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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Darba aktualitate

Pirolizes process tiek uzskatits par vienu no daudzsoloSakajiem variantiem biomasu
konversijai, kura iegtst nekondens€jamas gazes (COz, CO, CHas H2), bioellu (kondensgjamie
gazveida produkti, kas veido skidro fazi) un bioogli (produkti, kas veido cieto fazi), kas nakotn&
konkurés ar tradiciondlo kurinamo un fosilajam degvielam. Ipasi lielu interesi izraisa bioella ka
potenciala izejviela atjaunojamai transporta degvielai. Lai palielinatu bioellas konkurétspeju
energétikas un kimiskas rpniecibas jomas, aktivi attistas petjjumi, kas saistiti ar §1 produkta
kvalitates raditaju uzlaboSanu. P&tfjumi galvenokart tiek realiz&ti atras pirolizes (fast pyrolysis) vai
loti atras pirolizes (flash pyrolysis) rezima, jo Sajos rezimos bioellas iznakums ir visaugstakais.
Diemzel So reZimu praktiska realizacija ir saistita ar nopietnam tehniskam un ekonomiskam
problémam. Pavisam maz pétjjumu ir vidgji atras pirolizes apstaklos, kas ari nodroSina bioellas
ieguvi ar labu iznakumu. Bioella ar augstu aromatisko, alifatisko oglidenrazu un spirta saturu ir
velama degvielas razoSanai, savukart fenoli un anhidrocukuri ir augstas pievienotas vértibas produkti
kimiskajai ripniecibai.

Ir visparzinams, ka bioellas sastavs ir atkarigas no izmantotas biomasas veida, bet §1 ietekme
vidgji atras pirolizes apstaklos ir maz pétita. Ekonomiski nozimiga lauksaimniecibas nozare Latvija
ir graudkopiba, gada var ievakt Iidz 1,3 miljonu tonnu graudu. Domingjosie kultiiraugi ir kviesi,
rudzi, miezi un griki. P&cplaujas atlieckas — salmus — galvenokart iear augsné ka méslojumu vai
izmanto pakaiSiem, pieméram, griku salmi paaugstinata kalija satura dél nav piemeéroti lopbariba.
Kljjas ir graudu malSanas blakusprodukts, ko galvenokart izmanto ka papildbaribu dzivniekiem, tikai
apméram 1 % no kopgja kliju daudzuma izmanto partika. Lidzigi ka koksne, salmi ir raksturiga
lignocelulozes izejviela, tacu ar augstu pelnu saturu. Savukart klijas satur proteinu, Iidzigi ka jiras
algu biomasa un dinas. Salmi un klijas tiek uzskatiti par zemas kvalitates izejvielam. Sistematiski
termiskas pirolizes pétijumi, izmantojot zemas kvalitates un 1€tas izejvielas, lautu noskaidrot to
izmantoSanas iesp&jas pirolizes procesos, tadejadi veicinot pilnigaku viet€jo dabas resursu
izmantoSanu bez ievérojamas ietekmes uz vidi.

Strauji attistas virziens, kurad pirolizes mérkis ir transporta degvielas, bioella ar augstu
aromatisko un alifatisko oglidenraza un samazinatu skabekli saturoSo savienojumu saturu.
Lignocelulozes pirolize, izmantojot katalizatorus, dod iesp&u samazinat skabekli saturoSus
savienojumus un nodroSina augstveértigaku produktu. Neskatoties uz plaSo p&tijumu klastu, autoriem
ir dazadi viedokli par So katalizatoru sp&u samazinat skabekli saturo$o savienojumu saturu un

veicinat ogliidenrazu veidoSanos.



Lai katalitisko efektu noverotu pétijumos, izmanto tadu katalizatora daudzumu, kas péc
masas ir [1dzigs ar biomasas daudzumu vai ar1 parsniedz to. Konkrétas biomasas petijumus parasti
sak ar létiem un pieejamiem katalizatoriem. Vieni no popularakajiem loti atSkirigu mérku
sasniegSanai ir CaO un citi kalciju saturo$i savienojumi. Neskatoties uz plaSo pétijumu klastu,
viedokli par CaO sp&u samazinat skabekli saturoSo savienojumu veidoSanos un veicinat
oglidenrazu raSanos ir atSkirigi. Ir zinams, ka ceolitiem piemit sp&ja veicinat deoksigene&Sanas
reakcijas visam lignocelulozes biomasam. Tacu salidzinosi maz ir petijumi par ceolitu sp&ju veicinat
ogludenrazu veidoSanos no izejvielam ar augstu proteina saturu, ka art maz ir petijumu par ceolitu
sp&ju samazinat slapekli saturoSus savienojumu daudzumus pirolizes ella (bioella). Atskiriba no
ceolitiem platina grupas katalizatori ir plasi petiti deoksihidrogenéSanas reakcijas, bet dardzibas del
maz ir apskatitas to izmantoSanas iesp&jas biomasu katalitiskaja pirolizé. Ir zinams, ka pirolizes
procesa nanopulveru katalizatori spgj veicinat gaistoSo savienojumu veidoSanos. Nav skaidrs, vai Sie
katalizatori ir pieméroti bioellas sint€zei transporta degvielas razoSanai.

Sistematiski katalitiskas pirolizes p&tijumi, izmantojot vietgjos bioresursus — zemas kvalitates
un I&tas izejvielas —, lautu noskaidrot to izmantoSanas iespgjas pirolizes procesos ar mérki razot
transporta degvielu un izejvielas kimiskajai ripniecibai, ka arT papildinat teorétisko bazi uzlabotu
tehnologisko procesu izstradei.

Darba merki

e Noskaidrot izveleto viet€jo izejvielu uzbiives un videji atras pirolizes apstaklu ietekmi uz
pirolizes produktu sastavu un izvertet pirolizes produktu praktiskas izmantoSanas virzienus.

e Noskaidrot kalciju saturoSu neorganisku, mezoporainu ceolitu, platina grupas metalu un
nanopulveru  katalizatoru sp&ju  kataliz€t deoksigenéSanas reakcijas, nodroSinot

augstvertigakas bioellas ieguvi.
Darba uzdevumi

e Noteikt izejvielu raksturojumus (ekpresanalize, elementu analize, pelnu sastava analize,
kimiska komponentsastava analize).

e Noskaidrot griku un kvieSu salmu, kvieSu kliju kimiska komponentsastava, pelnu satura un
sastava ietekmi uz vid@ji atras pirolizes norisi un pirolizes produktu kimisko sastavu.

e Izpétit temperatiiras celSanas atruma ietekmi uz griku un kvieSu salmu un kviesu kliju vidé&ji

atras pirolizes produktu kimisko sastavu.



e Izpétit pirolizes temperatiiras ietekmi uz griku un kvieSu salmu un kvieSu kliju vidg&ji atras
pirolizes produktu kimisko sastavu.

e [zpétit kalcija saturoSu neorganisku katalizatoru ietekmi uz kvieSu salmu katalitiskas pirolizes
produktu iznakumu un sastavu.

e Noskaidrot mezoporainu ceolitu un platina grupas metalu uz oglekla nes€ja deoksigenéSanas
un denitrogenéSanas aktivitati kviesu salmu un kliju katalitiskas pirolizes procesos.

e Noskaidrot nikeli saturoSu nanopulveru ietekmi uz griku salmu pirolizes produktu iznakumu

un sastavu.
Teézes aizstaveSanai

¢ Graudkopibas atlikumiem ar atskirigu sastavu un uzbiivi pirolize noris atsSkirigi.

e Ogludenrazu saturs graudkopibas atlikumu termiskas pirolizes produktos pieaug, pieaugot
proteinu un lipidu saturam to sastava.

e Lielaks temperatiiras celSanas atrums un augstaka pirolizes temperatiira termiskas pirolizes
procesa neatkarigi no izejvielas nodroSina augstakas kvalitates bioellu ar augstako
ogludenraza saturu taja.

e Katalizatori specifiski iespaido pirolizes procesu norisi un izmaina pirolizes produktu

sastavu.
Darba zinatniska novitate

e legiitas jaunas zinasanas un precizeti priekSstati par hemicelulozes, celulozes, cietes, lignina,
lipidu, proteinu un neorganisko savienojumu ietekmi uz lignocelulozes biomasas pirolizes
procesu norisi un produktu sastavu.

e Jegiitas jaunas zinaSanas un precize€ti priekSstati par pirolizes procesa apstaklu ietekmi uz
lignocelulozes biomasas pirolizes procesu norisi un produktu sastavu.

e Noskaidrota cetru atSkirigu katalizatoru grupu aktivitate deoksigen€Sanas un
denitrogengsanas procesos, kas lauj nodroSinat piemérotako katalizatoru izveli nepiecieSamas

kvalitates bioellas iegiSanai.
Praktiskais nozimigums

Paradits, ka pirolizes procesi ar mérki raZzot atjaunojamas transporta degvielas ar augstaku
iznakumu un kvalitati ir realiz€jami, ja izejvielai ir augstaks lipidu un proteinu saturs un pirolize tiek
veikta 700 °C temperatira ar maksimalu temperatiiras celSanas atrumu vid€ji atras pirolizes

apstaklos. Noskaidrots, ka transporta degvielu razoSanai piemérotakie katalizatori ir ceoliti, platina
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grupas metali uz oglekla nes€ja un nikeli saturosi nanopulveri. Augstako ogliidenrazu saturu bioella
var sasniegt, veicot kviesu salmu pirolizi 700 °C temperatira ZSM-5 klatbiitng, tas ir piemé&rotakais

bioellas sastava mainas katalizators, kas neizraisa tas iznakuma biitisku samazinaSanos.
Darba aprobacija

Galvenie darba rezultati apkopoti tris publikacijas, divos konferen¢u rakstos un astonas tezes.

Publikacijas
1. K. Lazdovica, L. Liepina, V. Kampars, Comparative wheat straw catalytic pyrolysis in the

presence of zeolites, Pt/C, and Pd/C by using TGA-FTIR method. Fuel Processing Technology,
138, 645-653, 2015. Netherlands journal. Publisher — Elsevier, IPP — 3.752, SNIP —1.7.
SCOPUS.

2. K. Lazdovica, L. Liepina, V. Kampars, Catalytic pyrolysis of wheat bran for hydrocarbons
production in the presence of zeolites and noble —metals by using TGA-FTIR method.
Bioresource Technology, 207, 126-133, 2016. Netherlands journal. Publisher — Elsevier, IPP —
5.651, SNIP —1.9. SCOPUS.

3. K. Lazdovica, V. Kampars, L. Liepina, M. Vilka, Comparative study on the thermal pyrolysis of
buckwheat and wheat straws by using TGA-FTIR and Py-GC/MS methods. Journal of Analytical
and Applied Pyrolysis. 124, 1-15, 2017. Netherlands journal. Publisher — Elsevier, IPP —3.471,
SNIP - 1.5. SCOPUS.

Konferencu raksti

1. K. Lazdovica, V. Kampars, L. Vasarina, J. Grabis, Screening of nanopowders from catalytic
pyrolysis of buckwheat straw bu using TGA-FTIR method. 13" International Conference of
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Tezes
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PROMOCIJAS DARBA ISS SATURS

Literatiiras apskata apkopota informacija par biomasas galveno sastavdalu termokimiskajiem
procesiem inerta atmosfera, ka ari par tadu pirolizes produktu iznakumu un sastavu ictekméjoSiem
faktoriem ka pirolizes temperatiira, temperatiras celSanas atrums un Kkatalizatori. Paradits, ka
katalitiskas pirolizes petijumos izmantoto katalizatoru klasts ir plass, sakot no sarmiem un saliem un
beidzot ar ceolitiem un sarezgitas uzbiives nanomaterialiem. Neskatoties uz plaso pétijumu klastu,
praktiski nozimigi risindjumi Iidz Sim nav atrasti, bet p&tijumos izmantota izejvielu un pirolizes
apstaklu daudzveidiba nelauj izdarit droSus secinajumus pat par popularako katalizatoru grupu
izmantoSanas perspekttvam.

K/S “LATRAPS” kultiraugu pécplaujas atliekas (kvieSu un griku salmus) un graudu
malSanas blakusproduktu (kviesu klijas) izmantotas ka izejvielas termiskas un katalitiskas pirolizes
pétijumos. Rezultatu izvertéjums sakts ar izejvielu raksturojumiem. Tad, izmantojot “soli pa solim”
pieeju, noskaidrota galveno faktoru (izejvielas kimiska komponentsastava, pelnu satura un sastava,
pirolizes temperatiiras, temperatiiras celSanas atruma un katalizatoru) ietekme uz pirolizes procesa
raduSos nekondensgjamo gazu un kondensg€jamo gazveida produktu sastavu un saturu.

Eksperimentala dala ietver visu eksperimentu un lietoto analizes metozu aprakstus. Katrs
eksperiments atkartots tris reizes, par noteikSanas rezultatu izmantots meérjjumu aritmé&tiskais
vid&jais, noradot droSibas intervalu. Drosibas intervalam izvéloties varbutibu p = 0,95, lietots

Stjudenta koeficients to 5.3 = 4,303.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Izejvielu raksturojums
Sakot pétijumus, izejvielam noteicam relativo mitruma saturu, siltumsp€ju, gaistosSo
savienojumu daudzumu un saistito oglekli, pelnu saturu un sastavu (skatit 1. att.), ka art

hemicelulozes/celulozes/lignina attiecibu, veicam elementu analizi. legtitie dati ir apkopoti 1. tabula.

1. tabula

Kviesu un griku salmu un kviesu kliju raksturojumi

Izejvielas Kviesu salmi Griku salmi Kviesu klijas
Augstaka siltumspgja, J/g*? 17 658 16 500 18 725
Ekspress analize, % @

Gaistoso savienojumu 746 734 76.5
daudzums
Saistitais ogleklis® 20,4 17,1 18,0
Pelni 50 9,5 5,5
Elementu analize, % @
C 44,87 41,78 45,00
H 5,74 5,37 6,52
N 0,36 0,61 2,78
S 0,24 0,24 0,25
o° 43,79 42,50 39,95
Kimiskais komponentsastavs, % °
Celuloze 45,1 40,1 17,3
Hemicelulozes® 30,2 16,4 28,7
Klasona lignins 17,3 24.8 10,7
Lipidi 1,1 1,6 2,8
Ekstraktvielas 1,2 7,4 3,0
Citi® — - 32,0
Relativais mitrums, % 9,1 8,8 9,8

@_sausai izejvielai.

b0 (%)=100% - (C%+H%+N %+ S %) — pelni%.

¢—hemicelulozes% (kvie$u un griku salmos) = 100 % — celuloze% — lignins% — lipidi% — ekstraktvielas% — pelni%.
d _(iti% (proteni, ciete) = 100 % — celuloze% — hemiceluloze% — lignins% — lipidi% — ekstraktvielas% — pelni%.

¢ — saistitais ogleklis (bioogle)% = 100 % — gaisto$o savienojumi% — pelni%.

Elementu analizu rezultati paradija, ka visam izejvielam ir augsts oglekla un skabekla saturs,
jo galvenas biomasu veidojosas komponentes ir hemicelulozes, celuloze, lignins, kvieSu klijas — ar1
ciete. S€ra saturs visas izejvielas ir loti zems, metodes minimala detektéSanas robeza ir 0,2 %.
Atskiriba no salmiem kvieSu klijas ir augsts slapekla saturs — 2,78 %, kas liecina ar proteinu
klatbutni.

Ekspresanalizu rezultati paradija, ka griku salmi ir izejviela ar viszemako gaistoSo
savienojumu saturu un ar visaugstako pelnu saturu. Kviesu klijas ir ar visaugstako gaistoSo
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savienojumu saturu, bet kvieSu salmi ir ar viszemako pelnu saturu, [idz ar to arT augstaka siltumspéja
visam trim izejvielam ir atSkiriga.

Var uzskatit, ka izejvielas kimiskais komponentsastavs sniedz pirmo priekStatu par
ieglistamajiem pirolizes produktiem. Griku salmos ir augsts lignina saturs — 24,8 %, tas ir daudz
vairak neka kvieSu salmos un klijas, varétu sagaidit, ka aromatisko ogliidenrazu un fenolu saturs
griku salmu pirolizes produktos bus daudz augstaks neka kvieSu salmu un kliju pirolizes produktos.
Hemicelulozes ir galvenais organisko skabju veidoSanas avots biomasas pirolizes procesa, kviesu
salmos ir augsts hemicelulozu saturs — 30,2 %, kviesu klijas — 28,7 %, var€tu sagaidit, ka So izejvielu
pirolizes produktos organisko skabju saturs biis daudz augstaks neka griku salmos. Augstais
celulozes saturs (45,1 %) kvieSu salmos norada, ka §is izejvielas pirolizes produktos biis augstaks
anhidrocukuru saturs neka kviesu kliju un griku salmu pirolizes produktos. Proteinu saturs kviesu
klijas norada, ka pirolizes produktos biis arT slapekli saturosi savienojumi. Biitiska loma biomasas
pirolizes procesa ir ar1 pelnu sastavam, katalitiski aktivas pelnu sastavdalas var veicinat sekundaras

krekinga reakcijas, tad€jadi izmainot pirolizes produktu sastavu un daudzumu.
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1. att. Griku, kvieSu salmu un kvieSu kliju pelnu sastavs.

Pelnu sastava analiZu rezultati paradija, ka griku salmu pelnos ir ievérojami lielaka katalitiski
aktivo pelnu sastavdalu koncentracija (augsts kalija un kalcija saturs) neka kvieSu salmos un klijas
(1. att.). Atskiriba no kvieSu klijam hlora saturs salmos ir loti augsts.

Visam izejvielam atSkiras kimiskais komponentsastavs, pelnu saturs un sastavs. Veikto
eksperimentu rezultati liecina, ka termiskas pirolizes procesa no griku, kvieSu salmiem un kviesu

klijjam ieglistamo gaisto$o savienojumu sastavs un saturs biis atskirigi.
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KvieSu, griku salmu un kvieSu kliju termokimiskie raksturojumi

Kviesu, griku salmu un kviesSu kliju termisko analizi veicam slapekla atmosfera ar plismas
atrumu 20 mL/min, celot temperatiiru ar atrumu 100 °C/min lidz 950 °C.

Termogravimetrijas analizu rezultati paradija, ka termiskas destrukciju liknu (TG un DTG)

raksturs un termiskas destrukcijas temperattras (Ts, Tmax Un Tp) izejvielam ir atSkirigas.

Aktivds pirolizes zona j Pasivis pirolizes zona
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2. att. KvieSu, griku salmu un kviesu kliju TG (a) un DTG (b) liknes.

Ka redzams 2. attela, termiskas degradacijas procesa griku salmiem, kvieSu salmiem un
klijam nov€ro vairakas masas zudumu stadijas. Visam izejvielam pirmais masas zudums
temperaturas intervala no 30 °C lidz 100 °C ir saistits ar mitruma izdali§anos. Temperatiiras intervala
no ~180 °C lidz 500 °C biomasai novéro termisko depolimerizaciju, notiek dehidratacijas, sanu kéZu
atSkelSanas, tad pamatstruktiiras saiSu SkelSanas, dekarboksilésanas, dekarboniléSanas, pargrupésanas
reakcijas [1]-[4]. Minétie termokimiskie procesi norisinas aktivas pirolizes zona. Visam izejvielam
masas zudumi I1dz ~550 °C ir saistiti ar pilnigu hemicelulozes, celulozes un dal€ju lignina termisko
sadaliSanos. AtSkiriba no salmiem klijas satur cieti un proteinus. KvieSu kliju masas zudumi lidz ~
550 °C ir saistiti arT ar pilnigu cietes un dal&ju proteinu termisko sadaliSanos.

Griku salmiem novéro termiskas destrukcijas maksimumus (Tmax, Tmax’) augstakas
temperatiiras neka kvieSu salmiem un klijam (2. tab.). Ka redzams 1. tabula, griku salmiem ir
augstaks lignina saturs neka kvieSu salmiem un klijam, 1idz ar to termiskas destrukcijas maksimumu
(Tmax) novéro augstakas temperatiiras. Otrais termiskais destrukcijas maksimums (Tmax?) ir saistits ar
lignina termisko sadaliSanos.

Atskiriba no kviesu salmiem klijam novéro divus termiskas destrukcijas maksimumus. No
literattiras [5] zinams, ka lielakais slapekli saturoSu savienojumu daudzums proteinu pirolizes
rezultata veidojas ~450 °C temperatiira, kas lieck domat, ka kviesu kliju otrais termiskas destrukcijas

maksimums ir saistits ar proteinu termisko sadaliSanos.
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Kviesu, griku salmu un kviesu kliju termiskas destrukcijas temperatiiras

2. tabula

Aktivas pirolizes zona Pasivas pirolizes zona

Izejvielas Ts, °C Tmax, °C Tmax, °C Tp, °C Tma® °C Tw?, °C
Kviesu klijas 197 330 450 570 - 750
Kviesu salmi 193 334 — 550 - 700
Griku salmi 220 345 520 575 760 850

*T, — termiskas destrukcijas sakuma temperatira.

*Trmax, Tmax?, Tmax® (DT Gmax) — termiskas destrukcijas maksimumi.

*Tp — termiskas destrukcijas beigu temperatiira aktivas pirolizes zona.
*Tp? — termiskas destrukcijas beigu temperatiira.

Temperatiiras intervala no ~500 °C Iidz 800 °C biomasai novéro parogloSanas procesus,

notiek iek§molekularas un starpmolekularas pargrupésanas reakcijas [3]. Sie termokimiskie procesi

norisinas pasivas pirolizes zona. Atskiriba no kvieSu salmiem un klijam griku salmiem noveéro

termiskas destrukcijas maksimumu (Tmax’) pasivas pirolizes zona. Griku salmos ir daudz augstaka

sarmu un sarmzemju metalu koncentracija, pasi kalija saturs (1. att.). Griku salmiem masas zudumi

temperatiiras intervala no 690 °C Iidz 950 °C varétu biit saistiti ar neorganisko savienojumu

sadali$anos, tomeér 3. attéla redzams, ka visam izejvielam, temperatiirai pieaugot no 700 °C Iidz

950 °C, pelnu saturs saglabajas gandriz nemainigs, kas $adu skaidrojumu izslédz, un griku salmu

termiskas destrukcijas maksimums (Tma’) nav saistits ar pelnos eso$o salu termisko sadali$anos.

Griku salmiem masas zudumi temperatiiras intervala no 690 °C Iidz 950 °C varetu but saistiti

ar paaugstinatas neorganisko savienojumu koncentracijas izraisitu cieta atlikuma dal&ju katalitisko

pirolizi.
Kviesu klijas Kviesu salmi Griku salmi
76, 765 744 74.6 7
100 ul
mPelni, %
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40 180 18,0 20,5 04 17.1 B Gaistoso savienojumu
davdzums, %
20 57 5i5 Sll sio =
0
700 °C 950 °C 700°C  950°C 700°C  950°C

3. att. KvieSu, griku salmu un kvieSu kliju sausnes termiskas sadaliSanas produkti.
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Pielielinot temperatiru no 700 °C lidz 950 °C, bioogles daudzums, kas rodas griku salmu
pirolizes procesa, samazinas, bet gaistoSie savienojumi pieaug. Bioogles pamata ir policikliska
aromatiska struktiira, kas var saturét dazadas skabekli saturoSas funkcionalas grupas ka karbonil-,
karboksil-, hidroksil-, alkiloksigrupas [3]. Sarmu un sarmzemju metalu klatblitne veicina bioogles
deoksigenéSanu, ka redzams 4. attela, griku salmiem pasivas pirolizes zona novéro oglekla
monoksida un dioksida pastiprinatu izdaliSanos.

Atkariba no izejvielas kimiska sastava un pelnu satura izmainas TG un DTG liknu raksturs un
destrukcijas temperatiiras (Ts, Tmax uUn Tp), kas lieck domat, ka nekondensgjamo gazu un

kondens€jamo gazveida produktu izdaliSanas profili bis atskirigi.

Nekatalitiska pirolize
Pirolizes procesa norises un nekondens€jamo gazu un kondens€jamo gazveida produktu

sastava pétiSanai izmantojam literatiira akceptétas TG un TG-FTIR metodikas.

GaistoSo savienojumu relativie iznakumi un izdaliSanas profili

TG-FTIR metodika balstas uz infrasarkano spektru uznemsSanu gazes fazei visas pirolizes
laika. AtseviSku savienojumu vai savienojumu klasu relativa satura noteikSanu gazes fazé veicam
péc izveletas funkcionalas grupas raksturigas absorbcijas joslas intensitates pie vilna skaitla, kas
saskana ar literaturas datiem ir visvairak piemeérots kvantitativai analizei. Pierakstot izvéletas
absorbcijas joslas maksimuma optisko blivumu atkariba no temperatiiras/laika, iegiist dota
savienojuma vai savienojuma klases izdaliSanas temperatiras/laika profilu. Par produkta relativo
iznakumu pienem laukumu zem temperatiiras/laika profila Iiknes. Teorétiski tas ir pilnigi pamatoti
tikai individualu savienojumu relativo iznakumu noteikSanas gadijuma. Nosakot savienojumu klases

relativo iznakumu, tiek pienemts, ka klases savienojumu sastavs mainas maz.

Nekondenséjamo gazu relativie iznakumi un izdali§anas profili

No literatiras [6]-[10] ir zinams, ka oglekla dioksida kvantific€Sanai vispiemérotaka ir
2300 cm ! absorbcijas josla, oglekla monoksidam — 2180 cm ™ un metanam — 3014 cm™* absorbcijas
joslas. Sava darba, pamatojoties uz TG-FTIR metodes programmas papildnodrosinajumu “Spectrum
Search Plus” un literatiiras avotiem [6]-[9], oglekla dioksida kvantific€Sanai izmantojam optisko
blivumu pie 2309 cm™, oglekla monoksida un metana kvantificeSanai attiecigi pie 2182 cm™ un
3014 cm™.

TG-FTIR metodes analizu rezultati paradija, ka visvairak nekondens€jamo gazu radas griku
salmu termiskas destrukcijas procesa (biomasa ar viszemako gaistoSo savienojumu saturu),

vismazak — no kviesu klijam (biomasa ar visaugstako gaistoS$o savienojumu saturu).
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4. att. Nekondens€jamo gazu relativie iznakumi un izdaliSanas profili.

Ka redzams 4. att€la, kvieSu salmu un kliju oglekla dioksida izdaliSanas profili ir lidzigi, tos
novero aktivas pirolizes zona no 200 °C lidz 600 °C ar vienu absorbcijas intensitates maksimumu,
kviesu klijam 330 °C, kvieSu salmiem 361 °C temperatiira. Griku salmu oglekla dioksida izdaliSanas
profilu novéro plasa temperatiiras intervala no 290 °C lidz 840 °C ar diviem maksimumiem (361 °C
un 695 °C). Vislielakais ogleklu dioksida daudzums veidojas aktivas pirolizes zona lidz 450 °C.

Veikto eksperimentu rezultati rada, ka visvairak oglekla dioksids rodas tie$i no griku salmiem
(2,2 reizes vairak neka no kviesu klijam un 1,7 reizes vairak neka no kviesu salmiem), kas ir pretruna
ar priekSstatu par hemicelulozi ka galveno oglekla dioksida avotu. Ir zinams, ka paaugstinata sarmu
metalu koncentracija lignocelulozes biomasas pelnos izraisa bioellas (kondensg€jamo gazveida
produktu) iznakuma samazinasanos un nekondens€jamo gazu un tGdensS satura palielinasanos [11].
Palielinats kalija saturs griku salmos pirolizes procesa veicina gan hemicelulozes degradaciju, gan
sekundaras krekinga reakcijas, kuru rezultata noveéro oglekla dioksida pastiprinatu izdaliSanos
aktivas un pasivas pirolizes zona.

Lidzigi ka oglekla dioksids, arT oglekla monoksids visvairak rodas tiesi no griku salmiem (3,3
reizes vairak neka no kvieSu klijam un 2,2 reizes vairak neka kvieSu salmiem). Visu izejvielu oglekla
monoksida izdaliSanas profili ir atskirigi, kvieSu salmiem to noveéro aktivas pirolizes zona no 230 °C
lidz 470 °C ar maksimumu 361 °C temperatiira. Griku salmu oglekla monoksida intensivu
izdaliSanos novero ar1 pasivas pirolizes zona, to novero plasa temperatiiras intervala no 240 °C lidz
950 °C ar trim maksimumiem (353 °C, 517 °C un 770 °C).

Ir zinams, ka oglekla monoksida veidoSanas lignocelulozes biomasas pirolizes procesa lidz
450 °C galvenokart ir saistita ar celulozes termisko degradaciju [2]. Veikto eksperimentu rezultati

rada, ka kvieSu salmiem ir augstaks celulozes saturs neka griku salmiem, tomér izdalitais oglekla
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monoksida saturs ir ievérojami lielaks griku salmiem. Loti iesp&ams, ka paaugstinats kalija saturs
griku salmos veicina gan celulozes degradaciju, gan sekundaras krekinga reakcijas, kuru rezultata
novero oglekla monoksida pastiprinatu izdaliSanos aktivas pirolizes zona. Pasivas pirolizes zona
kalija salu klatbiitne grika salmos veicina katalitisko krekingu biooglei, kura rezultata novéro oglekla
monoksida intensivu izdaliSanos.

Kviesu klijam oglekla monoksida izdaliSanas profilu novéro temperatiiras intervala no 250 °C
lidz 600 °C ar diviem maksimumiem (320 °C un 461°C). Viens no proteinu termiskas degradacijas
produktiem ir izocianats, temperatiiras intervala no 400 °C Ilidz 600 °C novéro pastiprinatu oglekla
monoksida izdaliSanos saistiba ar izocianata termisko sadaliSanos [12]. Lidz ar to kvieSu kliju
oglekla monoksida otrs maksimums var€tu bt saistits ar proteinu termisko sadaliSanos.

Ka redzams 4. att€la, metans visvairak rodas griku salmu termiskas destrukcijas procesa (2,1
reizes vairak neka no kviesu salmiem un 1,7 reizes vairak neka no kviesu klijam), kas izskaidrojams
ar daudz lielaku lignina saturu. Metana izdaliSanas profili visam pétitajam izejvielam ir lidzigi,
kvieSu un griku salmiem tos novéro temperatiiras intervala no 340 °C Iidz 840 °C, kvieSu klijam — no
410 °C Iidz 850 °C. Griku salmiem absorbcijas intensitates maksimumu sasniedz 578 °C, kviesu
klijam — 578 °C, kvieSu salmiem — 520 °C temperatira. Vislielakais metana daudzums veidojas
pasivas pirolizes zona Iidz 700 °C. KvieSu klijas uzrada augstaku metana relativo iznakumu neka
kvieSu salmi, kaut arT kvieSu salmos ir 1,6 reizes augstaks lignina saturs. Metans veidojas ar1 proteinu

termiskas degradacijas rezultata [12] un var palielinat metana kop&jo daudzumu.

Ogliidenrazu relativie iznakumi un izdaliSanas profili
No literattras [4], [10], [12]-[15] ir zinams, ka oglidenraziem ir vairakas absorbcijas joslas,
no kuram monoaromatisko ogliidenrazu kvantificéSanai vispiemérotakas ir 3032 cm, 1598 cm 1,

-1

740 cm L. Olefinu kvantificgSanai vispiemérotaka ir 950 cm™ absorbcijas josla, parafiniem —

2869 cm™ absorbcijas josla. Sava darba monoaromatisko savienojumu identificé$anai izmantojam

! olefinu un parafinu kvantificé$anai attiecigi pie 950 cm™ un

optisko blivumu pie 742 cm™
2869 cm .

TG-FTIR metodes analizu rezultati paradija, ka termiskas destrukcijas procesos visvairak
ogliidenrazu radas kviesu kliju, bet vismazak — kvieSu salmiem.

Visu izejvielu piroliz€ ieglito aromatisko ogliidenrazu izdaliSanas profili ir 11dzigi, tos novero
aktivas pirolizes zona no 250 °C lidz 550 °C ar vienu maksimumu (5. att.). Salidzinot griku un
kviesu salmu pirolizes produktus, vairak monoaromatiskie ogliidenrazi rodas no griku salmiem, kas

izskaidrojams ar lielaku lignina saturu. Savukart monoaromatisko ogliidenrazu veidosanas no kviesu

klijam ir saistita ne tikai ar lignina, bet arT ar proteinu termisko degradaciju. No literataras [12], [16]
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ir zinams, ka domingjosas aromatiskas aminoskabes kviesu kliju proteina ir fenilalanins un tirozins,

kuru termiskas degradacijas procesa rodas toluols un benzols.
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5. att. Ogliidenrazu relativie iznakumi un izdaliSanas profili.

Ka redzams 5. attela, kviesu kliju un griku salmu termiskas destrukcijas procesa rodas lidzigs
olefinu relativais iznakums, vismazak olefinu rodas no kviesu salmiem. Visi izdaliSanas profili ir
lidzigi ar vienu absorbcijas intensitates maksimumu, tos novéro temperatiiras intervala no 430 °C
lidz 640 °C. Vislielakais olefinu daudzums veidojas pasivas pirolizes zona lidz 600 °C. Olefinu
veidosanas pirolizes procesa galvenokart ir saistita ar primaro reakcijas produktu — spirtu
dehidrataciju.

KvieSu kliju termiskas destrukcijas procesa parafinu izdaliSanos novéro temperatiras
intervala no 400 °C Iidz 600 °C ar maksimumu 475 °C temperatiira, vislielakais parafinu daudzums
veidojas pasivas pirolizes zona lidz 600 °C. AtSkiriba no salmiem kvieSu klijas ir augstaks lipidu
saturs, ka ari proteini. Galvenie alifatisko aminoskabju un trigliceridu termiskas degradacijas
produkti ir piesatinatie un nepiesatinatie ogludenrazi [16]-[18].

Veikto eksperimentu rezultati rada, ka ogliidenrazu saturs biomasu termiskas pirolizes
produktos pieaug, pieaugot proteinu un lipidu saturam to sastava. Oglidenrazu saturs kvieSu kliju
pirolizes produktos ir daudz augstaks neka salmu pirolizes produktos un, ja pirolizes merkis ir

transporta degviela, kvieSu klijas ir piemérotaka izvejviela §1 mérka sasniegSanai.
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Karbonilgrupu un karboksilgrupu saturo$o savienojumu relativie iznakumi un izdaliSanas
profili

No literataras [2], [6], [7], [13], [14], [19], [20] ir zinams, ka organisko skabju
kvantificg$anai Vvispiemérotakas ir 1800 cm™ un 1180 cm™ absorbcijas joslas. Aldehidgrupu
saturo§iem savienojumiem kvantificg3anai vispiemérotakas ir 2750 cm™ un 1700 cm absorbcijas
joslas. Ketogrupu saturosiem savienojumiem kvantificé$anai vispiemérotaka ir 1740 cm™ absorbcijas
josla. Sava darba karbonilgrupu un karboksilgrupu saturoSu savienojumu identific€Sanai izmantojam
optisko bltvumu pie 1738 cm™ (ketogrupu saturodiem savienojumiem), 1702 cm (aldehidgrupu
saturo§iem savienojumiem) un organiskajam skabem 1797 cm™,

TG-FTIR metodes analizu rezultati paradija, ka visvairak karbonilgrupu saturoSie
savienojumi rodas no kvieSu klijam, vismazak — no griku salmiem, savukart visvairak karboksilgrupu

saturo$o savienojumu rodas no griku salmiem.
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6. att. Karbonilgrupu un karboksilgrupu saturo$o savienojumu relativie iznakumi un izdaliSanas
profili.

Ka redzams 6. att€la, kvieSu salmu un kliju organisko skabju izdaliSanas profilus novéro
temperatiras intervala no 200 °C lidz 600 °C, kviesu salmiem maksimumu sasniedz 358 °C, kviesu
klijam — 348 °C temperatiira. Savukart griku salmiem organisko skabju minimalu izdaliSanos novéro
arl pasivas pirolizes zona, to novéro plasa temperatiiras diapazona no 213 °C Iidz 820 °C ar
maksimumu 334 °C temperatiira. Visu izejvielu organisko skabju izdaliSanas profili ir Iidzigi, un
vislielakais So savienojumu daudzums veidojas aktivas pirolizes zona Iidz 450 °C.

No literatiras [1], [20] ir zinams, ka etikskabe ir domingjosa organiska skabe, kas rodas

lignocelulozes pirolizes procesa. Etikskabes veidoSanas galvenokart ir saistita hemicelulozé esoSo
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acetilgrupu eliminéSanos. Veikto eksperimentu rezultati rada, ka visvairak organisko skabju rodas
tieSi no griku salmiem (1,7 reizes vairak neka no kviesu klijam un 1,3 reizes vairak neka no kvieSu
salmiem), kas ir pretruna ar priekSstatu par hemicelulozi ka galveno organisko skabju avotu. Loti
iespgjams, ka sarmu un sarmzemju metalu klatbutne griku salmos veicina gan hemicelulozes
degradaciju, gan sekundaras krekinga reakcijas, kuru rezultata noveéro pastiprinatu organisko skabju
izdaliSanos aktivas pirolizes zona. Organisko skabju satura palielinasana rada bioellas pH vértibas
pazeminasanos. Bioella kliist koroziva un mazak stabila, jo organiskajam skabém piemit sp&ja
katalizet polimerizacijas reakcijas bioella. Kviesu klijas ir piemé&rotaka izejviela bioellas ar
pazeminatu organisko skabju saturu iegiiSanai.

Ketoni un aldehidi ir potencialie transporta degvielas prekursori [21], tomér — ka visi skabekli
saturoSie savienojumi — samazina bioellas siltumsp&ju un veicina arT bioellas novecoSanos
ekspluatacijas un uzglabasanas laika.

Ketogrupas saturo$o savienojumu izdaliSanas profili visam pétitajam izejvielam ir lidzigi, tos
noveéro temperatiras intervala no 235 °C Iidz 600 °C. Kvie$u salmiem maksimumu sasniedz 340 °C,
kviesu klijam 347 °C, griku salmiem 353 °C temperatiira. Vislielakais ketogrupas saturoso
savienojumu daudzums veidojas aktivas pirolizes zona lidz 450 °C.

Veikto eksperimentu rezultati rada, ka visvairak ketogrupas saturoSo savienojumu rodas no
kviesu klijam, 1,2 reizes vairak neka no kvieSu salmiem un 1,5 reizes vairak neka no griku salmiem,
kas izskaidrojams arf ar cietes un proteinu saturu kviesu klijas.

Ka redzams 6. att€la, visam pétitajam izejvielam aldehidgrupas saturoSo savienojumu
izdaliSanas profili ir lidzigi, tos novéro temperatiiras intervala no 235 °C lidz 525 °C. KvieSu
salmiem maksimumu sasniedz 358 °C, kviesu klijam 347 °C, griku salmiem 353 °C temperatira.
Lidzigi, ka organisko skabju un ketogrupu saturoSo savienojumu gadijuma, ari vislielakais
aldehidgrupas saturoso savienojumu daudzums veidojas aktivas pirolizes zona lidz 450 °C.

Veikto eksperimentu rezultati rada, ka visvairak aldehidgrupas saturo$o savienojumu rodas
no kvieSu klijam, 1,5 reizes vairak neka no kvieSu salmiem un 2,1 reizes vairak neka no griku

salmiem, kas izskaidrojams ar cietes un hemicelulozes saturu kvieSu klijas.

Hidroksilgrupu saturos$o savienojumu relativie iznakumi un izdali§anas profili

No literaturas [4], [13]-[15], [22], [23] ir zinams, ka spirtu kvantificEéSanai vispiem&rotakas ir
3200 cm™t un 1060 cm™ absorbcijas josls, fenolu — 3610 cm™, 1500 cm™, 1300 cm™ absorbcijas
joslas, anhidrocukuru — 3200 cm™, 1183cm™? un 1060 cm™ absorbecijas joslas. Udens

kvantificé3anai vispiemérotaka ir 3755 cm™ absorbcijas josla.
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TG-FTIR metodes analizu rezultati paradija, ka visvairak fenolu atvasinajumu rodas no griku
salmiem, vismazak — no kvie$u klijam, savukart visvairak spirta, anhidrocukura rodas no kviesu
salmiem.

Ka redzams 7. att€la, visvairak fenolu atvasinajumu rodas no griku salmiem, 1,4 reizes vairak
neka no kvieSu salmiem un 2,7 reizes vairak neka no klijam, kas izskaidrojams ar daudz lielaku
lignina saturu. Visam pétitajam izejvielam fenolu izdaliSanas profili ir lidzigi, tos novéro plasa
temperaturas intervala no 230 °C lidz 780 °C. KvieSu salmiem maksimumu sasniedz 382 °C, kviesu
klijam — 367 °C, griku salmiem — 370 °C temperatiira. Lai iegttu vislielako fenolu atvasinajumu

daudzumu no visam izejvielam, pirolizes temperattra ir 700 °C.
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7. att. Hidroksilgrupu saturo$o savienojumu relativie iznakumi un izdaliSanas profili.

Ka redzams 7. att€la, visvairak spirtu un anhidrocukuru rodas no kviesu salmiem, 2.5 reizes
vairak neka no griku salmiem, 1,2 reizes vairak neka no kvieSu klijam. KvieSu salmos ir gandriz
2 reizes lielaks hemicelulozes saturs neka griku salmos, celulozes saturs abas izejvielas ir lidzigs.
Tomeér hemicelulozes satura at$kiriba nav vienigais faktors, kas ietekmé spirtu un anhidrocukuru
veidoSanos no griku salmiem. Ka jau iepriek§ noverots, griku salmu aktivas pirolizes zona intensivi
veidojas oglekla dioksids, monoksids un organiskas skabes. Vairaki autori pétija kalija saturoSu
katalizatoru ietekmi uz celulozes pirm&jiem pirolizes produktiem. Kalija klatbiitn€ strauji samazinas
levoglikozana veidoSanas, savukart pieaug organisko skabju, Gidens un nekondensg€jamo gazu saturs
[24]-[26]. Visam pétitajam izejvielam spirtu un anhidrocukuru izdalisanas profili ir lidzigi, tos
novero temperatiiras intervala no 220 °C Iidz 580 °C. KvieSu salmiem maksimumu sasniedz 358 °C,
kviesu klijam — 356 °C, griku salmiem — 362 °C temperatiira (6. att.). Vislielakais spirtu un

anhidrocukuru daudzums veidojas aktivas pirolizes zona Iidz 450 °C.
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Kaliju saturoSie neorganiskie sali griku salmos, visticamak, vargja nostradat ka katalizatori un
izraisija sekundaras krekinga reakcijas pirolizes produktiem, kuru rezultatd piecauga tdens saturs
griku salmu bioella. Augstais idens un organisko skabju saturs, kas rodas griku salmu pirolizes
procesa, samazina bioellas kvalitati.

Ja pirolizes mérkis biitu kimiska riipnieciba, tad visvairak anhidrocukuru varétu iegtt kvieSu
salmu pirolizes procesa, savukart no griku salmiem var€tu iegit vislielako fenola atvasinajumu

daudzumu.

Slapekli saturoSie savienojumi un to izdaliSanas profili
No literatiiras [5], [12], [27] zinams, ka amonjaka kvantificg$anai vispiemérotakas ir 965 cm

! un cianiidenraza 3330 cmt un 720 cm™?

un 930 cm! absorbcijas joslas, izocianida 2280 cm™
absorbcijas joslas. Sava darba, pamatojoties uz TG-FTIR metodes programmas papildnodro§inajumu
“Spectrum Search Plus” un literatiiras avotiem [5], [12], [27], amonjaka kvantificESanai izmantojam
optisko blivumu pie 965 cm™, izocianida un cianiidenraza kvantificé$anai attiecigi pie 2281 cm™ un
720 cm™,

TG-FTIR metodes analizu rezultati paradija, ka atskiriba no griku un kvie$u salmiem, kviesu
kliju termiskas destrukcijas produktos ir arT slapekli saturosi savienojumi.

Ka redzams 8. att€la, amonjaka izdaliSanas profilu noveéro plasa temperatiiras intervala no
180 °C Iidz 692 °C, maksimumus sasniedz 239 °C un 455 °C temperatiiras. Amonjaka izdaliSanos
galvenokart novéro aktiva pirolizes zona. Amonjaka veidoSanas galvenokart no kvieSu klijjam ir
saistita ar proteina esoSo glutamina un asparagina fragmentu deamidéSanos, ka blakusprodukti
veidojas diketopiperazini [5]. Diketopiperaziniem termiski sadaloties, veidojas izocianidi un
ciantdenradis, savukart izocianidiem termiski sadaloties, veidojas cianiidenradis un oglekla
monoksids [5], [27]. Izocianida izdalisanas profilu novéro no 367 °C lidz 673 °C, maksimumu
sasniedz 541 °C temperatiira. Izocianida izdaliSanos novéro gan aktiva, gan pasiva pirolizes zona.
Ciantidenraza izdaliSanas profilu novéro no 503 °C lidz 785 °C, maksimumu sasniedzot 541 °C

temperattra. Ta izdaliSanos novero pasiva pirolizes zona.
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8. att. Slapekli saturoSie savienojumi un to izdaliSanas profili no kvieSu klijam.
Tadgjadi biomasu, kas satur palielinatu slapekla daudzumu, pirolizes produktos neglabjami
rodas tadi toksiski savienojumi ka amonjaks, izocianidi un cianidenradis, kas prasa realizét sadu

izvejvielu pirolizes procesus stingri ievérojot dro§ibas noteikumus.

KarseSanas atruma ietekme uz gaistoSo savienojumu sastavu un daudzumu

Pirolizes galaproduktu sastavu un saturu ietekmé ne tikai izejvielu sastava atSkiribas, bet ari
tadi pirolizes procesa parametri ka karsé€Sanas atrums un pirolizes temperatira.
Lai pétitu griku, kvieSu salmu un kvieSu kliju termiskas pirolizes produktu sastavu un relativo

iznakumu atkariba no temperatiiras celSanas atruma, pétijumus veicam 700 °C, celot temperatiiru ar

60 °C/min, 80 °C/min, 90 °C/min un 100 °C/min.
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9. att. Karsésanas atruma ietekme uz organisko skabju, hidroksilgrupu saturoso savienojumu
un monoaromatisko ogliidenrazu iznakumu griku, kvieSu salmu un kviesu kliju termiskaja pirolizé

700 °C.
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TG-FTIR metodes analizu rezultati paradija, ka, pieaugot temperatiiras celSanas atrumam,
organisko skabju relativie iznakumi visam izejvielam samazinas, idens un spirtu, anhidrocukuru
relativie iznakumi minimali palielinas, savukart ketogrupu, aldehidgrupu saturoSo savienojumu,
fenolu un olefinu veidoSanas nemainas. Temperatiiras celSanas atruma ietekme uz monoaromatisko
arénu un alkanu izdaliSanos izradijas atkariga no izejvielas.

No iegiitajiem datiem var secinat, ka lielaks temperatiiras celSanas atrums termiskas pirolizes
procesa neatkarigi no izejvielas nodrosina augstakas kvalitates bioellu ar zemako organisko skabju

un augstako ogliidenrazu, anhidrocukuru un fenolu saturu taja.

Pirolizes temperatiiras ietekme uz gaistoS$o savienojumu sastavu un daudzumu

Visi pétijumi veikti, lineari celot temperatiiru 11dz izveéletajai maksimalajai temperatiirai bez
izejvielas iztur€Sanas taja. Lai pétitu griku, kvieSu salmu un kviesu kliju termiskas pirolizes produktu
sastavu un iznakumus atkariba no temperatiras, p&tijumus veicam 300 °C, 400 °C, 500 °C, 600 °C

un 700 °C, celot temperatiiru ar 100 °C/min.
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10. att. Temperatiiras ietekme uz acilgrupu saturoSo savienojumu un tidens relativo iznakumu

griku, kviesu salmu un kviesu kliju pirolizg, celot temperatiiru ar 100 °C/min.

TG-FTIR metodes analizu rezultati paradija, ka, picaugot temperatiirai no 300 °C lidz 500 °C,
no visam izejvielam pirolizes procesa organisko skabju relativie iznakumi palielinas, savukart no
500 °C Iidz 700 °C tie samazinas. Pirolizes procesa 600 °C un 700 °C temperatiras no visam
izejvielam organisko skabju veidoSanas ir mazak konkurétsp&jiga, domingjosas klist ketonu un
aldehidu veidojosas reakcijas, ka 10. attela redzams, ketonu un aldehidu relativie iznakumi

palielinas, pieaugot temperattirai. No visam izejvielam pirolizes procesa ari idens relativie iznakumi
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palielinas, pieaugot pirolizes temperatiirai no 300 °C lidz 600 °C, tad tie nemainas. No iegutajiem
datiem var secinat, ka ieteicama pirolizes temperatiira, lai iegtitu labakas kvalitates bioellu, kas ir ar
zemako organisko skabju saturu, no visam izejvielam ir 700 °C.

Dazadi fenolu atvasinajumi ir galvenie lignina termiskas destrukcijas produkti, un lignina
termiska degradacija notiek plasa temperatiiras diapazona no 250 °C Iidz 1000 °C, Iidz ar to,
pieaugot pirolizes temperatirai, novéro fenolu relativo iznakumu palielinaSanos. Atskiriba no griku
un kvieSu salmu eksperimentiem kvieSu kliju pétijjuma maksimalo fenolu relativo daudzumu
sasniedz 600 °C temperatira, no 600 °C lidz 700 °C tas ir nemainigs. Lidzigi, ka ar fenolu
relativajiem iznakumiem, ari visu izejvielu pirolizes produktos monoaromatisko arénu relativie
iznakumi palielinas, pieaugot pirolizes temperatiirai no 300 °C lidz 700 °C. No visam izejvielam
olefinu veidoSanos pirolizes procesa novéro augstas temperatiiras, tie ir sekundarie reakciju produkti.
Olefinu veidosanas pirolizes procesa galvenokart ir saistita ar spirtu dehidrataciju. No rezultatiem var
secinat, lai ieglitu visaugstako ogliidenrazu un fenolu saturu bioella, ieteicama pirolizes temperatiira
ir 700 °C (skatit 11. att.).
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11. att. Temperatiiras ietekme uz ogliidenrazu un fenolu relativo iznakumu griku, kviesu

salmu un kvieSu kliju piroliz€, celot temperatiiru ar 100 °C/min.

Pieaugot temperatiirai no 300 °C lidz 500 °C, griku salmu un kviesu kliju pirolizes produktos
hidroksilgrupu saturoSo savienojumu relativie iznakumi palielinas, no 500 °C Iidz 700 °C tie
samazinas.

Savukart kvieSu salmu pétijuma hidroksilgrupu saturoSo savienojumu relativais iznakums

pieaug, palielinoties temperatiirai no 300 °C lidz 600 °C, 700 °C temperatiira hidroksilgrupu saturoso
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savienojumu relativais iznakums samazinas. Augstakas temperatiiras anhidrocukuru veidoSanas ir
mazak konkurétsp&jiga, domingjosas klist sekundaro produktu veidosanas reakcijas. Ja pirolizes
meérkis butu kimiska riipnieciba, tad visvairak anhidrocukuru varétu iegtt kvieSu salmu pirolizes

procesa 600 °C temperatiira, griku salmu un kviesu kliju pirolizes procesa 500 °C.

Katalitiska pirolize

Vertgjot bioellu ka degvielu, jaatzist, ka ta ir ar augstu organisko skabju saturu. Organiskajam
skabém, ka art slapekli saturoSiem savienojumiem, piemit sp&ja kataliz&t polimerizacijas reakcijas
bioella, lidz ar to samazinas tas stabilitate. Skabekli saturoSie savienojumi samazina bioellas
siltumspéju, bet ketoni un aldehidi veicina arT bioellas novecosanos ekspluatacijas un uzglabasanas
laika. Bioellas vértibu varétu paaugstinat, samazinot karbonilgrupu saturo$o savienojumu daudzumu
un palielinot monoaromatisko un alifatisko ogludenrazu daudzumu, ka ari spirta saturu taja [28].
Vertgjot bioellu ka atjaunojamo kimiskas riipniecibas izejvielu, jaatzime, ka anhidrocukuri, fenoli un
furana atvasinajumi ir kimiskas vielas ar augstu pievienoto vertibu. Vairak vai mazak selektiva
katalitiska pirolize butu viens no veidiem, ka uzlabot bioellas sastavu gan vienam, gan otram
mérkim, tade] ta tiek loti plasi pétita. Diemzel praktiski nozimigi risindjumi lidz §im nav atrasti.

Lai noskaidrotu katalizatoru grupas, kas spgj selektivi ietekm@t pirolizes reakciju norisi,
savos Katalitiskas pirolizes pétijumos izmantojam Cetrus dazadus kalcija saturoSus katalizatorus —
(Ca0, Ca(OH)2, CaCOs, CaO-MgO), ceolitus (ZSM-5, MCM-41), platina grupas metalus uz oglekla
nesgja (5% Pt/C, 5% Pd/C) un nanopulverus (NiFe204, Ni-MgO, Ni-Al203, NiAl>Os, Ni-MnAl204),
eksperimentus veicam 700 °C temperatira, celot temperatiru ar atrumu 100 °C/min slapekla
atmosfera.

Lai noverotu katalitisko efektu analogos literatiira aprakstitajos pétijumos, izmanto
katalizatora daudzumu, kas péc masas ir vienads ar biomasu vai ar parsniedz to. Saja darba
izmantojam biomasas un katalizatora masu attiecibu 1 : 1. Pienémam, ka par perspektiviem var
uzskatit katalizatorus, kas izmaina gaisto$o savienojumu sastavu vismaz par 40 % (3. tabula).

Ja katalitisko procesu mérkis ir ieglit augstvertigu bioellu degvielai, tad mérka sasniegSanai
var tikt izmantoti vairaki katalizatori. CaO, Ca(OH)> un 850 °C termiski apstradats dolomits
(Ca0-MgO) dalgji uzlabo bioellas sastavu, samazinot organisko skabju saturu. Ceoliti nesamazina
organisko skabju saturu kvieSu salmu un kliju pirolizes produktos, samazina karbonilgrupu saturo$o
savienojumu daudzumu un veicina monoaromatisko oglidenrazu veidoSanos tiesi lignocelulozes
(salmu) pirolizes procesa. Silikatu (MCM-41) ceolits veicina arl monoaromatisko oglidenrazu

veidoSanos kviesu kliju pirolizes procesa.
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Platina grupas katalizatori uz oglekla nes€ja intensivi samazina karbonil- un karboksilgrupu

saturoSu savienojumu saturu, ka ari veicina monoaromatisko ogliidenrazu daudzuma pieaugumu

kviesu salmu un kliju pirolizes procesa.

Visi nikeli saturoSie nanopulveri sp&j samazinat cieto atlikumu un veicinat monoaromatisko

ogludenrazu saturu bioella, kas iegiita griku salmu pirolizes procesa. Péc savas spg€jas palielinat

monoaromatisko oglidenrazu daudzumu pétitos katalizatorus var sakartot §ada rinda: platina grupas

metalu katalizatori uz oglekla nesgja = ceoliti > nikeli saturosie nanopulveri.

3. tabula

Apkopojums par nanopulveru, ceolitu, platina grupas metalu un kalcija saturo$u katalizatoru

ietekmi

Katalizators, kas izmaina raksturojumu vismaz par 40 %
Kondensgjamie gaistosie savienojumi
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Apkopojot visus veiktos pétijumu rezultatus, jasecina, ka augstako oglidenrazu saturu bioella

var sasniegt, veicot kvieSu salmu pirolizi 700 °C temperatira katalizatoru ZSM-5 un 5% Pd/C

klatbiitne.

30




Galveno pirolizes produktu absoliita iznakuma novértéjums

Vertgjot bioellu ka transporta degvielu, biitisks ir ne tikai tas sastavs, bet ari bioellas
iznakums pirolizes procesa, KO nevar noveértét péc produktu vai produktu grupas raksturigo
absorbcijas joslu intensitaSu mainas. Lai veiktu produktu absoliita iznakuma noveért&jumu

nekatalitiskas pirolizes gadijuma un divu aktivako katalizatoru klatbiitng, izstradajam $adu shému,

skatit 12. attelu.

Bioella, % (masas)

AAL

Lzeiviel Pirolizes process N; atmosfera TG dati Gaistoo savienojumu
ejviela ) 700°Car100°C/min | EEEESEE)  daudzums, % (masas)

TG dati TG-FTIR. dati

‘IVV

Cietais atlikums, %0 (masas) Nekondensgjamas gazes, % (masas)

GGg

12. att. Darba gaita izmantotas analizes un rezultati.
Ka redzams 4. tabula, nekatalitiskaja kvieSu salmu vidgji atras pirolizes procesa 700 °C rodas

30,6 % nekondens&jamo gazu, 38,2 % bioellas un 31,2 % cieta atlikuma (bioogle un pelni).

4.tabula
Kviesu salmu pirolizes produktu absoliito iznakumu noveértejums
Gaistosie Cietais
o _ Nekondensgjamas | Bioella® %
Kviesu salmi | savienojumi, % atlikums,
gazes, % (masas) (masas)
(masas) % (masas)
Nekatalitiskais
68,8 31,2 30,6 38,2
process
ZSM-5 74,3 25,7 38,6 35,7
5% Pd/C 73,6 26,4 67,0 6,6

hioella % = gaistosie savienojumi % nekondens&jamas gazes %.

ZSM-5 minimali samazina bioellas iznakumu kvie$u salmu pirolizes procesa, ta klatbiitné
rodas 38,6 % nekondens€jamo gazu, 35,7 % bioellas un 25,7 % cieta atlikuma (bioogle, pelni un
kokss). Visvairak nekondens€jamo gazu rodas kvieSu salmu pirolizes procesa 5 % Pd/C klatbatné

(67,0 %), savukart bioellas iznakums ir tikai 6,6 %.
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Apkopojot iegutos rezultatus, jasecina, ka, veicot kvieSu salmu vidg&ji atro pirolizi 700 °C
temperatiira, piemérotakais bioellas sastava mainas katalizators, kas neizraisa tas iznakuma butisku

samazinasanos, ir ZSM-5.
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SECINAJUMI
Augstaks lipidu un proteinu saturs graudkopibas atlikumos nodroSina vid€ji atras pirolizes
bioellas sastava augstaku kvalitati un labaku atbilstibu transporta degvielai, ja pirolizes
temperattra ir 700 °C un temperatiiras celSanas atrums 100 °C/min.
Augstaks lignina saturs graudkopibas atlikumos nodroSina vidgji atras pirolizes bioellas
sastavu ar augstaku fenolu saturu un labaku atbilstibu kimiskas ripniecibas izejvielai, ja
pirolizes temperatiira ir 700 °C un temperatiiras celSanas atrums 100 °C/min.
Augstaks celulozes saturs graudkopibas atlikumos nodrosSina vidg€ji atras pirolizes bioellas
sastavu ar augstaku anhidrocukuru saturu un labaku atbilstibu kimiskas riipniecibas izejvielai,
ja pirolizes temperatiira ir 600 °C un temperatiiras cel$anas atrums 100 °C/min.
Kalciju saturoSu neorganisku katalizatoru klatbtitne kvieSu salmu pirolizé 700 °C temperatiira
neuzlabo bioellas sastava atbilstibu transporta degvielai vai kimiskas riipniecibas izejvielai.
ZSM-5 un MCM-41 klatbiitne kvieSu salmu un kliju pirolizé 700 °C temperatiira nodroSina
bioellas sastavu ar augstu oglidenrazu un organisko skabju saturu, tadgjadi iegtta pirolizes
ella klust piemérotaka transporta degvielu iegiiSanai, bet saglabajas koroziva un ar zemu pH
vertibu.
5% Pt/C un 5 % Pd/C klatbttne kviesu salmu un kliju pirolizé 700 °C temperatiira nodrosina
bioellas sastavu ar augstu ogliidenrazu un zemu karbonilgrupu un karboksilgrupu saturosu
savienojumu saturu, uzlabojot tas atbilstibu transporta degvielai un samazinot tas korozijas
aktivitati.
Nikeli saturosi nanopulveru klatbtitne griku salmu piroliz€ 700 °C temperatiira nodrosina
bioellas sastavu ar augstu ogliidenrazu saturu, vienlaikus samazinot cieto atlikumu. Sos
nanopulverus var izmantot ka parogloSanas produkta daudzuma samazinatajus.
Augstako oglidenrazu saturu bioella var sasniegt, veicot kviesu salmu pirolizi 700 °C
temperatiira katalizatoru ZSM-5 un 5% Pd/C klatbutngé. Aromatisko ogludenrazu saturs
bioella salidzinajuma ar nekatalitisko pirolizi pieaug 5,3 reizes, izmantojot ZSM-5 un 4,8
reizes ar 5 % Pd/C. Abu katalizatoru klatbtitn€ olefinu saturs bioella picaug 6,3 reizes.
Aktivie katalizatori samazina bioellas iznakumu no kvieSu salmiem. ZSM-5 ietekmé bioellas
saturs vid&ji atras pirolizes procesa samazinas no 38,2 lidz 35,7 %, savukart 5% Pt/C

klatbutné bioellas saturs ir tikai 6,6 %.
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FTIR
K/S
MCM-41
TG
TG-FTIR
ZSM-5

ABBREVIATIONS

Fourier-transform infrared spectroscopy

cooperative society

(Mobil Composition of Matter No 4) silicate zeolite

thermogravimetric analysis

thermogravimetric analyzer coupled with a Fourier-transform infrared spectrometer

(Zeolite Socony Mobil-5) aluminosilicate zeolite
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GENERAL OVERVIEW OF THE THESIS

Topicality of the subject and the Thesis

Depletion of the world’s petroleum reserves coupled with a rapid increase in consumption of
fossil fuels leads to concern about the emission of greenhouse gases, environment, and climate
changes. In this context, biomass conversion into transport fuels, chemical commodities, and power
generation is getting growing interest and thus biomass resources are becoming a very important
source of renewable energy. There are many conversion technologies for utilizing biomass, such as
direct combustion, biochemical (fermentation and anaerobic digestion), and thermochemical
(pyrolysis, gasification, hydroliquefaction) processes. Among these conversion processes, pyrolysis
plays a vital role in biomass conversion as one of the promising thermal conversion routes.
Non-condensable gases (CO2, CO, CHas, Hy), bio-oil, and solid char are obtained from biomass
pyrolysis. In order to increase the competitiveness of bio-oil in energy and chemical industries,
studies related to the quality of the product performance enhancement are increasingly developing.
Studies are mainly carried out in fast pyrolysis or flash pyrolysis because the yield of bio-oil is
highest in these processes. Unfortunately, practical realization of aforementioned processes is
associated with serious technical and economic problems. Very few studies are in intermediate
pyrolysis conditions. The intermediate pyrolysis also provides sufficiently high yield of bio-oil with
complex composition. Bio-oil with a high content of aromatic, aliphatic hydrocarbons and alcohol is
desirable for fuel production, while phenols and anhydrosugars are high added value products for the
chemical industry.

It is generally known that the bio-oil composition depends on the type of biomass used in the
pyrolysis process. The pyrolysis processes using low quality feedstocks in the conditions of
intermediate pyrolysis are not sufficiently studied. Cultivation of grain is a dominant industry of
agriculture in Latvia. The total production of grain reached 3.0 million tonnes in 2015 of which
wheat amounted to 1.5 million tonnes and buckwheat amounted to 872.2 thousand tonnes. The
buckwheat and wheat straws are a residue of harvest, which usually is being plowed into the ground
as fertilizer. The wheat bran is a by-product of grain milling, which is mainly used as feed for
animals, about 1 % of the total amount of bran is used in food.

Similar to wood, the straw is characterized by lignocellulosic biomass, but with high ash
content. Some types of biomass, such as wheat bran, microalgae, and manure are containing

nitrogen. Straws and bran are considered as low quality raw materials. Thereby buckwheat and wheat
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straw and bran have been chosen for further research with the idea of the production of bio-oil as
feedstock for biofuels and chemicals.

Bio-oil contains a complex mixture of acids, ketones, aldehydes, phenols, hydrocarbons, and
water. Their direct use as conventional fuels may present some difficulties due to their high
viscosity, poor heating value, corrosiveness, and instability. The process needs to be adjusted by
incorporating an additional step for a bio-oil upgrade in order to correspondingly prepare bio-oil for
use as a regular fuel. The upgrading process mainly includes the removal of oxygen. One of the ways
to decrease the amount of oxygen content in bio-oil is pyrolysis in presence of catalysts (catalytic
pyrolysis).

To observe the catalytic effect during research, the amount of catalyst, which is similar to or
greater than the amount of biomass, is used. Certain biomass studies usually start with cheap and
accessible catalysts. CaO and other calcium containing compounds are one of the most popular
catalysts, which are used for pyrolysis to produce high quality fuel gas and bio-oil. Despite the wide
range of studies, there are divergent views about the ability of CaO to reduce oxygen containing
compounds and promote the formation of hydrocarbons. It is known that zeolites have the ability to
promote the deoxygenation reaction of lignocellulosic biomass. However, there are relatively few
studies about the ability of zeolites to promote the formation of hydrocarbons from feedstocks with a
high content of protein and reduce nitrogen containing compounds in pyrolysis oil (bio-oil). Unlike
zeolites, the platinum group catalysts have been extensively studied in the deoxygenation reactions
but due to high cost, those are little used in catalytic pyrolysis. It is known that nanopowder catalysts
can promote the formation of volatile compounds in the pyrolysis process. It is not clear if these
catalysts are suitable for the synthesis of bio-oil for the production of transport fuels.

Systematic studies of catalytic pyrolysis would clarify the possibilities of using local
bioresources (low quality and inexpensive raw materials) in pyrolysis processes with the aim of

producing transport fuels or raw materials for chemical industry.
Objectives of the Thesis

e To find out the influence of composition of local feedstocks and conditions of intermediate
pyrolysis on the composition of pyrolysis products and to evalute the most promising

direction of practical use of products.

e To find out the ability of calcium inorganic, zeolites, noble-metals and nanopowder catalysts
to promote the deoxygenation reactions and increase the value of obtained bio-oil.
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Tasks of the Thesis

To determine the characteristics of feedstocks (proximate analysis, ultimate analysis, ash
composition analysis, chemical composition analysis).

To find out the influence of chemical composition, ash content and composition of
buckwheat straw, wheat straw and wheat bran on the chemical composition of intermediate
pyrolysis products.

To investigate the effect of heating rate on the chemical composition of intermediate
pyrolysis products from buckwheat and wheat straw and wheat bran.

To investigate the effect of pyrolysis temperature on the chemical composition of
intermediate pyrolysis products from buckwheat and wheat straw and wheat bran.

To investigate the influence of calcium inorganic catalysts on the chemical composition of
intermediate pyrolysis products from wheat straw.

To find out the activity of zeolite and noble-metal on the processes of deoxygenation and
denitrogenation in the wheat straw and bran pyrolysis.

To find out the effect of nickel containing nanopowders on the yield and composition of

buckwheat straw pyrolysis products.

Thesis for defense

The pyrolysis process differs when using grain residue with different composition and
structure.

The content of hydrocarbons is increasing in thermal pyrolysis products of grain residue with
increasing protein and lipid content in their composition.

Higher heating rate and pyrolysis temperature during the thermal pyrolysis process,
regardless of the feedstocks, provides higher quality biofuels with the highest hydrocarbon
content in it.

The catalysts have a specific effect on the process of pyrolysis and alter the composition of
pyrolysis products.

The scientific novelty of the Thesis

New knowledge and precision of the influence of hemicellulose, cellulose, starch, lignin,
lipids, proteins and inorganic compounds on the process of lignocellulosic biomass pyrolysis

and the composition of products have been obtained.
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e New knowledge and precision of the influence of conditions of pyrolysis process on the
process of lignocellulosic biomass pyrolysis and the composition of products have been
obtained.

e The activity of four different catalyst groups in the processes of deoxygenation and
denitrogenation has been determined, which allows selecting the most suitable catalysts for

obtaining bio-oil of the required quality.
Practical significance

It has been shown that pyrolysis processes with the aim of producing high quality renewable
fuel are feasible if feedstocks have a higher lipid and protein content and pyrolysis is carried out at
700 °C with a maximum heating rate in intermediate pyrolysis conditions.

It has been found that the most suitable catalysts for the production of transport fuels are
zeolites, noble-metal, and nickel containing nanopowder. Higher content of hydrocarbons in bio-oil
can be achieved by using wheat straw pyrolysis at 700 °C in the presence of ZSM-5 or 5% Pd/C
catalyst.

Approbation of research results
The main results of the Thesis have been summed up in 3 publications, 2 conference
proceedings and 8 conference theses.
Publications
1. K. Lazdovica, L. Liepina, V. Kampars, Comparative wheat straw catalytic pyrolysis in the
presence of zeolites, Pt/C, and Pd/C by using TGA-FTIR method. Fuel Processing

Technology, 138, 645—653, 2015. Netherlands journal. Publisher — Elsevier, IPP — 3.752,

SNIP —1.7. SCOPUS

2. K. Lazdovica, L. Liepina, V. Kampars, Catalytic pyrolysis of wheat bran for hydrocarbons
production in the presence of zeolites and noble — metals by using TGA-FTIR method.

Bioresource Technology, 207, 126-133, 2016. Netherlands. Publisher — Elsevier, IPP —

5.651, SNIP —1.9. SCOPUS

3. K. Lazdovica, V. Kampars, L. Liepina, M. Vilka, Comparative study on the thermal pyrolysis
of buckwheat and wheat straws by using TGA-FTIR and Py-GC/MS methods. Journal of

Analytical and Applied Pyrolysis. 124, 1-15, 2017. Netherlands. Publisher — Elsevier, IPP —

3.471, SNIP — 1.5. SCOPUS
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Conference proceedings

1. K. Lazdovica, V. Kampars, L. Vasarina, J. Grabis, Screening of nanopowders from catalytic
pyrolysis of buckwheat straw bu using TGA-FTIR method. 13th International Conference of
Young Scientists on Energy Issues (CYSENI 2016), 288296, 2016, ISSN 1822-7554.

2. K. Lazdovica, V. Kampars, Catalytic pyrolysis of wheat straw in the presence of inexpensive
calcium — based catalysts by using TGA —-FTIR method. Materials, Methods &
Technologies, Journal of International Scientific Publications, 11, 8-17, 2017, ISSN 1314-
72609.

Conference theses

1. K. Lazdovica, L. Liepina, V. Kampars. Effect of the heating rate on the wheat straw
pyrolysis. In: Abstracts of Riga Technical University 53rd International Scientific Conference
Dedicated to the 150th Anniversary and the 1st Congress of World Engineers and Riga
Polytechnical Institute, Latvia, Riga, 11-12 October 2012.

2. K. Lazdovica, L. Liepina, V. Kampars. TG — FTIR analysis of wheat straw pyrolysis. In: 17"
International scientific conference of EcoBalt2012: Book of Abstracts, Latvia, Riga, 18-19
October 2012.

3. K. Lazdovi¢a, V. Kampars. Effect of temperature and heating rate on the wheat bran
pyrolysis. International Conference on Biofuels for Sustainable Development of Southern
Europe (Bio4SuD): Book of Abstracts, Greece, Thessaloniki, 19-20 November 2012, pp. 52—
53.

4. K. Lazdovica, L. Liepina, V. Kampars. Catalytic pyrolysis of wheat straw with calcium
oxide. In: Abstracts of Riga Technical University 53" International Scientific Conference,
Latvia, Riga, 14-16 October, 2013.

5. K. Lazdovica, L. Liepina, V. Kampars. Catalytic pyrolysis of wheat straw with ZSM-5,
MCM-41 and CaO. In: Abstracts of Riga Technical University 55th International Scientific
Conference, Latvia, Riga, 14-17 October 2014.

6. K. Lazdovica, V. Kampars, L. Vasarina, and J. Grabis. Comparative buckwheat straw
catalytic pyrolysis in presence of Ni/MgO, Fe2NiO4, Ni/Al,O3 by using TGA-FTIR method.
In: Abstracts of Riga Technical University 56th International Scientific Conference, Latvia,
Riga, 14-16 October 2015.

7. K. Lazdovica, V. Kampars, J. Grabis, L. Vasarina. Screening of nanopowders for catalytic
pyrolysis of buckwheat straw by using TGA — FTIR method. 13th International Conference
of Young Scientists on Energy Issues (CYSENI 2016), Lithuania, Kaunas, 26-27 May 2016.
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8. K. Lazdovica, V. Kampars, Catalytic pyrolysis of wheat straw in the presence of inexpensive
calcium — based catalysts by using TGA -FTIR method. Materials, Methods &
Technologies, Bulgaria, Elenite, 25—30 June 2017.
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SHORT CONTENT OF THE DOCTORAL THESIS

In the literature, review information is gathered about thermochemical processes of the main
components of biomass in an inert atmosphere, as well as the factors, which affect the yield and
composition of pyrolysis products such as pyrolysis temperature, heating rate, and catalysts. It has
been shown that the range of catalysts used in catalytic pyrolysis studies is abundant, starting with
alkalies and inorganic salts and ending with zeolites and nanomaterials with complex structures.
Despite the wide range of research, practically relevant solutions have not yet been found but the
variety of feedstocks and pyrolysis conditions used in research does not allow to make conclusions
even on the most popular groups of the catalyst utilization prospects.

We used the grain residue (wheat and buckwheat straw) and grain milling by-products (wheat
bran) from K/S “LATRAPS” as feedstocks in thermal and catalytic pyrolysis studies. First, we
determined the characteristics of feedstocks. The influence of main factors (chemical composition of
feedstocks, ash contents and composition, pyrolysis temperature, heating rate, and catalysts) on the
composition and content of non-condensable gases and condensable gaseous products from pyrolysis
were identified using step-by-step approach.

In the experimental part of the Thesis, the description of all methods, materials, and reagents
used, and all experiments has been done. The average value of three experiments is used to compare
the relative yield of obtained products during pyrolysis without and with the catalyst. The probability
of the confidence interval was equal to p = 0.95, that complies with Student’s distribution coefficient

for three experiments — to.95:3 = 4.303.

42



MAIN RESULTS OF THE DOCTORAL THESIS

Characterization of feedstocks

The main properties of interest in processing biomass as an energy source are the following:
moisture content, the proportion of volatiles and fixed carbon, ash content, calorific value, alkali
metal content and hemicelluloses/cellulose/lignin ratio. The proximate, ultimate, composition
analysis and higher heating values (HHV), and the moisture content of feedstocks are given in
Table 1.

Table 1
Characterization of Wheat and Buckwheat Straws and Wheat Bran

Feedstocks Wheat straw Bu;:tkr \;vvf\;eat Wheat bran
HHV, J/g? 17 658 16 500 18 725
Proximate analysis (wt.%)?2
Volatile matter 74.6 73.4 76.5
Fixed carbon® 20.4 17.1 18.0
Ash 5.0 9.5 5.5
Ultimate analysis (wt.%0) 2

C 44.87 41.78 45.00
H 5.74 5.37 6.52
N 0.36 0.61 2.78
S 0.24 0.24 0.25

o° 43.79 42.50 39.95

Composition analysis (wt.%)?

Cellulose 45.1 40.1 17.3
Hemicelluloses® 30.2 16.4 28.7
Klason Lignin 17.3 24.8 10.7
Lipid 1.1 1.6 2.8
Extractives 1.2 7.4 3.0
Others? — - 32.0
Relative moisture (wt.%) 9.1 8.8 9.8

aDry biomass

b O (wWt.%) = 100% - (C% + H% + N% + S%) — ash%

¢Hemicelluloses% (Buckwheat and wheat straws) = 100% - cellulose% - lignin% - lipid% - extractives% — ash%
dOthers (wt.%) = 100% - cellulose% - hemicelluloses% - lignin% - lipid% - extractives% - ash%

¢ Fixed carbon (wt.%) = 100% - volatile matter% - ash%

As shown in Table 1, all feedstocks have a high content of carbon and oxygen, as the main
components of biomass are hemicelluloses, cellulose, and lignin. Wheat bran also contains starch.
Buckwheat and wheat straws have low nitrogen content, it is important because higher nitrogen

percentage may cause NOx emissions during combustion. Unlike straws, wheat bran has a high
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nitrogen content of 2.78 %, which indicates the presence of proteins. All feedstocks comprise also
low sulfur content, which will cause emissions or corrosion during utilization.

It can be seen that wheat bran has a higher volatile matter than wheat and buckwheat straws.
Wheat straw has lower amount of ash than wheat bran and buckwheat straw. Ash has adverse effects
on the calorific value — HHV decreases as the amount of ash increases. Ash also contributes to the
corrosion and slag formation. Buckwheat straw has a high ash level and therefore low HHV value.

It can be assumed that the chemical composition of feedstocks provides the first indication of
the resulting pyrolysis products. Buckwheat straw has a high content of lignin — 24.8 wt.%, which is
higher than wheat straw and bran. It could be expected that the content of aromatic hydrocarbons and
phenols from buckwheat straw pyrolysis will be much higher than from the pyrolysis of wheat straw
and bran. Wheat straw and bran have a high content of hemicellulose — 30.2 wt.% and 28.7 wt.%,
respectively. It could be expected that the content of acids from wheat bran and straw pyrolysis will
be much higher than from buckwheat straw. The high content of cellulose (45.1 wt.%) in wheat
straw indicates that it will have a higher content of anhydrous sugar than wheat bran and buckwheat
straw pyrolysis products. The protein content of wheat bran indicates that the pyrolysis products will
also contain nitrogen-containing compounds.

The fast growing biomass (straw and grass) contains a high amount of ash and great
concentration of alkali salts and chlorine, making them a problematic feedstock, compared to wood.
The major elements in biomass, such as Na, K, Ca, Mg, Fe and P are especially important for any
thermochemical conversion process. The major elements are the key relevance regarding ash
melting, deposit and slag formation, as well as corrosion. Catalytically active ash components such
as Na, K, Ca, and Fe favour the conversion to char and gas, reducing the amount of bio-oil in the

pyrolysis process.
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Fig. 1. Major and minor elements in the ash of dry buckwheat and wheat straws and wheat bran.

As presented in Fig. 1, buckwheat straw showed a higher concentration of major elements (K,
Ca, Mg, CI) than wheat straw and bran. CI content in straws is generally higher than in bran, the

main effect of Cl is the corrosive effect and HCI emissions.
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The physical characteristics and chemical composition of all feedstocks differ, especially ash
content and composition. This suggests that the product quantity and distribution will be various

from thermal pyrolysis of buckwheat and wheat straws, and wheat bran.

Thermal decomposition of buckwheat and wheat straws, and wheat bran
The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of all
feedstocks from 30 °C to 950 °C at the heating rate of 100 °C/min are presented in Fig. 2.

Active pyrolysis zone Passive pyrolysis zone

Active pyrolysis zone ah

5

80
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40
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Weight loss, %

‘Wheat bran

o Wheat straw

o Buckwheat straw

Temperature, °C -45

Temperature, "C

Fig. 2. TG (a) and DTG (b) curves of feedstocks with heating rate 100 °C/min.

Thermal decomposition of wheat straw and bran occurred in three major weight loss steps.
By contrast, thermal degradation of buckwheat straw showed four major weight loss steps (see Fig. 2
and Table 2). The first weight loss step, which corresponds to the removal of moisture, occurred at
the temperature range between 30 °C and 100 °C. The second weight loss step occurred upon
extensive decomposition temperature range from 180 °C to 500 °C and is related to the degradation
of extractives, hemicelluloses, cellulose, and lignin components of biomass. Unlike straw, the bran
also contains starch and proteins. The weight loss of wheat bran up to ~550 °C can be related to the
thermal decomposition of starch and proteins decomposition of which will proceed in this
temperature region. This step can be ascribed to a series of reactions involving dehydration,
decarboxylation, and decarbonylation, fragmentation, and rearrangement [1]—[4].
The second weight loss step of biomass represents the active pyrolysis zone. By using wheat straw,
the inflection point (where there is maximum rate of weight loss) of this step was 334 °C. Unlike
wheat straw, the wheat bran and buckwheat straw have two inflection points of this step (see
Table 2). The largest amount of nitrogen containing compounds from pyrolysis of protein was
registered at ~450 °C [5], which suggests that the second inflection point from thermal degradation
of wheat bran is due to the thermal decomposition of proteins. The second inflection point from

thermal degradation of buckwheat could be caused by the thermal decomposition of lignin.
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Table 2

Steps of Thermal Degradation of Biomass

Active pyrolysis zone Passive pyrolysis zone
FeedStOCkS Ts, OC Tmax, OC Tmaxz, OC Tb, OC Tmaxa, OC sz, OC
Wheat bran 197 330 450 570 - 750
Wheat straw 193 334 - 550 - 700
Buckwheat
220 345 520 575 760 850
straw

*Ts — the start temperature of thermal degradation

*Tmax, Tmax?, Tmax® (DT Gmax) — inflection points

*Tp — the end temperature of thermal degradation in the active pyrolysis zone
*Ty?- the end temperature of thermal degradation

The third weight loss step of buckwheat observed at the temperature range from 500 °C to
690 °C and the final weight loss step of wheat straw and bran from 500 °C to 700 °C corresponds to
the pyrolysis of lignin and charring of the residue. The final weight loss step of buckwheat straw
represents the passive pyrolysis zone between 690 °C and 950 °C and the inflection point of this step
was 760 °C.

‘Wheat bran Wheat straw Buckwheat straw
76 6.5 74,4 4.6 .
100 100 100
HAzh %
80 80 80
60 60 60 Solid residue %
20 204 0
0 184 150 40 BV olatile matter %
20 SiT Sis 20 51 50 20
0
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Fig. 3. The products of thermal degradation from biomass pyrolysis at 700 and 950 °C.

As depicted in Fig. 3, buckwheat and wheat straws have a similar amount of volatile matter at
950 °C, but the yield of char is various. The yield of volatile products from buckwheat and wheat
straws and wheat bran at 950 °C is 73.4 %, 74.6 %, and 76.5 %, respectively. The yield of char from
buckwheat and wheat straws and wheat bran is 17.1 %, 20.4 %, and 18.0 %, respectively. Wheat
straw and bran have a lower ash content, lower concentration of potassium, magnesium, and calcium
contents than buckwheat straw (see Figs. 1 and 3). Obviously, alkali metals in ash promote

secondary decomposition of solid residue.
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The overall shape of TG and DTG curves changes depending on the ash content and
composition in biomass, which suggests that the evolution profiles of non-condensable gases and

condensable gaseous products will be different.
Thermal pyrolysis

Intermediate pyrolysis of biomass has been investigated using thermogravimetric analyzer
coupled with Fourier transform infrared spectrometer (TGA-FTIR). The study focused only on the

volatile compounds, the composition of char was not investigated.
The relative yield of volatile compounds and evolution profiles

The typical output from TG-FTIR instrument is IR spectra as a function of time that pre-
programmed on temperature shows three-dimensional (3D) absorbance stacks plot obtained from
volatilized compounds of biomass thermal decomposition in an inert atmosphere. During the process
of pyrolysis, all acquired TG-FTIR data are gathered and subsequently can be used for obtaining an
absorption spectra profile over the time/temperature range for each volatile. In this study, except in
the case of heating rate, the relative yield for each compound is assumed as an integral intensity of
absorbance-temperature curve (2D curve). In the case of heating rate, the relative yield of each
compound is assumed as an integral intensity of absorbance-time curve (2D curve). This is entirely
justified only in the case of determining the relative yield of individual compounds in theory.
Determination of relative yield for the class of organic compounds from the intensity of only one
characteristic adsorption band can be correct only by assumption that the composition of compounds
during the experiments changes very little. Such assumption that is recognised as correct in all

scietific publications based on TG-FTIR measurements is taken also in this work.

The evolution profiles and relative yield of non-condensable gases

According to the literature [6]—[10] the absorption band at 2300 cm™ is most suitable for
quantification of carbon dioxide, 2180 cm™ for carbon monoxide and 3014 cm™ for methane.
Identification of non-condensable gases of biomass intermediate pyrolysis was performed by
Spectrum Search Plus database library and literature [6]—[9]. We used optical density at 2309 cm™,
2182 cm™ and 3014 cm™ for the quantification of carbon dioxide, carbon monoxide and methane,
respectively.

It can be clearly seen that the relative yield of non-condensable gases varies depending on the
feedstock, larger amounts of non-condensable gases are released from buckwheat straw pyrolysis.

As depicted in Fig. 4, the relative yield of carbon dioxide from buckwheat straw is 2.2 and

1.7 times higher than from wheat bran and straw, respectively. A similar trend was also observed for
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the relative yield of carbon monoxide and methane. The relative yield of carbon monoxide from
buckwheat straw is 3.3 and 2.2 times higher than from wheat bran and straw, respectively. The
relative yield of methane from buckwheat straw is 2.1 and 1.7 times higher than from wheat straw
and bran, respectively. The evolution profiles of non-condensable gases from pyrolysis of feedstocks
are shown in Fig. 4. It can be clearly seen that the carbon dioxide from buckwheat straw pyrolysis

showed a different evolution trend than from wheat straw and bran.

0.40

b
(=]

B Wheat straw B Wheat bran 8 Buckwheat straw
=
£ 030 2 30
B Carbon dioxide ®
%5 3
za 0.20 2 20
in 0.10 é L
=] b 10
o : ! s [
30 230 Tem;?rgture, 0330 830 Carbondioxide Carbon monozide Methane

0,05 0.05
%'_: 0.04 £ 0.04 Carbon monoxide
E E 0.03 % ﬂE 0.03
== Methane =49 =
28] 0.02 S8 oo
= Ef‘l
S oot & on

0.00 ' 0.00 =

30 230 430 630 830 30 230 430 630 830
Temperature, °C Temperature, °C

Fig. 4. The evolution profiles and relative yield of non-condensable gases from pyrolysis of
feedstocks at the heating rate of 100 °C/min.

The evolution profile of carbon dioxide from wheat straw and bran pyrolysis occurred in the
temperature range from 200 °C to 600 °C with one peak at Tmax 0f 330 °C and 361 °C, respectively.
By using buckwheat straw in the temperature range from 290 °C to 840 °C with two peaks detected
at Tmax Of 361 °C, Tmax of 695 °C. According to the literature, formation of carbon dioxide at low
temperature (<350 °C) is mainly attributed to the primary decomposition of O-acetylxylan unit of
hemicelluloses through the decarboxylation reaction. It has been reported that cellulose contributed
only a small portion of carbon dioxide production. The release of carbon dioxide at high temperature
(350-500 °C) mostly was conducted by lignin degradation. Wheat bran and straw have higher
content of cellulose and hemicelluloses than buckwheat straw, thereby the source of carbon dioxide
at low temperature (<400 °C) from buckwheat straw is not only thermal degradation of hemicellulose
and cellulose. Buckwheat straw has higher content of lignin than wheat straw and bran. Most likely
the release of carbon dioxide at high temperature (400-600 °C) from BWS was conducted by lignin

degradation.
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Authors Abdullah et al. accepted that the yield of carbon dioxide rises substantially with
increased ash content in the feedstock. It is generally accepted that ash, particularly potassium, is
catalytically active and favours secondary reactions leading to the reduction in organic compounds
yield, and correspondingly increases water and non-condensable gases [11]. It is feasible that an
increase of carbon dioxide from buckwheat straw indicates that the alkali metals in the ash promote
the secondary cracking reactions of the pyrolysis vapors. It is likely that the secondary
decomposition of solid residue formed from buckwheat straw caused the release of carbon dioxide
from 670 °C to 840 °C.

The evolution profile of carbon monoxide from wheat straw pyrolysis occurred in the
temperature range from 230 °C to 470 °C with one peak at Tmax of 361 °C. By using buckwheat
straw, the evolution profile of carbon monoxide changed significantly, like in the case with evolution
curve of carbon dioxide (see Fig. 4). The evolution curve of carbon monoxide located in the region
from 240 °C to 950 °C with three peaks at Tmax Of 353 °C, Tmax Of 517 °C, and Tmax 0of 770 °C.
According to the literature, the formation of carbon monoxide below 450 °C was the consequence of
the cleavage of carbonyl, carboxyl, and ester groups in the side-chain lignin and decarbonylation
reactions of the low molecular weight products, especially the aldehyde-type compounds. Pyrolysis
of lignin releases an important amount of carbon monoxide between 500 °C and 800 °C
corresponding to the conversion of some oxygenated groups still present in the residue. Similar to the
case of carbon dioxide, the increase of the relative yield of carbon monoxide from buckwheat straw
indicates that alkali metal in ash plays an important role in the secondary cracking reactions of the
pyrolysis vapors and secondary decomposition of solid residue.

The evolution curve of carbon monoxide from wheat bran occurred in the temperature range
from 250 °C to 600 °C with two peaks Tmax of 320 °C and Tmax 0of 461 °C. One of the products of
thermal degradation of proteins is isocyanate, the evolution of carbon monoxide occurred in the
temperature range from 400 °C to 600 °C due to the thermal decomposition of isocyanate [12].

It is generally known that methane is a thermal degradation product of lignin. The buckwheat
straw produced more methane than wheat straw and bran. The relative yield of methane from
buckwheat straw is 2.1 and 1.7 times higher than from wheat straw and bran, respectively. As shown
in Fig. 4, the curve of methane evolving from buckwheat, wheat straws, and wheat bran occur in the
same temperature range — from 340 °C to 840 °C with one peak at Tmax 0f 578 °C, Tmax 0f 520 °C
and Tmax of 578 °C, respectively. The relative yield of methane from wheat bran is 1.2 times higher
than from wheat straw. Methane is also formed as a result of the thermal degradation of proteins

[12], thus increasing the total amount of methane.
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The evolution profiles and relative yield of hydrocarbons

According to the literature [4], [10], [12]—[15] the absorption bands of 3032 cm™, 1598 cm 7,
740 cm ! are most suitable for quantification of aromatics, 950 cm™ for olefins and 2869 cm™ for
aliphatics. We used optical density at 742 cm, 950 cm™ and 2869 cm* for the quantification of
aromatics, olefins, and aliphatics, respectively.

It can be clearly seen that the relative yield of hydrocarbons varies depending on the
feedstock, the largest amounts of hydrocarbons are released from wheat bran pyrolysis but the
smallest amount — from wheat straw pyrolysis.

As shown in Fig. 5, the evolution profile of aromatics from all feedstocks pyrolysis occurred
in the temperature range from 250 °C to 550 °C with one peak. The relative yield of aromatics from
buckwheat straw is 1.4 times higher than wheat straw. Buckwheat straw has 1.4 times higher content
of lignin than wheat straw. Meanwhile, the formation of aromatics from wheat bran is associated not
only with lignin but also with the thermal degradation of proteins. The regnant aromatic amino acids
of wheat bran protein are phenylalanine (Phe) and tyrosine (Try) [12], [16] and it is feasible that the

formation of aromatics is associated with the thermal cracking of aromatic side chains of proteins.
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Fig. 5. The evolution profiles and relative yield of hydrocarbons from pyrolysis of feedstocks at the
heating rate of 100 °C/min.
As shown in Fig. 5, the largest amounts of olefins are released from wheat bran and
buckwheat straw pyrolysis but the smallest amount from wheat straw pyrolysis. The relative yield of

olefins from buckwheat straw and wheat bran is 2 times higher than wheat straw. The evolution of

50



olefins from all feedstocks happened at the same temperature range — from 430 °C to 640 °C with
one peak. The olefins are formed from alcohols through dehydration reactions.

As shown in Fig. 5, the curve of aliphatics evolving from wheat bran occurs in the
temperature range from 400 °C to 600 °C with one peak at Tmax 0f 475 °C. The prevailing aliphatic
amino acids present in proteins of wheat bran are alanine (Ala), isoleucine (lle), leucine (Leu), and
valine (Val). The thermal decomposition of Val, Leu, and lle may result in the formation of aliphatic
and olefinic compounds [16]-[18].

The results of experiments show that the hydrocarbon content from biomass pyrolysis
increases with increasing protein and lipid content in their composition. The content of hydrocarbons
from wheat bran pyrolysis is much higher than from straws pyrolysis and if the purpose of pyrolysis
IS to obtain transport fuels, wheat bran is the most suitable feedstock for this purpose.

The evolution profiles and relative yield of compounds containing carbonyl and carboxyl
groups

According to the literature [2], [6], [7], [13], [14], [19], [20] the absorption bands of
1800 cm, and 1180 cm ~tare most suitable for quantification of acids, 2750 cm™* and 1700 cm™ for
aldehydes and 1740 cm™ for ketones. We used optical density at 1797 cm™, 1738 cm™ and
1702 cm* for the quantification of acids, ketones, and aldehydes, respectively.

It can be clearly seen that the relative yield of compounds containing carbonyl and carboxyl
groups varies depending on the feedstock, the largest amounts of compounds containing carbonyl
group are released from wheat bran pyrolysis but the smallest amount — from buckwheat straw
pyrolysis. The largest amounts of compounds containing carboxyl group are released from
buckwheat straw pyrolysis.

As presented in Fig. 6, the relative yield of organic acids from buckwheat straw pyrolysis is
1.3 and 1.7 times higher than from wheat straw and bran, respectively.

It can be clearly seen that the acids from buckwheat straw pyrolysis showed a different
evolution trend than from wheat straw and bran. The evolution profile of acids from wheat straw and
bran pyrolysis occurred in the temperature range from 200 °C to 600 °C with one peak at Tmax Of
358 °C and at Tmax 0f 348 °C, respectively. By using buckwheat straw in the temperature range from
213 °C to 820 °C two peaks were detected — at Tmax 0f 344 °C and Tmax 0f 716 °C. Wheat straw has a
higher content of cellulose and hemicelluloses than buckwheat straw. Respectively, intermediate
pyrolysis of wheat straw produced more thermal degradation products of cellulose and
hemicellulose, nevertheless the largestamount of acids was generated from pyrolysis of buckwheat

straw. The presence of potassium in biomass promotes the decomposition of cellulose to acidic
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products such as acetic and propionic acids. It is possible that the catalytically active ash components
such as potassium and sodium in the buckwheat straw catalyzed the formation of organic acids.

The increasing amount of acids in bio-oil from biomass pyrolysis causes lower pH value of
bio-oil. Bio-oil becomes corrosive and less stable because organic acids have the ability to catalyze

polymerization reactions in bio-oil. Wheat bran is the most suitable feedstock for the production of

low acids bio-oil.
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Fig. 6. The evolution profiles and relative yield of compounds containing carbonyl and

carboxyl groups from pyrolysis of feedstocks at the heating rate of 100 °C/min.

Whereas the relative yield of ketones from wheat bran pyrolysis are 1.5 and 1.2 times higher
than from buckwheat and wheat straws, respectively. The relative yield of aldehydes from wheat
bran pyrolysis is 1.5 and 2.1 times higher than from buckwheat and wheat straws, respectively. It is
generally known that acids, ketones, and aldehydes are thermal degradation products of
hemicelluloses and celluloses. As shown in Fig. 6, the curve of ketones evolving from all feedstocks
occurs in the same range of temperature — from 235 °C to 600 °C with one peak at Tmax 0f 353 °C
(buckwheat straw), Tmax 0f 347 °C (wheat bran) and Tmax Of 340 °C (wheat straw). The evolution
profile of aldehydes from all feedstocks located in the region from 235 °C to 525 °C with one peak at
Tmax 0f 358 °C (wheat straw), Tmax 0f 347 °C (wheat bran) and Tmax of 353 °C (buckwheat straw).

Ketones and aldehydes are potential transport fuel precursors [21], but as all oxygen-
containing compounds reduce the calorific value of biofuels and also promote the aging of biofuels

during operation and storage.

52



The evolution profiles and relative yield of compounds containing hydroxyl groups

According to the literature [4], [13]-[15], [22], [23] the absorption bands of 3200 cm™ and
1060 cm ! are most suitable for quantification of alcohols, 3610 cm, 1500 cm™ and 1300 cm for
phenols and 3755 cm™ for water. We used optical density at 1508 cm™, 1062 cm™ and 3755 cm™
for the quantification of phenols, alcohols, anhydrosugars, and water, respectively.

It can be clearly seen that the relative yield of compounds containing hydroxyl groups varies
depending on the feedstock, the largest amounts of phenols are released from buckwheat straw
pyrolysis but the smallest amount — from wheat bran pyrolysis. The largest amounts of alcohols and
anhydrosugars are released from wheat straw pyrolysis.

As presented in Fig. 7, the relative yield of phenols from buckwheat straw pyrolysis is 1.4
and 2.7 times higher than from wheat straw and bran, respectively, due to the larger amount of
lignin. The curve of phenols evolving from all feedstocks occurs in the same temperature range —
from 230 °C to 780 °C with one peak at Tmax 0f 382 °C (wheat straw), Tmax 0f 367 °C (wheat bran)
and Tmax of 370 °C (buckwheat straw).
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Fig. 7. The evolution profiles and relative yield of compounds containing hydroxyl groups

from pyrolysis of feedstocks at the heating rate of 100 °C/min.

The relative yield of alcohols, anhydrosugars from wheat straw is d 1.2 and 2.5 times higher
than from wheat bran and buckwheat straw, respectively. The evolution profile of alcohols,
anhydrosugars from all feedstocks pyrolysis occurred in the temperature range from 220 °C to
580 °C with one peak at Tmax 0f 356 °C (wheat bran), Tmax 0f 362 °C (buckwheat straw) and Tmax of
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358 °C (wheat straw). The relative yield of water from BWS pyrolysis is released 1.5 and 1.3 times
higher than from wheat straw and bran, respectively. The evolution profile of water from buckwheat
straw pyrolysis occurred in the temperature range from 150 °C to 740 °C with two peaks at Tmax Of
367 °C and Tmax of 571 °C. By using wheat straw and bran, the evolution curve of water located in
the region from 200 °C to 740 °C with two peaks at Tmax 0f 358 °C and Tmax 0f 537 °C. It is possible
that the increase in the relative yield of water from buckwheat straw indicates that alkali metals,
particularly potassium, in ash play an important role in the dehydration reaction [24]—[26].

If the pyrolysis were used in the chemical industry, the most anhydrosugars could be obtained
from the wheat straw pyrolysis, while the highest amount of phenolic derivatives would be produced

from buckwheat straw.

The evolution profiles of nitrogen containing compounds

According to the literature [5], [12], [27] the absorption band of 965 cm™ and 930 cm is
most suitable for quantification of ammonia, 2280 cm™* for isocyanate and 3330 cm™* and 720 cm
for hydrogen cyanide. Identification of nitrogen containing compounds of wheat bran intermediate
pyrolysis was performed by Spectrum Search Plus database library and literature [5], [12], [27]. We
used optical density at 965 cm™, 2281 cm™ and 720 cm™ for the quantification of ammonia,
isocyanate and hydrogen cyanide, respectively.

As presented in Fig. 8, the evolution profile of ammonia from wheat bran pyrolysis occurred
in the temperature range from 180 °C to 692 °C with two peaks at Tmax 0f 239 °C and Tmax of 455 °C.
The prevailing amino acids of the protein in wheat bran are glutamine (GIn), glutamic acid (Glu),
asparagine (Asn), and aspartic acid (Asp). The deamidation and dehydrolysis are suggested as the
primary decomposition reaction of protein. It is possible that the ammonia can be formed from
deamidation reaction of a protein having Ashn and GIn residues together with maleimide,
succinimide, 2-pyrrolidone, and glutarimide, pyridine-2,6(1H,3H)-dione as byproducts [5].

As presented in Fig. 8, the evolution profile of isocyanate from wheat bran pyrolysis occurred
in the temperature range from 367 °C to 673 °C with one peak at Tmax Of 541 °C. The evolution
profile of hydrogen cyanide from wheat bran pyrolysis occurred in the temperature range from
503 °C to 785 °C with one peak at Tmax 0f 541 °C. One of the main reactions is the formation of
diketopiperazine from pyrolysis of oligopeptides, polypeptides, and protein. Hydrogen cyanide and
isocyanate are mainly formed from cracking of diketopiperazine, and isocyanate also produces

hydrogen cyanide and carbon monoxide by further decomposition [5], [27].
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Fig. 8. The evolution profiles of nitrogen containing compounds from pyrolysis of wheat bran at the

heating rate of 100 °C/min.

The biomass with a high amount of nitrogen produces toxic compounds such as ammonia,
isocyanides and hydrogen cyanide in pyrolysis. Which requires the pyrolysis processes of such a

product to be implemented in strict compliance with safety regulations.

Effect of heating rate on the product yields
It is generally accepted that the slow pyrolysis favours the formation of bio-char, whereas fast

pyrolysis is preferred when bio-oil is the target product. It is known that the yields of liquid and gas
increased with increasing heating rate. The higher the heating rate, the less time is available for tar
cracking and consequently, the more tar is produced the less char there is.

In this study, the experiments were conducted with four different heating rates (60 °C/min,
80 °C/min, 90 °C/min, 100 °C/min) at a final temperature of 700 °C to determine the effect of
heating rate on the product yield of pyrolysis of all feedstocks.

According to the results, when the heating rate was increased from 60 °C/min to 100 °C/min,
the relative yield od acids from all feedstocks pyrolysis decreased (see Fig. 9). The relative yield of
water, alcohols and anhydrosugars increased a little while the relative yield of olefins, phenols, and
compounds containing carbonyl groups remained almost constant with small fluctuations from all
feedstocks pyrolysis. The effect of the heating rate on the relative yield of aromatics and aliphatics

turned out to be dependent on the feedstocks.
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Fig. 9. Effect of heating rate on the relative yield of the acids, alcohols, anhydrosugars and aromatics
during the pyrolysis of all feedstocks.

It can be concluded that regardless of the raw material the higher heating rate in the thermal

pyrolysis process provides higher quality bio-oils with the lowest acids and higher hydrocarbons,

anhydrosugars, and phenols in it.
Effect of pyrolysis temperature on the product yield

Temperature is the most important parameter for pyrolysis of lignocellulosic biomass and it
plays a significant role in the product distribution. It is generally accepted that the relatively low
pyrolysis temperature around 400 °C promotes the formation of solid residue, while temperature up
to 600 °C maximizes the production of bio-oil and above 700 °C favours gaseous products and
decreases the formation of bio-char.

In this study, the experiments were conducted with a heating rate of 100 °C/min at final
temperatures of 250 °C, 300 °C, 400 °C, 500 °C, 600 °C, and 700 °C to determine the effect of
pyrolysis temperature on the product yield of pyrolysis from all feedstocks.

According to the results, when the pyrolysis temperature was increased from 300 °C to
500 °C, the relative yield of acids increased but from 500 °C to 700 °C decreased from all feedstocks
pyrolysis (see Fig. 10). It shows that the formation reaction of acetic acid is less competitive at
higher temperature conditions, higher temperature induced the destruction of this product. The
concentration of ketones and aldehydes increased with the increase of pyrolysis temperature, going
through a maximum at about 600 °C and was relatively constant from 600 °C to 700 °C. According
to the results, when the pyrolysis temperature was increased from 300 °C to 600 °C, the relative yield
of water increased but was relatively constant from 600 °C to 700 °C from the pyrolysis of all

feedstocks.
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Fig. 10. Effect of pyrolysis temperature on the relative yield of acids, ketones, aldehydes, and
water during the pyrolysis of all feedstocks.

It can be concluded that the recommended pyrolysis temperature is 700 °C for all feedstocks
in order to obtain a better quality bio-oil with the lowest organic acid content.

As depicted in Fig. 11, the relative yield of phenols during pyrolysis increased with
increasing pyrolysis temperature, going through a maximum at about 600 °C (wheat bran) and

700 °C (buckwheat and wheat straw). The relative yield of aromatics during pyrolysis increased with

increasing pyrolysis temperature. Compared to phenols and aromatics, the evolution of olefins delays

at low temperature, the relative yield of olefins from pyrolysis of all feedstocks increased from

500 °C to 700 °C. The production of phenols and aromatics become more extensive with the rise of

temperature, encouraging the decomposition of lignin. It can be concluded that the recommended

pyrolysis temperature is 700 °C for all feedstocks in order to obtain a better quality bio-oil with the

higher hydrocarbons and phenols content.
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Fig. 11. Effect of pyrolysis temperature on the relative yield of hydrocarbons and phenols

during the pyrolysis of all feedstocks.

The relative yield of alcohols, and anhydrosugars increased with increasing pyrolysis
temperature, going through a maximum at about 500 °C and decreased at 700 °C from buckwheat
straw and wheat bran. The relative yield of alcohols, and anhydrosugars was going through a
maximum at about 600 °C and decreased at 700 °C from wheat straw.

If the pyrolysis were used in the chemical industry the highest amount of anhydrosugars
could be obtained from the wheat straw pyrolysis at 600 °C, whereas from buckwheat straw and
wheat bran — at 500 °C.

Catalytic pyrolysis

When evaluating bio-oil as a fuel, it should be recognized that it has a high content of organic
acids. The organic acids and nitrogen containing compounds have the ability to catalyze
polymerization reactions in bio-oil, thus reducing their stability. The oxygen containing compounds
can reduce the calorific value of bio-oil but ketones and aldehydes also contribute to the aging of
bio-oil during operation and storage. The bio-oil value could be increased by reducing the amount of
carbonyl and carboxyl containing compounds and by increasing the amount of monoaromatic and
aliphatic hydrocarbons as well as the alcohol content [28]. When assessing the bio-oil as a renewable
raw material for the chemical industry, it should be noted that anhydrosugars, phenols, and furans are

high value added chemicals. More or less selective catalytic pyrolysis would be one of the ways to
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improve the bio-oil composition for one and the other aim, therefore it is extensively studied.
Unfortunately, practically significant solutions have not been found by now.

In this study, the catalytic effect of calcium-based catalysts (CaO, Ca(OH)2, CaCOsz and
calcined dolomite) on the pyrolysis of wheat straw were studied, we were focusing only on the
composition of volatile compounds. The composition of biochar and coke were not investigated. The
influences of ZSM-5, MCM-41, 5 % Pt/C and 5 % Pd/C on the pyrolysis of wheat straw and wheat
bran and the catalytic effect of nanopowders (NiFe2O4, Ni-MgO, Ni-Al>O3, NiAl204, Ni-MnAl204)
on the pyrolysis of buckwheat straw were studied. All experiments were conducted with a heating
rate of 100 °C/min at final temperatures of 700 °C to determine the effect of a catalyst on the product
yield of pyrolysis. The mass of the sample consists of 32 mg of biomass and 32 mg of catalyst
(1:1). We assumed that catalysts, which change the composition of volatile compounds by at least
40 %, can be considered perspective (see Table 3).

If the purpose of catalytic processes is to obtain high-value biofuel, several catalysts can be
used to achieve the target.

It can be clearly seen that the yield of organic acids significantly decreased when CaO,
Ca(OH), and calcined dolomite (CaO-MgO) were used as catalysts, compared to the non-catalyzed
experiment, they partially improve the bio-oil composition. Unlike MCM-41, by using ZSM-5 the
relative yield of compounds containing carbonyl groups decreased and relative yield of aromatics
increased from wheat straw pyrolysis. MCM-41 enhances the formation of aromatics from wheat
bran pyrolysis. MCM-41 and ZSM-5 are not able to reduce the yield of acids, which is a
disadvantage of these catalysts.

The noble—metal catalysts (5 % Pt/C and 5 % Pd/C) considerably decreased the formation of
acids, including acetic acid, ketones, and aldehydes but increased the formation of aromatic and
olefinic compounds from wheat straw and bran pyrolysis.

All nickel containing nanopowders are able to reduce the solid residue and promote the
content of aromatics in bio-oil obtained from buckwheat straw pyrolysis.

The noble-metal catalysts and zeolites showed high selectivity of aromatics compared to the
nanopowders and non-catalytic process, the ranking order of aromatics selectivity was 5 % Pt/C and
5% Pd/C =~ MCM-41 and ZSM-5 > nanopowders.
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Table 3
Summary of the Effect of all Catalysts

Catalysts that change the characterization by at least 40 %
Condensable volatile compounds
Acids Aldehydes | Ketones Alcohols, Phenols Aromatics Olefins
anhydrosugars
> CaO d? - - d — d —
© Ca(OH); d — — d — d —
E CaCOs — — — — — — —
s CaO-
% « o) d - - d - - -
ZSM-5 — d - d - i° i

MCM-41 — — — d — i i

5% Pd/C — d d — — i i

5 % Pt/C — d d _ d i i

Condensable volatile compounds

= : Alcohols, . . . .
o Acids Aldehydes | Ketones Phenols | Aromatics Olefins | Aliphatics
5 anhydrosugars
=| ZSM-5 - - - - - - i -
2 MCM-41 — — — — — i i —
= [ 5%Pd/C d — d - - i i d

5 % Pt/C d d d — — i i d
= Condensable volatile compounds
g Aromatics Olefins
= - -
g |\l\|lil-FAe|22%43 : :
i _
2| NiALO, i
S| Ni-MnAl,0, i —
0™ Ni-MgO0 i i

2 decreased
Pincreased

To summing up all the results of the research carried out, it has to be concluded that the
highest content of hydrocarbons in biofuel can be achieved at 700 °C in the presence of ZSM-5 and
5 % Pd/C from wheat straw pyrolysis.

Product distribution from pyrolysis of wheat straw without and with catalysts

Non-condensable gases, bio—oil, and solid residue (biochar and ash) are obtained from
biomass pyrolysis. When evaluating bio—oil as transport fuel, essential is not only its composition but
also the yield of bio—oil in the pyrolysis process, which can not be assessed after changing the
intensity of the absorption band characteristics of the product or group of products. To evaluate the
yield of products during wheat straw pyrolysis without and with two active catalysts (ZSM-5 and

5 % Pd/C), we developed the following scheme, see Fig. 12.
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Fig. 12. The analysis and results used during the research.
It can be seen that the yield of non—condensable gases, bio—oil and solid residue (bio—char
and ash) of wheat straw without catalysts is 30.6 %, 38.2 % and 31.2 %, respectively (see Table 4).
Table 4
Product Distribution from Pyrolysis of Wheat Straw Without and with Catalysts

Volatile matter | Solid residue | Non—condensable Bio—oil?
Wheat straw
(wt.%) (wt.%) gases (wt.%) (wt.%)
Non—catalytic
68.8 31.2 30.6 38.2
process
ZSM-5 74.3 25.7 38.6 35.7
5% Pd/C 73.6 26.4 67.0 6.6

Bio—oil (wt.%) = Volatile matter (wt.%) — non—-condensable gases (wt.%)

It was found that the bio—oil of wheat straw decreased from 38.2 % to 35.7 % and 6.6 % and
non—condensable gases increased from 30.6 % to 38.6 % and 67.0 % under the catalyst of ZSM-5
and 5 % Pd/C, respectively.

It can be concluded that ZSM-5 is the most suitable catalyst for changing bio—oil
composition, which does not result in a significant reduction in its yield by using a intermediate

pyrolysis of wheat straw at 700 °C.
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CONCLUSIONS

Higher content of lipids and proteins in the grain residues provides a higher quality bio—oil
composition and better compliance with the requirements for transport fuels if the pyrolysis
temperature is 700 °C and heating rate is 100 °C/min.

Higher content of lignin in the grain residues provides bio—oil with a higher phenolic content
and better compliance with the requirements for the raw material of the chemical industry if
the pyrolysis temperature is 700 °C and heating rate is 100 °C/min.

Higher content of cellulose in the grain residues provides bio—oil with a higher anhydrosugar
content and better compliance with the requirements for the raw material of the chemical
industry if the pyrolysis temperature is 600 °C and heating rate is 100 °C/min.

. The presence of calcium inorganic catalysts in wheat straw pyrolysis at 700 °C does not
improve the compliance of bio—oil composition with with the requirements for transport fuels
or the raw material of the chemical industry.

. The presence of ZSM-5 and MCM-41 in the pyrolysis of wheat straw and bran at 700 °C
provides the bio—oil composition with high hydrocarbon and organic acid content, thus the
obtained bio—oil becomes more suitable for transport fuel but remains corrosive and has low
pH value.

. The presence of 5% Pt/C and 5 % Pd/C in the pyrolysis of wheat straw and bran at 700 °C
provides the bio—oil composition with high hydrocarbons and low carbonyl and carboxyl—
containing compounds content, improving its compliance with the requirements for transport
fuels and reducing corrosion activity.

. The presence of nickel containing nanopowders in the pyrolysis of buckwheat straw at 700 °C
provides the bio—oil composition with high hydrocarbon content while reducing solid residue.
These nanopowders can be used as a reducing agent for a solid residue from biomass
pyrolysis.

. ZSM-5 and 5 % Pd/C provides a higher relative yield of hydrocarbons compared to the non—
catalytic pyrolysis from wheat straw at 700 °C. The relative yield of aromatics increases 5.3
times with ZSM-5 and 4.8 times with 5 % Pd/C. The relative yield of olefins increases 6.3
times with both catalysts.

. The active catalysts reduce the yield of bio—oil from wheat straw pyrolysis. The content of
bio—oil decreases from 40.4 % to 35.7 % in the presence of ZSM-5 but by using 5 % Pd/C the
content of bio—oil is only 6.6 %.
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