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PROMOCIJAS DARBA AKTUALITATE UN VISPAREJAIS RAKSTUROJUMS

Teémas un darba aktualitate

Strauji pieaugosa naftas cena, ierobezotie naftas krajumi, centieni samazinat apkartéjas
vides piesarpojumu un siltumnicas efektu izraisoSo gazu emisiju, ka ar1 veselibas un drosibas
apsveérumi, veicina interesi par jauniem energijas avotiem. Fosilais kurinamais rada 98% no
visiem oglekla dioksida izmeSiem. Pedgja laika par perspektivako fosilas degvielas alternativu
uzskata Skidro un gazveida biodegvielu, pateicoties tas vides draudzigumam. Attistitajas
valstis, lai padaritu biodegvielas par finansiali izdevigu alternativu fosilajam degvielam,
pievers pastiprinatu uzmanibu biodegvielu razoSanas procesu uzlaboSanai un efektivakam
pielietojumam. P&d€jos gados ir plasi pétita biodegvielas rentabilitate un ietekme uz apkart€jo
vidi. IpaSa uzmaniba no biodegvielu klasta ir pievérsta bioetanolam, biodizeldegvielai,
biogazei un biotdenradim. Visplasak ir pétita biodizeldegvielas sint€ze no augu izcelsmes
ellam. Ir izstradatas vairakas biodizeldegvielas sintézes metodes, no kuram visplasak
izmantota ir trigliceridu paresterifikacija par atbilstoSu esteru maisijumu, izmantojot sarmu
katalizatoru. Latvijas lielakas biodizeldegvielas riipnicas ir SIA ,Latraps”, ,,Mamas D”,
,»Oniors”, ,Delta Riga”, ,,Mezrozite” un ,,Bio-Venta”. Tas ka biodizeldegvielu razoSanas
pamatizejvielu izmanto Latvija iegiitu rapSu ellu, bet metanols un sarmainie katalizatori
(NaOH, KOH un NaOCHs3;) tiek iepirkti no citam valstim. Biodizeldegvielas paSizmaksu
veido izejvielu cena un razoSanas procesa izmaksas. Pasaules méroga Latvija nespgj ietekmet
izejvielu tirgus cenu, tapéc ir jarod jauni razoSanas tehnologiju veidi, kas lautu maksimali
samazinat biodizeldegvielu pasizmaksu, palielinatu pelpu un konkurétsp&ju pasaules tirgi.
Janem vera, ka LR pieskir degvielas akcizes nodokla atlaides tikai biodizeldegvielas
razotajiem, kuri izmanto vietgjo rapsu ellu un tadgjadi izmantot citu valstu razotas augu ellas
nav ekonomiski izdevigi. Pamatojoties uz minétajiem faktiem, ka izejviela petjjumiem Saja
darba izmantota Latvija raZota rapsu ella.

Perspektivs risinajums Pasaules meéroga bitu metanola vietd izmantot etanolu,
paplasinot vietgjo izejvielu bazi, ka arT iegitais produkts biitu pilniba pieskaitams
atjaunojamajiem resursiem. Pasreiz gan REE izmantoS8anai vél nav izstradats standarts, tomeér
petijumi tiek realizéti pietiekami plaSi un ir ietverti arT Saja darba, ka izejvielu izmantojot
Latvija razotu bioetanolu.

Neskatoties uz milzigo publikaciju skaitu biodizeldegvielas sint€zes joma, zinatniskaja
literatira nav visparpienemtu biodizeldegvielu ieglSanas procesa raksturojumu un

visparpienemtu optimala procesa nodroSinaSanai nepiecieSamo apstaklu uzskaitijuma.
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Literattira biodizeldegvielas sint€zes procesu raksturoSanai parasti izmanto vienu no diviem
iespgjamajiem raksturojumiem — reakcijas iznakumu jeb REA saturu (esteru saturu) vai
procesa iznakumu. Ar REA saturu (esteru saturu, reakcijas iznakumu) saprot
biodizeldegvielas procentualo saturu esteru slani bez tas izdaliSanas no reakcijas maisijuma
un attiriSanas. Savukart procesa iznakums tiek defin€ts ka iegtitas biodizeldegvielas
daudzuma attieciba pret reakcija iesaistito ellas daudzumu masas procentos vai molos péc
esteru slana izdaliSanas no reakcijas maisfjuma un attiriSanas. Ta ka tiek izmantoti atSkirigi
kritériji, izejvielas, reagentu attiecibas, katalizatori un reakcijas apstakli, tad praktiski katra
publicétaja darba noraditi savi, nedaudz atSkirigi procesa realizacijas optimalie apstakli. Lidz
ar to Saja darba liela veriba pieveérsta galveno reakcijas parametru ietekmes noskaidroSanai,

procesa izveértéSanai un nepiecieSamo raksturojumu izstradasanai.

Darba mérki un uzdevumi

e [zstradat paresterificeSanas procesa pétiSanas metodiku, pamatojoties uz diviem
raksturojumiem: esteru saturu (REA koncentraciju esteru slani) un procesa iznakumu;

e Noskaidrot sakaribas, kuras saista esteru saturu ar procesa iznakumu dazadu sarmaino
paresterifikacijas reakcijas katalizatoru (KOH, NaOH un NaOCH3) klatbiitné:

e Noskaidrot eksperimentalo apstaklu apgabalus, kuros iegiitas sakaribas ir ar linearu un
nelinearu raksturu un noteikt katra katalizatora optimalas darbibas apgabalus;

e Noskaidrot REA iegtSanas apstaklu (spirta un ellas molaras attiecibas, katalizatora
koncentracijas, reakcijas temperatiras un laika) ietekmi wuz rapSu ellas
paresterifikacijas procesu:

o Izpetit REE iegiiSanas apstaklus par katalizatoru izmantojot KOH;

o Izpétit RME iegiiSanas apstaklus par katalizatoru izmantojot KOH, NaOH un
NaOCH;3; un noskaidrot, kur§ no Siem katalizatoriem sniedz visaugstako
efektivitati uz metanolizes procesu, izmantojot konvekcijas sildiSanu;

o Noskaidrot dazadu sarmaino paresterifikacijas reakcijas katalizatoru (NaOH,
KOH un NaOCHj3;) principialas atSkiribas un ietekmi uz REA iegiiSanas
procesu.

e Noskaidrot ultraskanas un mikrovilpu ietekmi uz RME iegiiSanas procesu NaOH
klatbiitn€ un rezultatus salidzinat ar konvekcijas sildiSanu;

e Veikt perspektivako biodizeldegvielas iegliSanas procesu optimizaciju:

o REE iegiisanu KOH klatbiitng, konvekcijas sildiSanas apstaklos;



o RME iegiisana KOH klatbiitn€, konvekcijas sildiSanas apstaklos;

o RME iegiisana NaOH klatbuitng, konvekcijas sildiSanas apstaklos;

o RME iegiisana NaOH klatbiitng, ultraskanas apstaklos;

o RME iegiisana NaOCHj klatbiitng, konvekcijas sildiSanas apstak]os;
o RME iegiisana NaOCHj3 klatbiitng, ultraskanas apstak]os.

Tezes aizstaveéSanai

e REA iegiiSanas procesa pétiSanai ir nepiecieSams izmantot divus raksturojumus —
REA saturu un procesa iznakumu;

e Biodizeldegvielas iegiiSanas procesa raksturojumus - REA saturu un procesa
iznakumu, atkariba no katalizatoru un spirtu sist€mas, saista sakariba, kura var biit ar
linearu vai nelinearu raksturu. Lineara sakaribu apgabals nosaka to eksperimentalo
apstaklu robezas, kuras nevélamo blakus procesu ietekme ir nenozimiga;

e Etanols ir atjaunojama viet€ja izejviela, kuras izmantoSana biodizeldegvielas sintézei
sniedz iesp&ju paplasSinat izejvielu bazi, bet lai iegttu biodizeldegvielu ar REE saturu
>96.5% ir nepiecieSams izmantot divstadiju sarmaino katalizi;

e REA iegiSanas procesa paresterificgjot augstas kvalitates rapSu ellu, izmantoto
katalizatoru KOH, NaOH un NaOCH3; koncentracija nedrikst parsniegt attiecigi 2.2,
1.5 un 3.0% no rapsu ellas masas;

e Visaugstako procesa iznakumu kvalitativas rapSu ellas paresterifikacijas gadijuma var
sasniegt, veicot procesu ultraskanas vidé un ka katalizatoru izmantojot NaOCHj3

Skidumu metanola.

Darba zinatniska novitate

e Izstradata jauna pétiSanas metodika un paresterifikacijas reakcijas procesa kriteriji,
kuri lauj atri un efektivi prognozeét un optimizét REA iegtiSanas procesa rezultatu un
1znakumu;

e Veiktie sistematiskie REA iegiiSanas reakcijas apstaklu (spirta un ellas molaras
attiecibas, katalizatora koncentracijas, reakcijas temperatiras un laika) ietekmes
petijumu rezultati, izmantojot dazadus sarmainos katalizatorus (NaOH, KOH un
NaOCHj3;) ar sekojosu optimizaciju sniedz izsmeloSu informaciju par rapsu ellas

paresterifikacijas procesa norisi un sarmaino katalizatoru principialajam atSkiribam,;



SalidzinoSos apstaklos izverteéta mikrovilnu un ultraskanas ietekme uz RME sintézes

procesu.

Praktiskais nozimigums

Izstradata REA iegiiSanas pétiSanas metodika, izmantojot divus raksturojumus, esteru
saturu (REA koncentraciju esteru slani) un procesa iznakumu un sasniegtie rezultati
lauj iegtt pilnvertigaku informaciju par jebkura paresterificéSanas procesa norisi
dazadu sarmaino katalizatoru (NaOH, KOH un NaOCH3) klatbiitné.

Izstradati RME un REE iegiiSanas procesu optimizeti varianti, kas sniedz iesp&ju

samazinat biodizeldegvielas raZzoSanas paSizmaksu.

Promocijas darba struktiira un apjoms

Promocijas darbs ir uzrakstits latvieSu valoda, satur ievadu, literatiiras apskatu (7

nodalas un 36 apaksnodalas), eksperimentalo dalu (2 nodalas un 5 apaksnodalas), rezultatu

izveért§jumu (6 nodalas un 3 apaks$nodalas), secinagjumus un izmantotas literatiiras sarakstu.

Promocijas darbs sastav no 132 lapaspusém, 40 att€liem, 12 tabulam. Promocijas darba

izmantoti 357 literaturas avoti.

Darba aprobacija

Galvenie darba rezultati apkopoti 9 publikacijas un 3 té€zes. Promocijas darba autors

kopuma ir 13 zinatnisko rakstu un 10 te€Zu Iidzautors un ir piedalijies 13 konferences, kas

saistitas ar biodizeldegvielu iegiiSanas procesu petijumiem.
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PROMOCIJAS DARBA REZULTATI

Pétijjumu metodika

Paresterifikacijas reakciju kinétikas pétijumos ar mérki noskaidrot reakcijas apstaklu
(spirta un e]las molaras attiecibas, katalizatora koncentracijas, reakcijas temperattras un laika)
ietekmi uz procesu tika kontroléts tikai REA saturs. Katrs eksperimentalais paraugs (ellas
sakuma masa 100 g) tika iegiits, to ik p&c planota laika (2 — 180 min) (skat. 2. att., 2. — 7. tab.)
izsicot 5 ml no reakcijas maisijuma ar vienreiz lietojamu polietiléna pipeti. Visu
eksperimentu laika reakcijas masas maisiSanas atrums tika saglabats konstants (1200 apg-min’
1. Katra eksperimentdld parauga nopemsanas laiks tika mérits ar hronometru, un laika
atskaite tika uzsakta, kad reakcijas masai tika pievienots viss planotais katalizatora Skidums
beziidens etanola vai metanola. Laika noteikSanas klida neparsniedza 5 sekundes, bet
maksimala temperatiiras svarstiba =1 °C (izmantots termoregulators ar precizitati 0.1 °C).
koncentracija, lai neitralizétu sarma paliekas lidz neitralai videi. Sadi tiek nodro$inata
paresterificéSanas reakcijas apstadinasana. P&c neitraliz€Sanas emulsiju ievieto uz 10 min
termostata (60 °C). Kad emulsija noslanojusies, nodala aug$éjo esteru slani, tad no ta ar
rotacijas ietvaicétaju 900 Pa spiediena 90 °C temperatiira 10 mint$u laika atdestileé tidens un
spirta paliekas. Sadi iegiitajam paraugam nosaka REA saturu. Biodizeldegvielas procesa
iznakuma noteikSanai eksperimenti tika realizéti atSkiriga veida. Péc 100 g ellas
paresterifikacijas un attiriSanas tika noteikts REA saturs, ka ar1 esteru slana masa (skat. 1.att.).
Eksperimenti ultraskanas vidé tika veikti, izmantojot Hielscher UP200S 200W 24kHz
ultraskanas procesoru, nodroSinot ultraskanas energijas TIpatn&o jaudu 0.53 W/g.
Eksperimenti mikrovilpu vidé tika veikti, izmantojot Milestone Ethos 1 2.45GHz, 1500W
laboratorijas mikrovilpu reaktoru ar automatisku laika, temperatiiras un mikrovilpu jaudas
kontroli, nodros§inot mikrovilnu energijas ipatn&jo jaudu 0.93 W/g. Ar $adam ultraskanas un
mikrovilpu jaudam dotajos apstaklos vargja efektivi kontrolét reakcijas temperatiru,
neparkars€jot reakcijas maisjjumu.

Aprekinos izmantota rapsu ellas vidéja molmasa tika iegiita no eksperimentali noteikta
parziepoSanas skaitla (p&c standarta LVS EN ISO 18606: 2002), nemot vera brivas
taukskabes, kuru koncentracija tika noteikta no skabes skaitla (péc standarta LVS EN ISO
14104: 2005. Aprekinata molmasa sastadija ~880.0 g mol™.

RME un REE saturu noteica ar kompanijas Thermo Electron Company infrasarkano

spektrometu  Nicolet 5700 FT-IR. RME satura noteikSanai izmantota daudzkartgjas
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atstaroSanas paligierice Smart multi bounce HATR. REE noteikSanai paraugi tika meériti
transmisijas rezima, CaF, kivetes ar optiska cela garumu 0.05 mm. RME un REE esteru
satura noteikSanai maisijumos ar rapSu ellu tika lietota 7Q Analyst programmatira. RME
satura noteikSanai tika izmantots Béra - Lamberta likuma algoritms un spektrala josla pie
1435 cm™ ar bazes liniju starp punktiem 1467 un 1407 cm™. Kalibrésana veikta ar 30 - 100%
(m/m%) RME maisijumiem rapSu ella. REE noteikSanai tika izmantots mazako kvadratu
algoritms un spektrilais diapazons no 1100 lidz 900 cm™. Kalibrésana veikta ar 40 - 100%
(m/m%) REE maisijumiem rapsu ella. Ar F7-IR iegttie RME un REE analizu rezultati tika
kontroleti ar gazu hromatografijas standarta metodi (LVS EN ISO 14103: 2003). Metozu
vidgja relativa standartnovirze neparsniedza 1.13%.

Katrs rezultats noteikts ka vid&jais aritmétiskais no diviem neatkarigiem atkartotiem
eksperimentiem. Ja divu atkartoto eksperimentu veértibas atSkiras vairak neka par 3%, tika
veikts treSais eksperiments un péc divam tuvakajam eksperimentu vertibam noteikts vid€jais
rezultats.

RapSu e]las metanolizes procesa (NaOCHj3; - ultraskana) eksperimentu planoSana,
modela iegiiSana, novertéSana un optimizacija veikta, izmantojot kompanijas Umetrics

lietojumprogrammattru MODDE 9.0.

Popularako homogeno sarmaino katalizatoru ietekmes izvertéjums

Literatiira lieto atSkirigus biodizeldegvielas sint€zes procesu raksturojosos parametrus un nav
panakta vienoSanas par kadu noteiktu parametru izmantoSanu. Gandriz visi autori lieto
jeédzienu AEA iznakums, bet saprot ar to atSkirigus raksturojumus. Sava darba nonacu pie
sledziena, ka nepiecieSams izmantot 2 parametrus — reakcijas iznakumu, jeb AEA esteru
saturu un procesa iznakumu. Ar reakcijas iznakumu (AEA saturu) saprot biodizeldegvielas
procentudlo saturu esteru slani bez ta izdaliSanas no reakcijas maisijuma un attiriSanas,
savukart ar procesa iznakumu saprot izdalitas un attiritas biodizeldegvielas daudzuma
attiecibu pret reakcija iesaistito ellas daudzumu, kas izteikts masas procentos vai molos.
Atskiriba no esoSajam teorétisko petijumu publikacijam uzskatijam, ka jaunu informaciju var
dot tiesi So divu raksturojumu savstarpgja salidzinaSana. Biodizeldegvielu iegliSanas kiné&tikas
petljumos, vai arT veicot sistematisku eksperimentalo planosanu ar sekojosu procesu
optimizaciju, ka raksturojumu iesp&jams izmantot art AEA saturu, kur§ adekvati reprezente
pasSas reakcijas, bet ne pilna procesa norisi. Tomér ar esteru saturu nevar raksturot visu
procesu, kurs ietver ari AEA izdaliSanu un attiriSanu. Tapéc viens no darba galvenajiem

uzdevumiem un novitatém ir noskaidrot esteru satura un procesa iznakuma sakaribas, veicot

12



paresterificéSanas reakcijas atSkirigos apstaklos. Abi parametri izradijas lineari saistiti tikai
noteiktos eksperimentalo apstaklu diapazonos, kas visvairak bija atkarigi no katalizatora
koncentracijas reakcijas mais;juma. Notiekot blakusreakcijam, palielinoties ziepju
koncentracijai, rodas problémas ar slanu atdaliSanu, ka rezultata augsts AEA saturs vairs
nenodroSina augstu procesa iznakumu. Lidz ar to §1 darba otrs svarigais uzdevums un novitate
ir noskaidrot eksperimentalo apstaklu apgabalus, kuros ir speka linearas sakaribas un kuros
aiz paresterifikacijas reakcijas sekojosas izdaliSanas un attiriSanas stadijas realiz&jas ar augstu
efektivitati. Realizétie petijumi (skat. 1. tab.) apstiprina, ka noteiktos eksperimenta apstaklu
apgabalos eksiste lineara korelacija starp REA procesa iznakumu un REA saturu. Par to
liecina ari, pieméram, 1. attéls, kur§ atspogulo RME procesa iznakuma un esteru satura
korelaciju par katalizatoru izmantojot NaOH. ArT citu $aja promocijas darba pétito, atskirigo
katalizatoru un spirtu sisttmu REA procesa iznakumu un esteru saturu korelacijas grafiki ir
lidzigi. Promocijas darba kopsavilkuma tiek noraditi visu So grafiku taisnes vienadojuma

parametri un reakcijas apstaklu linearitates apgabalu robezas (skat. 1. tab.).
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O - teoretiskie dati; m - eksperimentalie dati

1. att. RME procesa iznakuma un satura korelacija par katalizatoru izmantojot NaOH

Eksperimentali iegiitie rezultati liecina, ka eksiste lineara korelacija starp REA procesa
iznakumiem un REA saturiem noteiktos eksperimenta apstaklu apgabalos. Izmantojot So
apgabalu eksperimentalos datus tika iegiitas linearas sakaribas (skat. 1. vien.), kas lauj no

esteru satura (C) vertibam aprékinat procesa iznakumu.

Y=axC+b, (1)
kur C — REA saturs esteru slant, %;
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Y — REA procesa iznakums, %;
a - taisnes vienadojuma koeficients (slope);

b — taisnes vienadojuma koeficients (intercept).

Taisnes vienadojuma (a, b) un determinacijas koeficientu (R?) veértibas un linedro
apgabalu robezas reakcijam, kuras tika izmantoti metanols un etanols apkopotas I. tabula.
Linearie vienadojumi, kuri ataino REA procesa iznakuma un ta satura korelaciju (skat. 1. att.
1. tab.), iegiti izslédzot augstu katalizatora koncentraciju apgabalus, kur sakariba starp abiem
raksturojumiem ir ar nelinearu raksturu. Jaatzime, ka temperatiiras apgabalu robezas nosaka
spirtu virSanas temperatiiras un spirta parakuma augseja robeza izveleta izejot no praktiskiem
apsvérumiem, kas saistiti ar nepiecieSamibu atdestilét spirtu p&c reakcijas. Ir pilnigi
iesp&jams, ka arl arpus izvEletajam robezam sakaribas ir linearas. Tadgjadi Saja darba
konstateta tikai katalizatora koncentracijas izteikta ietekme uz abu parametru savstarpgjo
saistibu.

1. tabula

Taisnes vienadojuma parametri un reakcijas apstaklu linearitates apgabalu robezas

REA | Katalizators a b R’ Katalizatora Reakcijas Spirta un
koncentracija, | temperatira, | rapSu ellas
% no rapsu °C molara
ellas masas attieciba
REE KOH 0.876 | 8.004 | 0.951 05-22 20-90 4.0-8.0
RME KOH 0.896 | 5.036 | 0.960 05-22 30-80 3.2-8.0
RME NaOH 0.890 | 6.012 | 0.976 02-1.5 30-80 3.2-6.0
RME | NaOCHj; | 0.968 | -0.570 | 0.981 03-3.0 30-80 32-7.0

Taisnes slipuma koeficienta (a) vertiba rada dazadu katalizatoru un spirtu sist€ému aktivitati
paresterifikacijas reakcijas, ka ari esteru slana nodaliSanas efektivitati. Palielinoties slipuma
koeficienta (a) vertibam, pieaug REA iegiiSanas procesa efektivitate. Pieméram, zemaka
taisnes slipuma koeficienta (a) vertiba etanola izmantoSanas gadijuma ir izskaidrojama ar
etanola zemaku reag€tsp&ju salidzinajuma ar metanolu, ka ari REE slana apgritinato
izdaliSanu no reakcijas maisijuma. Analiz&jot iegiitos eksperimentalos datus, varam iedalit
katalizatoru un spirtu sist€mas pec to aktivitates paresterifikacijas procesa sekojosa rinda:
NaOH — CH3;0OH > NaOCHj3; — CH30H > KOH — CH30H > KOH — CH3CH;,OH un pé&c esteru
slana izdaliSanas efektivitates: NaOCH; — CH3;0H > NaOH — CH;0H > KOH — CH3;0OH >

KOH - CH3;CH,OH. Katalizatoru koncentraciju apgabali, kas ir augstaki par 1. tabula
14




noraditajam robezam, ir uzskatami par nepiemé&rotiem paresterifikacijas reakciju realizacijai,
jo REA procesa iznakums tajos samazinas un procesa atkartojamiba ir zema dazadu
nelabveligu blakusreakciju dé]. Katalizatoru pielietojamibas robezu noteikSanai ir svariga
praktiska nozime gadijumos, kad ella satur brivas taukskabes un katalizatora daudzums ir
japalielina.

Rapsu ellas paresterifikacijas reakciju norises raksturojumi (skat. 2. — 7. tab.) iegiiti no
eksperimentalajiem datiem un tos aproksim&jo$ajam kinétiskajam Itkném, kuras atspogulo
REA procesa iznakuma mainas atkaribu no reakcijas laika un apstakliem (spirta un ellas
molaras attiecibas, sarma koncentracijas un reakcijas temperatiiras). Piemé&ram, 2. attéls
ilustr€ RME procesa iznakuma (aprékinats no esteru satura (skat. 1. vien., 1. tab.)) mainas
atkaribu no reakcijas laika un NaOH koncentracijas. Promocijas darba pétito, atSkirigo
katalizatoru un spirtu sisttmu kinétisko Iiknu formas ir lidzigas. Promocijas darba
kopsavilkuma tiek noraditi optimalie reakcijas apstakli un sasniegtais REA procesa iznakums

(skat. 2. — 7. tab.).
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2.att. NaOH koncentracijas ietekme uz RME iegiiSanas procesu

REE iegiisana KOH katalizes apstaklos

Péc iegttajiem rezultatiem un kin&tiskajam litkn@m noskaidroti vienstadijas REE
iegiiSanas metodes optimalie apstakli. Miisu pétijumi rada, ka ellu paresterific€jot ar etanolu
(>4.0 moli pret molu ellas), péc reakcijas jéglicerina faze nodalas ievérojami lenak ka RME
gadijuma, kas ieverojami apgriitina REE izdaliSanu. Rezultata ar sarmainas katalizes
vienstadijas metodi nav iesp&jams iegiit pietiekoSi augstu REE esteru saturu (91.3%) un lidz
ar to ar procesa iznakums var bt tikai zemaks par 90%.

Galvenie REE iegtSanas apstakli KOH klatbiitng un rezultati apkopoti 2. tabula.
15



REE iegtuSana KOH klatbiitne

2. tabula

KOH Etanolaun | Reakcijas Reakcijas | Maksimalais
koncentracija ellas temperatiira, | lidzsvara | REE procesa
% no rapSu molaras °C iestasanas iznakums
ellas masas attiecibas laiks, min | reakcijas laika
no 2 lidz 180
min, %
(aprekinats no
esteru satura)
Etanola 2.0 4.0 70 >180 84.1
ietekme 2.0 5.0 70 >20 86.5
2.0 6.0 —8.0 70 >2 88.2
KOH 0.5-1.0 7.0 70 >20 88.2
ietekme 1.5-2.2 7.0 70 >2 88.5
Temperatiiras 1.5 7.0 20-30 >20 88.1
ietekme 1.5 7.0 40 - 90 >2 88.8
Optimalie 0.5 6.0 40 20 88.3
apstakli

Izmantojot optimalos reakcijas apstaklus eksperimentali noteiktais REE procesa
iznakums sasniedza 87.7% (esteru saturs 91.3%). Eksperimentali noteiktais REE procesa
iznakums tikai par ~0.7% atSkiras no REE procesa iznakuma, kur§ aprékinats no esteru satura,
izmantojot linearu vienadojumu (skat. 1. vien., 1. tab.). ST starpiba icklaujas eksperimentalas

kludas robezas.

RME iegiisana KOH katalizes apstaklos

REE iegiiSanas procesos lidzsvars iestajas straujak neka RME gadijuma, bet ar zemu
esteru saturu un procesa iznakumu. RME iegiiSanas procesa atSkiribas salidzinajuma ar REE
ir saistitas ar metanola un etanola kimiskajam un fizikalajam ipasibam. Metanols ir polaraks
$kidinatajs neka etanols. ST 1pasiba uzlabo esteru slana nodalisanu no reakcijas maisijuma, ka
ar1 palielina RME procesa iznakumu salidzinajuma ar REE procesa iznakumu. Uzlabojoties
esteru slana nodaliSanas efektivitatei, pieaug ar1 procesa iznakums.

RME iegiisanas apstakli KOH klatbiitné un galvenie rezultati apkopoti 3. tabula. Izmantojot
noteiktos optimalos apstaklus, RME procesa iznakums sasniedza 91.9%, bet esteru saturs -
96.7% (atbilst LVS EN 14124 standartam). Eksperimentali noteiktais RME procesa iznakums
atSkiras par ~0.5% no RME procesa iznakuma, kur§ aprékinats no esteru satura, izmantojot
linearo vienadojumu (skat. 1. vien., 1. tab.). ST starpiba ieklaujas eksperimentalas kludas

robezas.
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RME iegtiSana KOH klatbiitne

3. tabula

KOH Metanola | Reakcijas Reakcijas Maksimalais
koncentracija | unellas | temperatiira, | lidzsvara RME procesa
% no rapSu molaras °C iestasanas iznakums
ellas masas | attiecibas laiks, min reakcijas laika
no 2 lidz 180
min, %

(aprekinats no

esteru satura)
Metanola 2.0 32-35 60 > 180 88.8
ietekme 2.0 4.0-4.5 60 > 40 89.9
2.0 5.0-6.0 60 > 20 90.8
2.0 7.0 —-8.0 60 >8 91.4
KOH 0.5 4.0 60 > 180 84.4
ietekme 1.0 4.0 60 > 180 89.0
1.5-2.2 4.0 60 > 60 90.5
Temperatiras 2.0 4.0 30-40 > 180 89.9
ietekme 2.0 4.0 50-60 > 14 90.7
2.0 4.0 70 — 80 >8 91.8
Optimalie 1.0 5.0 70 30 91.4

apstakli

RME iegiisana NaOH katalizes apstaklos

Izmantojot konvekcijas sildiSanu

Ja RME ieguSanas procesa par katalizatoru izmanto NaOH, tad salidzinajuma ar KOH
piecaug RME maksimali iegilistamais esteru saturs (maks. 97.7%) un Iidz ar to ar1 procesa
iznakums. Rapsu ellas metanolizes un esteru slana izdaliSanas efektivitate NaOH un KOH
katalizes apstaklos ir Iidziga, bet NaOH gadijuma optimalo apstaklu mainigo faktoru
(metanola un ellas molaras attiecibas, katalizatora koncentracijas un reakcijas temperatiras)
vertibas ir ievérojami zemakas (skat. 3. — 4. tab.). Lai iegltu maksimalu RME saturu un
procesa iznakumu, NaOH gadijuma ir nepiecieSami maigaki apstakli. Tas pierada, ka NaOH
ir efektivaks paresterifikacijas reakcijas katalizators neka KOH.

Galvenie RME iegtSanas apstakli NaOH klatbutn€ un rezultati, izmantojot konvekcijas
sildiSanu, apkopoti 4. tabula. Izmantojot noteiktos optimalos reakcijas apstaklus,
eksperimentali noteiktais RME procesa iznakums sasniedza 92.2%, bet esteru saturs - 97.0%
(atbilst LVS EN 14124 standartam). Eksperimentali noteiktais RME procesa iznakums
atSkiras par <0.5% no RME procesa iznakuma, kur§ aprékinats tikai no esteru satura,
izmantojot linearu vienadojumu (skat. 1. vien., 1. tab.). ST starpiba icklaujas eksperimentalas

kltidas robezas.
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RME iegtiSana NaOH klatbiitné

4. tabula

NaOH Metanola | Reakcijas Reakcijas Maksimalais
koncentracija | unellas | temperatira, | lidzsvara RME procesa
% no rapSu molaras °C iestasanas iznakums
ellas masas | attiecibas laiks, min reakcijas laika
no 2 lidz 180
min, %
(aprekinats no
esteru satura)
Metanola 0.9 3.2 60 >180 86.1
ietekme 0.9 3.5 60 >180 87.3
0.9 4.0-6.0 60 >40 92.9
NaOH 0.2 4.0 60 >180 86.2
ietekme 0.3 4.0 60 >180 88.8
0.4-0.5 4.0 60 >40 91.1
0.6-1.5 4.0 60 >30 93.0
Temperaturas 0.5 4.0 30 >180 84.3
ietekme 0.5 4.0 40 >180 87.7
0.5 4.0 50 - 80 >40 91.2
Optimalie 0.6 4.0 50 30 92.6
apstakli
Ultraskanas vidé
RME iegiiSanas apstakli NaOH un ultraskanas klatbiitn€ apkopoti 5. tabula
5. tabula
RME iegiisana NaOH un ultraskanas klatbtitné
NaOH Metanola | Reakcijas Reakcijas Maksimalais
koncentracija | unellas | temperatiira, | Iidzsvara RME procesa
% no rapSu molaras °C lestasanas iznakums
ellas masas | attiecibas laiks, min reakcijas laika
no 2 lidz 180
min, %
(aprekinats no
esteru satura)
Konvekcijas 0.45 4.0 40 >60 85.2
sildiSanas 0.45 4.0 50 >40 87.2
ietekme 0.45 4.0 60 >30 88.3
Ultraskanas 0.45 4.0 40 >60 88.5
ietekme 0.45 4.0 50 >30 92.3
0.45 4.0 60 >20 93.2
Optimalie 0.45 4.0 60 20 93.2
apstakli
ultraskanas
klatbiitne

Ja RME iegiiSanas procesu veic NaOH un ultraskanas klatbtite, tad salidzinajuma ar reakciju,

kura veikta bez ultraskanas, pieaug RME maksimalais ieglistamais esteru saturs (maks.
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98.0%) un Iidz ar to arT procesa iznakums. Lai iegiitu lidzigu RME procesa iznakumu,
ultraskapas klatbtitné ir nepiecieSams mazaks katalizatora daudzums neka konvekcijas
sildiSanas gadijuma. Izmantojot noteiktos optimalos reakcijas apstaklus, eksperimentali
iegiitais RME procesa iznakums sasniedza 93.6%, bet esteru saturs - 98.4% (atbilst LVS EN
14124 standartam). Eksperimentali noteiktais RME procesa iznakums atSkiras par <0.5% no
RME procesa iznakuma, kur§ aprékinats tikai no esteru satura, izmantojot linearo

vienadojumu (skat. 1. vien., 1. tab.). ST starpiba ieklaujas eksperimentalas k]adas robeZas.

Mikrovilgu vidé

RME iegiiSanas apstakli NaOH un mikrovilnu klatbiitn€ apkopoti 6. tabula.

6. tabula
RME iegiisana NaOH un mikrovilnu klatbiitné
NaOH Metanola | Reakcijas Reakcijas Maksimalais
koncentracija | unellas | temperatiira, | Iidzsvara RME procesa
% no rapSu molaras °C iestasanas iznakums
ellas masas | attiecibas laiks, min reakcijas laika
no 2 lidz 180
min, %

(aprékinats no

esteru satura)
Konvekcijas 0.45 4.0 50 >40 87.2
sildiSana 0.45 4.0 60 >30 88.3
Mikrovilnpu 0.45 4.0 50 >40 87.0
ietekme 0.45 4.0 60 >30 88.6

Misu rezultati rada, ka optimiz&jot paresterificéSanas procesu, ar konvekcijas sildiSanu
iesp€jams panakt tadu paSu vai pat vél augstaku RME procesa iznakumu un reakcijas
lidzsvara iestasanas atrumu, ka izmantojot mikrovilpus. Mikrovilnpu izmantoSanai
biodizeldegvielas razoSana var€tu biit nozime tikai nepartrauktas darbibas razoSanas sist€émas,
kur tiek izmantota liela mikrovilpu jauda un 1ss starojuma laiks un reakcijas maisijums
atrodas zem spiediena, jo process noris augstd temperatira un nav vélami siltuma zudumi
metanola iztvaikoSanas un kondens&$anas rezultata. Tad€jadi misu iegitie rezultati pretgji
atseviSkiem public€tajiem darbiem neapliecina mikrovilnu pozitivo efektu, kas visticamak ir

novérojams tikai liclas energijas izmantosanas gadijumos.
RME iegiisana NaOCH; katalizes apstaklos

RME iegiiSanas apstakli NaOCH; klatbiitn€ un galvenie rezultati apkopoti 7. tabula.
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RME iegtisana NaOCHj klatbiitné

7. tabula

NaOCH; Metanola | Reakcijas Reakcijas Maksimalais
koncentracija | unellas | temperatiira, | lidzsvara RME procesa
% no rapSu molaras °C iestasanas iznakums
ellas masas | attiecibas laiks, min reakcijas laika
no 2 lidz 180
min, %
(aprekinats no
esteru satura)
Metanola 0.75 3.2 60 >180 89.7
ietekme 0.75 3.5 60 >180 90.8
0.75 4.0 60 >90 91.5
0.75 4.5-7.0 60 >50 91.7
NaOCHj3 0.25 4.0 60 >180 83.3
ietekme 0.50 4.0 60 >180 90.9
0.75 4.0 60 >90 91.4
1.0-1.25 4.0 60 >30 91.7
1.5-1.75 4.0 60 >20 92.9
2.0-2.25 4.0 60 >10 93.1
2.50 —3.00 4.0 60 >2 94.1
Temperaturas 0.75 4.0 30 >180 88.8
ietekme 0.75 4.0 40 >180 90.7
0.75 4.0 50 >130 91.0
0.75 4.0 60 >90 91.5
0.75 4.0 70 - 80 >50 91.6
Optimalie 1.0 45 70 30 92.9
apstakli

RME iegiiSanas reakcija par katalizatoru izmantojot NaOCHj, iesp&jams iegit

biodizeldegvielu ar esteru saturu ~97.8%. RME procesa iznakums ir saméra lidzigs reakciju

iznakumam NaOH klatbiitn€, bet augstaks ka KOH gadijuma. legiitie eksperimentalie dati

rada, ka galvena NaOCH3 atskiriba no RME iegiiSanas procesiem KOH un NaOH klatbtitné ir

efektivaka esteru slana izdaliSanas, kas paaugstina procesa iznakumu. NaOCHj gadijuma

katalizators jau metilatjonu satur un nav nepiecieSama ta veidoSana reakcija, kura ka

blakusprodukts rodas paresterifikacijas reakcijai nev€lamais tidens. Izmantojot optimalos

reakcijas apstaklus eksperimentali noteiktais RME procesa iznakums sasniedza 93.1 %, bet

esteru saturs - 97.1% (atbilst LVS EN 14124 standartam). Eksperimentali noteiktais RME

procesa iznakums atSkiras tikai par <0.5% no RME procesa iznakuma, kur§ aprékinats no

esteru satura, izmantojot linearu vienadojumu (skat. 1. vien., 1. tab.). ST starpiba icklaujas

eksperimentalas kliidas robezas.
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RME iegiiSanas procesa (NaOCHj; un ultraskana) matematiska optimizacija

Masu pétijumi apliecina, ka visaugstako efektivitati uz RME iegiiSanas procesu uzrada
NaOCHs, ka ar1 ultraskanas pievadiSana. Tapéc nolémam optimizét RME iegtiSanu NaOCHj3
un ultraskana apstaklos. NaOCH3 koncentracija % no rapsu ellas masas tika variéta robezas
no 0.2 lidz 0.8%, reakcijas temperatiira — robezas no 30 Iidz 70 °C, bet reakcijas laiks robezas
5 — 45 min. Eksperimenta meérkis bija noskaidrot NaOCHj3; koncentracijas, reakcijas
temperatiiras un reakcijas laika veértibas, kas nodroSina maksimali augstu RME procesa
iznakumu. Bitisks faktors ir arT metanola molara attieciba pret ellu, tomér Sis parametrs visos
eksperimentos tika saglabats 4.0 moli, jo $ads daudzums ir optimals un biezi tiek izmantots
ripnieciba (péc SIA ,,Latraps” un ,,Mamas D” un sniegtajiem datiem) un ta paugstinasana
nedod ekonomisko efektu. Procesa izmantota ultraskana ar ipatn€jo jaudu 0.53 W/g un
reakcijas maisijuma mehaniska maisi$ana (1200 apg-min™).

Procesa optimizacijai izmantojam lietojumprogrammu MODDE 9.0 un tika iegitas
sekojosas mainigo faktoru vertibas:

NaOCHj; koncentracija — 0.77% no rapSu ellas masas;

reakcijas temperatiira — 70 °C;

reakcijas laiks - 45 min.
Eksperimentali ieglita RME procesa iznakuma veértiba modela noteiktaja optimuma punkta
sasniedza 96.6%. Tik augsts RME procesa iznakums netika sasniegts neviena cita no $aja
promocijas darba aprakstitajiem RME iegiiSanas procesiem (maks. 93.2%). Modela prognoze
96.25% (skat. 3. att) atSkiras no eksperimentali iegiitajiem datiem tikai par ~0.4%, kas

ieklaujas eksperimentalas kltidas robezas un apstiprina modela adekvatumu.

Reakeijas temperatiira, °C

0.7 0.3 0.9 1.0
NaOCH, koncentracija, % no ellas masas

3. att. RME iegiiSanas apstaklu (NaOCHj un ultraskana) optimuma punkts
21



Secinajumi

1. ParesterificéSanas procesa raksturoSanai nepiecieSams izmantot divus raksturojumus —
REA saturu un procesa iznakumu. Sakaribas starp Siem raksturojumiem ir linearas
zemu Kkatalizatoru koncentraciju apgabala. Paaugstinot katalizatoru koncentraciju
pastiprinas ziepju veidoSanas, kas izraisa REA nodaliSanas un attiriSanas efektivitates
pazeminaSanos, ka ar1 iznakuma kriSanos, kuru rezultata sakariba starp Siem
raksturojumiem zaud€ linearo raksturu. Paresterific€jot augstas kvalitates rapsu ellu,
izmantoto katalizatoru KOH, NaOH un NaOCH; koncentracija nedrikst parsniegt
attiecigi 2.2, 1.5 un 3.0% no rapsu ellas masas.

2. Noskaidrotas popularako homogéno sarmaino katalizatoru KOH, NaOH un NaOCH3
principialas atSkiribas un ietekme uz REA iegtiSanas procesu. Katalizatoru un spirtu
sist€mas péc savas aktivitates veido sekojoSu rindu: NaOH — CH3OH > NaOCHj; —
CH;0H > KOH - CH3;OH > KOH — CH3CH,0H, bet péc esteru slana nodalisanas
efektivitates NaOCH; — CH;0H > NaOH - CH;0H > KOH - CH;0H > KOH -
CH;CH,OH.

3. Optimalos RME iegtSanas apstaklos visos gadijumos sasniegti augsti procesu
iznakumi (ar attiecigo esteru saturu), kas sisttmam NaOCH; — CH3;OH, NaOH —
CH;0OH un KOH - CH3;OH sastadija attiecigi 93.1 (97.1), 92.2 (97.0) un 91.1,
(96.7%). Izmantojot optimalus REE iegiiSanas apstaklus, KOH klatbtitné maksimalais
iegiistamais procesa iznakums un esteru saturs ir zemaks un sasniedz attiecigi 87.7 un
91.3%.

4. Noskaidrots, ka NaOCHj3 ir efektivakais un piemérotakais RME iegiiSanas procesa
katalizators kvalitativas rapSu ellas paresterifikacijai. Katalizatoram ir augsta aktivitate
un ta klatbttn€ ir iesp&jama efektiva esteru slana nodaliSana augstas katalizatora
koncentracijas gadfjuma. So katalizatoru raksturo visaugstakais taisnes slipuma
koeficients (a) procesa iznakuma un REA satura linearaja sakariba un izmatojamais
katalizatora koncentraciju apgabals ir attiecigi par 36% un 53% plaSaks neka KOH un
NaOH gadijuma.

5. legiitie rezultati apstiprina ultraskanas pozitivo ietekmi uz paresterifikacijas procesu.
Ka metanolizes katalizatoru izmantojot NaOH, ultraskanas vide salidzinajuma ar
konvekcijas sildiSanu lauj palielinat RME procesa iznakumu un esteru saturu par
~1.5%. Lai sasniegtu $adu rezultatu, ultraskanas vidé ir pietieck ar 25% mazaku

katalizatora daudzumu.

22



6. Miusu iegutie rezultati pret€ji atseviSkiem public€tajiem darbiem neapliecina
mikrovilpu pozitivo efektu, kas visticamak ir novérojams tikai lielas energijas
izmantoSanas gadijumos, kad realiz&jas kavitacijas procesi.

7. Nemot véra NaOCHj potencialas prieksrocibas, ka ar1 ultraskanas pozitivo ietekmi uz
paresterifikacijas procesu, ar matematiskas model€Sanas un optimizacijas metodi
atrasti sisttmas NaOCH; ultraskana optimalie apstakli, kuros eksperimentali iegutais
RME procesa iznakums sasniedza 96.6%, kas ir par ~3% augstaks par labako citu
katalizatoru klatbiitn€ sasniegto rezultatu.

8. Darba gaita iegiitie optimalie katalizatoru koncentraciju apgabali un reakcijas apstakli
var tikt izmantoti riipniecisko procesu uzlaboSanai un biodizeldegvielas paSizmaksas

pazeminasanai.
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VOA
ROA
REE

RME

ABBREVIATIONS

vegetable oil fatty acid alkyl esters
rapeseed oil fatty acid alkyl esters
rapeseed oil fatty acid ethyl esters

rapeseed oil fatty acid methyl esters

28



TOPICALITY AND GENERAL CHARACTERISTICS OF THE DOCTORAL
THESIS

Topicality of the subject and thesis

The rapidly rising oil prices, limited oil reserves, efforts to reduce emissions of gases
causing environmental pollution and the greenhouse effect, as well as health and safety
concerns, encourage interest in new energy sources. Fossil fuels account for 98% of all carbon
dioxide emissions. Lately, liquid and gaseous biofuels are considered to be the most
promising alternative to fossil fuels thanks to their environmental friendliness. In developed
countries, much attention is paid to improvement of the production process and effective use
of biofuels to make them a cost-effective alternative to fossil fuels. In recent years, the cost-
effectiveness and environmental impact of biofuels has been widely studied. Special attention
in the range of biofuels has been paid to bioethanol, biodiesel, biogas and biohydrogen.
Biodiesel synthesis from vegetable oils has been studied most widely. Several methods of
biodiesel synthesis have been developed, of which the most widely used is transesterification
of triglycerides to appropriate mixture of esters using alkali catalyst. The largest biodiesel
plants in Latvia are SIA "Latraps", "Mamas D", "Oniors", "Delta Riga", "Mezrozite" and
"Bio-Venta" Ltd. They use rapeseed oil produced in Latvia as the basic raw material for
production of biodiesel fuels and purchase methanol and alkaline catalysts (NaOH, KOH and
NaOCH;3) from other countries. The cost price of biodiesel fuel is formed by the price of raw
materials and costs of the production process. Globally, Latvia is not capable of affecting the
market price of raw materials, therefore, new types of production technologies need to be
found that would minimize the cost of biodiesel fuels and increase profits and
competitiveness in the global market. It should be noted that the Republic of Latvia grants
fuel excise tax credit only to biodiesel producers using local rapeseed oil and accordingly the
use of vegetable oils produced in other countries is not economically advantageous. Due to
these facts, the raw material used for the research performed within the scope of this thesis is
rapeseed oil produced in Latvia.

A promising solution on a global level would be using ethanol instead of methanol, thus
the local raw material base would be expanded and the resulting product would also fully
belong to renewable resources. Currently the use of REE has not been standardized yet;
however, studies are being carried out widely enough and have also been included in this

thesis, using bioethanol produced in Latvia as the raw material.
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Despite the vast number of publications in the field of biodiesel synthesis, scientific
literature offers no generally accepted characterization of the biodiesel fuel preparation
process or a list of conditions required to ensure optimum process. One of the two possible
parameters is usually used in literature to characterize the biodiesel synthesis process -
reaction yield, or ROA content (ester content), or process yield. ROA content (ester content,
reaction yield) means the percentage of ROA in the ester layer before separation from the
reaction mixture and purification. In contrast, process yield is defined as the amount of
obtained biodiesel fuel relative to the amount of oil involved in the reaction, expressed as
mass percent or moles after the separation of ester layer from the reaction mixture and
purification. Since different criteria, raw materials, reagent ratios, catalysts and reaction
conditions are used, almost each published work specifies its own, slightly different optimum
conditions for process realization. Consequently, this thesis pays much attention to
clarification of the influence of the most important reaction parameters, process assessment

and development of the required characterizations.

Objectives and tasks of the thesis

e Develop a transesterification process research methodology, based on two
characteristics: ester content (ROA concentration in the ester layer) and process yield;

e C(larify the correlation between ester content and process yield in the presence of
different alkaline transesterification reaction catalysts (KOH, NaOH and NaOCH3);

e Establish the areas of experimental conditions in which the observed correlations have
a linear and a non-linear nature and determine the optimum operation area for each
catalyst;

e C(larify the influence of ROA preparation conditions (molar ratio of alcohol to oil,
concentration of catalyst, reaction temperature and time) on the rapeseed oil
transesterification process:

o Explore REE preparation conditions using KOH as a catalyst;

o Explore RME preparation conditions using KOH, NaOH and NaOCH; as
catalysts and find out which of these catalysts ensures the highest efficiency of
methanolysis process, using convection heating;

o Clarify the principal differences of different alkaline transesterification
reaction catalysts (NaOH, KOH and NaOCH3) and their influence on the ROA

preparation process.
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e C(Clarify the influence of ultrasound and microwaves on the RME preparation process
in the presence of NaOH and compare the results with convection heating;
e Optimize of the most perspective biodiesel preparation processes:
o REE preparation in the presence of KOH under convection heating conditions;
o RME preparation in the presence of KOH under convection heating conditions;
o RME preparation in the presence of NaOH under convection heating
conditions;
o RME preparation in the presence of NaOH under ultrasound conditions;
o RME preparation in the presence of NaOCH; under convection heating
conditions;

o RME preparation in the presence of NaOCH3 under ultrasound conditions.

Theses for defence

e To study the ROA preparation process, two characterizations need to be used — ROA
content and process yield;

e These biodiesel preparation process characteristics — ROA content and process yield,
depending on the catalyst and alcohol system, are linked by a correlation of either
linear or non-linear nature. Linear correlation area defines the boundaries of
experimental conditions within which the influence of undesirable side processes is
negligible;

e FEthanol is a renewable local raw material which can be used for biodiesel synthesis
thus expanding the raw material base, however to achieve a REE content higher than
96.5% a two stage alkaline catalysis is required;

e In the ROA preparation process, when transesterifying high quality rapeseed oil, the
concentration of used catalysts KOH, NaOH and NaOCH; may not exceed,
respectively, 2.2, 1.5 and 3.0% of rapeseed oil mass;

e The highest process yield when transesterifying high quality rapeseed oil can be
obtained by carrying out the process by ultrasonic irradiation and using NaOCHj;

solution in methanol as a catalyst.
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The scientific novelty of thesis

A new research methodology and transesterification reaction process criteria have
been developed, allowing quick and effective prediction and optimization of the ROA
preparation process result and yield;

The results of systematic studies of the influence of ROA preparation reaction
conditions (molar ratio of alcohol and oil, catalyst concentration, reaction temperature
and time), using a variety of alkaline catalysts (NaOH, KOH, and NaOCHj3;) with a
subsequent optimization provide in-depth information about the progress of rapeseed
oil transesterification process and basic differences between the alkaline catalysts;

The influence of microwaves and ultrasound on the RME preparation process was

assessed in comparative conditions.

Practical significance

The developed ROA preparation research methodology, using two characteristics,
ester content (ROA concentration in ester layer) and process yield, and the obtained
results make it possible to get more detailed information about the progress of any
transesterification process in the presence of different alkaline catalysts (NaOH, KOH,
and NaOCH3).

Optimized versions of RME and REE preparation processes have been developed,

giving an opportunity to reduce the cost price of biodiesel production.

The structure and volume of thesis

The doctoral thesis is written in Latvian and includes an introduction, literature review

(7 chapters and 36 subdivisions), experimental part (2 chapters and 5 subdivisions),

evaluation of results (6 chapters and 3 subdivisions), conclusions and list of literature. The

thesis consists of 132 pages, 40 figures and 12 tables. 357 sources of literature have been used

in the thesis.
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Approbation of the doctoral thesis

The main results of the thesis have been summed up in 9 publications and 3 theses.
The author of the doctoral thesis is the co-author of a total of 13 scientific papers and 10
theses and has participated in 13 conferences related to studies of the biodiesel preparation

process.

Research articles amounting to >4 pages.
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8. K.Malins, V.Kampars, T.Rusakova, Z.Sustere, J.Brinks. The factors affecting the rate

of formation and the content of rapeseed oil methyl esters in presence of sodium
hydroxide as catalyst. Latvijas kimijas zurnals, 2011, 1(2), 85-92.

K.Malin, V.Kampars, J.Brinks, T.Rusakova, Z.Sustere. Rapsu e]las metilesteru
iegliSanas reakcijas atrumu un esteru saturu ietekmégjoSie faktori natrija metilata

katalizes apstaklos. RTU Zinatniskie raksti, sérija 1, 2011. (accepted for publication).

Conference theses amounting to 1 page.

1.

V. Kampars, K.Malins. Transesterification reaction with sodium hydroxide catalyst.
RTU 52. International scientific conference; Riga, Latvija, 2011, 15.
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34



RESULTS OF THE DOCTORAL THESIS

Research methodology

In the studies of the kinetics of transesterification reaction, to clarify the influence of
reaction conditions (molar ratio of alcohol and oil, catalyst concentration, reaction
temperature and time) on the process, only ROA content was controlled. Each experimental
sample (initial oil mass 100 g) was obtained at planned time intervals (2 to 180 min) (see Fig.
2, Table 2-7) by removing 5 ml from the reaction mixture with a a disposable polyethylene
pipette. Throughout all of the experiments, the reaction mass mixing speed was maintained
constant (1200 rmin™"). Each sampling time was measured with a stopwatch, and time
accounting was started when all of the planned catalyst solution in anhydrous ethanol or
methanol was added to the reaction mass. Timing error does not exceed 5 seconds, and the
maximum variation in temperature is £1 °C (a thermostat with an accuracy of +0.1 °C was
used). After a sample has been taken, it has been washed with 30 ml of distilled water in
which hydrochloric acid has been dissolved at a sufficient concentration to neutralize the
residues of alkaline to a neutral environment. This will ensure that the transesterification
reaction stops. After neutralization the emulsion has been placed into oven for 10 minutes (60
°C). When the emulsion has settled, the upper ester layer has been separated; then, using a
rotary evaporator, in 10 minutes at a pressure of 900 Pa and a temperature of 90 °C, the
remains of water and alcohol have been removed by distillation. Then the sample’s ROA
content has been determined. Experiments to determine the biodiesel process yield were
implemented differently. After transesterification and purification of 100 g of oil, ROA
content and ester layer mass was determined (see Fig. 1). Experiments in ultrasound
environment were performed using Hielscher UP200S 200W 24kHz ultrasonic processor,
ensuring specific ultrasonic power of 0.53 W/g. Experiments in microwave environment were
performed using Milestone Ethos 1 2.45GHz, 1500W lab microwave reactor with automatic
time, temperature and microwave power control, ensuring specific microwave energy power
of 0.93 W/g. With such ultrasonic and microwave powers, the reaction temperature could be
efficiently controlled in the given conditions without overheating the reaction mixture.

The average rapeseed oil molar mass used in calculations was acquired from the
experimentally obtained saponification value (according to the LVS EN ISO 18606: 2002
standard), taking into account the free fatty acids, the concentration of which was determined
based on the acid value (according to the LVS EN ISO 14104: 2005 standard). The calculated

molar mass was ~880.0 g mol™.
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RME and REE content was determined using infrared spectrometer Nicolet 5700 FT-IR
manufactured by Thermo Electron Company. To determine RME content, a multiple
reflection auxiliary device Smart multi bounce HATR was used. To determine REE content,
samples were measured in transmission mode, in CaF, cells with optical path length of 0.05
mm. To determine RME and REE ester content in mixtures with rapeseed oil, 7Q Analyst
software was used. To determine the RME content, an algorithm based on Beer—Lambert’s
law was used in the spectral band at 1435 cm™ with a base line between the points 1467 and
1407 cm™. Calibration performed with 30-100% (m/m%) RME mixtures in rapeseed oil. To
determine REE, a least squares algorithm was used in the spectral band from 1100 to 900
cm’™. Calibration was performed with 40-100% (m/m%) REE mixtures in rapeseed oil. RME
and REE content analysis results obtained with F7-IR were controlled with the gas
chromatography standard method (LVS EN ISO 14103: 2003). The average relative standard
deviation of methods did not exceed 1.13%.

Each result was defined as the arithmetic mean of two independent repeated
experiments. If the values of two repeated experiments differed by more than 3%, the third
experiment was carried out and the mean result was determined using two closest values.

The planning of rapeseed oil methanolysis process (NaOCH3 - ultrasound) experiments,
model acquisition, assessment and optimization was performed using the software application

MODDE 9.0 by Umetrics.

Assessment of the influence of the most popular homogenous alkaline catalysts

Different parameters describing the biodiesel synthesis process are used in literature
and no agreement has been reached on the use of specific parameters. Almost all the authors
use the concept of VOA yield, but they use it to describe different characterizations. In our
work, we came to the conclusion that we need to use 2 parameters — reaction yield, or VOA
ester content, and process yield. Reaction yield (VOA content) means the percentage of
biodiesel in ester layer without its separation from the reaction mixture and purification, but
process yield means the ratio between the amount of prepared and purified biodiesel and the
amount of oil involved in the reaction, expressed as mass percent or moles. Unlike the
existing theoretical research publications, we thought that new information could be acquired
by comparing these two characteristics. In studies of biodiesel preparation kinetics or when
performing systematic experimental planning with subsequent process optimization, it is
possible to use also VOA content as a characteristic that adequately represents the progress of

reaction itself, but not of the full process. However, the entire process, which also includes
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VOA separation and purification, cannot be the characterized using ester content. Therefore,
one of the main task and innovation of this thesis is to find out correlations between ester
content and process yield by carrying out transesterification reactions under different
conditions. Both parameters turned out to be linearly related only with in certain ranges of
experimental conditions that were mostly dependent on the catalyst concentration in the
reaction mixture. As the concentration of soap increases as a result of side reactions, problems
arise with the separation of layers, therefore, high VOA content no longer ensures a high
process yield. Consequently, the second important task of this thesis is to find out areas of
experimental conditions where the linear correlations are effective and where the separation
and purification stages following the esterification reaction can be carried out with high
efficiency. The performed studies (see. Table 1) confirm that in certain areas of experimental
conditions a linear correlation exists between the ROA process yield and ROA content. This
is also evidenced by Figure 1, which reflects the correlation between RME process yield and
content, using NaOH as a catalyst. ROA process yield and content correlation graphs for other
catalyst and alcohol systems explored in this thesis are also similar. The linear slopes,
intercepts and coefficients of determination for all the samples are included in the thesis

summary (see Table 1).
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Figure 1. Correlation between RME process yield and content, using NaOH as a catalyst

The experimental results show a linear correlation between the ROA process yield and ROA

content within certain limits of experimental conditions. From these results we obtained linear
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the parameters (see Table 1), which permit the ROA process yield to be calculated from the
ROA ester content (C):
Y=axC+b, (1)
where C — ROA content in ester layer, %;
Y — ROA process yield, %;
a - slope;

b — intercept.

Line equation values (a, b) and determination coefficient values (R?), as well as the
boundaries of linear areas for rapeseed oil reactions with methanol and ethanol have been
summed up in Table 1. Linear equations, which represent the correlation between ROA
process yield and it ROA content (see Figure 1, Table 1), have been obtained by excluding
areas of high catalyst concentration where the correlation between the two characterizations is
non-linear in nature. It should be noted that the boundaries of the temperature areas are
determined by the boiling point temperatures of alcohol, and the upper boundary of alcohol
excess has been chosen based on practical considerations related to the necessity to distil
alcohol after the reaction. It is quite possible that the correlation is linear even beyond the
chosen boundaries. Thus, this work shows only explicit influence of the catalyst concentration

on the correlation between the two parameters.

Table 1
Line equation parameters and limits of reaction condition linearity

ROA Catalyst a b R’ Catalyst Reaction Molar ratio
concentration, | temperature, | of alcohol

% of rapeseed °C to rapeseed

oil mass oil

REE KOH 0.876 | 8.004 | 0.951 05-22 20-90 4.0-8.0
RME KOH 0.896 | 5.036 | 0.960 05-22 30 - 80 3.2-8.0
RME NaOH 0.890 | 6.012 | 0.976 02-1.5 30 - 80 3.2-6.0
RME | NaOCHj3; | 0.968 | -0.570 | 0.981 03-3.0 30 - 80 32-7.0

The value of line slope (a) indicates the activity of different catalyst and alcohol systems in
transesterification reactions as well as ester layer separation efficiency. As the values of slope
(a) increase, the efficiency of ROA preparation process increases as well. For example, line
slope (a) having the lowest value when ethanol is used is attributable to the lower reactivity of

ethanol compared to methanol, as well as the difficult separation of REE layer from the
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reaction mixture. Analysing the obtained experimental data, we can classify the catalyst and
alcohol systems by their activity in transesterification process in the following succession:
NaOH — CH30H > NaOCHj3; — CH30H > KOH — CH3;0H > KOH — CH3CH,0H and by ester
layer separation efficiency NaOCH; — CH3;0OH > NaOH — CH;0OH > KOH — CH;0H > KOH
— CH3;CH,OH. Catalyst concentration areas which are higher than the boundaries indicated in
Table 1 are considered inappropriate for implementation of transesterification reactions
because the ROA process yield is reduced and process repeatability is low due to a variety of
adverse side reactions. The determination of catalyst applicability boundaries has an
important practical significance in cases when rapeseed oil contains free fatty acids and the
amount of catalyst has to be increased.

Ccharacteristics of rapeseed oil transesterification reaction progress (see Table 2-7)
have been derived from experimental data and the approximating kinetic curves, which reflect
the dependence of ROA process yield change on reaction time and conditions (molar ratio of
alcohol and rapeseed oil, alkali concentration and reaction temperature). For example, Figure
2 illustrates the dependence of RME process yield (calculated from the ester content (see
Equation 1, Table 1)) change on reaction time and NaOH concentration. The shapes of the
kinetic curves of the different catalyst and alcohol systems studied in this theses are similar.
The optimal process conditions and the ROA process yields are given in the thesis summary

(see Table 2-7).
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Figure 2. The influence of NaOH concentration on RME preparation process.

REE preparation using KOH catalysis

Based on the obtained results and kinetic curves, optimum conditions for a single
stage REE preparation method have been established. Our research shows that when
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transesterification of rapeseed oil is carried out with ethanol (>4.0 moles to a mole of oil), the
crude glycerine evolves considerably slower after the reaction than in the case of RME,
significantly complicating REE separation. As a result, it is not possible to obtain a
sufficiently high REE ester content (91.3%) using the alkaline catalysis single stage method
and, consequently, the process yield can only be less than 90%.

The main REE preparation conditions in the presence of KOH and the results are summed up
in Table 2.

Table 2
REE preparation conditions in the presence of KOH
KOH Molar Reaction Reaction Maximum REE
concentration, | ratio of | temperature, | equilibrium | process yield in
% of rapeseed | ethanol °C time, min reaction time
oil mass to oil from 2 to 180
min, %

(calculated from
ester content)

Influence 2.0 4.0 70 >180 84.1
of ethanol 2.0 5.0 70 >20 86.5
6.0 — 70

2.0 8.0 22 88.2

Influence 0.5-1.0 7.0 70 >20 88.2

of KOH 1.5-22 7.0 70 >2 88.5

Influence 1.5 7.0 20 -30 >20 88.1

of 40 -90

temperature 1.5 7.0 22 88.8

Optimum 0.5 6.0 40 20 88.3
conditions

Using optimum reaction conditions, the experimentally determined REE process yield
reached 87.7% (ester content 91.3%). The experimentally determined REE process yield
differs only by ~0.7% from REE process yield, based on ester content in ester layer and
calculated using a linear equation, (see Equation 1, Table 1). This difference is within the

boundaries of experimental error.

RME preparation using KOH catalysis

In REE preparation processes the equilibrium occurs faster than in the case with RME,
but with a low ester content and process yield. The differences in RME preparation process
compared to REE are related to the chemical and physical properties of methanol and ethanol.
Methanol is a more polar solvent than ethanol. This quality improves the separation of ester
layers from the reaction mixture and increases the RME process yield compared to REE
process yield. As the ester layer separation efficiency increases, the process yield increases as

well.
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RME preparation conditions in the presence of KOH and the main results are summed up in

Table 3.

Table 3
RME preparation conditions in the presence of KOH
KOH Molar Reaction Reaction Maximum
concentration, | ratio of | temperature, | equilibrium | RME process
% of rapeseed | methanol °C time, min | yield in reaction
oil mass to oil time from 2 to
180 min, %
(calculated
from ester
content)
Influence 2.0 32-35 60 > 180 88.8
of methanol 2.0 4.0-4.5 60 > 40 89.9
2.0 5.0-6.0 60 > 20 90.8
2.0 7.0 —8.0 60 >8 91.4
Influence 0.5 4.0 60 > 180 84.4
of KOH 1.0 4.0 60 > 180 89.0
1.5-22 4.0 60 > 60 90.5
Influence 2.0 4.0 30—-40 > 180 89.9
of 2.0 4.0 50 - 60 > 14 90.7
temperature 2.0 4.0 70 — 80 >8 91.8
Optimum 1.0 5.0 70 30 91.4
conditions

Under the specific optimum conditions, the RME process yield amounted to 91.9% and ester
content reached 96.7% (meets the standard LVS EN 14124). The experimentally determined
RME process yield differs only by ~0.5% from RME process yield, based on ester content in
ester layer and calculated using a linear equation, (see Equation 1, Table 1). This difference is

within the boundaries of experimental error.

RME preparation using NaOH catalysis

Using convection heating

When NaOH is used as a catalyst in RME preparation process, the maximum of
obtainable RME ester content increases (max. 97.7%), compared to KOH, along with the
process yield. The efficiency of rapeseed oil methanolysis and ester layer separation in NaOH
and KOH catalysis conditions is similar, but in the case of NaOH the values of optimum
condition variables (molar ratio of methanol and oil, catalyst concentration and reaction

temperature) are significantly lower (see Table 3-4). To obtain maximum RME content and
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process yield in the case with NaOH, milder conditions are necessary. This proves of NaOH
is a more efficient transesterification catalyst than KOH.
The main RME preparation conditions in the presence of NaOH and the results using

convection heating are summed up in Table 4.

Table 4
RME preparation conditions in the presence of NaOH
NaOH Molar Reaction Reaction Maximum
concentration, | ratio of | temperature, | equilibrium | RME process
% of rapeseed | methanol °C time, min | yield in reaction
oil mass to oil time from 2 to
180 min, %
(calculated
from ester
content)
Influence 0.9 3.2 60 >180 86.1
of methanol 0.9 3.5 60 >180 87.3
0.9 4.0-6.0 60 >40 92.9
Influence 0.2 4.0 60 >180 86.2
of NaOH 0.3 4.0 60 >180 88.8
0.4-0.5 4.0 60 >40 91.1
0.6—1.5 4.0 60 >30 93.0
Influence 0.5 4.0 30 >180 84.3
of 0.5 4.0 40 >180 87.7
temperature 0.5 4.0 50 - 80 >40 91.2
Optimum 0.6 4.0 50 30 92.6
conditions

Using the specific optimum reaction conditions, the experimentally determined RME process
yield amounted to 92.2% and ester content reached 97.0% (meets the standard LVS EN
14124). The experimentally determined RME process yield differs only by <0.5% from RME
process yield, based on ester content in ester layer and calculated using a linear equation, (see

Equation 1, Table 1). This difference is within the boundaries of experimental error.

In ultrasonic environment

RME preparation conditions in the presence of NaOH and ultrasound and the main results are
summed up in Table 5

When the RME preparation process is carried out in the presence of NaOH and ultrasound,
the maximum of obtainable RME ester content, compared to a reaction carried out without
ultrasound, increases (max. 98.0%) along with the process yield. To obtain a similar RME
process yield, a smaller amount of catalyst is necessary in the presence of ultrasound

compared to convection heating.
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Table 5

RME preparation conditions in the presence of NaOH and ultrasound

NaOH Molar Reaction Reaction | Maximum RME
concentration, | ratio of | temperature, | equilibriu | process yield in
% of rapeseed | methanol °C m time, reaction time

oil mass to oil min from 2 to 180
min, %

(calculated from
ester content)

Influence of 0.45 4.0 40 >60 85.2
convection 0.45 4.0 50 >40 87.2
heating 0.45 4.0 60 >30 88.3
Influence of 0.45 4.0 40 >60 88.5
ultrasound 0.45 4.0 50 >30 92.3
0.45 4.0 60 >20 93.2
Optimum 0.45 4.0 60 20 93.2
conditions in
ultrasonic
environment

Under the specific optimum reaction conditions, the experimentally obtained RME process
yield amounted to 93.6% and ester content reached 98.4% (meets the standard LVS EN
14124). The experimentally determined RME process yield differs only by <0.5% from RME
process yield, based on ester content in ester layer and calculated using a linear equation, (see

Equation 1, Table 1). This difference is within the boundaries of experimental error.

In microwave environment

RME preparation conditions in the presence of NaOH and microwaves and the main results

are summed up in Table 6.

Table 6
RME preparation conditions in the presence of NaOH and microwaves
NaOH Molar Reaction Reaction Maximum
concentration, | ratio of | temperature, | equilibrium | RME process
% of rapeseed | methanol °C time, min yield in
oil mass to oil reaction time
from 2 to 180
min, %
(calculated
from ester
content)
Convection 0.45 4.0 50 >40 87.2
heating 0.45 4.0 60 >30 88.3
Influence of 0.45 4.0 50 >40 87.0
microwaves 0.45 4.0 60 >30 88.6
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Our results show that by optimizing the transesterification process, it is possible to achieve
the same or even higher RME process yield and reaction equilibrium time with convection
heating as with microwaves. The use of microwaves in biodiesel production could be relevant
only in continuously operating production systems using large microwave power and short
radiation time where the reaction mixture is pressurized, because the process takes place at
high temperature and heat loss due to evaporation and condensation of methanol is
undesirable. Thus the results we have obtained, unlike some publications, do not confirm
microwaves having a positive effect, which probably can be observed only when large

amount of energy is used.

RME preparation using NaOCH3 catalysis

RME preparation conditions in the presence of NaOCHj3 and the main results are summed up

in Table 7.

Table 7
RME preparation conditions in the presence of NaOCHj3
NaOCH; Molar Reaction Reaction Maximum
concentration, | ratio of | temperature, | equilibrium | RME process
% of rapeseed | methanol °C time, min | yield in reaction
oil mass to oil time from 2 to
180 min, %
(calculated
from ester
content)
Influence 0.75 3.2 60 >180 89.7
of methanol 0.75 3.5 60 >180 90.8
0.75 4.0 60 >90 91.5
0.75 4.5-7.0 60 >50 91.7
Influence 0.25 4.0 60 >180 83.3
of NaOCH3 0.50 4.0 60 >180 90.9
0.75 4.0 60 >90 91.4
1.0-1.25 4.0 60 >30 91.7
1.5-1.75 4.0 60 >20 92.9
2.0-2.25 4.0 60 >10 93.1
2.50 - 3.00 4.0 60 >2 94.1
Influence 0.75 4.0 30 >180 88.8
of 0.75 4.0 40 >180 90.7
temperature 0.75 4.0 50 >130 91.0
0.75 4.0 60 >90 91.5
0.75 4.0 70 - 80 >50 91.6
Optimum 1.0 45 70 30 92.9
conditions
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Using NaOCH; as a catalyst in RME preparation reaction, it is possible to obtain
biodiesel with ester content of ~97.8%. RME process yield is comparatively similar to
reaction yield in the presence of NaOH but higher than in the case of KOH. The acquired
experimental data indicates that the main difference between NaOCH3 and RME preparation
process in the presence of KOH and NaOH is more efficient separation of the ester layer,
which increases the process yield. In the case of NaOCHj3, catalyst contains the methylate ion
and it doesn’t have to be formed in the reaction, which creates undesirable water as a side
product of the transesterification reaction. Under optimum reaction conditions, the
experimentally obtained RME process yield amounted to 93.1% and ester content reached
97.1% (meets the standard LVS EN 14124). The experimentally determined RME process
yield differs only by <0.5% from RME process yield, based on ester content in ester layer and
calculated using a linear equation, (see Equation 1, Table 1). This difference is within the

boundaries of experimental error.

Mathematical optimization of the RME preparation process (NaOCH; and ultrasound)

Our research confirms that the highest efficiency in the RME preparation process is
ensured by NaOCHj3 and application of ultrasound. Therefore we decided to optimize RME
preparation under NaOCH3 and ultrasound conditions. NaOCHj; concentration % of rapeseed
oil mass was varied between 0.2 and 0.8%, reaction temperature — between 30 and 70 °C, but
reaction time between 5 — 45 min. The purpose of the experiment was to find out NaOCHj3
concentration, reaction temperature and reaction time values that ensure the maximum RME
process yield. An essential factor is also the molar ratio of methanol to oil, but this parameter
was maintained at 4.0/1 moles in all experiments, because this is the optimum amount and is
often used in the industry (according to ,,Latraps” and ,,Mamas D” Ltd.) and its increase does
not give economic effect. Ultrasound with specific power of 0.53 W/g and mechanical mixing
of the reaction mixture (1200 rmin™") was used in the process.

For process optimization we used MODDE 9.0 software application and the following
values of variables were obtained:

NaOCHj; concentration — 0.77% of rapeseed oil mass;

reaction temperature — 70 °C;

reaction time - 45 min.
The experimentally obtained RME process yield value in the specified optimum point of the
model reached 96.6%. Such high RME process yield was not attained in any other RME

preparation process described in this doctoral thesis (max. 93.2%). The model projection of
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96.25% (see Figure 3) differs from the experimentally obtained data only by ~0.4%, which is

within the boundaries of experimental error and verifies the appropriateness of the model.

Reaction temperature, °C

0.5 0.6 0.7 0.8 0.9

NaOCH, koncentration, %o of rapeseed oil mass

1.0

Figure 3. Optimum point for RME preparation conditions (NaOCHj3; and ultrasound)
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Conclusions

9.

10.

11.

12.

13.

To describe the transesterification process, two characteristics are required — ROA
content and process yield. The correlation between these two characteristics are linear
at low catalyst concentrations, but they deviate from linearity as the catalyst
concentration is raised resulting in a reduced yield due to increased formation of soap
which decreases the ROA separation and purification efficiency. When
transesterifying high quality rapeseed oil, the concentration of used catalysts KOH,
NaOH and NaOCH;3; may not exceed, respectively, 2.2, 1.5 and 3.0% of rapeseed oil
mass.

The principal differences between the most popular homogenous alkaline catalysts
KOH, NaOH and NaOCHj3; and their influence on ROA preparation process has been
studied. Catalyst and alcohol systems by their activity form the following succession
NaOH — CH3;OH > NaOCHj3; — CH30H > KOH — CH30H > KOH — CH3CH,OH and
by ester layer separation efficiency: NaOCH;3; — CH;0H > NaOH — CH3;OH > KOH —
CH;0H > KOH — CH3CH,OH.

Under optimum RME preparation conditions, high process yields and ester content
have been achieved in all cases, for systems NaOCH; — CH3;0H, NaOH — CH;OH and
KOH - CH;OH amounting to 93.1 and 97.1, 92.2 and 97.0, 91.1 and 96.7%,
respectively. Using optimum REE preparation conditions in the presence of KOH, the
maximum obtainable process yield and ester content is lower and accordingly reaches
87.7 and 91.3%.

It has been found out that NaOCHj is the most efficient and suitable RME preparation
process catalyst for transesterification of high quality rapeseed oil. The catalyst has a
high activity and efficient separation of ester layer is possible in its presence in case of
high catalyst concentration. This catalyst is characterized by the highest line slope (a)
in the linear correlation between process yield and ROA content, and the usable
catalyst concentration area is respectively 36% and 53% larger than in the case of
KOH and NaOH.

The obtained results confirm the positive influence of ultrasound on the
transesterification process. Using NaOH as methanolysis catalyst, the ultrasound
environment allows for ~1.5% increase in RME process yield and ester content
compared to convection heating. To obtain such a result, ultrasound environment

requires 25% less catalyst.
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14.

15.

16.

The results we have obtained, unlike some publications, do not confirm microwaves
having a positive effect, which most probably can be observed only when large
amount of energy is used and cavitation processes occur.

Considering the perspective advantages of NaOCHj; as well as the positive influence
of ultrasound on the transesterification process, we found optimum conditions for
NaOCH; — ultrasound system, where experimentally obtained RME process yield
reached 96.6%, which is ~3% more than the best result obtained in the presence of
other catalysts.

The optimal range of catalyst concentration and reaction conditions determined in the
course of this work can be applied to improving industrial processes and lowering the

production cost of biodiesel.

48



BIBLIOGRAPHY OF THE DOCTORAL THESIS AUTHOR

Scientific articles amounting to >4 pages.

1. K.Malins, M.Strele, E.Gudriniece, M.Jure. Production of biodiesel fuel from waste

vegetable oils. In: Proceedings of International Scientific Conference
., Agricultural Engineering Problems”; Jelgava, Latvia, June 2-3, 2005, pp. 276—
280.

2. M.Strele, R.Serzane, K.Malins, M.Jure. Mixtures of waste food oils for the
profuction of biodiesel. In: Proceedings of 10th International Conference ,, New
technological processes and investigation methods for agricultural engineering”;
Raudondvaris: Leidykla MILGA, September 8-9, 2005. pp. 258-262.

3. K.Malins, V.Kampars, [.Dreijers. Biodizeldegvielas iegtiSana mikrovilpu vidé un
procesa matematiska optimizacija. Daugavpils Universitates 49. Jauno zindatnieku
konferences rakstu krajums; Daugavpils, Latvija, 2.—3. Maijs, 2007, Ipp. 123-131.

4. K.Malins, T.Rusakova, V.Kampars, I[.Dreijers. Biodizeldegvielu iegiiSanas
kingtika no rapSu ellas izmantojot NaOH katalizétu metanolizi. RTU Zinatniskie
raksti, sérija 1, 2008, 1(16), 83—87.

5. K.Malinps, T.Rusakova, V.Kampars, [.Dreijers. NaOH katalizéta rapsu ellas
metanolizes kinétika mikrovilou vide. RTU Zinatniskie raksti, serija 1, 2008,
1(16), 120-124.

6. K.Malins, T.Rusakova, V.Kampars, [.Dreijers. Kinetics of the sodium hydrohyde
catalyzed, ultrasound assisted methanolysis of rape seed oil. Renewable Energy
Resources, Production and Technologies; Riga, Lavia, May 28-31, 2008, pp. 145—
150.

7. V.Kampars, K.Malins, T.Rusakova. Influence of Microwave Heating and
Ultrasound on Purity of Fatty Acid Methyl Ester in Synthesis with Low Catalyst
Concentration. In: [8th International Congress of Chemical and Process
Engineering-CHISA; Praha, Czech Republic, May 8-12, 2008, pp. 1433-1436.

8. K.Malins,  V.Kampars, R.Kampare, T.Rusakova. Rape seed oil
tetrahydrofurfurylesters. In: 7th International Scientific and Practical Conference;

Rezekne, Latvia, June 25-27, 2009, pp. 46—49.

49



10.

11.

12.

13.

V.Kampars, K.Malins, T.Rusakova. Influence of Reaction Parameters on
Synthesis of FAME from Rapeseed Oil. In: Conference on Sustainable
Development of Energy, Water and Environmental Systems, Dubrovnika, Croatia,
September 22-26, 2009, pp. 200-206.

K.Maligps, V.Kampars, K.Spalvis, Z Sustere, J.Brinks. Rapsu ellas etilesteru
iegliSanas reakcijas atrumu un esteru saturu ietekmgjosie faktori kalija hidroksida
katalizes apstaklos. RTU Zinatniskie raksti, sérija 1, 2011, 1(23), 77-82.

K.Malins, V.Kampars, T.Rusakova, J.Brinks, Z.Sustere. Rap3u ellas metilesteru
iegiiSanas reakcijas atrumu un esteru saturu ietekméjosSie faktori natrija metilata
katalizes apstaklos. RTU Zinatniskie raksti, sérija 1, 2011. (accepted for
publication).

K.Malins, V.Kampars, T.Rusakova, Z.Sustere, J.Brinks. The factors affecting the
rate of formation and the content of rapeseed oil methyl esters in presence of
sodium hydroxide as catalyst. Latvijas kimijas Zurnals, 2011, 1(2), 85-92.
K.Malins, V.Kampars, J.Brinks, T.Rusakova, Z.Sustere. Rap3u ellas metilesteru
iegiiSanas reakcijas atrumu un esteru saturu ietekméjosie faktori kalija hidroksida
katalizes apstaklos. Daugavpils Universitates 53. Jauno zinatnieku konferences

rakstu krajums; Daugavpils, Latvija, 13.—15. Aprilis, 2011, 89-97.

Conference theses amounting to 1 page.

1.

K.Malins, M.Stréle, M.Jure. Atkritumellu izmantoSana biodizeldegvielas
iegtSanai. RTU 46. Studentu zindtniskdas un tehniskds konferences tézes; Riga,
Latvija, 2005, 124.

K.Malins, V.Kampars, [.Dreijers. Microwave assisted preparation of rape seed oil
methyl ester (RME) and mathematical optimization of this process. Proceedings of
Scientific Conference, dedicated to the 85th anniversary of the Department of
Organic Chemistry; Kaunas University of Technology, Lithuania, 2007, 25.
T.Rusakova, K.Malins, V.Kampars. RapSu ellas metanolizes kinétika 30-80°C
temperattra natrija hidroksida katalizes apstaklos. RTU 49. Studentu zindtniskas
un tehniskas konferences tézes; Riga, Latvija, 2008, 167.

J.Brinks, K.Malin§, V.Kampars. Taukskabju esterifikacija s€rskabes klatbiitné.
RTU 52. Studentu zindtniskas un tehniskas konferences tézes; Riga, Latvija,

2011,169.

50



10.

. V.Kampars, K.Malins. Transesterification reaction with sodium hydroxide

catalyst. RTU 52. International scientific conference; Riga, Latvija, 2011, 15.
K.Malins, V.Kampars, J.Brinks, T.Rusakova. Esterification offatty acids in
presence of sulfuric acid. RTU 52. International scientific conference;, Riga,
Latvija, 2011, 21.

V.Kampars, K.Malins, J.Kampars, T.Rusakova. Optimization of biodiesel
production process using sodium methoxide - ultrasound assisted
transesterification. RTU 52. International scientific conference; Riga, Latvija,
2011, 16.

K.Malins, T.Rusakova, V.Kampars, J.Brinks. Brivo taukskabju un tdens satura
ietekme uz rapSu ellas paresterifikacijas procesu. Apvienotais pasaules latviesu
zindtnieku III un Letonikas IV kongress ,, Zindtne, sabiedriba un nacionald
identitate”; Riga, Latvija, 2011, 98.

V. Kampars, S.Comaja, S.Zizkuna, M.Roze, A.Blams, M.Svilans, J.Millers,
K.Malips, R.Kampare, N.Kiri¢enko, T.Rusakova, Z.Sustere, K.Lazdovica, O.Liepa,
E.Golubeva, J.Brinks, K.Dubencovs, R.Miirnieks, O.Muravjova. Biodizeldegvielas
sintéze no rapsu ellas. Apvienotais pasaules latviesu zindtnieku Il un Letonikas IV
kongress ,, Zinatne, sabiedriba un nacionala identitate”’; Riga, Latvija, 2011, 96.
V.Kampars, K.Malins. Biodiesel production process optimization using sodium
hydroxide and sodium methoxide. In: 6th Dubrovnik Conference on Sustainable
Development of Energy, Water and Environmental Systems; Dubrovnika, Croatia,

September 25-29, 2011, 270.

51



ACKNOWLEDGEMENT

Firstly, I’d like to express my deepest gratitude to my thesis supervisor, Dr. habil.
Chem., profesor Valdis Kampars, for his support and drawing me into the science with a
course as interesting as fuel chemistry. Thank you for your ability always to find enough time
to discuss the most important matters and solve the most significant problems. Thank you for
objective criticism and valuable advice, cooperation and sharing your knowledge.

Thanks to my friends, colleagues and all employees of the Institute of Applied
Chemistry for efficient and free work atmosphere, receptiveness and willingness to share your
knowledge and experience. Thanks to Mg. chem. Zane Sustere, researcher in the Institute of
Applied Chemistry, for the valuable and time-consuming analysis results.

I would like to thank Riga Technical University, Institute of Applied Chemistry,
National Research Program and European Social Fund for the financial support during my
doctoral studies.

Kind thanks to my parents and grandparents for believing in me and their care and
support.

Finally, I immensely thank my darling for her invaluable patience, understanding and

support during my doctoral studies.

K.Malin$
Riga

52



