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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS
Darba aktualitate

Pedgjos gados pasaule arvien pieaug interese par iespgjam lietot alternativas
degvielas. 2015. gada nogale Pariz€ norisinajas Klimata parmainu konference. Tas
nosléguma tika pienemts Parizes noligums, kas ir uzskatams par Iidz $im nozimigako
starptautisko vienoSanos, lai noverstu klimata parmainas, veicinatu pareju uz oglekla
mazietilpigu un pret klimata parmaindm noturigu attistibu. Parizes noligums péc
2020. gada aizstas Kioto protokolu. Parizes noligumu 2016. gada aprili ANO
galvenaja mitné Nujorka parakstija 175 pasaules valstis, tostarp lielakas vides
piesarnotajas Kina un ASV, vairojot ceribas, ka sekos strauja riciba cipa pret globalo
sasilSanu. Parizes vienoSanas meérkis ir stiprinat globalo ricibu klimata parmainu
noveérSanai un noturét globalo sasilSanu zem diviem gradiem péc Celsija skalas,
salidzinot ar pirmsindustrialo [Tmeni, un censties ierobezot temperatiras pieaugumu
pusotra grada robezas, jo tas biitiski samazinas klimata parmainu izraisttos riskus un
ietekmi.

Biodizeldegviela tiek uzskatita par videi draudzigu alternativu degvielu, kas
var palidzét samazinat globalas sasilSanas risku, samazinot oglekla oksidu emisiju
atmosféra. Biodizeldegviela ir viena no tam alternativajam degvielam, ko ne tikai
péta, bet ar1 razo lielos apjomos visa pasaulé. Biodizeldegvielas razoSanas apjomi
pasaulé ik gadu palielinas, 2014. gada sasniedzot 24 miljonus tonnu. Biodizeldegvielu
ripnieciski razo, transesterificgjot augu ellas ar metanolu, lietojot dazadus
katalizatorus. Izmantojamo ellu izv€le ir plasa un atkariga no regionalajam Tpatnibam.
Tacu janem vera, ka atkariba no izmantotas ellas mainas razoSanas procesi, izmaksas
un iegitas biodizeldegvielas 1pasSibas. Neatkarigi no izmantotas ellas
transesterifikacijas procesa tiek sarazots ari1 liels daudzums blakusprodukta —
glicerina. Lai izmantotu So glicerinu, tas ir jaattira, bet S§is process sadardzina
razoSanas izmaksas. Turklat, pieaugot biodegvielas razoSanas apjomiem p&dgjos
gados, veidojas glicerina parprodukcija. Ka alternativa ir el]las interesterifikacijas
process, kura rezultata iegust nevis glicerinu, bet triacetinu. Triacetins var palikt
degvielas sastava, jo tam ir degvielas piedevas ipaSibas. Ieklaujot triacetinu
biodizeldegvielas sastava, interesterifikacijas reakcija iegttas biodegvielas iznakums
pieaug, salidzinot ar tas iznakumu transesterifikacijas reakcija, jo glicerinu degvielas
sastava ieklaut nevar. Alternativajam degvielam piemit tendence klut ,,zalakam”,
tapec bezatkritumu razo$anas tehnologijas ir Joti nozimigas.

Darba meérki

e Izpétit interesterifikacijas procesa apstaklu, karbonskabju esteru (monoesteru)
un rapsu ellas molaras attiecibas, katalizatora koncentracijas, temperatiiras un
laika ietekmi uz reakcijas maisijuma sastavu metilacetata-rapSu ellas un
metilformiata-rapsu ellas reakcijas.

e Noskaidrot monoestera struktiras ietekmi uz interesterifikacijas reakciju
norisi.

e Noskaidrot izveleto reakcijas produktu degvielas 1paSibas.



Darba uzdevumi

Izstradat analizes metodes visu interesterifikacijas produktu un starpproduktu
kvantitativai noteikSanai.

Izpetit rapSu ellas interesterifikacijas procesu, ka katalizatorus izmantojot
natrija metilatu metanola, kalija t-butilatu t-butanola un kalija t-butilatu
tetrahidrofurana.

Noskaidrot reakcijas apstaklu ietekmi uz rapSu ellas interesterifikacijas
procesu: monoestera un rapSu ellas molaras attiecibas, katalizatora
koncentracijas, temperatiiras un reakcijas ilguma ietekmi.

Izp@tit monoestera spirta dalas ietekmi uz interesterifikacijas procesu.

Izpetit monoestera skabes dalas ietekmi uz interesterifikacijas procesu.
Izstradat intersterifikacijas reakciju optimizéSanas panémienus maksimalu gala
produktu iznakuma sasniegSanai reakcijas maisjjuma.

Noteikt biodizeldegvielas maistjumu degvielas T1paSibas izvel&tajiem
interesterifikacijas reakciju produktiem.

Tezes aizstaveSanai

Interesterifikacijas reakciju var izmantot, lai iegiitu biodegvielu ar iznakumu,
kas parsniedz biodizeldegvielas iznakumu transesterifikacijas procesa.

Kalija  t-butilata t-butanolda un tetrahidrofurana lietoSana ellas
interesterifikacijas reakcijas ar metilacetatu lauj iegiit produktu ar augstu
triacetina saturu.

Alkilgrupu pagarinasana un sazaroSana spirta dala pakapeniski pazemina
monoestera reagétsp&ju. t-Butilacetats praktiski neiesaistas interesterifikacijas
reakcijas. Alkilgrupas pagarinaSanas izraisita reag€tsp&jas samazinasanas var
tikt noversta, veicot reakcijas monoestera virSanas temperatiira.

Alkilgrupu pagarinasana skabes dala praktiski neietekm& monoestera
reagetspéju.

Alkilkedes pagarinasanai vai sazaroSanai alkilacetata spirta dala ir neliela
ietekme uz interesterifikacijas procesu, ja reakcijas tiek veiktas pie alkilacetatu
vir§anas temperatiiras.

Darba zinatniska novitate

e Izpétita monoesteru spirta dalas un skabes fragmenta ietekme uz rapSu ellas

kimiskas interesterifikacijas procesu un noteikti aizvietotaju ietekmes
skaitliskie raksturojumi.

Pirmo reizi realiz&tas interesterifikacijas reakcijas kalija t-butilata katalizatora
klatbtitné un paradits, ka §1 katalizatora izmantoSana lauj paaugstinat triacetina
saturu reakcijas produkta.

Precizets alkilatu kataliz€to interesterifikacijas reakciju mehanisms
monoestera parakuma apstak]os.



Praktiskais nozimigums

e Izstradata rapSu ellas interesterifikacijas reakciju maisijuma hromatografiskas
analizes metode, kas ictver dazadu monoesteru veidoto starpproduktu un gala
produktu identifikaciju un kvantificésanu.

e Izstradatas metodes rapSu ellas interesterifikacijai ar monoesteriem, ieglistot
biodegvielas, kuru iznakums p&éc masas parsniedz reakcijai nemto rapsu ellas
masu. Glicerins ka blakusprodukts neveidojas, bet ta atvasinajumi tiek icklauti
degvielas sastava.

Darba aprobacija
Galvenie darba rezultati apkopoti ¢etras publikacijas, divos konferencu rakstos
un septinas tezes.
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PROMOCIJAS DARBA ISS SATURS

Literatiiras apskata apkopota informacija par biodizeldegvielas iegiiSanu
transesterifikacijas un interesterifikacijas cela. Paradits, ka ellas interesterifikacijas
process ar mérki iegiit biodegvielu tiek pétits, izmantojot enzimu katalizatorus, vidi
superkritiskos apstaklos, ka ar1 kimisko katalizi, tomér labi $a procesa realizacijas
varianti biodegvielu raZzoS$anai nav atrasti.

Rezultatu izvert&jums sakas ar interesterifikacijas procesa notiekoSo reakciju
aprakstu, starpproduktu un gala produktu defin€Sanu un to apzZim&jumu izstradi. Talak
realiz€ta gazes hromatografijas metodes izstrade interesterifikacijas reakcijas
maisijumu sastava pilnai kvantitativai analizei. Izmantojot ,,so0li pa solim” pieeju,
noskaidrota visu galveno faktoru (katalizatora uzbuves, katalizatora/ellas molaras
attiecibas, monoestera uzbiives, monoestera/ellas molaras attiecibas (MEEMA),
reakcijas temperatiiras un ilguma) ietekme uz rapsSu ellas interesterifikacijas procesu
un veikta izv€leto reakcijas maisijumu degvielu raksturojumu noteikSana.

Eksperimentala dala ietver visu eksperimentu aprakstus un lietoto analizes
metozu aprakstus.

Interesterifikacijas reakcijas tika pétitas tris atSkirigu katalizatoru klatbutne.
Tika izmantots 28,6 % (masas) natrija metilata Skidums metanola, 1 M kalija t-
butilata $kidums t-butanola un 1M kalijja t-butilata Skidums THF. Natrija metilata
$kidums metanola ir riipnieciba lietotais katalizators (lietojam bez papildu attiriSanas).
Kalija t-butilats ka katalizators ir pieejams t-butanola $kiduma, kura reag€tspéja
transesterifikacijas reakcijas ir zema stérisko trauc&umu dél [1]. Savukart kalija t-
butilata Skidums THF lautu pilniba izvairities no transesterifikacijas reakcijam ar
spirtu.

Darba izveértéta ari etikskabes esteru spirta dalas struktiiras ietekme un
karbonskabju metilesteru skabes dalas struktiiras ietekme uz interesterifikacijas
procesu. Spirta dalas struktiiras ietekme pétita rinda: metilacetats, etilacetats,
propilacetats, izopropilacetats un t-butilacetats. Skabju dalas struktiiras ietekme pétita
metilformiata, metilacetata, metilpropionata, metilbutirata un metilizobutirata
gadijumos. Reakcijas parametru optimizacija parasti veikta, balstoties uz taukskabju
esteru saturu paraugos, bet atsevisSkos gadijumos, balstoties uz summaro taukskabju
esteru un TAcCG saturu. Katra sintéze tika veikta divas reizes, un rezultatos
atspogulotas vid€jas vertibas.

PROMOCIJAS DARBA GALVENIE REZULTATI

Rapsu ellas interesterifikacijas ar metilacetatu galveno reakciju vienadojumi, ka ar1
blakusreakciju vienadojumi saisinataja pieraksta redzami 1. attéla. Ka blakusreakcijas

_____

sisttma detalizéti pétita tapeéc, ka alkilatu Skidums attiecigaja spirta ir letakais
katalizatora variants, kas ir biitiski svarigi razoSanas procesam.
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Veicot rapsu ellas interesterifikacijas procesu ar monoesteriem un par katalizatoru
lietojot katalizatora Skidumu spirta, ar trigliceridiem (TG) var reagét ari katalizatora
sastava esoSais metanols M (vai t-butanols), veidojot taukskabju digliceridus DG (1-4
reakcija), monogliceridus MG (1-5 reakcija) un glicerinu G (1-6 reakcija). Metanols
(vai t-butanols) var piedalities transesterifikacijas reakcija ar1 ar interesterifikacijas
gala produktu triacilgliceridu TAcG. Reakcija var noritét tris stadijas, veidojot
diacilgliceridus DAcG (1-7 reakcija), monoacilgliceridus MAcG (1-8 reakcija),
glicermu G (19 reakcija). Citu reakciju rezultata var veidoties arl
monoacetiltaukskabju monogliceridi MAMG (1-10, 1-13 un 1-14 reakcijas).

TG interesterifikacija ar metilacetatu (galvena reakcija):

TG + MA = MADG + FAME 1-1 reakcija
MADG + MA = DAMG + FAME 1-2 reakcija
DAMG + MA = TAG + FAME 1-3 reakcija
TG transesterifikacija (blakusreakcija):

TG + M (tB) = DG + FAME (FAtBE) 1-4 reakcija
DG + M (tB) = MG + FAME (FAtBE) 1-5 reakcija
MG+ M (tB) = G + FAME (FAtBE) 1-6 reakcija
Triacetina transesterifikacija (blakusreakcija):

TAG + M (iB) = DAG + MA (tBA) 1-7 reakcija
DAG + M (tB) = MAG + MA (tBA) 1-8 reakcija
MAG + M (iB) = G + MA (tBA) 1-9 reakcija
Interesterifikacijas produktu transesterifikacija (blakusreakcija):

MADG + M (iB) = MAMG + FAME (FAtBE) 1-10 reakcija
MADG + M (iB) = DG +MA (tBA) 1-11 reakcija
DAMG + M (iB) = DAG + FAME (FAtBE) 1-12 reakcija
DAMG + M (tB) = MAMG + MA (tBA) 1-13 reakcija
Transesterifikacijas produktu interesterifikacija (blakusreakcija):

DG + MA & MAMG + FAME 1-14 reakcija
MG + MA =2 MAG + FAME 1-15 reakcija
MAMG transesterifikacija un interesterifikacija (blakusreakcija):

MAMG + M (tB) = MAG + FAME (FAtBE) 1-16 reakcija
MAMG + M (tB) = MG + MA(tBA) 1-17 reakcija
MAMG + MA = DAG + FAME 1-18 reakcija
MAMG + MA = DAMG + M 1-19 reakcija

1. attels. Trigliceridu interesterifikacija ar metilacetatu, ka katalizatoru izmantojot
alkoholata Skidumu attiecigaja spirta.

(TG — taukskabju trigliceridi, DG — taukskabju digliceridi, MG — taukskabju
monogliceridi, FAME - taukskabju metilesteri, FAtBE — taukskabju t-
butilesteri, TAG — triacetins, DAG — diacetins, MAG — monoacetins, MADG —
monoacetil-, taukskabju digliceridi, DAMG - diacetil-, taukskabju
monogliceridi, MAMG — monoacetil-, taukskabju monogliceridi, G- glicerins,
MA — metilacetats, tBA — t-butilacetats, M- metanols, tB — t-butanols.)
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Gazu hromatografijas metozu izstrade reakcijas starpproduktu un
gala produktu identificéSanai un kvantificeSanai

Biodizeldegvielas sastava analizei ir izstradatas divas gazu hromatografijas
analizes metodes, kas ir pienemtas un apstiprinatas ka standarta metodes EN 14103
[2] un EN 14105 biodizeldegvielas kvalitates kontrolei [3]. Biodizeldegviela ir
produkts ar noteiktds robezas definétu sastavu, tapéc §is metodes tieSi izmantot
reakciju maisijumu analizei nevar, jo interesterifikacijas reakciju maisijumu sastavs ir
sarezgitaks neka biodizeldegvielas sastavs, bet tai raksturigo komponenSu saturs
mainas daudz plasakas robezas. Lai veiktu iepriek$ uzskaitito interesterifikacijas
produktu un starpproduktu noteikSanu un kvantificéSanu, minétas standarta metodes
tika modificetas.

Taukskabju alkilesteru noteik§anas metode

Lai veiktu taukskabju alkilesteru un triacetina satura noteikSanu, reakcijas
maisijuma par pamatu tika izmantota EN 14103 metode [2], ar kuru paredzg&ts noteikt
FAME saturu paraugos, kuros tas parsniedz 90 %. Pamatojoties uz sagatavoto
kalibréSanas maisijumu hromatografisko analizi, metodes lietojums tika paplaSinats
visam koncentraciju apgabalam. Noskaidrots arT, ka FAEE, FAPE, FAIiPE un FAtBE
aiztures laiki, salidzinot ar metilesteru aiztures laikiem, ir palielinati, tomér tas
netrauc€ izmantot ka iekS€jo standartu metilheptadekanoatu, jo ta pikis
hromatogramma ar FAEE, FAPE, FAIPE un FAtBE pikiem neparklajas un literatiira
ieteikto citu iek$&jo standartu [4] lietoSana nav nepiecieSama.

Gliceridu un glicerina noteik§anas metode

TG, DG, MG un G analizé$anai varétu izmantot EN 14105 standartmetodi.
Metode domata biodizeldegvielas kvalitates kontrolei un deriga tikai paraugiem,
kuros analiz€jamo savienojumu saturs mainas diapazona no 0,005 % (masas) lidz
1,25 % (masas) [3]. EN 14105 metodé dotas MG un DG grupas interesterifikacijas
maisijumos ir sarezgitakas, jo ietver ar acetilétus produktus. Pirma piku grupa, kas
seko aiz G pika (7.1 min) ir acetinu piki. Tad seko FAME piki ar aiztures laiku no
12 min lidz 17 min. Lidz galam neizreaggjusic DAMG pie 19,8 min, MAMG pie
19,4 min un MG pie 17,9-18,9 min. DG aiztures laiks ir pie 28,0 min un MADG no
28,9 min. TG piki seko ar aiztures laiku no 36-38 min.

MACcG, DAcG un TAcG noteikSanas metodes

Monoacetina, diacetina un triacetina noteik§anas metode

Veicam arT komerciali pieejama triacetina identific€Sanu un kalibrésanu, lai
varétu noteikt triacetina saturu maisijumos. Savukart monoacetina un diacetina
kvantificeSanas metode izveidota, izmantojot komercialo maistjumu “diacetins”.
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Razotajs savienojumu procentualo saturu maisijuma nenorada, tapéc sastava
noteikSanai tika izmantota NMR spektroskopija. No *H NMR spektriem tie$i merit
intensitates iesp&jams tikai tiem signaliem, kas neparklajas — OH un daziem CH. Citu
signalu intensitates veidojas ka dazadu izom&ru signalu summas. *C-NMR spektri
lauj tieSi mérit atbilstoSo signalu intensitates visos (glicerina, monoacetinu, diacetinu
un triacetina) savienojumos. Rezultati ir €rti parbaudami dazadas spektra dalas —
atsevisSki katram no signaliem — Bco, BCHj3, BCH, vai *CH. Noteiktas glicerina,
monoacetinu, diacetinu un triacetina koncentracijas izmantojam GC metodes
kalibréSanai. Jaatzimé, ka NMR metode lauj noteikt 1,2-diacetina un 1,3-diacetina
saturu, kas nav iesp€jams ar GC eksperimenta apstaklos. Izmantojot So izveidoto
metodi, tika noteikts monoacetina un diacetina saturs. Noteiktais triacetina saturs
maistjuma ar GC un NMR metodém sakrit.

Monoformina, diformina un triformina noteik§anas metode

Analizgjot reakcijas maisfjumu, kas iegiits TG reakcija ar metilformiatu,
hromatogramma pirms G pika redzami 3 piki, kas var€tu atbilst monoforminam,
diforminam un triforminam. Lai tos identificétu, veicam triformina sintézi no
glicerina un skudrskabes, izmantojot azeotropo tidens atdestiléSanu maisijuma ar
benzolu [5]. Iegiitais maisijums tika analizéts ar GC. Piki pie 5,5, 5,7 un 6,6 min
metilformiatu maisjjuma hromatogramma un triformina sint€zes maisijjuma
hromatogramma aptuveni sakrit, kas liecina par to, ka Siem pikiem atbilst
monoformins, diformins un triformins. Tacu, lai identific€tu piku secibu, izmantojam
NMR spektroskopijas metodi. Tadgjadi tika noteikts, ka triformina sintézes maisijuma
triformins ir liela parakuma. Izmantojot Sos datus, var secinat, ka GC hromatogramma
triformins elu€jas ka pirmais no Siem tris savienojumiem, jo péc laukumu proporcijas
tas ir vislielakais, respektivi, ta aiztures laiks ir 5,5 min. Otrs pieradijums tam ir
interesterfikacijas reakcijas ar metilformiatu maisijuma analize ar NMR
spektroskopijas palidzibu. Analiz&jot Sos spektrus, tika secinats, ka domingjosais
savienojums ir monoformins (un tam ir divi struktiirizoméri). Ari GC analize rada, ka
pika pie 6,6 min laukums ir lielakais un tas ir sadalijies divos pikos. No ta arT izriet, ka
diformins elugjas péc 5,7 min. Lai kvantificEtu reakciju maisijumos esoSos
monoforminu, diforminu un triforminu, varétu izmantot attiecigi monoacetina,
diacetina un triacetina linearas regresijas a un b koeficientus. Tacu, lai salidzinatu, vai
Sadi iegiitie rezultati ir pareizi, veicam triformina kalibréSanu, izmantojot triforminu
(sint€z€ ieglto maisTjumu), pienemot, ka triformina saturs taja ir 90 % (masas) (péc
NMR datiem).

Tributirina noteikS§anas metode
Tributirina aiztures laiks hromatogramma, kas iegiita, izmantojot modificéto
EN 14105 metodi, ir 11,9 minates. Tributirina noteikSanai izmantojam koeficientus,
kas iegiiti kalibréSana, izmantojot tributirina standartvielu tada pat veida ka triacetina
gadijuma.
Visiem analiz&tajiem savienojumiem standartnovirze nav lielaka par 2 % (masas).
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Katalizatoru un reagenta koncentracijas ietekme, izmantojot alkilatu
Skidumus spirtos

Lai izveértétu interesterifikacijas procesu, izvélgjamies izmantot divus
katalizatorus — natrija metilatu metanola Skiduma un kalija t-butilatu t-butanola
Skiduma. Kalija t-butilata Skidums t-butanola izvelets, lai péc iesp&jas izslégtu
Sos katalizatorus, janem véra divi aspekti — katalizatoru atskiriba un spirtu atSkiriba.
Metilata anjons ir stiprs nukleofils un stipra baze, bet t-butilata anjons ir vajs
nukleofils, bet par metilata anjonu stipraka baze [6]. Savukart, salidzinot metanolu ar
t-butanolu, var teikt, ka t-butanols nodro$inas katalizatora labaku $kidibu reakcijas
vide, jo ir mazak polars. Bitiskaka katalizatoru Skidumu atskiriba ir ta, ka stérisko
traucgjumu del t-butanols nevar tikt iesaistits transesterifikacijas procesos tik liela
méra ka metanols.

Katalizatoru koncentracijas ietekme
2. attela paradita katalizatoru koncentracijas ietekme uz interesterifikacijas
reakcijas norisi.
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2. attels. Katalizatora/ellas molaras attiecibas ietekme uz FAME and TG
saturu reakciju produktos. (a) Natrija metilata katalizators, (b) Kalija t-butilata
katalizators (reakciju apstakli: MEEMA 18, laiks 1 stunda, 55 °C).
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Katalizatora/ellas molara attieciba, kas nepiecieSsama, lai notiktu pilniga TG
konversija, ir 0,10 kalija t-butilata un 0,08 natrija metilata katalizatoram, skatit
2. att€lu. legitas liknes rada, ka abu katalizatoru aktivitate ir loti lidziga, turklat Iiknu
linearas dalas slipumi abam sakaribam ir loti tuvi: natrija metilata gadijuma 1950 un
kalija t-butilata gadijuma 2000.

Nukleofils izejvielu maisijuma var uzbrukt gan triglicerida karbonilgrupas,
gan metilacetata karbonilgrupas ogleklim. Nemot vera, ka tiek lietots liels
metilacetata parakums, tieSi uzbrukumam metilacetata karbonilgrupas ogleklim
vajadz€tu but reakcijas atrumu noteicoSajam. Saskana ar 3. att€la reakciju t-butilata
anjona uzbrukuma metilacetata karbonilgrupas ogleklim rezultata izveidojas metilata
anjons, kas turpina reakciju ar TG molekulu tieSi tapat ka metilata katalizatora
gadijuma.

A
H,C=C=0~CH; + H,C-C-0" = H3C—(|3—CH3
0 CH, 0
H;C~C~0~CH;
&
CH
=z H;C-C-0-C—CH; *  "O—CHj
CH,

3. attels. t-Butilata anjona nukleofila uzbrukums metilacetatam.

Lai parliecinatos, vai izmantojot kalija t-butilata katalizatoru, 1. attéla doto 1-
4, 1-5 un 1-6 reakciju rezultata nerodas FAtBE, tika veikti papildu eksperimenti — TG
reakcija ar t-butanolu gan natrija metilata, gan kalija t-butilata klatbaitné. Iegitie
rezultati rada, ka §1s reakcijas praktiski nenotiek.

Pienemot, ka optimala katalizatora/ellas molara attieciba ir tada, ko
izmantojot, veidojas maksimalais FAME un triacetina summarais saturs, tika noteikts,
ka natrija metilata katalizatoram ta ir 0,08 un kalija t-butilatam — 0,10. Iegtitais FAME
saturs abas reakcijas ir loti lidzigs (67 % (masas)), taCu triacetina saturs kalija t-
butilata katalizetaja reakcija ir gandriz divas reizes lielaks (14 % (masas)) neka natrija
metilata kataliz&taja reakcija, skatit 2. un 4. att€lu. Tas var tikt skaidrots ar triacetina
blakusreakciju ar metanolu, kas notiek ievérojami vieglak neka ar t-butanolu. No
literatiiras ir zinams, ka triacetina reakcijas ar metanolu lidzigos apstaklos notiek [7].

Ka redzams 4. attela, katalizatora daudzuma pieaugums virs optimala izraisa
triacetina satura samazinasanos abos gadijumos. Vienlaikus natrija metilata kataliz&to
reakciju produktos pieaug monoacetina un diacetina saturs, attiecigi lidz 1,0 un 5,7
% (masas) (1-7, 1-8, 1-9 reakcijas). Kalija t-butilata reakciju produktos triacetina
satura samazinasanas notiek pie lielakas katalizatora koncentracijas. Rodas iespaids,
ka sados apstaklos triacetins reagé ar t-butanolu, kaut gan ar taukskabju trigliceridu
reakcija nestajas. Tas nozimétu, ka lielaka katalizatora daudzuma klatbiitne realiz&jas
reakcijas 1-7, 1-8, 1-9. Lai apstiprinatu $adu reakciju norises iespgju, tika veiktas
triacetina reakcijas ar t-butanolu abu katalizatoru klatbttn€. Reakciju maisijumi tika
analizeti, izmantojot GC tada pat veida, ka analiz€jot interesterifikacijas produktus.
legiitie rezultati atspoguloti 1. tabula.
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Triacetina reakcijas ar t-butanolu produktu sastavs

1. tabula

Katalizators Saturs, 7% (masas)

G Monoacetins Diacetins Triacetins
Natrija metilats 2,4 64,3 24,4 8,9
Kalija t-butilats 0,8 58,4 10,5 30,4

Izmantojot kalija t-butilata katalizatoru, reakcijas maisijuma péc vienas stundas
saglabajas 30,4 % (masas) triacetina, kamer natrija metilata reakcijas maisijuma tikai
8,9 % (masas). Lielaka triacetina konversija $aja reakcija ir saistita ar to, ka reiz€ ar
natrija metilatu tiek ievadits metanols, kas ar triacetinu reag€ ievérojami labak neka t-

butanols. Tacu ar1 t-butanols ar triacetinu reagg.
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4. attels. Katalizatora/ellas molaras attiecibas ietekme uz monoacetina, diacetina un
triacetina saturu reakciju produktos. (a) Natrija metilata katalizators, (b) Kalija t-

butilata katalizators.

Teorétiski iegistamais FAME un triacetina saturs — 80,9 un 19,1 % (masas) —
netiek sasniegts ne natrija metilata, ne kalija t-butilata gadijuma. Abos procesos
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domingjosa ir interesterifikacijas reakcija, tacu starpproduktu saturs saglabajas relativi
augsts. Situaciju varétu uzlabot, palielinot metilacetata parakumu.

Metilacetata parakuma ietekme uz nepiecieSamo katalizatora

koncentraciju un produktu sadalijjumu

Stehiometriski interesterifikacijas reakcija nepieciesami tris moli monoestera
uz vienu molu ellas. Reakcija ir apgriezeniska, tapéc prakse, lai iegiitu lielaku
galaproduktu saturu, parasti lieto reagenta parakumu. Katalizatora zemako efektivo
koncentraciju ietekmé reakcijas vides skabums. Metilacetata skabes skaitlis ir niecigs
(<0,1 mg KOH/g). No 2. attéla var secinat, ka neitralizacijai nepiecieSama
katalizatora/ellas molara attieciba pie metilacetata/e]las attiecibas 18/1 ir aptuveni
0,04 natrija metilata gadijuma un aptuveni 0,05 kalija t-butilata gadijuma. Ja 0,04
natrija metilata/ellas molara attieciba (no optimalas vértibas 0,08, kas noteikta,
izmantojot liknes 2. un 4. att€la) nepiecieSama neitralizacijai pie MEEMA 18, tad
atlikust 0,04 ir nepiecieSama katalitiska efekta nodroSinasanai. Tatad optimalo
katalizatora/ellas molara attiecibu (OK) var aprékinat, izmantojot $adu vienadojumu:

OK =0,04 - MEEMA/18 + 0,04.

Attiecigi, ja 0,05 kalija t-butilata/ellas molara attieciba (no optimalas vértibas
0,10) nepieciesama neitralizacijai pie MEEMA 18, tadgjadi atlikusi 0,05 nepiecieSama
katalizei. Tada pat veida tika aprckinati katalizatora optimalie daudzumi ari citam
sisttmam pie atSkirigam MEEMA vértibam. Reakcijas produktu sadalijums,
izmantojot aprékinatas optimalas katalizatora/e]las molaras attiecibas pie atskiriga
metilacetata parakuma, redzams 2. tabula.

2. tabula

Reakcijas maistjumu saturs, kas iegiiti pie dazadiem metilacetata parakumiem

Katalizatora % (masas)
fellas 1 \EEMA
molara DAMG | MADG | TG | MAG | DAG | TAG | FAME
attieciba
Natrija metilats
0,05 3 4,6 175 | 19,9 0,1 0,8 0,6 35,7
0,06 9 6,2 16,2 | 17,3 0,1 1,4 18 39,6
0,08 18 6,4 2,2 0,4 0,1 3,0 8,1 66,7
0,10 27 55 1,7 0,6 0,2 4,7 9,9 71,4
0,12 36 3,7 0,5 0,0 0,4 6,5 11,8 75,1
Kalija t-butilats
0,06 3 8,1 19,9 | 135 0,1 0,7 1,9 38,4
0,08 9 11,5 140 | 49 0,0 0,9 5,8 54,0
0,10 18 7,7 2,5 0,6 0,1 2,0 14,0 67,7
0,13 27 5,9 11 0,0 0,1 3,3 15,4 73,0
0,15 36 4,7 0,5 0,0 0,1 2,8 16,6 73,2

Lietojot MEEMA 36, kalija #-butilata katalizéto reakciju produktos FAME un
triacettna saturs pieaug lidz attiecigi 73,2 un 16,6 % (masas), un diacetina un MG
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saturs neparsniedz attiecigi 2,8 un 0,8 % (masas), bet DG nenovéro vispar. legiitie
dati Jauj secinat, ka lielaks reagenta parakums nodro$ina mazaku blakusproduktu
koncentraciju reakcijas maistijuma, turklat kalija t-butilata izmantoSana lauj izvairities
no TG transesterifikacijas (1-4, 1-5, 1-6 reakcijas). Attieciba pret teorétiski iesp&jamo
FAME un triacetina saturu natrija metilata kataliz&taja reakcija tika sasniegts attiecigi
93 % un 62 % limenis, bet t-butilata kataliz&taja reakcija attiecigi 90 % un 88 %
Itmenis.

Katalizatora koncentracijas un metilacetata parakuma
ietekme, izmantojot kalija t-butilata Skidumu THF

Triacetina reakcija ar t-butanolu notiek (1-7, 1-8, 1-9 reakcijas), un S$is
vertigais gala produkts sadalas par monoacetinu un diacetinu, tapec izdevigi biitu
izmantot tadu katalizatoru, kas mazinatu triacetina parveidosanas reakciju norisi. STm
prasibam atbilst kalija t-butilata Skidums THF.

Lietojot par katalizatora $kidinataju THF, monoacetins praktiski nerodas, un
diacetins veidojas aptuveni divas reizes mazak, tomér ir noveérojama triacetina
koncentracijas neliela samazinasanas Iidz ar katalizatora daudzuma palielinaSanu.
Abos gadijumos reakciju produktos veidojas diacetins, kas bez t-butanola klatbuitnes
varetu rasties tikai reakcija ar kalija t-butilatu. Lai to pieraditu, tika veikta triacetina
reakcija ar kalija t-butilatu, kur$ izskidinats THF (katalizatora daudzums 0,1 molara
attieciba pret triacetinu, 55 °C temperatiira, laiks 1 h). Iegitie rezultati: péc
katalizatora neitralizacijas maisijums satur — 0,4 % (masas) monoacetina, 12,9
% (masas) diacetina un 86,7 % (masas) triacetina. Tas lauj blakusproduktu veidoSanos
izskaidrot ar shému, kas dota 5. attéla.

o] (l)'
I
(;Hz—O—C—CH3 QHZ—O—C—CH3
H;COCO—CH + (H30);C-O0° —= H;COCO—CH
— — O—C(CH;)
H;COCO—CH, H;COCO—CH, 3)3
QHZ—()- o +HT QHz—OH
- — I —
<«—— H;COCO—CH + H;C—C-0-C(CHy), - H,COCO—CH
H;COCO—CH, H;COCO—CH,

5. attels. Triacetina reakcija ar t-butilata anjonu.

Gan lietojot kalija t-butilatu t-butanola, gan kalija t-butilatu THF, esteru saturs
un triacetina saturs ir praktiski vienadi, jo katalizatora koncentracija nav tik augsta, lai
notiktu triacetina koncentracijas samazinasanas t-butanola klatbtitng. Joprojam
maisijuma paliek diacetins, no ka nav iesp§jams izvairities, jo triacetins iesaistas
reakcija ar katalizatora anjonu. Lidz ar to var secinat, ka abi katalizatora $kidinataji (t-
butanols un THF) aptuveni vienadi ietekmé& procesa norisi, ja reakcijas tiek veiktas ar
lielu monoestera parakumu pie optimalas katalizatora koncentracijas.
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Etikskabes esteru spirta dalas struktiras ietekme

Lai noveértétu monoestera strukttiras spirta dalas ietekmi uz interesterifikacijas
reakciju norisi, tika veikti p&tijumi, kuros metilacetata vieta tika izmantoti: etil-,
propil-, izopropil- un t-butilacetati. Reakcijas noris saskana ar 6. attélu, veidojot ar
etil-, propil-, izopropil- vai t-butilgrupam aizvietotus produktus. Galvenas reakcijas
rezultata rodas dazadi taukskabju esteri — FAEE, FAPE, FAIPE un FAtBE.
Katalizators natrija metilats ir iz8§kidinats metanola, tap&c interesterfikacijas reakcijas
ar etikskabes esteriem vienlaikus ar taukskabju alkilesteriem (FAAE) jarodas ari
FAME no TG transesterifikacijas ar metanolu. 7., 8. att€la un 3. tabula ka FAAE
saturs ir noradits kop€jais esteru saturs.

CH;—OOCR" $HZ—OOCCH3
CH—OOCR™ , CH,COORyy <~ R'COORg . CH—OOCR"
CH7—OOCR" Etikskabes esteris FAAE CH;—OOCR"
TG Monoacetil-, taukskabju
digliceridi (MADG)
CH;—OOCCH; (IJH2—OOCCH3
|
?H—OOCR“ . CH;COOR; <— R'COORy + CH—OOCR®
CHz7—OOCR" Etikskabes esteris FAAE CH7—OOCCH,
: 2ty Diacetil-, taukskabju
Monoacetil-, taukskabju Lo )
digliceridi (MADG) monogliceridi (DAMG)
CH;—OOCCH; CH;—OOCCH,
|
CH—OOCR" +  CH;COOR; =<— R'COORg . CH—OOCCH;
CH;—OOCCH; Etikskabes esteris FAAE CH7—OOCCH,
Diacetil-, taukskabju Triacetins
monogliceridi (DAMG)

Rg - CH;, C,Hs, C3H;, i-C3Hy -C4H,

6. attels. TG interesterifikacija ar etikskabes esteriem.

Natrija metilata katalizetas reakcijas monoestera vir§anas temperatiira

Lai noskaidrotu temperatiiras ietekmi uz procesa norisi, tika veikta reakcijas
gaitas kontrole péc zinama laika reagenta virSanas un 55 °C temperatiira. Ka redzams
7. att€la, etilacetata reakcijai 55 °C temperatiira nepiecieSams aptuveni 60 minasu, lai
iegitu augstu FAAE saturu, tau izopropilacetata reakcija pat tris stundas ir
nepietickams laiks, lai sasniegtu FAAE satura maksimalo vertibu. Parsteidzosi ir tas,
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ka izopropilestera virSanas temperatiira augsta vertiba tiek sasniegta atri un ta ir taja
pasa Iimeni, kas raksturigs monoesteriem ar augstu reagetsp&ju.

80 -

—&—Reakcija ar etilacetatu 75 °C

~® Reakcija ar etilacetatu 55 °C

Reakcija ar izopropilacetatu 55 °C

10 - —e—Reakcija ar izopropilacetatu 87 °C

0 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
Reakcijas laiks, min

7. attels. FAAE saturs laika (reakciju apstakli: MEEMA 36, optimalais katalizatora
daudzums etilacetatam 0,16, izopropilacetatam 0,27).

Etilacetata reakcijas laika pie ta virSanas temperatiiras (75 °C) gandriz tas pats
FAAE saturs (72 % (masas)) tiek sasniegts 30—35 minatés. Turklat ari izopropilacetata
reakcijas pie virSanas temperatiras (87 °C) notiek tik atri (skatit 7. att€lu), ka esteru
satura pieaugums (71 % (masas)) ir praktiski tads pats, ka etilacetata reakcijas. Sads
noverojums lauj secinat, ka visas pétitajas etikskabes esteru reakcijas pie monoestera
virSanas temperatiras, optimala katalizatora daudzuma un MEEMA 36, lidzsvars tiek
sasniegts atrak neka stundas laika.

Visbiitiskak temperatiiras izmainas ietekmé& tieSi sazarotas spirta dalas
alkilkeédes monoesteru reagétsp&ju. Tomér izradijas, ka $i likumsakariba nav
universala, jo t-butilacetata gadijuma pareja uz virSanas temperatiiru dod nenozimigu
efektu attieciba uz interesterifikacijas procesa norises atrumu un FAAE iznakumu.

Lai izveértétu monoestera parakuma ietekmi ta virSanas temperatiira,
metilacetata, etilacetata, propilacetata un izopropilacetata gadijumos MEEMA tika
pakapeniski paaugstinata no 3 1idz 36 (skatit 8. atte€lu).
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8. attels. Etikskabes esteru parakuma ietekme uz reakcijas maisijumu saturu:
a) metilacetats; b) etilacetats; c¢) propilacetats; d) izopropilacetats (reakciju apstakli:
optimalais katalizatora daudzums, laiks 1 stunda).

Ka redzams 8. att€la, visos gadijumos produktu un starpproduktu sadalijums
reakcijas maistjumos ir 11dzigs. Galveno starpproduktu — DAMG un MADG - saturs
visu etikskabes esteru reakcijas izlidzinas un neparsniedz attiecigi 4,6 un 1,0 %
(masas). Sie rezultati saskan ar Casas u. c. publicétajiem datiem, kas iegiiti, izmantojot
metilacetata/ellas molaro attiecibu 50, lai atbrivotos no MADG reakcijas maisijuma
[8]. Notiek triacetina blakusreakcijas ar metanolu, tap&c Visos reakcijas maisijumos
atrodams diacetins un monoacetins. Alkilkédes pagarinasanai vai sazaroSanai
etikskabes estera spirta dala petito monoesteru rinda monoesteru virSanas temperatiira
ir neliela ietekme uz interesterifikacijas procesu. FAAE saturs pie MEEMA 36
metilacetata, etilacetata, propilacetata un izopropilacetata reakcijas ir attiecigi 75,1,
72,7, 71,5un 72,1 % (masas). Iznémums ir t-butilgrupa, kas praktiski bloke
interesterifikacijas reakciju.

Otra vertiga interesterifikacijas produkta — triacetina — saturs nedaudz
samazinas, pagarinoties vai sazarojoties alkilkédei, no 11,8 % (masas) metilacetata
gadijuma lidz 9,4 % (masas) izopropilacetata gadijuma. Tacu tas joprojam ir
pietiekami augsts, lai maisijuma ar FAAE veidotu reali izmantojamu biodizeldegvielu.

Monoestera spirta dalas alkilgrupu ietekmes raksturojumi

Summarie FAAE iznakumi reakcijas ar metilacetatu natrija metilata un kalija t-
butilata klatbiitn€ ir praktiski vienadi, bet reakcijas ar etilacetatu un propilacetatu
noveéro nelielas atskiribas, saglabajot secibu metil- > etil- > propil-, skatit 3. tabulu.
Iznakumi (eksperimentala FAAE satura dala reakcijas maisijuma no teorétiski
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iespejama) salidzinati tadel, ka teorétiskais FAAE saturs interesterifikacijas reakcijas
maisijumos ar katru no monoesteriem ir nedaudz atskirigs.
3. tabula
Etikskabes esteru reagétspéjas salidzinajums interesterifikacijas reakcijas
(reakciju apstakli: temperatiira 55 °C, laiks 1 stunda, MEEMA 18, katalizatora
koncentracija 0,16)

Etikskabes FAAE iznakums, %
esteris Natrija metilats metanola Kalija t-butilats t-butanola
Metilacetats 84,3 84,7
Etilacetats 15,7 80,7
Propilacetats 74,4 76,1
Izopropilacetats 54,7 74,8
t-Butilacetats 28,6 4.7

Ar seciba metil- > etil- > propil- > izopropil- > t-butil- saglabajas abas rindas,
tomér atSkiribas kltus butiskas un ir +20 vienibas izopropilacetata gadijuma un —24
vienibas t-butilata gadijuma. AtSkiribas ir saistitas gan ar katalizatoru skidibu, kas var
izveidot nehomogénu reakcijas vidi, gan ar transesterifikacijas reakcijam metilata
katalizatora klatbiitng, gan ar 1. reakcijas stadija generéta alkilata aktivitati. Kalija t-
butilata klatbitneé blakus reakciju Tpatsvars ir mazaks, tapec talakai analizei
izmantojam $a katalizatora klatbutné iegltos rezultatus. Jasecina, ka alkilkedes
pagarinaSana un sazaroSana etikskabes estera spirta dala neapSaubami izraisa
etikskabes estera reag€tsp&jas samazinajumu, kas krasi izpauzas t-butilgrupas
gadijuma (skatit 3. tabulu). Alkilgrupu ietekme varétu bt saistita gan ar to indukcijas,
gan steriskajiem efektiem. Krasas izmainas, parejot uz t-butilacetatu, liek domat, ka
doming alkilgrupu steriskie efekti. No interesterifikaciju reakciju pétijumiem iegiitie
alkilgrupu formalie efekti (Efet) varétu tikt reprezentéti ka FAME un FAAE
iznakumu attiecibas:

Efest (alkilgrupai) = FAME iznakums / FAAE iznakums.
4. tabula Alkilgrupu Efes vertibas dotas kopa ar to stériskos efektus raksturojosam
konstantém Es [9].

4. tabula
Monoesteru spirta dalas alkilgrupas ietekmes raksturojumi
Alkilgrupa Efest Es[9]
Metil- 1,00 0,000
Etil- 0,95 0,149
Propil- 0,90 0,216
Izopropil- 0,88 0,556
t-Butil- 0,06 1,460

Tendence — FAAE iznakuma samazinasanas, pieaugot alkilgrupu stériskajiem
efektiem, — ir izteikta un apliecina, ka monoestera spirta dalas stériskais efekts butiski
ietekmé€ interesterifikacijas reakcijas norisi.
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Karbonskabes metilesteru skabes dalas struktiiras ietekme

Izmantojot dazadu karbonskabju metilesterus, visos gadijumos rodas FAME,
tacu starppprodukti un blakusprodukti ir atSkirigi — acilgrupas vieta var biit formil-,
acetil-, propionil-, butil- vai izobutil- grupas. 9. att€la paradita 1-1 lidz 1-3 reakciju
(skatit.1. attélu) sheéma.

CH;—OOCR" CH;—OOCR
|

(I?H—OOCR“ . R,COOCH; =<—  R'COOCH; , ?H— OOCR"

CH57—OOCR" Karbonskabju metilesteri FAME CH5—OOCR"

Monoacil-,taukskabju

TG digliceridi (MACDG)
CH;—OOCR CHz—OOCR,
|
$H—OOCRrl . R,COOCH; <— R'COOCH; - ?H_ OOCR"
CH7—OOCR" Karbonskabju metilesteri FAME CH;—OO0CR,

. iy Diacil-, taukskabju
Monoacil-,taukskabju Lo )
digliceridi (MAcDG) monogliceridi (DAcMG)

CH;—OOCRy CH;—OOCR
I
$H—OOCR“ +  R,COOCH; =<— R"COOCH; . CH—OOCR,
CH;—OOCR Karbonskabju metilesteri T AME CH;—OOCR
Diacil-, taukskabju Triacini
monogliceridi (DAcMG) (TACG)

Ry - H, CH;, CyHs C3Hy i-C3H;

9. attels. TG interesterifikacija ar karbonskabju metilesteriem.

Reakcijas salidzinamos apstaklos 27 °C temperatiira kalija t-butilata
klatbutne

Ka redzams 5. tabula, triformina saturs, kas iegits metilformiata reakcija, ir
zemaks neka varétu gaidit (2,0 % (masas)), jo tai pat laika FAME saturs ir salidzinosi
augsts (74,2 % (masas)). Tas skaidrojams ar to, ka dala triformina pariet apakséja
slani, kas izveidojas reagenta parakuma atdestiléSanas laika un tiek atdalits.
Izmantojot GC un NMR metodes, noskaidrots, ka atdalitais apaksgjais slanis sastav
no mono-, di- triformina un neliela daudzuma glicerina. Lidz ar to tabula dotais
FAME saturs ir korigéts, nemot véra masu attiecibu starp abiem slaniem (noteiktais
FAME saturs reizinats ar FAME slana masas attiecibu pret kop€jo abu slanu masu).
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5. tabula
Reakcijas maisijumu sastavs reakcijam kalija t-butilata katalizatora klatbiitne
(reakciju apstakli: 27 °C temperatara, MEEMA 18, katalizatora daudzums 0,12, laiks

1 stunda)
Reagents % (masas)
DACMG | MAcDG | TG | DG | TAcG | FAME
Metilformiats 5,3* 1,3* 0* |02*| 2,0* 74,2*
Metilacetats 8,0 3,2 0,6 | 04 | 156 71,0
Metilpropionats** 0,0 0,0 91,1 | 6,2 0,0 1,0
Metilbutirats 8,2 1,5 0,0 | 0,0 | 151 61,8
Metilizobutirats 0,0 0,0 90,5 | 9,1 0,0 0,8

* Nemot véra slanu masu attiecibas.
** Katalizators reakcijas maisjjuma neskist.

Ka redzams 5. tabula, augstakais esteru saturs ieglts, izmantojot
metilformiatu — 74,2 % (masas). Diemzé&l kalija t-butilata katalizators metilpropionata
neskist, un ta rezultata reakcija nenotiek. Savukart metilizobutirata katalizators skist
dal&ji, tomg&r tas reakcija ar e]lu praktiski neiesaistas. Abos gadijumos ellas konversija
ir aptuveni 9 % (neliela méra notiek TG transesterifikacija ar t-butilatu).

Jaatzim¢, ka interesterifikacijas reakcijas ar metilacetatu abu katalizatoru
gadijuma iegits praktiski vienads FAME saturs: ar metilatu 70,5, bet ar t-butilatu —
71,0 % (masas).

Kalija t-butilata daudzuma ietekme monoestera virSanas
temperatura

Pieaugot oglekla atomu skaitam karbonskabes molekulas skabes dala,
samazinas FAME saturs (skatit 10. attélu): pieméram, metilacetata reakcijas tas ir
zemaks neka metilformiata reakcijas, neskatoties uz to, ka metilacetata reakcijas tika
veiktas augstaka temperatiira (55 °C). ParsteidzoSi augsts FAME saturs iegiits
metilizobutirata reakcijas ar katalizatora daudzumu 0,12 (49,8 % (masas)). Tas parada
butisku temperatiiras ietekmi sazarotas k&des karbonskabju esteru gadijumos, kas dod
iesp&ju izmantot virSanas temperatiiru augstaka produktu iznakuma nodroSinasanai.

Turklat, lietojot metilformiatu un palielinot MEEMA Iidz 36, iesp&jams
sasniegt maksimalo FAME saturu — 84 % (masas) (péc slanu masu attiecibas). Var
secinat, ka FAME saturs reakcijas ar metilformiatu ir augstaks neka ar metilacetatu.
Tacu blakusproduktu — triacetina un triformina — saturs ir atSkirigs un 1sti nav
salidzinams, jo metilformiata reakciju rezultata, izveidojas atsevisks slanis, kas sastav
no mono-, di- triformina un glicerina.
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10. attels. Kalija t-butilata koncentracijas un reakcijas temperattras ietekme. Reakciju
temperatira: metilformiatam 27 °C, metilacetatam 55 °C, metilpropionatam 78 °C,
metilbutiratam 100 °C, metilizobutiratam 88 °C (laiks 1 stunda, MEEMA 18).

Monoesteru struktiiras ietekmes raksturojumi

No pétitajam reakcijam salidzinoSos apstaklos 27 °C un 55 °C izriet, ka drosu
reakcijas raksturojumu iegiiSanu apgritina katalizatora nepietickama Skidiba rapsu
ellas un monoestera maistjuma. 27 °C temperatira kalija t-butilata klatbiitng
iespejams iegiit salidzinoSus datus par metilformiata un metilacetata reag€tsp&ju.
Abos gadijumos FAME iznakums ir praktiski vienads — 88 %, no ka izriet, ka
izveidotaja aizvietotaju efektu sisttma ar metilgrupai pieSkirto raksturojumu 1 art
Gdenradim ir japieskir tads pats raksturojums. No pétijumiem 55 °C temperatiira
kalija t-butilata klatbutné iesp&jams iegiit salidzinoSus datus par metilbutirata un
metilacetata salidzinoSo reagétspéju. Saskana ar iegiitajiem rezultatiem metilbutirata
gadijuma novero gandriz tikpat lielu FAME i1znakumu ka metilacetata gadijuma, un
mérijumu rezultatu matematiska apstrade dod Efes*(CH,CH>CH3) = 0,99. legiitie Efes
un Efes* apkopoti 6. tabula.

6. tabula
Aizvietotaju raksturojumi monoesteru spirta un skabes atlikumos
Aizvietotajs Efest Efo™
(spirta palieka) (skabes palieka)
H — 1,00
CHj 1,00 1,00
CH,CHjs 0,95 _

CH,CH,CHj5 0,90 0,99

No tabulas datiem izriet, ka vienu un to paSu aizvietotaju ievadiSana
monoestera skabes un spirta atlikumos nedaudz atskirigi ietekmé to reakcijas spgju.
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Pieméram, nesazarotu alkilgrupu pagarinaSana spirta dala pakapeniski samazina
monoestera reagétsp&ju, kamér nesazarotu alkilgrupu pagarinasana monoestera skabes
dala to praktiski neietekmé.

Reakcijas produktu degvielas 1pasSibas

Rapsu ellas interesterifikacija ar etikskabes esteriem iegiitais reakcijas maisijums
bez talakas attiriSanas no blakusproduktiem tika analiz€ts ka biodegviela, un iegiitie
raksturojumi tika salidzinati ar LV EN14214 ,,Automobilu degvielas. Taukskabju
metilesteri (FAME) dizeldzingjiem. Prasibas un testéSanas metodes” standarta
prasibam. Mérijumi veikti produktiem, kuru sastavs redzams 8. attéla.

7. tabula redzams, ka iegito produktu blivums ir augstaks neka FAME
blivums, jo $ie produkti satur triacetinu, kura blivums ir 1,155 g/cm®. Pagarinot
alkilkedes garumu spirta dala etikskabes estera molekula, picaug parauga kinematiska
viskozitate, un visaugstaka ta ir FAIiPE paraugam (5,96 mm?%s). Gan blivuma, gan
kinematiskas viskozitates vertibas iegltajiem maisijumiem parsniedz EN 14214
pielautas normas biodizelim. Tas ir skaidrojams ar to, ka visi reakciju maisijumi satur
diacetinu un triacetinu, kuru viskozitates attiecigi ir 14,0 mm?/s un 7,0 mm?/s.
Zinams, ka triacetins samazina degvielas maisijuma CP, PP un CFPP [10], tacu $aja
gadijuma mé&s nenoverojam triacetina klatbiitnes pozitivo efektu. Zemo temperatiiru
ipasibu uzlabojums izopropilacetata paraugam ir saistits ar pasa FAiPE 1pasibam [11].
Var secinat, ka reakcijas produktu CFPP atbilst vismaz D klasei ziemas
dizeldegvielai, bet izopropilacetata gadijuma sasniedz E klasi.

Lai uzlabotu iegiito maisijumu degvielas parametrus, nepiecie$ams atbrivoties
no tadiem piemaisjjumiem reakcijas produkta ka DAMG un diacetins. Diacetina
saturu iesp&jams samazinat, lietojot kalija t-butilata katalizatoru. DAMG saturu
iespgjams samazinat, lietojot lielaku monoestera parakumu.

7. tabula
Ar etikskabes esteriem iegiito reakcijas maisijumu degvielu 1pasibas
Blivums Kinematiska Koksésanas
(15°C), | viskozitate (40 | atlikums | S| T | 00
glem® °C), mm?/s (100 %), %
Standarta 0,86-0,90 3,50-5,00 <0,05* D-10
parametri E-15
Metilacetats 0,92 5,36 0,03 -6 -10 -12
Etilacetats 0,91 5,25 0,09 -6 -10 -13
Propilacetats 0,91 5,47 0,07 -9 -13 -15
Izopropilacetats 0,91 5,96 0,11 -14 | -15 -18

* ASTM D6751 parametrs degvielai bez frakciongSanas.
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SECINAJUMI

Rapsu ellas interesterifikacijas reakcijas ar monoesteriem v&lamo reakcijas
produktu iznakums samazinas, parsniedzot optimalo katalizatora daudzumu (ipasi
triacilgliceridu: triformina, triacetina utt.). Lai to noverstu, izstradats vienkarSs
pan@miens optimala katalizatora daudzuma aprékinam dazadam monoestera/ellas
molarajam attiecibam.

Izmantojot kalija t-butilata katalizatoru, iesp&jams iegtt produktus ar gandriz
divas reizes lielaku triacetina saturu, neka izmantojot natrija metilata katalizatoru.
t-Butanols un THF ka kalija t-butilata Skidinataji neatstaj iespaidu uz
interesterifikacijas procesa norisi. Izmantojot natrija metilata katalizatoru
metanola, paral€li notiek transesterifikacijas reakcijas.

Monoestera parakums rapSu ellas interesterifikacijas reakcijas paaugstina
reakcijas gala produktu iznakumu. Lielakais FAME un triacetina saturs (attiecigi
73,2 un 16,6 % (masas), kopa 89,8 % (masas)) tika ieguts, izmantojot kalija t-
butilatu (katalizatora/ellas molara attieciba 0,15) un metilacetata/ellas molaro
attiecibu 36.

Alkilkédes pagarinaSana un sazaro$ana etikskabes estera molekulas spirta dala
samazina ta reagétsp&ju interesterifikacijas reakcijas 55 °C temperatirad. Ja
reakcijas veic etikskabes estera virSanas temperatiira, struktiiras ietekme klust
nenozimiga. Pie monoestera/ellas molaras attiecibas 36 monoestera virSanas
temperatira FAAE iznakums metilacetata, etilacetata, propilacetata un
izopropilacetata reakcijas, attiecigi, ir 93 %, 89 %, 87 % un 88 %.

Lietojot metilformiatu un palielinot metilformiata/ellas molaro attiecibu lidz 36,
iesp&jams sasniegt maksimalo FAME saturu — 84 % (masas) (péc slanu masu
attiecibas). Var secinat, ka FAME saturs reakcijas ar metilformiatu ir augstaks
neka ar metilacetatu. Tacu blakusproduktu — triacetina un triformina — saturs ir
atSkirigs un isti nav salidzinams, jo metilformiata reakciju rezultata izveidojas
atsevisks slanis, kas sastav no mono-, di- triformina un glicerina.

Nesazarotas alkilgrupas pagarinasana monoestera skabes atlikuma ta reagétsp&ju
praktiski neietekmé&. Aizvietotaju ietekme uz reagetspju ir saistita ar ta stérisko
efektu. Petijumu rezultata noteikti aizvietotaju ietekmes skaitliskie raksturojumi
interesterifikacijas reakcijas.
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ABBREVIATION
BCNMR  'C Nuclear magnetic resonance spectroscopy

CFPP Cold filter plugging point
CP Cloud point

DAG Diacetin

DACG Diacylglyceride

DAMG Diacetylmonoglyceride
DACMG Diacylmonoglyceride
DFMG Diformylmonoglyceride
DG Diglyceride

FAAE Fatty acid alkyl ester
FAEE Fatty acid ethyl ester
FAME Fatty acid methyl ester
FAPE Fatty acid propy! ester
FAIPE Fatty acid isopropyl ester
FAtBE Fatty acid t-butyl ester

G Glycerol

GC Gas chromatography

IS1 Internal standard No.1
IS2 Internal standard No.2

M Methanol

MA Methyl acetate

MACcG Monoacylglyceride
MAG Monoacetin

MADG Monoacetyldiglyceride
MAcDG Monoacyldiglyceride
MAMG Monoacetylmonoglyceride
MEOMR (Carboxylate ester) monoester/oil molar ratio
MFDG Monoformyldiglyceride
MFMG Monoformylmonoglyceride
MG Monoglyceride

PP Pour point

TAcCG Triacylglyceride

TAG Triacetin

tB t-butanol

tBA t-butyl acetate

TG Triglyceride
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GENERAL OVERVIEW OF THE THESIS

Topicality of the subject and thesis

In recent years interest in possibilities to use alternative fuels are growing. In
2015 Climate Change Conference took place in Paris. It closed with the adoption of
the Paris Agreement, which is considered to be by far the most important international
agreement to prevent climate changes, facilitate the transition to a low-tech carbon
and climate-resilient development. Paris agreement aims to strengthen global action to
combat climate change and to keep global warming well below two degrees after
Celsius compared to pre-industrial levels and try to limit the temperature increase to
within half a degree because it will significantly reduce climate change risks and
impacts. A significant part of greenhouse gas emissions gives constantly growing
transport sector which is based on the use of petroleum products. Biodiesel is
considered to be an environmentally friendly alternative fuel, which can help reduce
the risk of global warming reducing carbon monoxide emissions into the atmosphere.
Biodiesel is one of those alternative fuels, which has not only studied but also
produced in large quantities around the world. Biodiesel production volumes in the
world increase every year, in 2016 reaching 34 milj. m®. Biodiesel is produced
industrially by transesterification of triglycerides with methanol, using different
catalysts. Apart from the raw materials used, the by-product glycerol is produced in
large quantities (about 10 % of raw material weight).

Due to the excess of glycerol and its processing problems, a new method of
biodiesel production that prevents glycerol synthesis should be developed. The
interesterification of triglycerides with methyl acetate provides a promising
alternative of transesterification because triacetylglycerol (triacetin) is formed instead
of glycerol. When the triacetin is included in the formulation of biodiesel, the amount
of biofuel obtained from triglyceride (TG) increases. Recent studies have shown that
addition of triacetin to the biodiesel for up to 10 wt% do not affect the quality of
biofuel and it still meets the requirements of quality standard EN14214. Including
triacetin in the formulation in biodiesel, the yield of biodiesel would increase. Despite
the potential benefits of interesterification reactions, using chemical catalysts, it is
studied relatively little because of transesterification catalysts were not suitable for
interesterification.

Objectives of the thesis
¢ Investigate the influence of interesterification reaction conditions, carboxylate
ester (monoester) and rapeseed oil molar ratio, catalyst concentration,
temperature and time of reaction, on percentage composition of obtained
mixtures with methyl acetate and methyl formate.
Clarify the influence of monoester structure on interesterification process.
o Determine fuel properties of selected reaction products.
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Tasks of the thesis

Develop methods of analysis for all interesterification products and
intermediates.

Explore the ineresterification process, using sodium methoxide solution in
methanol, potassium t-butoxide solution in t-butanol and potassium t-butoxide
solution in tetrahydrofuran.

Clarify the effects of reaction conditions on interesterification process:
monoester and rapeseed oil molar ratio, catalyst concentration, temperature
and time of reaction.

Clarify the influence of monoester alcohol moiety structure on
interesterification process.

Clarify the influence of monoester acyl moiety structure on interesterification
process.

Develop interesterification reaction optimization techniques for maximal final
products content in a reaction mixture.

Determine fuel properties of selected interesterification reaction products.

for defense

Interesterification reaction may be used to obtain biodiesel fuel with a yield
that exceeds biodiesel yield in transesterification process.

Use of potassium t-butoxide solution in tetrahydrofuran as the catalyst in
interesterification reactions with methyl acetate allows obtaining a product
with a high content of triacetin.

Prolongation and brunching of alkyl groups in alcohol moiety reduced the
reactivity of monoesters. t-Butyl acetate practically does not participate in
interesterification. Alkyl chain prolongation induced reduction in reactivity
can be prevented, carrying reactions by boiling temperature of monoester.
Prolongation of unbranched alkyl groups in acyl moiety does not affect the
reactivity practically.

Prolongation and brunching of alkyl groups in acyl moiety of alkyl acetate
have a moderate influence on the composition of reaction mixtures, obtained
at temperatures near to the boiling point of reactant.

The scientific novelty of thesis

e Investigated the influence of monoester alcohol and acyl moiety structure
on rapeseed oil chemical interesterification process and determined the
structure effect characteristics of acyl and alcohol moieties.

o Interesterification reactions using potassium t-butoxide was done and it
was indicated that this catalyst makes it possible to increase the triacetin
content of the reaction product.

o Alkoxide catalyzed interesterification reaction mechanism in monoester
superiority conditions was clarified.

Practical significance

Chromatographic analysis method for different products and intermediates
obtained in rapeseed oil interesterification has developed.
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e Methods to obtain biofuels with yield by mass what exceeds the mass of used
rapeseed oil has been developed using interesterification with monoesters. In
this processes glycerol is not produced, but glycerol derivatives are included in
a composition of biofuel.

Approbation of the research results

The main results of the thesis have been summed up in 4 publications, 2 conference
proceedings and 7 conference theses.

Publications

Sustere Z., Millers J., Kampars V. GC Analysis of biodiesel synthesis reaction
mixtures formed in rapeseed oil reaction with ethyl acetate. Latvian Journal of
Chemistry, 2011, 50 (1-2), 111-119.

Sustere Z., Kampare R., Liepins E., Kampars V. The composition of commercial
acetylated glycerol samples determined by *C and *H NMR. The comparison with
gas chromatography. J. Anal. Chem., 2014, 69(8), 763—768.

Sustere Z., Kampars V. Chemical Interesterification of the Rapeseed Oil with Methyl
Acetate in the Presence of Potassium tert-Butoxide in tert-Butanol. IJETR, 2015,
3(10), 226-232. ISSN: 2321-0869.

Sustere Z., Murnieks R., Kampars V. Chemical interesterification of rapeseed oil with
methyl, ethyl, propyl and isopropyl acetates and fuel properties of obtained mixtures.

Fuel Process. Technol. 2016, 149, 320-325.

Conference proceedings

Sustere Z., Kampars V. Chemical interesterification of rapeseed oil with ethyl acetate
using methanolic sodium methoxide and t-butanolic potassium t-butoxide solutions as
catalysts // Fuelling the Future: Advances in Science and Technologies for Energy
Generation, Transmission and Storage; BrownWalker Press: Boca Raton, USA,
2012, 24-28. ISBN-10:1-61233-558-6.

Sustere Z., Kampars V. The influence of acyl moiety of carboxylate methyl esters on
rapeseed oil chemical interesterification // 13th International Conference of Young
Scientists on Energy Issues (CYSENI 2016), 2016, 28-35. ISSN 1822-7554.

Conference theses

Sustere Z., Kampars V. Effect of Molar Ratio of Ethyl Acetate to Rapeseed Oil in
Interesterification Reactions // Abstracts of the 52nd Scientific Conference of Riga
Technical University, Latvia, Riga, 13—-15 October 2011, 25.
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Sustere Z., Millers J., Kampars V. Determination of Triacetin and FAEE Content by
GC in Rapeseed Oil Ineteresterification Mixtures Obtained with Ethyl Acetate //
Proceedings of International Conference of Chromatography, Latvia, Riga, 15-17
June 2011, 101.

Sustere Z., Kampars V. Chemical Interesterification of Rapeseed Oil with Ethyl
Acetate Using t-Butanolic Potassium Butoxide // Abstracts of the Riga Technical
University 53rd International Scientific Conference Dedicated to the 150th
Anniversary and the 1st Congress of World Engineers and Riga Polytechnical
Institute / RTU Alumni: Section: Material Science and Applied Chemistry, Latvia,
Riga, 11-12 October 2012, 45.

Sustere Z., Kampars V. Chemical Interesterification of Rapeseed Oil With Ethyl
Acetate Using Sodium Methoxide and t-Butanolic Potassium Butoxide Solutions as
Catalysts // The Energy & Materials Research Conference: Book of Abstracts, Spain,
Torremolinos, 20-22 June 2012, 16.

Sustere Z., Kampars V., Misina L. The Effect of Alcohol Group on Rapeseed Oil
Interesterification with Methyl- and Ethyl- Acetates // In: Book of Abstracts of RTU
55th International Scientific Conference, Latvia, Riga, 14-17 October 2014, 13.

Sustere Z., Kampars V., Misina L., Murnieks R. Properties of Mixtures Obtained by
Rapeseed Oil Interesterification with Methyl Acetate // In: 19th International
Conference ,,EcoBalt 2014”: Book of Abstracts, Latvia, Riga, 8-10 October 2014,
58.

Sustere Z., Kampars V. The Effect of Acid Moiety of Monoesters on Rapeseed Oil
Interesterification // In: Abstracts of the Riga Technical University 56th International
Scientific Conference, Latvia, Riga, 14-16 October 2015, 21.
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SHORT CONTENT OF THE DOCTORAL THESIS

In the literature review information is gathered about biodiesel obtaining by
transesterification and interesterifiation. There are indicated, that oil interesterification
process with an aim to obtain biofuel are studied using enzymes catalysts,
supercritical conditions and chemical catalysts. Though the best process for
realization of interesterification to obtain biofuel have not been found.

In result analysis part there are interesterification process description,
intermediates, and main products definition. Further gas chromatography methods for
all products and intermediates are developed. The influence of main factors, catalyst
structure, and amount, monoester structure, and amount, reaction time and
temperature, on interesterification process are analyzed. And fuel properties of chosen
reaction mixtures were determined.

In the experimental part of the Thesis, the following is described in detail:
description of all methods, materials, and reagents used, and all experiments
descriptions.

Interesterification reactions were studied using 3 catalysts: 28.6 wt% sodium
methoxide solution in methanol, 1M potassium t-butoxide solution in t-butanol and
1M potassium t-butoxide solution in THF. Sodium methoxide solution in methanol is
catalyst used in biodiesel production industrially. Potassium t-butoxide is available in
t-butanol solution, and the reactivity of t-butanol is low in transesterification because
of steric effects [1]. And potassium t-butoxide solution in THF allows to completely
avoid of transesterification reactions.

The influence of alcohol and acyl moieties of carboxylate esters on
interesterification process are evaluated. The influence of alcohol moiety studied in
the row: methyl acetate, ethyl acetate, propyl acetate, isopropyl acetate and t-butyl
acetate. The influence of acyl moiety studied with methyl formate, methyl acetate,
methyl propionate, methyl butyrate and methyl isobutyrate. Optimization of reaction
parameters was managed by content of fatty acid alkyl esters in mixtures, but in some
cases the summary content of fatty acid esters and TacG. Each reaction was carried
out two times and the average values are represented.

MAIN RESULTS OF THE DOCTORAL THESIS

The main reactions and side reactions of rapeseed oil interesterification with
methyl acetate are shown in Figure 1. As alkoxide catalyst in alcohol solutions are
suitable for manufacturing, the reactions with alcohols are viewed in detail.

If rapeseed oil interesterification with monoesters are carrying out with
catalyst solution in alcohol, triglyceride (TG) side reaction can react with methanol
(or t-butanol), forming diglycerides (reaction 1-4), monoglycerides (reaction 1-5) and
glycerol (reaction 1-6). Methanol (or t-butanol) also can react with one of
interesterification final product triacylglycerol (TAG), forming diacylglycerol (DAG),
monoacylglycerol (MAG) and glycerol (G). In other reactions monoacetyl
monoglycerides MAMG are formed (1-10, 1-13 un 1-14 reactions).
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TG interesterification with metilacetatu ( main reaction):

TG + MA = MADG + FAME 1-1 reaction
MADG + MA = DAMG + FAME 1-2 reaction
DAMG + MA = TAG + FAME 1-3 reaction
TG transesterification (side reaction):
TG + M (tB) = DG + FAME (FAtBE) 1-4 reaction
DG + M (tB) & MG + FAME (FAtBE) 1-5 reaction
MG+ M (tB) = G + FAME (FAtBE) 1-6 reaction
Triacetin transesterification (side reaction):
TAG + M (iB) = DAG + MA (tBA) 1-7 reaction
DAG + M (tB) = MAG + MA (tBA) 1-8 reaction
MAG + M (iB) = G + MA (tBA) 1-9 reaction
Interesterification products transesterification (side reaction):
MADG + M (tB) = MAMG + FAME (FAtBE) 1-10 reaction
MADG + M (tB) = DG +MA (tBA) 1-11 reaction
DAMG + M (tB) = DAG + FAME (FAtBE) 1-12 reaction
DAMG + M (tB) = MAMG + MA (tIBA) 1-13 reaction
Transesterification products interesterification (side reaction):
DG + MA = MAMG + FAME 1-14 reaction
MG + MA = MAG + FAME 1-15 reaction
MAMG transesterification and interesterification (side reaction):
MAMG + M (tB) = MAG + FAME (FAtBE) 1-16 reaction
MAMG + M (tB) = MG + MA(tBA) 1-17 reaction
MAMG + MA = DAG + FAME 1-18 reaction
MAMG + MA = DAMG + M 1-19 reaction
Figure 1. TG interesterification with methyl acetate using alkoxide catalysts in
alcohols

(TG - triglycerides, DG — diglycerides, MG — monoglycerides, FAME - fatty
acid methyl esters, FAtBE — fatty acid t-butyl esters, TAG — triacetin, DAG —
diacetin, MAG — monoacetin, MADG - monoacetyldiglycerides, DAMG —
diacetylmonoglycerides, MAMG - monoacetylmonoglycerides, G- glycerol,
MA — methyl acetate, tBA — t-butyl acetate, M- methanol, tB — t-butanol).
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Gas chromatography methods for determination of all intermediates
and products

To analyse the composition of biodiesel, two gas-chromatographic methods
are developed and approved as standard methods: EN 14103 [2] and EN 14105 [3].
Since biodiesel is the product with certain limits defined composition, these methods
can not be used directly, because the reaction mixture of interesterification is more
complex. To carry out the above-listed interesterification products and intermediate
determination and quantification, these standard methods were modified.

Fatty acid alkyl esters determination

To make a determination of the FAAE and triacetin content in reaction the
mixture as the basis was used EN 14103 method [2] which is intended to determine
FAME content above 90 %. The method has been extended to the entire area of
concentration, based on the chromatographic analyses of prepared calibration
mixtures. Also found that retention times of FAEE, FAPE, FAIPE and FAtBE has
been increased, however, it does not interfere with use as an internal standard of
methyl heptadecanoate, as their signals do not overlap and use of other internal
standards are not necessary [4].

Glycerides and glycerol determination

To analyse TG, DG, MG and G EN 14105 standard could be used. The
method is intended for the quality control of biodiesel and useful for samples in wich
content of coumpounds is changing in range from 0.005 wt% till 1.25 wt% [3].
Groups of MG and DG of interesterification mixture are more complex and includes
also acylated products. The first group of peaks following G peak (7.1 min) is peaks
of acetins. Then FAME peaks are followed (from 12 min till 17 min) Completely non-
reacted DAMG near 19.8 min, MAMG near 19.4 min and MG near 17.9-18.9 min.
DG retention time is 28.0 min and MADG — 28.9 min. TG retention time from 36 min
till 38 min.

MACcG, DAcG un TAcG determination methods

Monoacetin, diacetin and triacetin determination methods

Triacetin is available as a pure substance, identification and calibration were
done to determine content of triacetin in mixtures. DAG and MAG are not available
in individual forms, but only in mixture with TAG and G. And the method for
diacetin and monoacetin determination was formed using commercial mixture
“diacetin”. As the content of compounds is not indicated by producer, to determine it
NMR spectroscopy was used. From the *H NMR spectra, it is possible to measure
directly the intensities only for the nonoverlapping signals — OH and some CH. For
other signals the sums of different isomers are present. This could give larger errors in
the final concentrations. The *C-NMR spectra allow the intensities of appropriate
signals in all isomers of glycerol and acetylated glycerols to be measured directly. The
result could be conveniently verified in different parts of spectrum — separately for
30, B¥*CHs, **CH, or *CH signals. The G, TAG, MAG and DAG values determined
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by NMR are appropriate to use in calibration for GC method. NMR method allows to
determine the content of 1, 2-DAG and 1, 3-DAG separately, which is not possible by
GC with the column used. The triacetin content from both methods for commercial
acetylated glycerol sample is in good agreement.

Monoformin, diformin un triformin determination methods

Analysing the reaction mixture, obtained in interesterification with methyl
formate, 3 peaks before G peak were found, that could correspond monoformin,
diformin and triformin. To identify them, synthesis of triformin from glycerol and
formic acid was done [5]. Peaks near 5.5 min, 5.7 min and 6.6 min in GC
chromatogram of interesterification mixture and in chromatogram of triformin
synthesis mixture overlap, which indicates that these peaks correspond to formins. To
identify the sequence of peaks, NMR method was used. Thus, it was determined, that
triformin is in large excess in the synthesis mixture. It can be concluded, that triformin
is eluted as first of them by 5.5. min. Also, analyze of interesterification mixture
NMR spectra allow to conclude, that dominant compound is moformin (with 2
structural isomers), respectively its retention time is 6.6 min. Diformin accordingly is
eluted by 5.7 min. To quantify monoformi, diformin and triformin, linear regression
coefficients of monoacetin, diacetin and triacetin could be used. To compare results
obtained with these coefficients, synthesis mixture of triformin was used for
calibration and content of triformin was assumed as 90 wt% (according to NMR).

Tributyrin determination method

The retention time of a tributyrin in chromatogram obtained using modified
EN 14105 is 11.9 minutes. For determination of tributyrin, coefficients obtained by
the calibration with pure tributyrin were used in the same way as for triacetin.

For all analyzed compounds standard deviation is not higher than 2 wt%.

Influence of catalyst and reactant amount, when catalyst solutions in
alcohols are used

In order to assess interesterification process, two catalysts were compared—
sodium methoxide solution in methanol and potassium t-butoxide solution in t-
butanol. The last one was chosen to eliminate as much low transesterification side
reactions with alcohol. Comparing these catalysts two aspects should be taken into
account — the difference of catalysts and difference of alcohols. Methylate anion is
strong nucleophile and strong base, but t-butylate anion is weak nucleophile but
stronger base than methylate anion [6]. t-butanol will provide better solubility of
catalyst in the reaction medium because is less polar.
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Influence of catalyst amount

The influence of catalysts amount on the investigated interesterification reaction is
depicted in Fig.2.
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Figure 2. The effect of the amount of catalyst on the interesterification and FAME and
TG (wt%) content in the product (a) using MeONa; (b) using tert-BuOK.

The amount of catalyst necessary for full conversion of TG is 0.10 equivalents
for potassium t-butoxide catalyst and 0.08 equivalents for sodium methoxide catalyst
(see Figure 2).The obtained curves (Figure 2) show that the activity of catalysts is
very similar and the slopes of linear parts of curves are close — for MeONa it is equal
to 1950 and for tert-BuOK it is 2000.

The nucleophile can attack either the triglyceride or the methyl acetate
carbonyl carbon. Considering the excess of the methyl acetate in the reaction mixture
the attack at carbonyl carbon of methyl acetate should be critical. According to the
reaction in Figure 3 the attack of tert-butoxide anion on carbonyl carbon of methyl
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acetate generates the methoxide anion, what reacts with TG molecule in the same way
as with methoxide catalyst.

o L
H,C=C=0-CH; + H,C-C-0 = H3C—$—CH3 =
CH, 0
H;C~C~0~CH;
&
gH
= H;C-C-0-C—CH; * “O—CH;
CH,

Figure 3. Reaction scheme of methyl acetate and tert-butoxide anion

To eliminate the possibility of fatty acid tert-butyl esters (FABE) formation
during the interesterification in presence of terBuOK catalyst (TG transesterification
with tert-butanol, side reactions 1-4, 1-5, 1-6 in Scheme 1) Additional experiment of
TG transesterification reaction with tert-butanol in presence of tert-BuOK and
MeONa were done. Results show that TG reaction with tert-butanol practically does
not occur.

Presuming that the optimal amount of catalyst is the amount producing the
maximum total content of FAME and triacetin, it was determined that for MeONa
catalyst the optimal amount was 0.08 and for tert-BuOK it was 0.10. The yield of
FAME for both reactions was identical (67 wt%), however, the yield of triacetin in
tert-BuOK-catalyzed reaction was almost two times higher (14 wt%). It can be
explained by the more facile side reactions of triacetin with methanol than with tert-
butanol. Results of investigation of triacetin reaction with methanol were reported
earlier [7].

As displayed in Figure 4, an increase of the amount of catalyst over optimal
value caused the decrease of content of triacetin. In MeONa-catalyzed reaction
simultaneously the MAG and DAG content increased to 1.02% and 5.7 %,
respectively (side reactions 1-7, 1-8, 1-9, Figure 1). In the tert-BuOK catalyzed
reaction the decrease of triacetin begins at higher catalyst concentration, but the final
increase of monoacetin and diacetin content was similar (0.7 % and 5.4 %,
respectively) indicating that the triacetin reacts with tert-butanol. This would mean,
that by larger catalysts amounts reactions1-7, 1-8, 1-9 are realized. To corroborate the
possibility of such reaction, comparative investigation of transesterification reaction
of triacetin with tert-butanol in presence of both catalysts were performed. The
reaction mixtures were analyzed using GC in the same way as the TG
interesterification products. Results are showen in Table 1.
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Table 1
Composition of samples obtained by TA reaction with t-butanol

| wit%

Catalyst G Monoacetin Diacetin Triacetin
MeONa 2.4 64.3 24.4 8.9
tert-BuOK 0.8 58.4 10.5 30.4

The triacetin reaction with t-butanol was investigated using both catalysts. After 1
hour in reaction mixture obtained using tert-BuOK 30.4 % of triacetin remained unconverted,
but in reaction mixture using MeONa only 8.9 %. Larger conversion of triacetin is related to
what simultaneously with catalyst methanol are introduced, which with triacetin reacts better
than t-butanol. Thought t-butanol also reacts with triacetin.
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Figure 4. The effect of the amount of catalyst on the interesterification. Monoacetin,
Diacetin and Triacetin (wt%) content in product using (a) MeONa. (b) tert-BuOK.

The theoretically predicted content of FAME and triacetin by full TG
conversion into these two products was 81.1 wt% and 18.9 wt%, respectively, were
not reached neither by useing the MeONa, nor the tert-BuOK catalyst. In both sets of
reactions the interesterification is the dominant process, however, the content of
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intermediates is quite high, therefore in order to increase the yield of desired products
the excess of methyl acetate have to be increased.

Influence of methyl acetate excess on catalyst amount and percentage

composition of mixture

Commonly, the stoichiometric amount of alkyl acetates to oil in
interesterification reactions is 3 mole of alkyl acetate to each mole of oil. In reality,
the excess of alkyl acetate always is used, in order to obtain the highest yield
ofproducts. The lower effective concentration of the catalyst depends on the acidity of
a reaction mixture. The acid value of methyl acetate is insignificant (<0.1 mg
KOH/g). From Figure 2 is known that the amount 0.04 equivalents of MeONa (of
optimal value 0.08, determined using Fig. 2 and 4) is required for neutralization using
molar ratio 18, hence residual 0.04 were necessary for catalysis.

Then an optimal amount of catalyst (OC) can be calculated using following
equation:
OC =0.04 - MEOMR/18 + 0.04.

Accordingly, if potassium t-butoxide/oil molar ratio 0.05 (from optimal 0.10)
is necessary for neutralization, then the remaining 0.05 is necessary for catalysis. In
the same way, the optimal amounts for other systems were calculated by different
MEOMR. The optimal amounts of catalysts were calculated using equation and
results obtained by using these amounts were summarized in Table 2.

Table 2
Content of reaction mixtures obtained by the increase of molar ratio of methyl acetate
to oil
Catalyst wit%
foil MEOMR
molar DAMG | MADG | TG | Monoacetin | Diacetin | Triacetin | FAME
ratio
MeONa/MeOH
0.05 3 4.6 175 | 19.9 0.1 0.8 0.6 35.7
0.06 9 6.2 16.2 | 17.3 0.1 1.4 1.8 39.6
0.08 18 6.4 2.2 0.4 0.1 3.0 8.1 66.7
0.10 27 55 1.7 0.6 0.2 4.7 9.9 71.4
0.12 36 3.7 0.5 0.0 0.4 6.5 11.8 75.1
t-BuOK/t-BuOH
0.06 3 8.1 19.9 | 135 0.1 0.7 1.9 38.4
0.08 9 115 140 | 4.9 0.0 0.9 5.8 54.0
0.10 18 7.7 2.5 0.6 0.1 2.0 14.0 67.7
0.13 27 5.9 1.1 0.0 0.1 3.3 15.4 73.0
0.15 36 4.7 0.5 0.0 0.1 2.8 16.6 73.2

Using molar ratio of 36 in tert-BuOK catalyzed reactions the content of
FAME and triacetin in reaction mixture reached — 73.2 and 16.6 wt%, respectively,
the content of diacetin did not exceed 2.8 wt%, some MG remained (0.8 wt%) and
DG was not observed in the reaction mixture. These results allow to conclude, that
large excess of reactants provided fewest side products in the reaction mixture,
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besides employment of tert-BuOK catalyst practically lets to avoid the TG
transesterification (reactions 1-4, 1-5, 1-6, Figure 1). Relative to the theoretical
content of FAME and triacetin, in sodium methoxide catalyzed interesterification
93 % and 62 % was reached accordingly, but in potassium t-butoxide catalyzed
interesterification 90 % and 88 %.

Influence of catalyst amount and methyl acetate excess on
interesterification using potassium t-butoxide in THF

As triacetin reaction with t-butanol proceed (1-7, 1-8, 1-9 reactions), the
catalyst without alcohol would be interesting to use. Using potassium t-butoxide
solution in THF, monoacetin are not formed and content of diacetin is about two
times less, but still there are a neglible reducing of triacetin content with increase of
catalyst amount. Diacetin without t-butanol can be formed in reaction with potassium
t-butoxide. To confirm that, the triacetin reaction with potassium t-butoxide in THF
was carried out. Results showed, that mixture contains 0.4 wt% monoacetin,
12.9 wt% diacetin and 86.7 wt% triacetin, that can be explained with the scheme in
Figure 5.

0] Cl)'
1l
CHy O—C—CHj CHz O—C—CH,
H,COCO—CH + (H;0),C-O° == H;COCO—CH
| | _
H;COCO—CH, H,COCO—CH, O—C(CHy);
CHz O o T CHz OH
- — 1 —
= HCOCO—CH 4 yc—{-o-ccHy), =  HCOCO—CH
H;COCO—CH, H;COCO—CH,

Figure 5. Triacetin reaction with t-butoxide anion.

Using both solutions of potassium t-butoxide — t-butanol and THF — the
content of esters and triacetin are similar, as the concentration of catalyst is not so
high to reduce the triacetin content. It can be concluded, that both solvents of catalyst
equally affect the process when the optimal amount of catalyst was used.

The influence of chemical structure of alkyl acetate

To determine the influence of different alcohol moiety of alkyl acetate on the
composition of obtained interesterification mixture, experiments were carried out with
methyl-, ethyl-, propyl-, isopropyl- and t-butyl acetates. Reactions passed according to
Fig. 6, creating intermediates and products substituted with methyl-, ethyl-, propyl-,
isopropyl- and t-butyl groups. In the main reaction different fatty acid esters - FAEE,
FAPE, FAIPE and FAtBE — are formed. As catalyst sodium methoxide is dissolved in
methanol, simultaneously with FAAE FAME from TG transesterification are formed.
In Table 3 and figures 7. and 8. as FAAE content the sum of esters are indicated.
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Figure 6. The interesterification of TG with alkyl acetates.

Reactions at boiling points of monoesters catalyzed by sodium methoxide

In order to obtain information about the influence of temperature, we followed
the progress of the reaction by monitoring the FAAE content in the reaction mixture
at 55 °C and boiling point of reactant. As it can be seen in Fig. 7, in order to obtain
the highest content of FAAE in reactions at 55 °C for ethyl acetate approximately
60 minutes are necessary, however, for isopropyl acetate even 3 hours is not enough

to reach the maximum.
80 -
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(2]
o

30 -

FAAE, wt%
5 3
.\

—o—Reaction with ethyl acetate at 75 °C

—m— Reaction with ethyl acetate at 55 °C

20 Reaction with isopropyl acetate at 55 °C
10 - —e—Reaction with isopropyl acetate at 87 °C
0 T T T T T T T T 1

0O 20 40 60 80 100 120 140 160 180

Figure 7. Plot of FAAE content versus time. The reaction conditions: alkyl acetate to

reaction time, min

oil molar ratio 36, the optimal amount of catalyst.
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During the reaction with ethyl acetate at its boiling point (75 °C)
approximately the same maximum (72 wit%) is reached in 30-35 minutes.
Surprisingly, the reaction with isopropyl acetate at its boiling point (87 °C) proceeds
so fast (Fig. 7), that the rise of ester content (71 wt%) is approximately the same as for
ethyl acetate at its boiling point. This unexpected result let us conclude that the all
investigated interesterification reactions at the boiling point of alkyl acetate reached
equilibrium in one hour by the use of optimal concentration of catalyst and alkyl
acetate to oil molar ratio equal to 36.

Reactivity of alkyl acetate with branched chain alcohol moiety is affected by
reaction temperature the most significant. Though in reactions with t-butyl acetate the
use of boiling temperature gives a negligible effect on interesterification process and
FAAE yield.

To determine the influence of the excess of alkyl acetate on the
interesterification, MEOMR was stepwise increased up to 36 (Fig. 8.). As can be seen
in Fig. 8, the distribution of products and main intermediates in reaction mixtures are

| similar for all alkyl acetates, when MEOMR was increased from 3 till 36.
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Figure 8. The influence of the excess of alkyl acetate on the content of reaction
mixture obtained after 1h at the temperature close to a boiling point of alkyl acetate
and optimal catalyst amount: a) methyl acetate; b) ethyl acetate; c) propyl acetate; d)
isopropyl acetate.

The content of main intermediates from oil interesterification — DAMG and
MADG become similar in all reactions and do not exceed 4.6 and 1.0 wt%,
respectively. These results agree with ones reported by Casas et al., that the molar
ratio of 50 was needed to remove the MADG [8]. In products from all of the reactions
with alkyl acetate to oil molar ratio 36 the content of diacetin and monoacetin reached
6.5 and 0.4 wt% value, respectively, and it can be caused by the triacetin reaction with
methanol. As it can be seen in Fig. 10., the prolongation and branching of alkyl chain
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in alcohol moiety of alkyl acetate has a moderate influence on the composition of
reaction mixtures, obtained at temperatures near to the boiling point of reactant. Using
alkyl acetate to oil molar ratio 36, the content of alkyl esters were 75.1 wt% in reaction
with methyl acetate, 72.7 wt% - with ethyl acetate, 71.5 wt% - with propyl acetate and
72.1 wt% with isopropyl acetate. The exception is t-butyl group, what blocks the
interesterification reaction. The content of other valuable fuel component — triacetin
decrease slightly with the prolongation and branching of alkyl chain — from 11.8 wt%
when methyl acetate was used, till 9.4 wt% when isopropyl acetate was used, but
remain high enough for the assumption that all obtained reaction mixtures can be
considered as biodiesel fuel.

Structure effect characteristics of alcohol moiety of monoesters

The summary vyield of FAAE in reaction with methyl acetate using sodium
methoxide and potassium t-butoxide is practically equal, but in reactions with ethyl
acetate and propyl acetate small differences are observed, maintaining the sequence
methyl->, ethyl->, propyl, see Table 3. The yields (experimental part of FAAE content
from theoretical) compared as theoretical FAAE content with each monoester are
different.

Table 3

Reactivity of alkyl acetates in interesterification process (reaction conditions:
temperature 55 °C, time 1 h, MEOMR 18, catalyst amount 0.16)

Alkyl acetate FAAE yield, %

MeONa/MeOH t-BuOK/t-BuOH
Methyl acetate 84.3 84.7
Ethyl acetate 75.7 80.7
Propyl acetate 74.4 76.1
Isopropyl acetate 54.7 74.8
t-Butil acetate 28.6 4.7

Also the sequence methyl->, ethyl->, propyl->, isopropyl-> t-butyl- remains in
both rows, but the difference contain more than +20 units in isopropylacetate and — 24
units in t-butyl acetate cases. The differences are related with the solubility of
catalysts, with transesterification reactions using methoxide catalyst and activity of
generated alkoxide anion in the first stadium of reaction. So in further analysis
potassium t-butoxide results were used. Prolongation and branching of alkyl groups in
alcohol moiety reduced the reactivity of monoesters (see Table 3). Drastic changes
using t-butyl group allow conclude about steric effects dominance.  From
interesterification reaction obtained alkyl group formal effects (Efe) is represented as
FAME content ratio: Efe (for alkyl group) = FAME yield / FAAE vyield,

in Table 4 Ef values compared with steric effect characterising constantes Es
[9].
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Table 4
Structure effect characteristics

Alkyl group Efest Es [9]
Methyl- 1.00 0.000
Ethyl- 0.95 0.149
Propyl- 0.90 0.216
Isopropyl- 0.88 0.556
t-Butyl- 0.06 1.460

Tendency — increasing steric effects of alkyl groups decrease of FAAE yield —
confirms, that steric effect of the alcohol moiety of monoesters has the significant
impact on interesterification process.

The influence of acyl moiety of carboxylate methyl esters

Using different carboxylate methyl esters, in all cases FAME are formed, but
intermediates and by-products are different: in acyl group could be formyl-, acetyl-,
propionil-, butyl- vai isobutyl-. In figure 9 reaction 1-1 till 1-3 (Fig.1) scheme are
shown.

CH;—OOCR" CH;—OOCR
CH—OOCR™ ,  R,COOCH, <~ R'COOCH; , (:3H—OOCR“
CH7—OOCR" Carboxylate methyl esters FAME CH7—OOCR"
TG Monoacyldiglyceride
(MAcDG)
?Hz_ OOCR (leZ—OOCR A
CH—OOCR" .  R,COOCH; =<— R"COOCH; + CH—OOCR®
éHz—OOCR“ Carboxylate methyl esters FAME CHz—OOCR,
Monog\s{)g(i;sglc}}l)cende Dlacy(lgglég/%g)cerlde
CH;—OCORy CH;—OOCR,
(::H— OOCR" + RL,COOCH; =— R'COOCH; - (liH—OOCR A
CHz7—OOCR, Carboxylate methyl esters FAME CH5—OOCR ,
Diacylmonoglyceride Triacin
(DAcMG) (TAcG)

RA - H, CH3, CZHS, C3H7’ i—C3H7
Figure 9. The interesterification of TG with carboxylate methyl esters

Reactions with potassium t-butoxide catalyst at constant conditions and 27 °C
temperature

As can be seen in Table 5, triformin content obtained in methyl formate
reaction is lower as expected (2.0 wt. %), because at the same time FAME content is
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comparatively high (74.2 wt. %). It can be explained by that triformin transfered in
lower liquid layer, what forms during rotary evaporation of reactant and has
separated. Using GC and NMR methods it was ascertained, that this a lower layer
contains of mono-, di- and triformin and glycerol. Thereby FAME content in the table
is calculated: obtained FAME content is multiplied with mass ratio between layers —
mass of FAME layer versus the sum of both layers mass.

Table 5
Percentage composition of reaction mixtures obtained with carboxylate methyl esters
at 27 °C temperature (MEOMR 18, catalyst amount 0.12, 1 h)

Reactant wit%

DACMG | MAcDG | TG DG | TAcG | FAME
Methyl formate 5.3* 1.3* 0* 0.2* | 2.0* | 74.2*
Methyl acetate 8 3.2 0.6 04 |156 |71
Methyl propionate** | 0 0 911 |62 |0 1
Methyl butyrate 8.2 1.5 0 0 151 |61.8
Methyl isobutyrate 0 0 905 |91 |0 0.8

* considering mass ratio between layers
**catalysts are insoluble in reaction mixture

The highest content of esters (74.2 wt%) was obtained with methyl formate.
While in interesterification with methyl propionate low FAAE content (1.0 wt%) can
be explained by catalyst dissolving problems in reaction mixture. In methyl
isobutyrate reaction the catalyst dissolves party, but FAME content is low — 0.8 wt%.
In both cases, the TG conversion is about 9 % (TG transesterification with t-
butoxide).

In interesterification reaction with the both catalysts similar FAME content
was obtained: with methoxide 70.5 wt% and with t-butoxide 71.0 wt%.

Influence of t-butoxide amount using boiling temperature of
monoester

The shorter the alkyl residue in acyl moiety of monoester, the higher FAME
content, see Fig.10., for example, FAME content in methyl acetate reactions are lower
than in methyl formate reactions.

With increasing carbon atom number in carboxylate methyl ester molecule,
FAME content decrease (see Fig. 10), for example, in methyl acetate reactions it is
lower than in methyl formate reactions, despite the fact that methyl acetate the
reaction was carried out at a higher temperature (55 °C). Surprisingly high FAME
content obtained in methyl isobutyrate reactions (49.8 wt%). It shows a significant
effect of temperature in branched chain carboxylic esters cases.

In addition, using methyl formate and increasing MEOMR till 36, maximal
FAME content — 84 wt% (considering mass ratio between layers) was obtained. It can
be concluded, that FAME content is higer in methyl formate reactions, but the content
of byproducts — triformin and triacetin — is different and not comparable, as in methyl
formate reactions the separate layer, containing mono-, di and triformin, is formed.
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Figure 10. Influence of potassium t-butoxide amount and reaction temperature.
Reaction temperature: methyl formate 27 °C, methyl acetate 55 °C, methyl
propionate78 °C, methyl butyrate 100 °C, methyl isobutyrate 88 °C.

Structure effect characteristics of acyl and alcohol moieties of
monoesters

From reactions in comparable conditions at 27 °C with potassium t-butoxide is
possible to obtain data about the reactivity of methyl formate and methyl acetate. In
both cases yield of FAME is practically the same (88 %), which means that in alkyl
substituent system also hydrogen characteristic is 1. From reactions in comparable
conditions at 55 °C with potassium t-butoxide is possible to obtain data about
reactivity of methyl butyrate and methyl acetate. According to results with methyl
butyrate almost the same FAME yield could be obtained as with methyl acetate and
mathematical processing of results gives Efe*(CH2CH2CH3) = 0.99. Obtained Efeg
and Efes™ shown in Table 6.

Table 6

Structure effect characteristics of acyl and alcohol moieties
Substitute Efest Efest™

(in alcohol moiety) | (in acyl moiety)
H - 1.00
CHjs 1.00 1.00
CH,CH3 0.95 _
CH,CH,CHj3 0.90 0.99

It can be concluded, that the introduction of the same substitutes in acyl and
alcohol moieties of carboxylate esters affects its reactivity differently. Prolongation of
unbranched alkyl groups in alcohol moiety reduced the reactivity of carboxylate
esters, while prolongation of unbranched alkyl groups in acyl moiety does not affect
the reactivity practically.
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Fuel properties of obtained mixtures

In rapeseed oil interesterification with alkyl acetates obtained mixtures were
analyzed as biofuel and obtained parameters were compared with standard parameters
EN14214 ,,Liquid petroleum products - Fatty acid methyl esters (FAME) for use in
diesel engines and heating applications - Requirements and test methods”.
Measurements were done for reactions mixtures with percentage composition
reflected in Figure 8.

Table 7 shows that the density of reaction products is slightly higher than the
density of FAME, due to the presence of triacetin (the density of triacetin is
1.155 g/cm®). The kinematic viscosity increase with prolongation of alkyl chain in
alcohol moiety and the mixture of FAIPE has the highest viscosity value (5.96
mm?/s). The density and viscosity characteristics exceed the limits of EU standard
(EN 14214) for biodiesel. This is due to the fact that all the reaction products contain
diacetin (viscosity 14.0 mm?/s) and triacetin (viscosity 7.0 mm?/s). It has been shown
that triacetin can reduce CP, PP, and CFPP [10], but we cannot register the
remarkable positive effect of the triacetin presence on these characteristics. The
improving of cold flow properties for the reaction product with isopropyl acetate is
connected with the properties of FAIPA [11]. CFPP of reaction products correspond
to winter diesel fuel classes D and E, where D class —10 °C; E class —15 °C (EN 590).

To improve the properties of obtained mixtures, such impurities as DAMG
and diacetin should be removed. The content of diacetin can be reduced by using

| potassium t-butoxide catalyst. The content of DAMG can be reduced by using the
larger excess of reactant.

Table 7
The fuel properties of obtained mixtures
Densi Ki i

nsity _ lne_matlc Ca_rbon cp. | crep, | PP,
| (15°C), | viscosity (40 residue oC oC oC

glcm?® °C), mm?/s (100 %), %

EN 14214 0.86-0.90 3.50-5.00 <0.05* [E):ig

Methyl acetate 0.92 5.36 0.03 -6 -10 -12
Ethyl acetate 0.91 5.25 0.09 -6 -10 -13
Propyl acetate 0.91 5.47 0.07 -9 -13 -15
Isopropyl acetate 0.91 5.96 0.11 -14 -15 -18

* (ASTM D6751 limits for fuel without fractionation)
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CONCLUSIONS

In rapeseed oil interesterification exceeding the optimum amounts of catalyst, the
yield of main reaction products in reaction time decrease (particularly, the yield
of triacylglycerols). To prevent this, a simple technique is developed to calculate
optimal amount of catalyst by different monoester/oil molar ratio.

The content of triacetin is almost two times higher using potassium t-butoxide
catalyst than using sodium methoxide catalyst. t-Butanol and THF as t-butoxide
solvents have no impact on interesterification process. Using sodium methoxide
catalyst simultaneously transesterification proceed.

Excess of monoester in rapeseed oil interesterification reactions increases the
yield of products. The highest content of FAME and triacetin (accordingly 73.2
wt% and 16.6 wt%, sum 89.8 wt%) was obtained using potassium t-butoxide
(catalyst/oil molar ratio 0.15) and methyl acetate/oil molar ratio 36.

Prolongation and branching of alkyl chain of the alkyl acetate decrease its
reactivity in interesterification by 55 °C temperature. If reactions were carried out
by boiling temperature of alkyl acetate, the influence of the structure is
insignificant (the yield of FAAE were 93 %, 89 %, 87 % and 88 % in reactions
with methyl acetate, ethyl acetate, propyl acetate and isopropyl acetate
respectively using monoester/oil molar ratio 36).

The maximal FAME content (84 wt%, considering the mass ratio between layers)
was obtained in methyl formate interesterification reactions using methyl
formate/oil molar ratio 36. The FAME content in methyl formate reactions is
higher than in methyl acetate reactions, but the content of triformin and triacetin
is different and is not comparable because in methyl formate reactions the
separate layer is formed.

Prolongation of an unbranched group in acyl moiety of monoester does not have
the influence on its reactivity. The influence of substituents is associated with
steric effects. Structure effect characteristics of acyl and alcohol moieties of
monoesters in interesterification reaction were determined.
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