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Hucepraniitna  poboTa  MpUCBSYeHAa  po3poOlll  OCHOB  TEXHOJIOTIi
TpaHcecTepu]iKkallii TPUTITIIeprIiB POCTUHHNUX OJiif eTaHOJIOM Ta OyTaH-1-o10M y
MIPUCYTHOCTI OKCHJIIB METaliB K e(heKTUBHUX KaTali3aTopiB, IO 3a0e3MedyroTh
BHCOKI TEXHOJIOTIYHI TOKa3HWUKH TPOIECY, XapaKTePHU3yIThCS MPOCTOTOIO
BIIIJICHHS 3 PEaKI[iiHOI CyMIIIl Ta MOXJIMBICTIO 6araTopa3oBOro BUKOPUCTAHHS Y
peakiiii TpaHcecTepudikarliii 6e3 X pereHepariii.

[IpoBeneHo aHami3 HAYKOBO-TEXHIYHOI JIiTEpaTypd, IO CTOCYETHCS
OTPUMAaHHS €CTepiB YKUPHUX KHUCJIOT peaKIlielo TpaHcecTepudikarlii XMpoBMiCHOT
CUPOBUHM POCJIMHHOTO TOXO/JKEHHS HIKYMMU alipaTUYHUMU CIUPTaAMHU.
[TpoanasizoBaHO iCHYIOY1 JOCIIKEHHS B 00JIaCTi TOMOT€HHOTO Ta TeTePOTreHHOTO
Karamizy peakuii TpaHcecTepudikamii. BcTaHOBIEHO OCHOBHI  HEIOJIKH
FOMOT€HHOr0  KaTalidy, Taki K HHM3bKa  €KOJIOTIYHICTb  Ipoliecy,
npoOJieMaTUYHICTh BiJAUIEHHS KaTali3aTopiB 3 MPOAYKTIB peakiiii, BUCOKA YacTKa
BUTPAT HA OYMIIEHHS T'OTOBOI'O MPOIYKTY 1 TIILEPUHY B 3arajbHiii coOiBapTOCTI
MPOIYKTY, @ TaKOXX YTBOPEHHS BEJIMKOI KUIBKOCTI cTiuHuMX Boj. [Iporte, He
3BaKalOYM Ha 1€, OUIBIIICTh MPOMUCIOBHX IMPOIECIB OTPUMaHHS Oi0U3eITI0
OpiEHTOBaHI B OCHOBHOMY CaMe Ha TOMOT'€HHO-KATIITHYHY TpaHcecTepudikarlito
pocauHHMX onil. Omnucani B HayKOBid 1 MaTeHTHIM jiTepaTypi reTeporeHHi
KaTaji3aTopu XapaKTEepPU3YIOThCS BiIHOCHO HHU3BKOIO AaKTHUBHICTIO, HEIOBIUM
4acoM CIIyXOH, (CKOPCTKMMK» yMOBaMHU IMPOBEIEHHS IMpolleCy Ta BUCOKUM

HaJTUIIIKOM CITUPTOBOI CUPOBUHU. TOMY Ha OCHOBI OTJISY JITEpaTypHUX JKeper



BU3HAYEHO OCHOBHY MeETy 1 3aBJaHHS JHWCepTalliiHUX JOCIHiKeHb Ta
3alPOIMOHOBAHO 171e1 AJis 1X JOCSTHEHHS.

HageneHo ¢hi3nko-XiMidHI XapaKTEpUCTUKH 00’ €KTIB TOCHTIIKeHb, METOIUKH
BUKOHAHHS €KCIIEPUMEHTIB y CTalllOHApPHUX Ta HEeCTalllOHAPHUX YMOBaX, a TaKOXK
METOJMKM BH3HAUEHHS KHUCJIOTHOTO 4YHCJIa 1 TUTOMOI eJleKTPONPOBIIHOCTI
peakiiiHoi cywmimi Ta XpomaTorpadiqHOro BHU3HAUYEHHS BMICTY CIUPTY B
OPOAYKTaxX peakiii.

BcranoBneHo, 110 3acTOCyBaHHS MOPOIIKOIMOMAIOHUX OKCHIIB MeETalliB, SK
HEAOpPOrMX Ta  edeKTUBHUX  TeTepOreHHUX  KaTami3aTopiB  Mpolecy
TpaHcecTepudikaiii T03BOJSE JOCATHYTH BHUCOKHX TIOKa3HUKIB KOHBepCii
TPUTTILEPUIIB TpPHU TMPOBEJEHHI TMpolecy B JOBOJI «M’SKHX» yMOBax. 3a
JOCSITHYTOK0 KOHBEPCIEI0 TPUTIIEPUIIB 3alPOTIOHOBAHO PSIA  aKTUBHOCTI
OKCHJIIB PI3HUX METajiB SK KaTalli3aTOpiB TpaHcecTepudikallii poCIMHHUX Ok
eTaHojoM 1 OyraH-1-omom. BusiBieHO, BHINY aKTHBHICTh B JaHOMY IIpoOIleCi
OKCHJIIB MeTaJliB TOPIBHIHO 3 TiIPOKCHUIAMHU BIAMOBIAHUX METANIB SK
KaTanizaropiB. BcTaHOBIEHO ONMTHMMallbHI YMOBH peakilii TpaHcecTepudikarlii
TpUTJiLEPUIIB eTaHoJioM Ta OyTaH-l-oloM, 30KpeMa BHM3HA4YeHO, WIO
ONTHMAJIbHUI BMICT OKcuAiB IMHKY Ta ¢epymy (II) B peakuiitHiii cymimmii
ctanoBuTh 0,25 mac. % Tpr MOJIBHOMY CITiBBITHOIICHH] €TaHOJ : TPUTIIIEPUIN —
(4,1-5,7) : 1 ta Oyran-l-onm : tpurmiuepuau — (15-20) : 1, mo 3abe3neudye
kouBepcito 97,8 — 99,1 %, ta 94,0 — 100 %, BiAMOBiNHO, y TepepaxyHKy Ha
TPUTILEPUI.

JocnipkeHo BIUIMB pi3HUX (DAKTOPIB Ha KOHBEPCIIO TPUIIIEPHUIIB
POCIMHHMX OJiM y peakmii iX TpaHcecTepudikauii HIKYUMHU aipaTHIHUMU
criupTamu. BecraHoBiieHo, 1110 3aCTOCYBaHHS €TUIIOBOTO CIIUPTY 3 BMICTOM BOAM 0
5 Mmac. % TmpakTUYHO HE BIUIMBAa€ Ha BEJIMYMHY KOHBEpCil TpPUIIILEPHUIiB
10 mac. % nocsrayto 94,8 % koHBepcii TpurmiinepuaiB 3a 150 xB peaxiiii, 110
Bchoro Ha 4,3 % MeHIlle, HIX y BUTMAIKy BUKOPUCTAaHHS Oe3BOAHOTO criwpty. Lle

CBIIUUTh TIPO MOXIJIMBICTH 3aCTOCYBaHHS B TIpolleci TpaHcecTtepudikarii



COHSIIIIHUKOBOI OJii €THUJIOBOTO CIHUPTY, IO MICTUTh Y CBOEMY CKIIaJi HEBEJIUKY
94acTKy BOJAM, YHHKAIOYH NP [IbOMY €Hepro3aTpaTHOi CTaii HOTro OCyIIeHHS.

[Tokazano MOXJIMBICTP BUKOPUCTAHHS BiAMNPallbOBAHOI COHSIIIIHUKOBOI OJii
JUIS OJiep>KaHHsl OyTUIIOBHX e€CTepPiB KUPHUX KUCIIOT, TpaHcecTepudikalliero oiii B
MPUCYTHOCTI OyTaH-1-07y Ta okcuaiB nuHKy Ta Hikemto (II) sk karamizatopis
mpoliecy. 3acToCcyBaHHA B JaHOMYy IIpolieci BIiAMNPalbOBaHOI OJii 3yMOBIIOE
3HIDKEHHS KOHBepcii TpUrminepuaiB juiie npudbauzHo Ha 2-3 %, MOpPIBHSIHO 3
BUKOPHUCTaHHSM padiHOBaHOI OJIii.

JlocikeHO MOXKIMBICTh MOBTOPHOTO 3aCTOCYBaHHS OKCHAIB IIMHKY Ta
mikemo  (II) mns  Tpancectepubikamii  TpUTTiLEpHIIB  BiANpabOBaHOT
COHSIIITHMUKOBOT 0J1ii B IPUCYTHOCTI OyTaH-1-omy. CepeqHe BiIXUIeHHS MOKa3HUKIB
kouBepcii TI" ne mepeBumyBano 1,3 % micisg M'STH MOBTOPHUX BHKOPUCTAHb
OKCHUJIIB ITUX METajliB, TaKOXX MPAKTUYHO He 3MiHIOBajacs 1 MOYaTKoBa MIBUJIKICTh
peakiiii TpaHcectepudikallii. BctaHoBIeHO MpUAATHICTh OKCUAIB JaHUX METalliB
JUTSE BAKOPUCTAHHS 1X TTpH MepepoOili BiANPaIlbOBAHOT COHSITHUKOBOI Ol IIJISTXOM
TpaHcecTepudikallii ocTaHHbOI OyTaH-1-0710M 3 OTPUMaHHSAM I[IHHUX MPOIYKTIB —
OyTUJIOBUX €CTepiB HEHACUUEHUX YKUPHUX KUCIOT.

BcTanoBneHo, 1m0 OKCHIM MeTaliB OKpiM TpaHcecTepudikallil KaTtaai3yloTh
TAaKOX TMOOIYHY peakiito ectepudikamii o0yieiHOBOI KUCIOTH OyTaH-1-o5m0oM.
JlociIpKeHO KiHETUYHI 3aKOHOMIPHOCTI JaHOTO MPOoIieCy B CTAlllOHAPHUX YMOBax
y TPUCYTHOCTI TeTEPOreHHHUX KaTali3aTopiB — OKCUAIB IMHKY Ta Hikemto (II).
Po3paxoBaHo OCHOBHiI KiHETHYHI MOKAa3HUKM peakiii ecrepudikailii, cepes HUX:
e(eKTUBHI KOHCTAaHTH IIBUJIKOCTI, €HEPrir0 aKTUBAIlii Ta MepeneKCOHeHIIMHIN
MHOXXHHUK. JlaHi MOKa3HUKHM 3aCTOCOBAaHO ISl PO3paxyHKy KOHBepcii OJeTHOBOI
KHCJIOTH B peakiii ii ectepudikarii 6yraH-1-o70M, MpoBeieHI B HeCTalllOHAPHUX
ymoBax. IlokazaHo, 1m0 HaBeleHa KiHeTUYHa MOJENb aJeKBaTHO OIUCYE
ectepudikailiro oneiHoBoi KuciaoTu OyTaH-1-o10M, Ta MOke OyTH BUKOpHCTaHa
JUIS. OMHCY TIpollecy TpaHcecTepudikallii pocJIUHHUX oniii OyraH-1-ojoM B

MPUCYTHOCTI OKCHUJIIB METAJIB, Je 15l peaKIlisl € MOOIYHOIO.



B mporeci excriepuMeHTaTbHUX JAOCIIHKEHb BUSIBICHO, IO OKCUIU IUHKY
ta Kynpymy (II) BcTynaroTh y peakiilo 3 OJ€iHOBOIO KHCJIOTOI 3 YTBOPEHHSM
oJieaTiB BIAMOBIIHUX METaJiB, II0 OOMEXYE iX BUKOPUCTAHHS SK KaTalli3aTopiB
TpaHcecTepu]ikaiii pPOCTMHHUX OJi 3 BHUCOKAM BMICTOM BUIBHUX JKHUPHHUX
KHCIIOT.

JlocmipkeHo 3aekHICTh MOKa3HMKIB peakilii TpaHcecTepudikaiii Big il
yJIBTPa3ByKOBOTO BUITPOMiIHIOBaHHS Ha peakliifHOT CyMillli B IPUCYTHOCTI OKCHIiB
pizaux MmetaniB. [lokazaHo pi3HMIA BIUIMB yJIbTPa3BYKOBUX KOJHMBaHb Ha
KOHBEPCiI0 TPUIJILEpUIiB Ta MOYATKOBY IIBUIKICTH peakiii TpaHcecTepuikaril
COHSIIITHUKOBOT OJTii eTaHoJIOM 1 OyTaH-1-0JI0M 3ajeXHO BiJ BUIY T€TePOTEHHOTO
KaTajizaropa — OKCHAYy MeTaly. B TpHCyTHOCTI OIJBIIOCTI OKCHIIB MeETajiB
VIBTPa3BYKOBI  KOJWBAaHHS 3yMOBIIOIOTH HE3Ha4yHe 3HWKEHHS KOHBepCii
TPUTIIEPHUIIB Ta MOYATKOBOI IITBUJIKOCTI peakilii. Ajie 32 yMOBHU KaTalli3y peakilii
okcunoM depymy (II) Ta moctiiHi# mil yapTpa3BykKy npu 10-KpaTHOMY MOJBHOMY
HaJUAIIKY OyTaH-1-omy 3a 150 xB peakiii nocsrayTo Ha 9,6 % GinbIol KoHBEpCil
TPUTILEPUIIB, TOPIBHIHO 3 peaKIli€ro, TPOBEICHOI0 B 3BUYAHUX YMOBaXx.

Ha ocHoBI pe3ynbrariB, OTpPUMaHUX B XOJlI €KCIIEPUMEHTAIbHUX
JOCIIIKEHbh ~ PO3POO0JICHO aJIbTepHATHBHI ICHYIOYMM TEXHOJIOTIl OTpUMaHHS
ecTepiB  HEHACHYEHMX JKUPHUX  KHUCIOT  LUIIXOM  TpaHcecTepudikariii
TPUTILEPUAIB POCIMHHUX OJIii eTaHoJoM Ta OyTaH-1-0JloM B MPUCYTHOCTI
OKCHJIB MeTajJiB sIK KaTali3aTopiB JaHOro mpoiecy. HaBeneHo mnpHHLMIIOBI
TEXHOJIOTIUHI CXeMU JJisi MPOLECiB OJiep)KaHHS €TUJIOBUX Ta OYTHUIOBUX ecTepiB
KUPHUX KHUCJIOT y TMPUCYTHOCTI OKCHJIB PI3HUX MeTauiB. Y BHUNAIKY
BUKOPUCTAaHHS sK KaTami3aropa okcumay depymy (II) 3ampomoHoBaHO #ioro
BIIIUICHHS 3 PeaKIifHOI CyMIIIl eJeKTPOMarHiTHUM crocoOOoM, IO J03BOJIHIIO
3HAYHO CIIPOCTHTH TEXHOJIOTIYHY cxeMy mpoiiecy. st po3pobieHnx TeXHOIOTiN
pO3paxoBaHO Ta HaBEJIEHO MaTepiaJibHI Ta TEIUIOBI OallaHCH, a TaKOX BUTPATHI
Koe(illieHTH CUPOBUHH, MaTepiajiB Ta eHepropecypcis.

[IpoBeneHO TeXHIKO-eKOHOMIYHHMI aHalli3 TEeXHOJOrii TpaHcecTepHudikarii

TPUTIIEPUIIB COHSIIHUKOBOI oJii OyTaH-1-oj0M Ta 3po0jeHO MOpIBHSHHS il



OCHOBHHMX TEXHOJIOTIYHUX IMapaMeTpiB 3 TEXHOJOTISIMH OMUCAaHUMHU B HAYKOBO-
TeXHIUHIA JiTeparypi. Po3paxoBaHo BHpPOOHMYY cO0iBapTiCTh OCHOBHHUX
MPOJYKTIB — OyTHUIIOBUX €CTepiB HEHACHUYEHUX JKUPHUX KHUCIOT, sIka Ha BUXOJI 3
peakTopa TpaHcecTepudikaii cTaHOBUTH 17,37 TpH/KT.

Pesynbratu nucepraliiHux JAOCHIIKeHb TMEPeBIPEeHO Ha IMPOMHCIOBO-
nocmiaHii ycraHoBii mianpuemctBa [TAT «3aBoa TOHKOroO OpraHiyHOrO CHHTE3Y
«bapBa» (c.SImawmIs, IBaHO-®paHKiBChKOI 00J1.). A TakKoX IMiITBEpPIHKEHO
OTPUMaHHSIM TMaTeHTy YKpaiHu Ha kopucHy Mojaenb Nel42112 «Cmnocib

TpaHcecTepu(iKalii pOCTMHANX OJTiH alli(paTHIHUMHA CITUPTAMI).

Knrouosi cnoea: tpancectepudikarllis, TPUTIIIEPUIN, COHSIITHUKOBA OJIif,
OKCHUJM METaliB, YJIbTpa3ByK, eTaHoj, OyTaH-1-oi, ecTepudikaris, oJeiHOBa

KHCJIOTA.



SUMMARY

Roman Starchevskyi. Transesterification of triglycerides in the presence
of heterogeneous catalysts. — Qualifying scientific work on the rights of the
manuscript.

The dissertation for the Doctor of Philosophy (PhD) degree on specialty 161
— Chemical technology and engineering. Lviv Polytechnic National University,
Ministry of Education and Science of Ukraine, Lviv, 2021.

The dissertation is devoted to the development basics of vegetable oils
transesterification technology with ethanol and butan-1-ol in the presence of metal
oxides as effective catalysts, which providing high technological indicators of the
process and characterized by easy separation from the reaction mixture and by
possibility of multiple use in transesterification reaction without regeneration.

The analysis of scientific and technical literature concerning production of
fatty acids esters by transesterification of vegetable origin fat-containing raw
materials in the presence of lower aliphatic alcohols has been performed. The
existing studies in the field of homogeneous and heterogeneous catalysis of
transesterification reaction were analyzed. The main disadvantages of
homogeneous catalysis have been established, such as low environmental
friendliness of the process, problematic separation of catalysts from the reaction
products, a high proportion of costs for purifying reaction substance and glycerin
in total cost of the esters, and also formation of a large amount of wastewater.
However, in spite of this, most of the industrial biodiesel producing processes are
focused mainly on homogeneous catalytic transesterification of vegetable oils.
Heterogeneous catalysts, described in scientific and patent literature, are
characterized by relatively low activity, short service time, "hard" process
conditions and a high excess of alcohol. Therefore, on basis of a literary sources
review, the main goal and objectives of dissertation research are determined and
ideas for their achievement are proposed. The physicochemical characteristics of
the research objects, methods of performing experiments under stationary and non-

stationary conditions, and also methods of analyzing the acid number and specific



electrical conductivity of the reaction mixture, chromatographic determination of
alcohol content in the reaction products were presented.

It has been established, that the use of powdered metal oxides as effective
and inexpensive heterogeneous catalysts for transesterification process, makes it
possible to achieve high triglycerides conversion, for the process carried out under
rather "soft" conditions. Based on achieved triglycerides conversion, the rows of
various metal oxides activity, as catalysts for the transesterification of vegetable
oils with ethanol and butan-1-ol, have been proposed. It is discovered that metal
oxides are more active as catalysts of transesterification in comparison with the
corresponding metal hydroxides. The optimal conditions for triglycerides
transesterification reaction with ethanol and butan-1-ol were established; in
particular, it is determined, that optimal content of zinc and iron (II) oxides in the
reaction mixture was 0.25 wt. % at a molar ratio of ethanol : triglycerides — (4.1—
5.7) : 1 and butan-1-ol : triglycerides — (15-20) : 1, which provides a conversion of
97.8 -=99.1 %, and 94.0 — 100 %, respectively, in terms of triglyceride.

The influence of various factors on the conversion of vegetable oils
triglycerides in the transesterification reaction with lower aliphatic alcohols was
studied. The use of ethyl alcohol with a water content up to 5 wt. % practically
does not affect the conversion of sunflower oil triglycerides in the
transesterification reaction. At 10 wt. % water content in ethanol has been achieved
94.8 % triglycerides conversion by 150 minutes of the reaction, which is only 4.3
% less than in case of using anhydrous alcohol. This indicates the possibility of
using ethyl alcohol, which contains a small fraction of water, in the process of
sunflower oil transesterification, while avoiding the energy-consuming stage of its
drying.

The possibility of using waste sunflower oil to obtain fatty acids butyl esters
by transesterification of oil in the presence of butan-1-ol and oxides of zinc and
nickel (II) as catalysts was shown. Using of waste oil in this process leads to
decrease in the triglycerides conversion by only 2 — 3 % compared to the use of

refined oil.



The possibility of re-using zinc and nickel (II) oxides for the used sunflower
oil transesterification with butan-1-ol has been investigated. The average deviation
of the triglycerides conversion indices did not exceed 1.3 % after five repeated
uses of these metals oxides; the initial rate of transesterification reaction also
remained practically unchanged. The suitability of these metals oxides for their use
in the processing of sunflower oil by transesterification with butan-1-ol has been
established to obtain valuable products - butyl esters of unsaturated fatty acids.

It was found that metal oxides, in addition to transesterification, also
catalyze side reaction of oleic acid esterification with butan-1-ol. The kinetic laws
of this process have been investigated under stationary conditions in the presence
of heterogeneous catalysts — zinc and nickel (II) oxides. The main kinetic
indicators of esterification reaction were calculated, among them: effective rate
constants, activation energy and pre exponential factor. These indicators were used
to calculate the oleic acid conversion in esterification reaction with butan-1-ol,
carried out under non stationary conditions. It is shown, that the presented kinetic
model adequately describes oleic acid esterification with butan-1-ol and can be
used to describe the process of vegetable oils transesterification with butan-1-ol in
the presence of metal oxides, where esterification is a side-by-side reaction.

In the course of experimental studies, it was revealed that zinc and copper
(IT) oxides react with oleic acid to form oleates of the corresponding metals. This
limits their use as catalysts for vegetable oils transesterification with a high content
of free fatty acids.

The dependence of transesterification reaction indicators on the action of
ultrasonic radiation on the reaction mixture in the presence of various metals
oxides has been investigated. The different effects of ultrasonic vibrations on the
triglycerides conversion and the initial rate of sunflower oil transesterification with
ethanol and butan-1-ol were shown, depending on type of heterogeneous catalyst —
metal oxide. In the presence of most metal oxides, ultrasonic vibrations cause a
slight decrease in triglyceride conversion and initial reaction rate. And using of

iron (II) oxide and constant exposure by ultrasound at a 10-fold molar excess of



butan-1-ol, during 150 min of the reaction, a 9.6 % higher conversion of
triglycerides was achieved, in comparison with the reaction, carried out under the
normal conditions.

On the basis of the results, obtained in course of experimental studies,
alternative technologies have been developed for obtaining unsaturated fatty acids
esters by transesterification of vegetable oils triglycerides with ethanol and butan-
1-ol in the presence of metal oxides, as catalysts. Basic technological schemes for
the processes of obtaining fatty acids ethyl and butyl esters in the presence of
various metals oxides are presented. In case of using iron (II) oxide, it has been
proposed to separate catalyst from the reaction mixture by an electromagnetic
method, which made it possible to significantly simplify the technological process.
The material and heat balances, and also the consumption coefficients of raw
materials and energy resources, were calculated and presented for the developed
technologies.

A technical and economic analysis of sunflower oil transesterification
technology with butan-1-ol was carried out, and a comparison of its main
technological parameters with the technologies, described in the scientific and
technical literature, was made. The production cost of main products, butyl esters
of unsaturated fatty acids, was calculated, which at outlet from the
transesterification reactor is 17.37 UAH/kg.

The results of dissertation research were checked at production and research
facility of the enterprise PJSC "Barva" (v.Yamnitsa, [vano-Frankivsk region). And
also confirmed by obtaining the patent of Ukraine for a useful model No142112

"Method of vegetable oils transesterification with aliphatic alcohols."
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