeyeHHe Pas/HYHO-
ro BpeMenn: I — muexopnnit JIT; 2 — 1,0 w3 3 —
35u; 4 — 90 u; 5§ — 24,0 u.

Me30Mnop. C.nenyeT OTMETHUThL, UYTO HMEHHO

B  pe3yabraTe  4ero  Sar

£, 1M
yMenbluiaercs. B nesunrterpa- ossh

TOpe, I'ie OCHOBHBIM  BHJOM

BOBneﬁCTBHﬂ ABJdeTCda yaap,
npeo6nanaer npouece  JHC-
NepPruPOBAKHS YACTHIL. Y MeHb- 010] oo

weHne Sar MOXKHO 06BACHATD
YACTHYHBIM  «3aJIeYHBAHHEM»

MHKpOLe(peKTOB  BCJeJICTBile
NJaCTHYECKHX  JAedopMalui,
BO3HHKAIOIHX B uacTHimax 999

JII' npu noBLILIEHHH TeMIe-
patypbl B paboueil 30He Je3-
uHTerparopa. Bospacranuem
TemMIepaTypel Mo Mepe yBe- \

,--'r‘*;—-’,__.,—o-—‘—-

2) caeayer, 4To npH 3ITHXK
YCJIOBHAX J0JI  MEJKOJHC-
nepchoit  ¢pakuun  (<0,01
MM) Bo3pacraer ¢ 2,4 Jo
68...729%.

Pasmon JII' B mapoBoi
MeJIbHHIE B TeueHHe 9 u Tak-
JK€ TMPHBOJAHT K YBEJHUEHHIO
nJiolllaan BHeIIHeH IOoBepX-
noctu g0 2 mM%r (cm. pue. 1),
ojJHaKo Tmpu OGosee MNPOAOJ-

JKHTEJbHOM pa3moJie MoBepX- {

HOCTb  Pe3KO
YTO, TMO-BHAHMOMY, CBSI3aHO C
arperauueii 4acTHIL.

[Tosnas yaesabHas NOBEPX-
noctb JIT Sar mocae o6pabor-
KH B Je3uHHTerparope TpH
yacrtote BpalleHHS POTOPOB
1o 10 Teic. 06/MHH OcCTaeTcs
NPaKTHICCKH HEeH3MEHHOH.
JlanbHefillee NOBLIIUEHHE HH-
TEHCHBHOCTH 06pabOTKH IIPH-

cokpaltlaeres, |

BOJHT K MOHOTOHHOMY YMe€Hb- |

WeHHIo  Sar.
pasiuuHsi B 3HAUEHHAX TLIO-

CyluecTBeHHbIE |

l[aid BHELIHeH M oblei 10- |

BEpXHOCTeil

YaCTHUIL YKa3bl- |

BaloT Ha Haauuyne B JII' j10- |
CTAaTOYHO PAa3BHTOrO 006beMA |
MEe30MOpPBl  BHOCSIT OCHOBHOI '
BKJaJ B OCyLIECTBJEHHE KOHTAKTa NOJHMEP-—HAamMoJHHTeb B KOMIO3HTAX,
o6ycJaoBiuBas ycuaupaiouee reiicrsue nanosnunteas [101. ITpu pasmone
JIT' B mapoBoil MeJbHHIE MJIONLaJb MOJHON MOBEPXHOCTH Pe3KO COKpalla-
eTcsl yxKe Ha HayaJbHOH cTagun o6paboTku (puc. 3).

Takum 006pasoM, OCHOBHOE pasjinuHe B TeXHOJOruax o6paboTKH B Je-
3HHTErPATOPe H B LIAPOBOI MEJbHHIE 3aKJI0Yaercs B XapakTepe H3MeHe-
HHSl BHYTPEHHCH IOBEPXHOCTH (TMOBEPXHOCTH nop) o6pasiuos JIT. Tlpu 06-
paGotke B 1WapoBoil MeabHHLE yacTHubl JIT' counaiores H ymJIoTHSAIOTCS,

o

JIHYEHHSI HITEHCHBHOCTH 00-
paGoTkH 0OGYCJIOBJIEHO H CHH-
JKEHHE BJIAXKHOCTH JIHTHHHA
(cm. Taba. 1).

[To pesyabratam Tepmo-
MeXaHHYECKHX HCCJIe0BaHHUIl

JIHTHHHA,

78

%0
yec

Puc. 4. TepMoMmexanHyeckHe KpHBbIe TH/POJH3HOIO
NOJBEPPHYTOrO H3MeJbYeHHI0 B JC3HHTE-
rpatope MpH PA3JIHYHOH uvacTOTE BPALLCHHS POTO-
por: | — wucxonumit JIT; 2 — 5000 06/mun; 3 —
17 000 06/mun; 4 — 20000 06/MuH.
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Tabnuna 2

DHU3UKO-MEXAHHUUYECKHE CBOVMICTBA PE3UWH,
HAMOJIHEHHBIX THUAPOJIM3HBIM JIMTHHHOM,
OBPABOTAHHBIM B JNE3HMHTETPATOPE

(30 mac.u./100 mac.4. cmech)¥

TH TeJbHOE
Hanoauurenn n-10° 0G/MHH gf;;)q;l::_“M?{):[ oyn?xc::;'e:ue.
—_ — 177 30
JIurane, pasmoJoTHl B 5,0 3,58 355
Jle3HHTEerpaTope
10,0 3,61 445
15,0 3,61 465
17,0 3,81 410
20,0 3,83 430
JIHTHHH, pPa3MOJIOTHIH B —— 2,67 550
1apoBOi MeJbHHIle
(9 v)

* Hanosnnenne pesun (xommnosuuusi ma ocHoBe CK®-26 n CKIIIT-40) ocy-
ECTBJEeHO BO BCecow3HOM HHCTHTYTE ABHAIHOHHBIX MaTepHaJOB.

o6pasnos JII', MOABEPrHYTHIX MeXaHHUYECKOH 00paboTke, OblAM YCTAHOB-
JICHBI 3HAUEGHHS TeMmnepaTypubix nepexoioB In. Has ucxoanoro JII' Ty co-
crasasier 60...70°C, 9TO -CBSiI3aHO C INPOLECCOM pPAacCTEKJOBbIBAHHS. JIHT-
nuna [11]. Mexanuyeckass o6pa6orka JII' kak B nesmHTerparope, Tak M B
apoBOH MEJbHHLE NPHBOAUT K cHH:KeHHIO Ty (puc. 4, Tabua. 1), uro obyc-
JIOBJIEHO Pa3pYIICHHEM CeTKH MEeKMOJEKYNsPHLIX CBA3ei.

YcuauBaoulee JAeficTBHE HanoJHHTENCH B NOJHMEpax onpejensercs He
TOJILKO TJIOILA/[bI0 NOBEPXHOCTH KOHTAKTa, HO M 3SHepPruedl ajare3HoOHHOro
B3aUMOJICHCTBHSI, KOTOPAsl 3aBHCHT OT KOJHYECTBA PeaKIHOHHOCTOCOOGHBIX
IPYIIl HA MOBEPXHOCTH HATOJHHTES.

M3 paHHBIX XHMHYCCKOTO aHaJH3a CJAeAyeT, YTO C POCTOM HHTEHCHB-
HOCTH Mcxanuyeckoil o6paborku JII' xak B Ae3uHTerpaTtope, Tak M B lia-
pOBOii MeJbHHIE COAEprKaHHe THAPOKCHJBHBLIX TPYNN B JIHTHHHE YBEJHYH-
BaeTcsi, MPHYEM B YCJIOBHAX JAC3HHTErpatopioil o6pabOTKH HX KOHLEHTpa-
Mg JocTHraeT Goabliux 3Hayenuit (cm. ta6a. 1). OH-rpynnsl moryt 06-
Pas3oBBIBATLCS B pe3yJbTaTe pa3phiBa KaK NPOCTHIX 3(QHPHBIX CBA3el B
JIUCHHHE, TAK W JHCHOYIJIEBOJAHLIX cBfi3eil. MoxkHO mnosaraTh, 4TO TOJSP-
usie OH-rpynnel, cnoco6Hble K HecrnelH(QHUYECKHM B3aHMOACHCTBHSAM, MOTYT
o6ecrneynTh NPOYHOE aAre3HOHHOe B3aMMOJelicTBHE JHMTHHHA C 3JiacToMe-
pamu.

Kax BujgHO u3 Taba. 2, MPoOYHOCTL NMPH Pa3pbiBe PE3HH, COJepKallHX
JIT, pasmouiorsiii B jge3unterpatope, Ha 30...40% mnpepbliaer npovyHoOCTh
06pa3lloB, HAMOJHEHHBIX JHTHHHOM, Pa3MOJIOTHIM B LIapOBOi MeJbHHILE,
NpH HEKOTOPOM CHHIKEHHH OTHOCHTEJNLHOro yjuuHenus, Pasauuus ¢usn-
KO-MEXaHHYECKHX CBOHCTB HArOJHEHHBIX KOMMO3HUHH O0O6yC/IOBJEHB KakK
6oJiee Pas3sBUTOll BHYTpeHHeil mnosepxwocThio JIIT mocse Je3HHTErpaTopHOl
o6paboTku, Tak H Bo3pacTranuem koauuyecrBa OH-rpynm.

Boteodst. T1pu Mexanuueckoit o6paborke JII' Hapsay ¢ Aucnepraposa-
HHEM YacTHI[ TPOHCXOAUT pas3pyIeHHe MeKMOJEKYASPHBIX M BHyTpHMOJE-
KYJSIPHBIX CBSi3ei, BCJEJACTBHE uyero Temnepartypublit mepexoa JII' cmeria-
ercst B 001acTh 6oJiee HH3KHX TeMIepaTyp H COAepkKaHHE THAPOKCHIBHLIX
IPYII B HEM BO3PACTAeT; H3MeHeHHs! HauboJee BBIPAKeHbl NpH 06padoTke
B J€3HHTErparope.

2. Ilpu 06paBoTKe rHAPOJH3HOIO JIHTHHHA B Je3HHTErpaTope GopMupy-
ercst Gosiee pa3BHTAsi yJe/bHasi MOBEPXHOCTb, YeM Npu o6paboTke B wapo-
BOii MesbHHIIE, UTO OOBSICHSCTCS COXPAaHEHHeM €ro MOPHCTOH CTPYKTYpHI.

3. JIT, obpaGoTaHHblii B Ae3HHTErpaTope, MOxKeT OBITb HCIOJb30BAH
KaK aKTHBHBI HAMOJHHTEJb 3JacToMepoB, Gojee ueM B ABa pasa YBeJjH-
YHBAIONHI UX NPOYHOCTb MPH pa3phiBe.
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Ligols — novel hydroxyl-containing
multipurpose materials

M. Gromova*, A. Arshanitca, G. Telysheva and A. Sevastianova - Institute of
Wood Chemistry, Latvian Academy of Sciences, Riga, Latvia.

*Present address: Institute of Wood Chemistry, 27 Akademijas st., 226006 Riga,
Latvia.

ABSTRACT
Ligols - oligoethers based on technical
lignosulphonates = were obtained by a

hydroxypropylation method. High reaction ability of
ligols in the reaction with isocyanates enable
production of polyurethane materials with a wide
application range, including rigid polyurethane foams
and polyurethane binders. Ligols were successfully
tested as additives to drilling fluids, surfactants
and flotation reagents.

INTRODUCT ION

Hydroxypropylation of lignin-like model compounds,
acid hydrolysis 1lignin and lignhosulphonates (LS)
under alkaline conditions in inert and hydroxyl
containing solvents at different temperatures was
stugiegiig]previous investigations, using propylene
oxide [1,2].

It was observed that reaction mechanism involved
first order kinetics with regard to propylene oxide
(PO) concentrations and that the propoxylation rate
constant, K, greatly depends on acidity of hydroxyl
containing compound increasing with the growth of
acidity. It was shown that synthesys parameters, such
as reaction medium, temperature and pressure, KOH
concentration and propylene oxide to lignhin hydroxyl
groups ratio had influence on the chemical structure
of hydroxypropyl 1lignin derivatives. These results
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Pg{e in accord with the findings of Glasser et al.

EXPERIMENTAL

Commercial lignosulphonates were used throughout. LS
a methoxyl content 9.4...10.0%Z, a total OH
content 9.6...10. 3%, and elemental analysis values of
43.7...45.2% G, Zz H, e
4 6...5.3% Na, O. 4.. O 5% Ca, 0.2 K% and 0.9...1.0%
N. Ash and carbohydrate contents were 13.8...16.5%
and 11.5...13.9%, respectively.

The reaction of PO and LS under alkaline conditions
(KOH) in a medium of glycerol or propylene glycol was
carried out in an industrial reactor with mechanical
stirring at 110...150 C. After the reaction was
completed, the reactor was cooled and KOH neutral ized
with acetic acid.

Depending on the progertxes of initial LS, solvent
and temperature, e properties of 11gols were as
follows: hydroxyl number 300. ..660 mg KOH/g; den51ty
at 20 C 1.08...1.14 g/cub.cm; viscosity at 2
500. .. 12000 MPa*s solubility in water 100%Z.

APPLICATION

High reaction ability of ligols in reaction with
isocyanates was established (Figure 1). This property
of ligols allows wus to produce ?olyurethane

materials, including rigid foams Trade mark
"Ligopor™).

0.7 Conc. of converted of NCO-groups, mol/1

0.6 z +

OH number
0.5
//*///, — 462
0.4 / —+ 310
0.3 j//
on 3 .4 B8 .40, 32 14
Time, min

Figure 1. The reaction ability of ligols in the
reaction with phenylisocyanate at 20 C.
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Ligopors on the basis of 1ligols with definite
characteristics (hydroxyl number 430...500 mg KOH/g
and viscosity at 25 C 800...4100 mPaxs) were utilized
in the production of furniture frames.

The characteristics of Ligopors:

- density, kg/cub.m 46...50
- compression strength, MPa 0.30...0.35
- compression modulus, MPa 5:10:5:6:0
- tensile strength, MPa 0: 415 0:.51
- tensile modulus, MPa 14.0...15.3
- percentage elongation, % 3.9...5.38
- heat resistance, C 148...152
- closed cells, % a0
- water absorbtion per day,
kg/sg. m b
- natural color light brown

The replacement of phenol-formaldehyde resins in the
binders for foundry moulds and cores by ligol-based
binders increases the mechanical properties of the
articles (Figure 2) and improves labour conditions
due to elimination of evolving toxic monomers.

Compression strength, MPa
4

* %
1.2 /
1.0 *
* Standing time
0.8 = ——0.4 hours
0.6 —+ 0.5 hours
/ —* 1.0 hour
0.4
0.2
(0]

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Ligol content, %

Figure 2. Compression strength of foundry moulds and
cores depending on ligol content.

It was shown that ligols have various commercial
applications. For example, application of ligols in
methylcellulose-based drilling fluids enables
regulation of the viscosity of the gel and the time
of gel formation (Figure 3), to enhance the stability
of drilling fluids in mineralized water (Figure 4

and to increase thermostability of drilling fluid.
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2 Viscosity, mPa*s (thousands)

60

o ,
2 // \KH i o
i A A
\G / ),_-a—-""—‘

A i

0 2 4 6 8 10 12 14 16
Days

0

Figure 3. Viscosity changes of gel-forming systems,
depending on ligol content.

3 Maximal viscosity, mPa*s (thousands)

60
50

)(_,,.*'\ % of ligol
40 — 0

\ —+ 05
30

\_n \I- = 1
20 i -2
F‘—-———‘rf\
10
0 " . i
10 20 30 40

Salt concentration, %

Figure 4. Hydrogel stability in mineralized water,
depending on ligol content.

It was estimated, that ligols are better surfactants,
compared with initial lignosulphonates (Figure 5). It
makes possible to use 1ligols as an additive to
flotation systems. For example, addition of ligols
into flotation compositions increases the degree of
extraction by 13%Z (relatively to phosphorous
pentoxide) and by 5 up to 17,5% of KCl.

[Pt.3
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80 Surface tension 10*3, J/sq.m

70

60 "
—— Ligol
—+ IS
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Figure 5. The surfactant properties of ligol and
lignosulphonates in aqueous solutions.

CONCLUSIONS

Ligols are suitable for polyurethane production as a
replacement of traditional ether-polyols.

Ligols may be used as a component for drilling fluids
and as industrial surfactants.

Ligols have been successfully tested as flotation
reagents.
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(54) Method for production of heat-insulating materials
(57)  The present invention relates to the method for The object of the present invention is achieved also

production of heat-insulating material based onrigid poly-
urethane foam.

The method makes possible to expand the raw ma-
terials base for production of heat-insulating materials
without using components obtained from petroleum and
vegetable oils.

In the method for production of heat-insulating ma-
terials based on rigid polyurethane foam, by combination
of isocyanate component with the polyol component, a
complex formed by an industrial lignin non-soluble in or-
ganic solvents, which is oxypropylated, and then is com-
bined with unmodified lignin in the course of the reaction
in ratio from 7:1 to 2.3:1, is used as polyol component.
Before being oxypropylated, unmodified lignin is previ-
ously oxidized by using POM/ H,0, (polyoxometalates/
hydrogen peroxide) system.

by that unmodified lignin before combining with oxypro-
pylated lignin is activated in an impact-type disintegrator
increasing the total content of hydroxyl group and avail-
ability thereof to chemical interaction.

The object of the present invention is also achieved
by that unmodified lignin before being combined with the
main component of polyol system - oxypropylated lignin,
is oxidized in POM/ H,0, system.

Thus, lignin, which has not been utilized earlier for
production of heat-insulating material based onrigid poly-
urethane foam, is used as one of the main raw materials,
furthermore, the characteristics of the obtained material
correspond to similar commercially available materials.
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Description
Technical Field

[0001] The presentinvention relates to a method for production of heat-insulating materials based onrigid polyurethane
foams.

Background Art

[0002] Atpresent, methods for production of heat-insulating materials based on rigid polyurethane foams by combining
the isocyanate component and the polyol component, obtained from the petrochemical raw material, are well known.
[0003] However, the components derived from petroleum, such as polyester and polyether polyols, have some dis-
advantages. The use of such polyester and polyether polyols contributes to the depletion of the petroleum reserves,
which are non-renewable resources. The production of polyols is also an extremely energy-intensive process, because
the production of polyol requires drilling for crude oil production, then oil extraction and transportation to an oil refinery
plant for oil distillation and obtaining of purified hydrocarbons, which are then converted to alkoxides, and then to final
polyol products. Due to the increasing public concern over the environmental impact of this industrial chain, the production
of more environmentally safe products it required. To assist in diminishing the depletion of petroleum reserves, simul-
taneously satisfying the consumers’ increasing demands, it would be profitable to replace fully or partially the petroleum
derived polyester or polyether polyols, used in the production of polyurethane elastomers and foams, by multi-purpose,
renewable, and environmentally friendly components (Sounders D., Frish C., polyurethane Chemistry, khimiya, Moscow,
1968).

[0004] The closest known method is the method for the production of heat-insulating materials based on rigid poly-
urethane foams by combining the isocyanate component and the polyol component obtained from vegetable raw ma-
terials, in particular, natural oils and hydroxylated and alkoxylated derivatives thereof. Castor oil, soya oil, Lesquerella
oil and mixtures thereof (US application 2010060469, Bayer Material Science LLC) are used as oils.

[0005] However, utilized natural oils are foodstuffs, and application thereof for producing heat-insulating materials
increases the cost of the final product. Besides, the resources of natural oils are also limited, and application thereof
requires complicated prior processing steps for purification thereof.

[0006] Despite an introduction of new raw materials, at present most of polyols are produced from petroleum.

Summary of invention

[0007] Itis the object of the present invention to expand the raw material base for producing heat- insulating materials
that allows avoiding the application of natural olls and utilization of products, which had not yet been used in the production
of heat-insulating materials based on rigid polyurethane foams.

[0008] As the polyol component in the method for production of heat-insulating materials based on rigid polyurethane
foams by combining the isocyanate component with the polyol component, there was used organic solvent insoluble
technical lignin complex, which is oxypropylated and then in the course of reaction is combined with unmodified lignin
in ratio from 7:1 to 2.3:1.

[0009] Before oxypropylation, unmodified lignin is subjected to oxidation by using the system POM/H,0, (polyoxo-
metalates / hydrogen peroxide).

[0010] The object of the present invention is achieved by the activation of unmodified lignin, before being combined
with oxypropylated lignin, in an impact-type disintegrator, increasing the total content of hydroxy! groups and the avail-
ability thereof to chemical interaction.

[0011] The object of the present invention is achieved also by the oxidation of unmodified lignin, prior to combination
with the main component of the polyol system - oxypropylated lignin, in POM/H,0, system.

Detailed Description of the Invention

[0012] The method according to the present invention is carried out in the following way.

[0013] Lignin, insoluble in organic solvents, is characterized by molecular heterogeneity, a high content of acid hydroxyl
groups and, as a consequence, a low activity in reactions with isocyanates. Technical lignin, insoluble in organic solvents,
is oxypropylated in a high pressure reactor in the presence of an alkaline catalyst; in this case, the process is carried
out by simultaneous introduction of lignin, propylene oxide and KOH, where reagent ratio is 3:7:0.15. the reactor is
equipped with an external thermal loop, with the aid of which a temperature in the reactor is reached up to 150-165°C,
and propylene oxide vapor pressure of 22-25 bar is reached, when oxypropylation process in the reactor begins, ac-
companied by the temperature rise in the reactor up to 225-250°C and a vapor pressure drop due to the conversion of
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propylene oxide. The reaction is conducted in autothetrmal conditions; upon the completion of reaction and decrease
of the temperature in the reactor up to a room temperature, the obtained product is treated with acetic acid to neutralize
the catalyst, then the product is treated in a rotary vaporizer during 6-8 hours at a temperature of 80°C and at pressure
decreased up to 0.3 bar. During oxypropylation process, propylene oxide not only reacts with the OH groups of lignin
but is partially homopolymerized, resulting in production of propylene glycols of different molecular weight, which form
copolymers upon the interaction with OH-acid groups of lignin. As a result, instead of OH-acid groups in lignin, new
aliphatic OH groups are formed, the steric accessibility of which is much higher due to the remoteness from the aromatic
ring. Besides, the introduction of flexible oxypropyl chains in the lignin structure ensures the solution of the oxypropylated
lignin in propylene glycols being formed. Thereby, the enhancement of the reactivity of the product in reactions with
isocyanate is reached due to the high reactivity of the polyol components that constitute the polyol - oxypropylated lignin
and propylene glycols. In this case, the conditions of the reaction of compatibility of the polyol with unmaodified lignin are
improved, which is accompanied by the formation of a ligno-polyol system that is highly reactive in reactions with
isocyanates, which ensure the chemical bonding of all components into a single three-dimensional polyurethane matrix.
[0014] Lignin oxypropylation products comprise a catalytically active additive of potassium acetate in quantities of up
to 2-2. 5%, formed as the result of the neutralization of KOH with acetic acid, and which an important component in
reactions of urethane formation and trimerisation of isocyanate groups that are the main ones in preparing rigid poly-
urethanes.

[0015] To increase the amount of functional groups in lignin, which are capable of the copolymerization reaction with
propylenoxide, an air.stream in the presence of the oxidation catalyst - polyoxometalates / hydrogen peroxide is passed
through the water suspension of lignin. As a result of oxidation, the concentration of OH groups in lignin is increased by
15-30%. The oxypropylation of oxidized lignin is carried out according to a similar process with the same parameters
as in the process of oxypropylation of lignin insoluble in organic solvents.

[0016] Toincrease the lignin component in the polyol system based on lignin, by combining the initial unmodified lignin
with the polyol in the course of the reaction, lignin with a moisture content of 10% is treated in a disintegrator with impact-
type rotors at the rotational speed up to 100 Hz. The mechanical activation of lignin increases the total specific surface
of lignin particles, which makes it possible to increase contact surface of lignin particles with the polyol and enhances
the combination reaction. Furthermore, the mechanical activation of lignin increases the total amount of hydroxyl groups
in lignin up to 30% and simultaneously decreases the glass transition temperature of lignin, which is the evidence in
favour of a partial depolymerization of lignin in the disintegration treatment process. The obtained product is dried in
vacuum at a temperature of 80°C; then 10-30% of treated lignin is introduced into the polyol based on oxypropylated or
preoxidated lignin at a temperature of 50°C, under intensive mixing.

[0017] An example of carrying out said method is given below.

[0018] To obtain the polyol component for rigid polyurethanes, the product of oxypropylation of unmodified or pre-
oxidized ligninis reactively combined with dispersed and oxypropylated or pre-oxidized lignin without previous mechanical
activation or the previously mechanically activated lignin in a disintegrator in ratio from 7:1 to 2.3:1. a crosslinking agent,
a catalyst, and a mixture of surfactants and foaming agents are sequentially introduced to the obtained polyol systems
under mixing. Then a polymer derivative of diphenylmethane diisocyanate is added to the obtained mixture, under mixing.
[0019] To determine the properties of the obtained material, the mixture is poured in an open-type mold, in which the
formation and hardening of polyurethane occur. The obtained material contains 25-31 % of ligno-polyol complex.
[0020] Upon the expiration of 24 hours, specimens are cut out of the obtained blocks, and characteristic values for
the material are determined and listed in the Table below.

Table 1
Polyurethane foam composition Polyurethane foam composition based on
based on the lignin-containing common polyester polyols Lupranol 3300
polyol component (70%) and Lupranol 3422 (30%)
Technical parameters of
foaming
Start time 22s 22s
Gel time 65-70 s 200s
Foam rise time 110-133 s 265 s
Properties of material
Apparent density, kg/m 39-45 54
compression strength parallelto  Not less than 0.25 0.29
the direction of foam rise, MPa
Glasstransitiontemperature, °C ~ Not less than 120 110
3
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(continued)

Properties of material

‘Young's modulus in Not less than 7.1 6.8
compression parallel to the

direction of foam rise, MPa

Water absorption within 28 Not more than 3.4 3.8
days,
Vol.%
Change in the specimen’s Not more than 0.6 4.2

volume upon exposure within28

days at 80°C, %

Closed cell content, vol. % Not less than 95 93.3
Thermal conductivity 0.0235-0.0265 0.0244
coefficient, W/(m-K)

[0021] The decrease in the ratio of oxypropylated lignin to unmodified lignin in the ligno-polyol component below 2.3:1
considerably decreases the mechanical characteristics of the material and the characteristics of shape stability, and
water absorption indices are increased 1.3-2-fold. Upon the increase of oxypropylated lignin - unmaodified lignin ratio
above 7:1 in the ligno-polyol component, the total content of the lignin component in the material relative to its optimum
content is decreased, as a result of which shape stability of the material is decreased and water absorption indices are
increased 1.5-fold.

[0022] Thus, the obtained heat-insulating material based on filled rigid polyurethane foams with the use of a lignin-
containing polyol component has characteristics comparable with those of commercial polyurethane heat-insulating
materials. In this case, the obtained material is more rigid, has greater load bearing capacity and is more thermally
stable. The characteristics of the obtained material mest the requirements of the European Standard EN 14315-1
"Thermal insulating products for buildings - in-situ formed sprayed rigid polyureéthane (PUR) and polyisocyanate (PIR)
foam products".

[0023] The proposed method allows using new types of abundant raw materials that permits avoiding the use of both
the products derived from petroleum and vegetable oils, including edible oils.

Claims

1. A method for the production of heat-insulating materials based on filled rigid polyurethane foams by combining the
isocyanate component with the polyol component, characterized in that a complex formed by the product obtained
inthe course of the reaction by combining oxypropylated modified lignin non-soluble in organic solvents, with industrial

unmodified lignin in ratio from 7:1 to 2.3:1, is used as polyol component.

2. The method according to claim 1, characterized in that before being oxypropylated, the unmodified lignin is pre-
viously oxidized by using polyoxometalates / hydrogen peroxide system.

3. The method according to claims 1-2, characterized in that the unmodified lignin is previously activated in an impact-
type disintegrator.

4. The method according to claims 1 - 3, characterized in that the unmodified lignin, before being combined with
oxypropylated lignin, is oxidized in the polyoxometalates / hydrogen peroxide system.
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