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VISPARIGS DARBA RAKSTUROJUMS

Teémas aktualitate

Glicerins jeb propan-1,2,3-triols ir multifunkcionals savienojums ar plasam
izmantoSanas iesp&jam medicinas, kosmétikas, partikas un organiskas sintézes nozare [1, 2].
Komercialiem noltikiem to razo cukuru, pieméram, glikozes, fermentacijas procesa vai ka
blakusproduktu lignocelulozes konversijas procesa par etanolu, tacu nozimigakos daudzumos
glicerinu iegiist ka blakusproduktu biodizeldegvielas riipnieciba.

Augu ellu jeb trigliceridu transesterifikacijas procesa ar metanolu uz vienu tonnu
biodizeldegvielas rodas 100 kg glicerina [3-5]. Sadi iegiitu glicerinu dévé par jélglicerinu, kur
glicerina saturs ir 20-80 %, bet pargjo dalu veido piemaisijumi — sarmu un ziepju
komponentes, sali, dioli, Gdens un gliceridi [1, 6-9]. Nemot véra visa pasaulé popularo uz
zalo domaSanu veérsto politiku, ped€jos gados biodizeldegvielas razoSanas apjomi ir strauji
pieaugusi, kas sekmg&jusi arf lielu glicerina parprodukciju [4, 10, 11]. Tiek 1&sts, ka sarazotais
glicerina apjoms pasaulé nu jau sasniedzis divus miljonus tonnu gada, savukart ta cena tirgi
15 gadu laika ir samazinajusies no 1,2 USD/kg 2001. gada Iidz 0,3 USD/kg 2015. gada
[6, 12]. Augosa glicerina pieejamiba, cenas kritums, ka arT vélme biodizeldegvielas procesu
padarit ekonomiski izdevigaku rosina meklét citas, jaunas glicerina izmantoSanas iespgjas un
efektivakas jelglicerina attiriSanas metodes. PaSlaik aktualakie petijumi glicerina utiliz€Sanas
joma noris pie glicerina dehidratéSanas, riforminga, esterifikacijas, ka arT oksidéSanas [9, 13—
16].

Glicerina heterogéna katalitiska oksidéSana tidens Skidumos ir perspektiva un loti
aktuala glicerina utiliz€Sanas metode, kas tiek intensivi pétita visa pasaulé. OksidéSana tiek
veikta ar molekularo skabekli, un visbiezak par katalizatoriem kalpo uz dazadiem nesgjiem
uznesti c€lmetali (Au, Pt, Pd) [4, 10, 17]. Glicerina oksidésana iegiito produktu klasts ir plass,
popularakie savienojumi, ko iegiist glicerina oksideéSana, ir glicerinskabe, pienskabe,
glikolskabe, dihidroksiacetons un glicerinaldehids; visi produkti ir veértigas izejvielas ar
daudzveidigam izmantoSanas iesp&jam [18, 20]. Pieméram, glicerinskabi lieto medicina
(dzivajos organismos glicerinskabe ir svarigs glikolizes metabolits) un organiskaja sintéze
[2, 21], pienskabi — detergentos, antibakterialos agentos, kosmétika, partikas piedevas un
biodegradablu poliméru razosana [23, 24], dihidroksiacetons ir galvena aktiva sastavdala adu
pastongjosSajos krémos, ka ari to pievieno citiem kosmétiskajiem Iidzekliem un pat partikai ka

piedevu [2, 25, 26], glikolskabi izmanto kosmetologija, tekstilriipnieciba, plastmasas



razoSana, to pievieno krasam, emulsijam [27-29], savukart glicerinaldehidu lieto medicina,
kosmg@tika un organiskaja kimija [12, 30, 31].

Misdienas riipnieciba visi minétie glicerina oksidéSanas produkti tiek iegiiti
sarezgitos, neekologiskos vai dargos procesos (homogéna oksidéSana ar H,O,, KMnOy,
TEMPO vai fermentacijas procesi) ar zemu selektivitati un ierobezotos daudzumos
[4, 25, 31-33], lidz ar to heterogéna glicerina oksidéSana ar molekularo skabekli ir loti laba
alternativa ne tikai ka glicerina utiliz€Sanas metodei, bet ar1 ka So produktu iegiiSanas
metodei, jo ta ir dabai draudziga — tiek realizéta zema spiediena un temperatiira, ka oksidétajs
tiek lietots skabeklis, bet ka Skidinatajs — tidens. Biezi reakcijas aktivESanai tiek pievienota
baze, bet arvien biezak uzmaniba tiek veérsta uz glicerina oksidéSanu tidens vidé bez bazes
klatienes, kas no riipnieciska viedokla biitu gan ekologiskaks, gan izdevigaks process.
Diemzel katalitiskai glicerina oksidéSanas metodei ir bitisks trukums — oksidéSanas rezultata
rodas produktu maisijums un ir griti panakt augstu selektivitati péc viena produkta [34, 35].
P&tfjumi $aja joma turpina attistities. Uznesto katalizatoru aktivitate un selektivitate ir atkariga
no daudziem faktoriem (katalizatora izmantota nes€ja dabas, aktivo metalu dalinu izme&riem,
citu metalu piedevas, izmantotas katalizatora sint€zes metodes, glicerina oksidéSanas
temperatiiras, spiediena, pH u. c.), 1idz ar to galvenais p&tijumu uzdevums ir atrast optimalos

apstaklus un katalizatorus konkréta produkta selektivai iegisanai [36—38].

Pétijjuma meérkis un uzdevumi

Neskatoties uz plaso publikaciju klastu par glicerina heterogéni katalitisko oksidéSanu
ar molekularo skabekli, uznesto Pt katalizatoru gadijuma maz ir veikti sistematiski petijumi,
lai noskaidrotu konkrétu katalizatora parametru un reakcijas apstaklu ietekmi uz katalizatoru
aktivitati un selektivitati glicerina oksidéSanas procesos. Tiek mekl€tas ar1 jaunas Pt saturoSo
katalizatoru sintézes metodes. Lidz ar to $a promocijas darba meérkis bija izpétit jaunu Pt
saturoSu katalizatoru, kas sintezeti sadarbiba ar RTU Neorganiskas kimijas institiitu,
izmantojot ekstrakcijas-pirolitisko metodi, aktivitati un selektivitati glicerina oksidéSanas
procesos ar molekularo skabekli, ka arT noteikt katalizatoru parametru, katalizatoru sintézes
parametru un glicerina oksidéSanas apstaklu ietekmi uz katalizatoru aktivitati un reakcijas
produktu sadalijumu.

Promocijas darba mérka sasniegSanai izvirziti uzdevumi

1. Literaturas apskata apkopot un izanalizét publicéto darbu informaciju par glicerina

Skidras fazes oksidéSanu uznesto platina katalizatoru klatiené.
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2. Eksperimentali izpétit uznesto platina katalizatoru parametru ietekmi uz glicerina
konversiju, produktu iznakumu un selektivitati katalitiskas oksideéSanas procesa.

3. Eksperimentali izpétit uznesto platina katalizatoru sintézes parametru ietekmi uz
glicerina konversiju, produktu iznakumu un selektivitati katalitiskas oksidéSanas
procesa.

4. Eksperimentali izpétit glicerina oksidéSanas apstaklu ietekmi uz glicerina konversiju,
produktu iznakumu un selektivitati katalitiskas oksidéSanas procesa.

5. Atrast aktivakos un selektivakos katalizatorus un noteikt optimalos glicerina

oksid&Sanas apstaklus selektivai oksideésanas produktu iegiiSanai.

Pétijuma zinatniska novitate un praktiska nozime

Heterogéno katalizatoru sintézei darba pirmo reizi izmantota jauna katalizatoru
sintézes metode — ekstrakcijas-pirolitiska metode (EPM). Ar minétas metodes palidzibu
sintez€ti jauni, iepriek$ literatlira neaprakstiti uznestie Pt katalizatori, kas ir aktivi glicerina
oksidéSanas procesos. Veicot glicerina oksidéSanu jauno Pt saturo$o katalizatoru klatieng
maigos apstaklos (zema temperatura, atmosferas spiediend), glicerinskabe, pienskabe un
glikolskabe iegiitas ar augstu selektivitati un iznakumu, bet glicerinaldehidu izdevies iegit ka
pamatproduktu. Promocijas darba izstradata pienskabes iegiiSanas metode ir aprakstita gan
Latvijas Republikas, gan Eiropas patenta. Pienskabe ar visaugstako iznakumu (54 %) ka
pamatprodukts veidojas 1,2wt%Pt/Y,0; katalizatora klatieneé. Promocijas darba izstradata
glicerinaldehida iegiiSanas metode no glicerina un katalizatori metodes realizacijai ir
aprakstiti Latvijas Republikas patenta. Augstakais glicerinaldehida iznakums (19 %) tiek
ieglts tidens Sskidumos bez bazes klatienes, izmantojot 4,8wt%Pt/a-Al,O3(np) katalizatoru. Ir
optimizé€ta metode arT glicerina oksideéSanai Iidz glicerinskabei un glikolskabei.
Glicerinskabes iznakums 4,8Wt%Pt-5,0wt%NiO/CeO, katalizatora klatiené sasniedz 67 %, bet
iznakums péc glikolskabes, oksidgjot glicerinu 5,8wt%Pt/Fe katalizatora klatieng, ir 35 %; Sie
rezultati ir publicéti zinatniskajos rakstos. legiitais pienskabes un glikolskabes iznakums ir
augstakais, kads Iidz Sim sasniegts monometalisko Pt saturoSo katalizatoru klatieng.

Izmantojot promocijas darba aprakstitas selektivas glicerina oksidéSanas produktu
iegiSanas metodes, glicerinu iesp&jams parverst citos vertigos savienojumos, tadgjadi risinot
glicerina parpalikuma problémas, ka arl padarot biodizeldegvielas razoSanas procesu
ekonomiski izdevigaku. 2012. gada Latvijas Zinatnu akad@mija, apkopojot iesniegtos

universitasu, zinatnisko institiitu un centru priekSlikumus, RTU pieteikto pétijumu ,,Jaunas
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katalitiskas glicerinskabes un pienskabes iegiiSanas metodes, oksid&jot glicerinu ar gaisu vai
molekularo skabekli. Jauna aktivaku un selektivaku katalizatoru sintézes metode”, kas ir
balstits arT uz promocijas darba rezultatiem, nosauca par vienu no 10 nozimigajiem Latvijas

zinatnes sasniegumiem 2012. gada.

Darba struktiira un apjoms

Promocijas darbs ir uzrakstits latviesu valoda, taja ir tris nodalas — literatiiras apskats,
eksperimentala dala un rezultatu izvertéjums. Promocijas darba literatiiras apskata apkopota
informacija par glicerina iegliSanu un ta parstrades metodém, par glicerina katalitiskas
oksidéSanas pan€mieniem, par uznestajiem platina katalizatoriem, to sint€zi un izmantoSanu
glicerina oksidéSanas pétijumos, ka ar1 par katalizatoru parametru, katalizatoru sint€zes
parametru un glicerina oksideéSanas apstaklu ietekmi uz glicerina oksideSanas rezultatiem,
oksidgjot glicerinu platinu saturo$u katalizatoru klatiené ar molekularo skabekli. Promocijas
darba eksperimentalaja dala detalizéti aprakstiti: pétijuma izmantotie materiali, glicerina
oksidésanas metodika jauno uznesto platina katalizatoru klatieng, iegtito glicerina oksidésanas
produktu analize, katalizatoru aktivitates novértéSana, katalizatoru sintéze péc ekstrakcijas-
pirolitiskas metodes un katalizatoru parametru noteikSanas metodes. Rezultatu izveértéjuma
dala analizéta eksperimentali parbaudito, jauno uznesto Pt katalizatoru parametru, So
katalizatoru sintézes parametru un glicerina oksidéSanas apstaklu ietekme uz glicerina
oksidéSanas rezultatiem, salidzinata jauno sintez€to Pt katalizatoru aktivitate ar Iidzigiem
komercialiem katalizatoriem, optimizeta konkrétu glicerina oksidéSanas produktu iegiiSana no

glicerna.

Promocijas darba aprobacija un publikacijas

Promocijas darba rezultati aprobéti devinos zinatniskajos rakstos un 12 starptautiskas
un vietgjas zinatniskajas konferencés. Uz darba pamata ieguti tris patenti (divi — Latvijas

Republikas un viens Eiropas patents).

Patenti:

1. Cornaja S., Dubencovs K., Kulikova L., Serga V., Kampars V., Zizkuna S.,
Stepanova O., Sproge E., Cvetkovs A. Selektivi katalizatori pienskabes iegliSanai no
glicerina. Pat. LV 14490 (20.05.2012).



2.

Comaja S., Sproge E., Dubencovs K., Kulikova L., Serga V., Kampars V., Cvetkovs A.
Selektiva glicerinaldehida iegliSanas metode no glicerina un katalizatori tas realizacijai.
Pat. LV 14740 (20.01.2014).

Cornaja S., Dubencovs K., Kulikova L., Serga V., Kampars V., Zizkuna S.,
Stepanova O., Sproge E., Cvetkovs A. Process for the prepapation of lactic acid from
glycerol. Pat. EP 2606968B1 (20.01.2016).

Pilna teksta publikacijas Zurnalos un rakstu krajumos:

1.

Palcevskis E., Kulikova L., Serga V., Cvetkovs A., Chornaja S., Sproge E.,
Dubencovs K. Catalyst materials based on plasma processed alumina nanopowder.
J. Serb. Chem. Soc. 2012, 77, 1799 - 1806. ISSN 0352-5139. Pieejams: doi:
10.2298/JSC121116147P.

Sproge E., Chornaja S., Dubencovs K., Zhizhkun S., Kampars V., Serga V., Kulikova L.,
Palcevskis E. Selective liquid phase oxidation of glycerol to glyceric acid over novel
supported Pt catalysts. J. Serb. Chem. Soc. 2013, 78, 1359-1372. ISSN 0352-51309.
Pieejams: doi: 10.2298/JSC121203037S.

Dubencovs K., Cornaja S., Sproge E., Kampars V., Markova D., Kulikova L., Serga V.,
Cvetkovs A. Novel fine-disperse bimetallic Pt-Pd/Al,O3 catalysts for glycerol oxidation
with molecular oxygen. IOP Conf. Ser.: Mater. Sci. Eng. 2013, 49, 012002. ISSN 1757-
8981. Pieejams: doi:10.1088/1757-899X/49/1/012002.

Serga V., Kulikova L., Cvetkov A., Krumina A., Kodols M., Chornaja S., Dubencovs K.,
Sproge E. Production of mono- and bimetallic nanoparticles of noble metals by pyrolysis
of organic extracts on silicon dioxide. IOP Conf. Ser.: Mater. Sci. Eng. 2013, 49, 012015.
ISSN 1757-8981. Pieejams: d0i:10.1088/1757-899X/49/1/012015.

Chornaja S., Sproge E., Dubencovs K., Kulikova L., Serga V., Cvetkovs A., Kampars V.
Selective oxidation of glycerol to glyceraldehyde over novel monometallic platinum
catalysts. Key Engineering Materials 2014, 604, 138-141. ISSN 1662-9795. Pieejams:
doi:10.4028/www.scientific.net/KEM.604.138.

Chornaja S., Zhizhkun S., Dubencovs K., Stepanova O., Sproge E., Kampars V.,
Kulikova L., Serga V., Cvetkovs A., Palcevskis E. New method of glyceric and lactic
acid production by catalytic oxidation of glycerol. New method of catalyst synthesis with
enhanced activity and selectivity. Chemija 2015, 26, 113-119. ISSN 0235-7216.
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7. Sproge E., Chornaja S., Dubencovs K., Kampars V., Kulikova L., Serga V. Production of
Glycolic Acid from Glycerol Using Novel Fine-Disperse Platinum Catalysts. IOP Conf.
Ser.: Mater. Sci. Eng. 2015, 77, 012026. ISSN 1757-8981. Pieejams: doi:10.1088/1757-
899X/77/1/01202.

8. Chornaja S., Sile E., Drunka R., Grabis J., Jankovica D., Kunakovs J., Dubencovs K.,
Zhizhkuna S., Serga V. Pt supported TiOz-nanofibers and TiO,-nanopowder as catalysts
for glycerol oxidation. Reaction Kinetics, Mechanisms and Catalysis 2016, 119, 569 —
584. ISSN 1878-5190. Pieejams: DOI: 10.1007/s11144-016-1067-9.

9. Chornaja S., Sile E., Dubencovs K., Bariss H., Zhizhkuna S., SergaV., Kampars V.
NiO and CoOy promoted Pt catalysts for glycerol oxidation. Key Engineering Materials
2017, 721, 76-81 (iespiesana). ISSN: 1662-9809.

Visi raksti indekséti Web of Science un SCOPUS datubazes.

Konferencu tezes:

1. Cornaja S., Dubencovs K., Serga V., Kulikova L., Kampars V., Sproge E., Stepanova O.,
Cvetkovs A., Zizkuna S. Glycerol Oxidation by Molecular Oxygen in Presence of Novel
Supported Platinum Catalysts // In book of abstracts of the International Conference
“Functional materials and nanotechnologies” FM&NT-2012, Riga, Latvia, April 17-20,
2012, p. 272.

2. Sproge E., Cornaja S., Dubencovs K. Selekfivi katalizatori pienskabes iegii$anai no
glicerina // RTU 53. Studentu zinatniskas un tehniskdas konferences materiali: Organisko
savienojumu kimijas un tehnologijas sekcija, Riga, Latvija, 2012. gada 18. aprilis, 212.
Ipp.

3. Cornaja S., Stepanova O., Zizkuna S., Dubencovs K., Kampars V., Jankovica D.,
Sproge E. Glyceric, Lactic and Mesoxalic Acids Production by Oxidation of Glycerol in
Presence of Supported Gold Catalysts // In book of abstracts of the Riga Technical
University 53" International Scientific Conference. Riga, Latvia, October 11-12, 2012, p.
81.

4. Sproge E., Cornaja S., Dubencovs K., Kulikova L., Serga V. Kampars V.
Environmentally Friendly Lactic Acid Production by Catalytic Oxidation of Glycerol // In
book of abstracts; 17" International Scientific Conference ,, EcoBalt 2012, Riga, Latvia,
October 18-19, 2012, p. 78.
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10.

11.

Dubencovs K., Cornaja S., Sproge E., Kampars V., Markova D., Kulikova L., Serga V.,
Cvetkovs A. Novel fine-disperse bimetallic Pt-Pd/Al,O3 catalysts for glycerol oxidation
with molekular oxygen // In book of abstracts of the International Conference
“Functional materials and nanotechnologies” FM&NT-2013, Tartu, Estonia, April 21—
24, 2013. p. 149.

Markova D., Sproge E., Cornaja S. Glicerina oksidésana bimetalisko palladiju un platinu
saturoSo katalizatoru klatieng€ // RTU 54. Studentu zinatniskas un tehniskas konferences
materiali: Organisko savienojumu kimijas un tehnologijas sekcija. Riga, Latvija,
2013. gada aprilis, 145. lpp.

Serga V., Kulikova L., Cvetkov A., Krumina A., Kodols M., Chornaja S., Dubencovs K.,
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PROMOCIJAS DARBA GALVENIE REZULTATI

Uznesto platina katalizatoru parametru ietekme uz katalizatoru aktivitati un

selektivitati glicerina oksideéSanas procesa

Tika petiti tris katalizatoru parametri — uznesto Pt katalizatoru nes€ja daba, Pt saturs
katalizatora un citu metalu piedevas (Pd, NiO, CoOy). P&tot glicerina oksidésanu

monometalisko platina katalizatoru klatieng, tika eksperimentali parbauditi $adi katalizatori:

Pt/a-Al,03(np) Pt/AIO(OH) Pt/a-Al,O3(gran)
Pt/'Y-A|203 Pt/C Pt/SG

Pt/Ce0, Pt/Ceol Pt/SiO,
Pt/LUzOg Pt/F8304

PU/TiO,(np) Pt/Grafits

Pt/TiOz(nﬁ) Pt/ZfOz-Y203

Pt/Y,03

Tika noteikts, ka visi katalizatori ir aktivi glicerina oksidéSanas procesos baziskos
Skidumos. Vairaku katalizatoru klatieng pat tika sasniegta 85-100 % glicerina konversija.
Tomér ka labakie Pt saturoSie katalizatori, nemot véra to selektivitati un aktivitati, tika atziti
tie, kur ka nesgji lietoti Al,O3, CeO,, Lu,03, TiO, un Y,03. Pt katalizatori ar Al,0O3(gran), SG
un SiO; ka nes€jiem bija loti aktivi, bet tie nevar tikt izmantoti sarmainos $kidumos, jo $ados
Skidumos nesgjs Skist.

Varigjot Pt saturu katalizatora, tika konstatéts, ka, palielinot Pt saturu no 0,6-1,2 wt %,
glicerina konversija pieaug (par 5-13 %) neatkarigi no Pt katalizatora izmantota nes¢ja dabas,
tomeér ar talaku Pt satura palielinasanos ta ietekme uz glicerina konversiju ir atSkiriga un
atkariga no nes€ja dabas. Katram katalizatoram atkariba no nes€ja dabas eksisté tam
raksturigs Pt saturs, pie kura glicerins tiek konvertéts vislabak — a-Al,O3(np), C un Fe304
nesgjiem tie ir 4,8 wt % Pt; y-Al,O3, LuyO3, ZrO,-Y,03 — 2,4 wt % Pt; CeO,, Ceol, SG, SiO,
un Y,03 — 1,2 wt %Pt.

Palladija un NiO piedevu pievienoSana Pt saturoSajiem katalizatoriem sekmgja gan
katalizatoru aktivitates palielinaSanos, gan selektivitates pieaugumu péc glicerinskabes. Lidz
ar to gan Pd, gan NiO piedevas promote uznesto Pt katalizatoru darbibu glicerina oksidéSana

11dz glicerinskabei. Diemzel CoOy piedevu pievienosana promotgjoSu efektu nesniedza.
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Katalizatoru sintézes parametru ietekme uz katalizatoru aktivitati un selektivitati

glicerina oksidé$anas procesa

Katalizatoru sintézes procesa tika mainiti $adi parametri: Katalizatoru pirolizes
temperattira un pirolizes laiks. Vari€jot monometalisko Pt saturoSo katalizatoru pagatavoSanas
laika izmantoto pirolizes temperattru no 300 °C Iidz 500 °C, tika secinats, ka katalizatori, kas
sintez&éti zemaka pirolizes temperatira (300 °C), ir selektivaki péc glicerinskabes, bet tie
katalizatori, kas piroliz&ti augstaka pirolizes temperatiira (400 °C un 500 °C), ir selektivaki
p&c pienskabes. Savukart, varigjot uznesto monometalisko Pt katalizatoru pirolizes laiku no
5 min lidz 120 min, tika noskaidrots, ka pirolizes laika palielinasana paaugstina katalizatoru
aktivitati.

Pagatavojot ar NiO un CoOx modificétus Pt saturosos katalizatorus, pagatavoSanas
laika atSkirigas temperattras tika pirolizéti NiO(CoOy)/CeO, kompoziti (300 °C, 500 °C vai
700 °C); péc tam uz Siem kompozitiem nostiprinats Pt tika pirolizéts 300 °C. Pt-NiO/CeO,
gadijuma katalizatora aktivitate pieauga lidz ar kompozita pirolizes temperatiiras
palielinasanos no 300 °C lidz 700 °C, turklat iegiito glicerina produktu sadaltjums saglabajas
nemainigs. Turpreti Pt-CoO,/CeO; katalizatora gadijuma CoO,/CeO, kompozita pirolizes
temperatiiras palielinasana no 300 °C Iidz 500 °C samazinaja konkréta katalizatora klatieng
iegiito glicerina konversiju un mainija ari produktu sadalijumu, padarot Kkatalizatoru

neselektivu.

Glicerina oksidésanas apstaklu ietekme uz katalizatoru aktivitati un selektivitati

glicerina oksideSanas procesa

Atlasot aktivakos un selektivakos katalizatorus, tika talak pétita glicerina oksidéSanas
apstaklu ietekme uz glicerina oksidéSanas rezultatiem. Oksid€jot glicerinu, tika variéta
glicerina un Pt molara attieciba, NaOH sakuma koncentracija, skabekla spiediens un

oksidéSanas temperatiira.

Glicerina un Pt molaras attiecibas n(glicerins)/n(Pt) ietekme

Glicerina un Pt molaras attiecibas n(glicerins)/n(Pt) ietekme tika pétita vairaku
monometalisko katalizatoru klatiené, ka ar1 bimetaliska Pt-Pd un ar NiO promotéta Pt
saturosa katalizatora klatien€. Kopuma attieciba glicerins/Pt tika vari€ta no 300 mol/mol lidz

pat 10 000 mol/mol. Palielinoties molarajai attiecibai, pielikta katalizatora daudzums reakcijas
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maisijuma samazinas, [idz ar to, ka jau bija sagaidams, visos gadijumos lidz ar attiecibas
pieaugumu glicerina konversija samazinajas. Ka piemérs 1. attela ir dota glicerina oksidéSanas
Kinétika uz TiO; nanoSkiedram uznesta Pt katalizatora klatiené atkariba no attiecibas
glicerins/Pt. Molaras attiecibas mainas ietekme uz katalizatoru selektivitati péc glicerinskabes

nebija tik nozimiga, tap&c labaki glicerinskabes iznakumi tika iegtti pie mazakas attiecibas

jeb 300 mol/mol.
4 300 mol/mol A 1000 mol/mol ® 5000 mol/mol
6000 mol/mol X 7000 mol/mol 10 000 mol/mol
100 90

I

(o2}
o

\XO > \0

Glicerinskabes selektivitate, %
(o2}
o

Glicerina konversija, %

40 =
4
p /// 50
o
20 1 40
—a
0 T T 1 30 T T T 1
0 1 2 3 4 0 1 2 3 4
a Oksidesanas laiks, h b Oksidesanas laiks, h

1. att. Attiecibas n(glicerins)/n(Pt) ietekme uz glicerina konversiju (a) un glicerinskabes
selektivitati (b) 4,8wt%Pt/TiO,(ns) katalizatora klatieng (oksidésanas apstakli: Co(glicerins) =
0,3 mol/l; co(NaOH) = 1,5 mol/l; P(O,) = 6 atm; 60 °C; blakusprodukti: pienskabe,
tartronskabe, glikolskabe, skabenskabe, skudrskabe).

Ar NiO promoteta Pt katalizatora aktivitate, mainot glicerins/Pt molaro attiecibu, tika
novertéta ari péc TOF vertibam. TOF raksturo glicerina daudzumu, kas parvérSas par
produktiem uz vienas platina daudzuma vienibas laika vieniba, tatad — tas raksturo heterogéna
katalizatora aktivitati. Jo lielaka TOF veértiba, jo aktivaks ir katalizators. 2. att€la var redzéet,
ka ar NiO promotéta Pt katalizatora gadijuma glicerins/Pt molaras attiecibas pieaugums no
300 mol/mol Iidz 5000 mol/mol maz ietekmé dota katalizatora aktivitati, TOF vértibas ir
lidzigas neatkarigi no glicerina/Pt molaras attiecibas un ir robezas no 230 h™* lidz 251 h™*. Tik
nenozimigas TOF lielumu izmainas norada, ka pétitais process pie 6 atm skabekla spiediena

un glicerina/Pt molaras attiecibas no 300 mol/mol Iidz 5000 mol/mol noris kinétiskaja
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diapazona, I1dz ar to ir iesp&jams veikt kingtiskos aprekinus, lai atrastu $a oksidéSanas procesa

aktivacijas energiju. Glicerina oksidésanas kingtika tiks apskatita talak nakamaja nodala

300

250 '7—_\/

TOF, ht 200

150

100 T T T T T T T T T T T T T 1
300 1000 3000 5000

n(glicerins)/n(Pt), mol/mol

2. att. n(glicerins)/n(Pt) ietekme uz 4,8wt%Pt-5,0wt%NiO/CeO,(300) katalizatora TOF
vertibam (oksidésanas apstakli: co(glicerins) = 0,3 mol/l; co(NaOH) = 1,5 mol/l; P(O,) =
6 atm; 60 °C).

NaOH sakuma koncentracijas ietekme
Pétot NaOH sakuma koncentracijas ietekmi, tika noskaidrots, ka ta ietekme uz

katalizatoru aktivitati atkariga no nesgja dabas (skat. 1. tab.).

1. tabula
Optimala NaOH sakuma koncentracija reakcijas §kiduma atkariba no uznesta Pt katalizatora
sastava
NaOH sé_k uma Katalizatora sastavs
koncentracija
>0,6 mol/Il Pt-NiO/CeO;,
Pt/a-Al,O3(np),
0,7 mol/l Pt-Pd/a-Al,04(Np), Pt/Lu;04
1,5 mol/l PU/TiO2(np), PUTIO2(ns)
Bez NaOH* (I-Alzog(np), ’Y-A|203, 'Y-A'O(OH), C,

SIOz un ZrO,-Y,03

* Glicermaldehids ka pamatprodukts.

Pt saturoSie katalizatori, kuros nes€js p&c dabas ir bazisks vai amfoters (Lu,Os,
Al,03), augstaku aktivitati sniedza mazak koncentrétos NaOH $kidumos, bet tadu katalizatoru
klatieng, kuros izmantots pec dabas skabs nes€js (TiO,), lielaka glicerina konversija tika

sasniegta sarmainakos tidens Skidumos. Taja pasa laika oksidéSanas produktu sadalijums
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netika ietekméts. Interesanti, ka ar NiO promoteta Pt katalizatora klatieng, kas uznests uz péc
dabas skaba CeO, nes€ja, augsta konversija tika sasniegta jau pie 0,6 mol/l NaOH
koncentracijas un vairs nemainijas ar talaku NaOH koncentracijas palielinasanu, [idz ar to Seit
var spriest par specifisku NiO piedevas ietekmi uz uznesto Pt katalizatoru.

3. attéla ir paradita glicerina oksidéSanas reakcijas kin&tika 4,8wt%Pt/a-Al,O3(np)
katalizatora klatiené atkariba no NaOH sakuma koncentracijas. 3. att€la var redz&t, ka
reakcijas atrums ir lielaks, ja NaOH sakuma koncentracija ir 0,7 mol/l. OksidéSana tidens
Skidumos bez NaOH pievienoSanas rezult€jas ar zemu glicerina konversiju, bet ka
pamatprodukts tika ieglits glicerinaldehids, ko baziskos $kidumos iegiit neizdodas. Jaatzimé,
ka ne visi katalizatori bija aktivi Gidens $kidumos bez NaOH pievienoSanas, visaugstako

aktivitati uzradija uz Al,O3 uznests Pt katalizators.

mO mol/l 0,7 mol/l A1,5mol/l

100 80
90 et 75

80 — P
70 / A 65
60 — 60
» / /1—_. 55
40 50

wl JA A a-m,

20 e e 40

Glicerina konversija, %
Produktu selektivitate, %

P ‘e,
10 - yd - a3
/ .“.F
0 K . . . - 30
0 2 4 6 8
Oksidésanas laiks, h

3. att. NaOH sakuma koncentracijas ietekme uz glicerina konversiju, glicerinskabes
selektivitati (partraukta Iinija) un glicerinaldehida selektivitati (punktota linija), oksidgjot
glicerinu 4,8Wt%Pt/a-Al,O3(np) katalizatora klatiené (oksidéSanas apstakli: Co(glicerins) =

0,3 mol/l; n(glicerins)/n(Pt) = 300 mol/mol; P(O,) = 1 atm; 60 °C; blakusprodukti:

tartronskabe, pienskabe, glikolskabe, skabenskabe, skudrskabe).

Skabekla spiediena ietekme
No literatiiras zinams, ka paaugstinata spiediena visi procesi noris atrak, bet zinams ari
tas, ka uznesto monometalisko Pt katalizatoru biitisks trukums glicerina oksidéSanas procesos

ir katalizatora virsmas saindéSanas ar molekularo skabekli jeb katalizatora virsmas

18



paroksidésanas paaugstinatos spiedienos, lidz ar to oksidéSanas procesa gaita katalizatoru
aktivitate samazinas. Tomér skabekla spiediena ietekmes pétijumi Pt saturoSo katalizatoru
gadijuma ir veikti maz, tapéc promocijas darba laika tika salidzinati glicerina oksid&Sanas

procesi dazadu uznesto Pt katalizatoru klatien¢ atskiriga skabekla spiediena [19, 35].

& 3atm M6 atm A9 atm

90 | %0
80 |— B epe—ccmss === &
o 70
60 0
— , -
o T m— 50

40 <_A 4 40

> ;/ 30

20 20
0 F= 0

Oksidésanas laiks, h

Glicerina konversija, %

Glicerinskabes selektivitate, %

4. att. Skabekla spiediena ietekme uz glicerina oksidéSanas kinétiku
4,8wt%Pt/TiO,(ns) katalizatora klatieng, ja n(glicerins)/n(Pt) = 6000 mol/mol (oksidésanas
apstakli: co(glicerins) = 0,3 mol/l; co(NaOH) = 0,7 mol/l; 60 °C; blakusprodukti: tartronskabe,
pienskabe, glikolskabe, skabenskabe un skudrskabe).

Veicot glicerina oksidéSanu monometalisko, bimetalisko un ar NiO promotéta Pt
katalizatora klatien€, vargja noverot, ka, paaugstinot spiedienu, glicerina konversija palielinas.
Sasniedzot kadu konkrétu skabekla spiedienu, vargja noverot ar1 Pt katalizatoru deaktivaciju
laika (skat. 4. att.). Sis skabekla spiediena limits, lidz kuram glicerina konversija pieaug lidz
ar spiediena paaugstinasanu, ir atSkirigs dazadiem katalizatoriem un atkarigs no nes€ja dabas.
Pieméram, uz Al,Os; uznesta Pt katalizatora gadijuma $is limits bija 1 atm, TiO; gadijuma
6 atm, ar NiO promot&ta Pt katalizatora gadijuma, kas uznests uz CeO,, glicerina konversija
pieauga lidz ar spiediena paaugstinaSanu lidz pat 9 atm, bet dzelzi saturoSa katalizatora
klatieng Iidz 10 atm. Visos gadijumos lidz ar spiediena paaugstinaSanu lidz 6 atm pieauga ari

selektivitate péc pamatprodukta — glicerinskabes vai glikolskabes.
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Oksidesanas temperatiiras ietekme

Temperatiiras ietekme uz glicerina oksidéSanas kinétiku tika pétita divu katalizatoru
klatiené — monometaliska Pt katalizatora klatieng, kas uznests uz Al,O3 nanopulvera, un ar
NiO promotéta Pt/CeO, katalizatora klatien€ (skat. 2. tab.).

Abos gadijumos, paaugstinot temperatiru, glicerina konversija palielinajas, sasniedzot
pat pilnu glicerina konversiju produktos. Tome&r augstaka temperatira var€ja noverot
glicerinskabes selektivitates samazinasanos, jo 1pasi uz Al,O3 uznesta katalizatora gadijuma.
To var vienkarsi izskaidrot ar talaku glicerinskabes oksidésanos Iidz tartronskabei. Sasniedzot
augstu glicerina konversiju, glicerinskabes veidoS$anas ipatsvars samazinas, un intensivak
notiek talaka tas un citu produktu oksidésanas. Pieméram, 2. tabula ir redzams, ka, sasniedzot
92 % glicerina konversiju, ievérojami ir pieaugusi tartronskabes selektivitate, savukart

glicerinskabes selektivitate uz ta rékina samazinajusies.

2. tabula

OksidéSanas temperatiiras ietekme uz glicerina konversiju un selektivitati 4,8wt%Pt/a-
Al;O3(np) katalizatora klatiené (oksidéSanas apstakli: Co(glicerins) = 0,3 mol/l; co(NaOH) =
0,7 mol/l; n(glicerins)/n(Pt) = 300 mol/mol; P(O;) = 1 atm) un 4,8wt%Pt-
5,0wt%Ni0/Ce0,(300) katalizatora klatiené (oksidéSanas apstakli: Co(glicerins) = 0,3 mol/l;
Co(NaOH) = 1,5 mol/l; n(glicerins)/n(Pt) = 1000 mol/mol; P(O,) = 6 atm)

Selektivitate, %
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2 e 8 - < O © ©
2 s 5= & £S£ 8 g 2z & g 2
= s BL oL g ¢ g & 2 £ I
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X 5 O e 2 5 £ = ¥ Z
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40 3 63 64 4 8 21 2 1
60 3 72 58 5 21 13 1 2
Pt/Al,O3 7 - 92 57 12 18 19 2 2
65 3 90 45 19 23 12 1 -
7 100 15 31 27 12 15 -
60 4 251 70 74 10 2 8 3 3
3 69 76 9 3 6 3 3
. 65 —— 345
Pt-NiO/CeO, 4 80 75 11 3 5 3 3
3 98 68 15 4 7 4 2
70 —— 595
4 100 60 20 5 7 6 2

2. tabula publicétie dati liecina, ka ar NiO promotéta Pt katalizatora klatieng

glicerinskabes oksidéSanas talak lidz tartronskabei nav tik izteikta. Lidz ar to, ta ka augstaka
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temperatiira Pt-NiO/CeO; katalizators bija aktivaks (par to liecina TOF vértibu pieaugums),
ka ar tika sasniegta augstaka glicerina konversija pie lielas glicerinskabes selektivitates, tad,
oksidgjot glicerinu 70 °C temperattra ar NiO promot&ta katalizatora klatieng, tika sasniegts

promocijas darba laika augstakais glicerinskabes iznakums — 67 %.

Glicerina oksidéSanas reakcijas kinétisko raksturlielumu aprékinasana

Nemot véra to, ka, oksidgjot glicerinu 4,8wt%Pt-5,0wt%NiO/CeO,(300) katalizatora
klatieng, pie 6 atm skabekla spiediena tika atrasts kin&tiskais rezims (skat. glicerina/Pt
molaras attiecibas ietekmi), promocijas darba tika noteikti glicerina oksidéSanas reakcijas
kingtiskie raksturlielumi: reakcijas parciala pakape péc glicerina koncentracijas, péc
glicerina/Pt molaras attiecibas, péc skabekla spiediena, p&c katalizatora masas, ka art tika
aprékinata reakcijas aktivacijas energija. Izmantojot integralo grafisko metodi, tika noteikts,
ka reakcijas parciala pakape péc glicerina koncentracijas ir 1, savukart, izmantojot
diferencialo jeb van’t Hofa metodi, tika noteikts, ka reakcijas parciala pakape péc glicerina/Pt
molaras attiecibas, skabekla spiediena un katalizatora masas ir attiecigi 1,0; 1,1; —1,0.

Apkopojot promocijas darba datus par iegiitajam glicerina oksidéSanas reakcijas

parcialajam pakapém, tika ieguti $adi eksperimentali kin&tiskie modeli:

=10
v = k - c(glicerins) - (n(g:g—;tr)ms)) - P11(0,); 1)
v = k - c(glicerins) - m(kat) - P11(0,). )

Kingtiskie modeli (1) un (2) ir speka pétitaja parametru diapazona: Cy(glicerins) = 0,3 mol/l,
n(glicerins)/n(Pt) = 1000-5000 mol/mol, P(O;) = 1-6 atm, 60 °C.

Aktivacijas energija 4,8wt%Pt-5,0wt%NiO/Ce0,(300) Kkatalizatora klatieng tika
mekl&ta temperatiiru intervala 60—70 °C, un tas noteikSanai tika izmantota grafiska metode,
izmantojot reakcijas atruma atkaribu no temperatiiras Arréniusa koordinatés (skat. 5. att.).

Tika aprékinats, ka procesa aktivacijas energija ir 81,7 kJ/mol.
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5. att. Reakcijas atruma atkariba no temperatiiras.

Glicerina oksidesanas produktu selektiva iegiSana

Kopuma promocijas darba laika ka pamatprodukts glicerina oksidéSanas procesos ar
molekularo skabekli Pt saturoSo katalizatoru klatiene tika iegiita glicerinskabe, tomér
atseviSkos gadijumos vargja novérot pienskabes, glicerinaldehida un glikolskabes ka
pamatproduktu veidoSanos. Papildus sintez&jot jaunus katalizatorus un vari€jot glicerina
oksidesanas apstaklus, tika veikta So produktu selektivas iegliSanas metodes optimizacija.
Labakie iznakumi pé&c atseviskiem produktiem un katalizatori, kuru klatieng tie iegiiti, doti 3.
tabula.

Glicerinskabe, ka jau tika minéts, ar vislielako iznakumu tika iegiita ar NiO promotéta
Pt/CeO, katalizatora klatiené 70 °C temperatira. Pienskabe ar 54 % iznakumu iegiita uz Y,03
uznesta Pt katalizatora klatieng, kas sintézes laika pirolizeéts 400 °C temperatiira.
Glicerinaldehids ar 19 % iznakumu iegiits ka pamatprodukts, oksid€jot glicerinu wdens
Skiduma bez bazes pievienoSanas uz Al;O; uznesta Pt katalizatora klatieng, savukart
veiksmiga glikolskabes iegiSana tika panakta sarmaina Skiduma dzelzi un Pt saturoSu
katalizatoru klatien€ un augstakais glikolskabes iznakums sasniedza 34 %. Jaatzime, ka
iegiitie pienskabes un glikolskabes iznakumi ir augstakie lidz Sim iegiitie iznakumi
monometalisko Pt saturoSo katalizatoru klatiené. Izmantojot pétijumu rezultatus, pienskabes
un glicerinaldehida selektivas iegtiSanas metodes tika aprakstitas — pienskabes metode
Latvijas Republikas un Eiropas patenta, glicerinaldehida iegtiSanas metode no glicerina
Latvijas Republikas patenta. Glicerinskabes un glikolskabes selektivas iegtiSanas metodes ir

aprakstitas vairakos misu zinatniskajos rakstos [39—44].
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3. tabula

Augstakie iznakumi péc atseviskiem glicerina oksidésanas produktiem

Produkts Iznakums Katalizators koﬁ\l/lecrzriig?% Seéerlgg:;?eoz e
Glicerinskabe 67 Pt-NiO/CeO, 98 68
Pienskabe 54 Pt/Y,0; 82 62
Glicerinaldehids 17 Pt/Al,O3 38 46
Glikolskabe 34 Pt/Fe 63 54
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SECINAJUMI

Izmantojot jaunu heterogéno katalizatoru sint€zes metodi — ekstrakcijas-pirolitisko, var
ieglit uznestos Pt saturoSos katalizatorus ar nanoizméra Pt dalinam, kas ir aktivi glicerina
oksidésanas procesos ar molekularo skabekli tidens skidumos.

Jaunie monometaliskie platinu saturo$ie katalizatori ar a-Al,O3(np), a-Al,Os(gran), y-
Al,03, y-AlO(OH), C, CeO,, Ceol, Fe;03, Fe30q4, Lu,03, SG, SiO,, TiOz(np), TiO(ns),
Y203 un ZrO,-Y,03 ka nesgjiem ir aktivi glicerina oksidéSanas procesos sarmainos tidens
skidumos.

Jaunie monometaliskie platinu saturosie katalizatori ar a-Al,O3(np), y-Al,O3, y-AlO(OH),
C, SiO; un ZrO,-Y ;05 ka nesgjiem ir aktivi arT tidens $kidumos bez sarma pievienosSanas.
Bimetaliskie Pt-Pd/a-Al,O3(np) un ar NiO promotétie Pt/CeO; katalizatori ir aktivi tikai
sarmainos tidens Skidumos.

Sarmaina vidé SiO; un SG nesgji $kist, platins darbojas koloidala vide. Katalizatori ar
mingtajiem nes€jiem un Al,Os(gran) ka nes€ju oksidéSanas procesa sagraujas, tos nav
iesp&jams regenerét.

Atkariba no nes€ja dabas, katalizatora sintézes un glicerina oksidéSanas apstakliem var
iegtt dazadus glicerina oksidéSanas pamatproduktus: glicerinskabi, pienskabi, glikolskabi
vai glicerinaldehidu.

Vairums jauno sintez€to katalizatoru ir selektivi péc glicerinskabes, tomeér, oksid&jot
glicerinu tudens Skidumos bez bazes pievienoSanas, var iegit glicerinaldehidu ka
pamatproduktu, savukart, izmantojot Pt un Fe saturoSus katalizatorus sarmaina vidg, var

iegiit glikolskabi ka pamatproduktu.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Glycerol or 1,2,3-propanetriol is a multifunctional compound with a broad application
in medical, cosmetic, food and organic chemistry industries [1], [2]. For commercial
purposes, glycerol is produced from sugars, for example, via fermentation of glucose or as by-
product in lignocellulose conversion in ethanol. However, much larger amounts of glycerol
are obtained in biodiesel industry where it also forms as a by-product.

By a vegetable oil or triglyceride transesterification process with methanol, about
100 kg of glycerol is produced for every ton of biodiesel [3]-[5]. Such glycerol is called crude
glycerol, where its content varies from 20 % to 80 %, while the rest part is made by impurities
(alkali and soap components, salts, diols, water and glycerides) [1], [6]-[9]. As the policy of
green thinking is very popular all over the world, in recent years the biodiesel production has
grown extensively, which has led to a serious overproduction of glycerol. It is estimated that
currently the amount of produced glycerol in the world hase reached 2 million tons per year,
while its price in the market in 15 years has decreased from 1.2 USD/kg in 2001 till 0.3
USD/kg in 2015 [6], [12]. Increasing availability of glycerol, its price drop, and the desire to
make biodiesel production more favourable encourage one to look for new opportunities of
glycerol application and more effective purification methods of crude glycerol. Currently, the
most popular studies in the field of glycerol utilisation are devoted to its dehydration,
reforming, esterification, as well as oxidation [9], [13]-[16].

Glycerol heterogeneous catalytic oxidation in water solutions is a perspective and very
topical glycerol utilisation method, which is intensively studied all over the world. Oxidation
is carried out with molecular oxygen. More often noble metals (Au, Pt, Pd) supported on
different carriers serve as catalysts [4], [10], [17]. The range of products obtained in the
glycerol oxidation is very broad, the most popular compounds are glyceric acid, lactic acid,
glycolic acid, dihydroxyacetone and glyceraldehyde; all compounds are valuable raw
materials with various application opportunities [18], [20]. For example, glyceric acid is used
in medicine (in living organisms glyceric acid is an important metabolite of glycolysis) and in
organic synthesis [2], [21]; lactic acid is used in detergent, antibacterial agent, food additive,
cosmetic and biodegradable polymer production [23], [24]; dihydroxyacetone is the main
active component in skin self-tanning creams, it is also added to other cosmetic products and
even to food as an additive [2], [25], [26]; glycolic acid is used in cosmetology, textile

industry, plastic production, and it is added to dyes, emulsions [27]-[29], while
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glyceraldehyde has found its application in medicine, cosmetic and organic industries [12],
[30], [31].

Nowadays, in the industry all the glycerol oxidation products mentioned above are
produced via complicated, environmentally unfriendly or expensive processes (homogeneous
oxidation by H,0,, KMnO,4, TEMPO or fermentation processes) with low selectivity and
limited quantity [4], [25], [31]-[33]. Thus, heterogeneous glycerol oxidation by molecular
oxygen could be not only an alternative glycerol utilisation method, but it could also be an
alternative production method of valuable compounds. The glycerol oxidation method is
environmentally friendly — it is carried out at low pressure and temperature; oxygen is used as
an oxidising agent, but water is solvent. Frequently, to accelerate the reaction, alkali is added,
but more often attention is drawn to the glycerol oxidation in base free solutions, which is a
more favourable and also ecological process from an industrial point of view. Unfortunately,
the method of catalytic glycerol oxidation has a significant disadvantage — as a result, the
oxidation mixture of different products is obtained and it is hard to achieve high selectivity to
one of products [34], [35]. Research in this field continues to develop. Supported catalyst
activity and selectivity depend on many factors (for example, support nature, size of active
metal particles, other metal additives, catalyst preparation method, glycerol oxidation
temperature, pressure, pH, etc.). Thereby the main task of studies is to find optimal conditions
and catalysts for the selective production of certain product [36]-[38].

Aims and Tasks

Despite the broad range of publications about the glycerol heterogeneous catalytic
oxidation by molecular oxygen, in the case of supported Pt catalysts there are just a few
systematic studies to clarify certain catalyst parameter and reaction condition influence on the
catalyst activity and selectivity in the glycerol oxidation processes. Novel supported Pt
catalyst synthesis methods have also been studied. Therefore, the aim of this Doctoral Thesis
has been to investigate the novel supported Pt catalyst synthesised at RTU Institute of
Inorganic Chemistry by an extractive-pyrolytic method, activity and selectivity in the glycerol
oxidation processes by molecular oxygen, as well as determine the catalyst parameter, catalyst
synthesis parameter and glycerol oxidation condition influence on the catalyst activity and

reaction product distribution.
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In order to achieve the aim, the following tasks have been set:

1. In the review of literature to summarise and analyse scientific publications about
glycerol liquid phase oxidation in the presence of supported platinum catalysts.

2. To experimentally investigate supported platinum catalyst parameter influence on the
glycerol conversion, product yield and selectivity in the process of catalytic glycerol
oxidation.

3. To experimentally investigate supported platinum catalyst synthesis parameter
influence on the glycerol conversion, product yield and selectivity in the process of
catalytic glycerol oxidation.

4. To experimentally investigate glycerol oxidation condition influence on the glycerol
conversion, product yield and selectivity in the process of catalytic glycerol oxidation.

5. To find the most active, selective catalysts and determine the optimal oxidation

conditions for the selective production of one oxidation product.

Scientific Novelty and Main Results

In this Doctoral Thesis, for the first time heterogeneous catalysts have been
synthesised by a novel catalyst synthesis method — extractive-pyrolytic method (EPM). The
synthesised platinum catalysts have not been studied previously in the literature and are active
in the glycerol oxidation processes. When glycerol oxidation is carried out in the presence of
novel supported Pt catalysts under mild conditions (at low temperature, atmospheric
pressure), glyceric acid, lactic acid and glycolic acid with high selectivity and yield are
obtained, while glyceraldehyde is obtained as the main oxidation product. Lactic acid
production method developed within this Doctoral Tthesis has been patented in the Latvian
Patent Office as well as in the European Patent Office. Lactic acid with the highest yield
(54 %) as the main product forms in the presence of 1.2wt%Pt/Y,0;3 catalyst. Glyceraldehyde
production method from glycerol and catalysts for its realixation developed in this Doctoral
Thesis has been patented in the Latvian Patent Office. The highest yield (19 %) of
glyceraldehyde is obtained in base-free water solutions over 4.8wt%Pt/a-Al,O3(NP) catalyst.
Methods of glycerol oxidation until glyceric acid and glycolic acid are also optimised. In the
presence of 4.8wt%Pt-5.0wt%NiO/CeO, catalyst glyceric acids yield reaches 67 %, while
oxidation of glycerol over 5.8wt%Pt/Fe catalyst leads to 35 % yield of glycolic acid. Given

results are published in the scientific articles. Yields of lactic acid and glycolic acid obtained
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in the Doctoral Thesis are the higest yields that are reached until now in the presence of
supported Pt catalysts.

Using the selective glycerol oxidation product obtaining methods described in the
Thesis, it is possible to convert glycerol into other valuable compounds, thus solving a
problem of glycerol overproduction and making the biodiesel production more favourable.
The research “Novel catalytic glycerol acid and lactic acid production methods oxidizing
glycerol by air or molecular oxygen. Novel synthesis method of more active and selective
catalysts”, on which is also based this Doctoral Thesis, was recognised as one of the 10 most
important Latvian scietific achievements in 2012 by the Latvian Academy of Sciences after

summarising the suggestions put forward by universities, scientific institutes and centres.

Structure and Volume of the Doctoral Thesis

The Doctoral Thesis has been written in Latvian and consists of three chapters — the
review of literature, experimental part and result analysis. The review of literature summarises
the scientific publications about the glycerol production, its utilisation methods, glycerol
catalytic oxidation methods, supported platinum catalysts, its synthesis and application in the
glycerol oxidation, as well as catalyst parameter, catalyst synthesis parameter and glycerol
oxidation condition influence on the glycerol oxidation results if glycerol is oxidised by
molecular oxygen in the presence of supported platinum catalysts. In the experimental part of
the Doctoral Thesis, the following is described in detail: materials and reagents used in the
research, glycerol oxidation method in the presence of novel supported platinum catalysts,
analysis of reaction products, evaluation of catalyst activity, catalyst synthesis by an
extractive-pyrolytic method and catalyst parameter determination methods. The result
analysis part analyses experimentally tested novel supported platinum catalyst parameter,
synthesis parameter and oxidation condition influence on glycerol oxidation results. In this
part, novel supported Pt catalysts are also compared with similar commercial catalysts, and

the selective production of certain products from glycerol is optimised.

Publications and Approbation of the Research Results

Results of the Doctoral Thesis are discussed in 9 full text publications (articles in
journals and conference proceedings), 12 abstracts of international and local conferences, 3

patents (2 Latvian and 1 European patent).
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MAIN RESULTS OF THE THESIS

Supported Platinum Catalyst Parameter Influence on the Catalyst Activity and

Selectivity in the Glycerol Oxidation Process

During the research, three catalyst parameters were studied — nature of support in the
Pt containing catalysts, Pt content in the catalysts and other metal additives (Pd, NiO, CoO,).
Investigating the glycerol oxidation over monometallic Pt catalysts, the following catalysts

were tested:
Pt/a-Al,O3(NP) Pt/AIO(OH) Pt/a-Al,03(G)
Pt/y-Al,03 Pt/C Pt/SG
Pt/CeO, Pt/Ceol Pt/SiO,
Pt/LUzOg Pt/F6304
Pt/TiO,(NP) Pt/Graphite
PUTIOz(N F) Pt/ZfOz- Y203
Pt/Y,05

It was determined that all catalysts were active in the glycerol oxidation processes
when oxidation was carried out in alkaline water solutions. In the presence of several catalysts
even 85 % to 100 % glycerol conversion was achieved. However, taking into account the
catalyst activity and selectivity, catalysts were recognised as the best ones where Al,Os,
Ce0,, Luy03, TiO, and Y,03 were used as Pt supports. The Pt containing catalysts with
Al,0O3(G), SG and SiO, as supports were very active, but they could not be used in alkaline
solutions as a support material that dissolves in such solutions.

Varying Pt content in the catalyst, it was determined that glycerol conversion
increased by 5% to 13 % when Pt content rose from 0.6 wt% to 1.2 wt% regardless of
catalyst support nature. However, with further Pt content increase, its influence on the
glycerol conversion differed and depended on the support nature. Each catalyst depending on
the support nature had a certain Pt content, at which glycerol was converted in the products
the best — for a-Al,O3(NP), C and Fe3O4 supports it was 4.8 wt% Pt; y-Al,O3, Lu,03, ZrO,-
Y203 — 2.4 wt% Pt; CeO,, Ceol, SG, SiO; and Y,03 — 1.2 wt% Pt.

Addition of palladium and NiO additives to the Pt containing catalysts increased the
catalyst activity as well as the selectivity to glyceric acid. Thereby Pd and NiO additives
promoted the supported Pt catalyst action in the glycerol oxidation until glyceric acid.
Unfortunately, CoOy additives did not show a promotional effect on the Pt containing catalyst

action.
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Catalyst Synthesis Parameter Influence on the Catalyst Activity and Selectivity in the
Glycerol Oxidation Process

During the catalyst synthesis procedure, the following parameters varied: catalyst
pyrolysis temperature and pyrolysis time. It was found that monometallic Pt containing
catalysts, pyrolysed at a lower temperature (300 °C), were selective to glyceric acid.
Increasing catalyst pyrolysis temperature, the main product of the reaction changes and
catalysts, pyrolysed at a higher temperature (400 °C and 500 °C), became more selective to
lactic acid. Meanwhile, varying monometallic Pt containing catalyst pyrolysis time from
5min to 120 min, it was determined that catalyst activity increased with the extended
pyrolysis time.

When supported Pt catalysts, modified with NiO and CoOy additives, were prepared,
at different temperatures (300 °C, 500 °C or 700 °C) only NiO(Co0Oy)/CeO, composites were
pyrolysed, while Pt supported on these composites was pyrolysed at 300 °C. In the case of Pt-
NiO/CeO; catalysts, the activity of catalysts increased with pyrolysis temperature elevation
from 300 °C to 700 °C, besides distribution of the oxidation products remained unchanged.
Whereas in the case of Pt-CoO,/CeO, catalyst, CoO,/CeO, composite pyrolysis temperature
elevation from 300 °C to 500 °C resulted in lower glycerol conversion; also product

distribution changed, which led to unselective catalyst.

Glycerol Oxidation Condition Influence on the Catalyst Activity and Selectivity in the
Glycerol Oxidation Process

After the most active and selective catalysts were selected, further glycerol oxidation
condition influence on the glycerol oxidation results was investigated. Oxidising glycerol
glycerol/Pt molar ratio, NaOH initial concentration, oxygen pressure and oxidation

temperature varied.

Influence of Glycerol/Pt Molar Ratio n(Glycerol)/n(Pt)

Influence of glycerol and Pt molar ratio n(glycerol)/n(Pt) was investigated in the
presence of several monometallic Pt containing catalysts, as well as in the presence of
bimetallic Pt-Pd containing catalysts and NiO promoted supported Pt catalyst. Glycerol/Pt
molar ratio was changed from 300 mol/mol to 10 000 mol/mol. When a molar ratio is

increased, mass of catalyst added to the reaction mixture decreased. As it was expected, in all
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cases glycerol conversion decreased with an increase in the glycerol/Pt molar ratio. As an
example, Fig. 1 shows glycerol oxidation kinetics obtained in the presence of Pt catalyst
supported on TiO, nanofibers depending on n(glycerol)/n(Pt). Molar ratio influence on the
catalyst selectivity to glyceric acid was not so significant; therefore, better yields of glyceric

acid were reached with the smallest molar ratio or at 300 mol/mol.
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Figure 1. Influence of n(glycerol)/n(Pt) on the glycerol conversion (a) and glyceric acid
selectivity (b) in the presence of 4.8wt%Pt/TiO,(NF) catalyst (oxidation conditions:
co(glycerol) = 0.3 mol/l; co(NaOH) = 1.5 mol/l; P(O;) = 6 atm; 60 °C; by-products: lactic
acid, tartronic acid, glycolic acid, oxalic acid, formic acid).

NiO promoted Pt catalyst activity, when glycerol/Pt ratio varied, was also evaluated
by TOF values. TOF or turn over frequency showed glycerol amount that was converted into
products on a single platinum unit per time unit. Thus, it characterised the activity of
heterogeneous catalysts. The bigger TOF value is, the more active catalyst is. From Fig. 2 it
can be seen that in the case of NiO promoted Pt catalyst, an increase of glycerol/Pt molar ratio
from 300 mol/mol to 5000 mol/mol influences catalyst activity just a little. TOF values are
similar regardless of n(glycerol)/n(Pt) and they are in the range of 230 h™* to 251 h™. Such
small changes of TOF values indicate that the studied process at 6 atm oxygen pressure and
glycerol/Pt molar ratio 300 mol/mol to 5000 mol/mol takes place in a kinetic regime. Thereby
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kinetic calculations can be made to find activation energy of given oxidation process, which

will be described further.
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Figure 2. Influence of n(glycerol)/n(Pt) on the 4.8wt%Pt-5.0wt%NiO/Ce0,(300)
catalyst TOF values (oxidation conditions: co(glycerol) = 0.3 mol/l; co(NaOH) =
1.5 mol/l; P(O,) = 6 atm; 60 °C).

Influence of NaOH Initial Concentration

Studying the influence of NaOH initial concentration, it was determined that its

influence on the catalyst activity depended on the support nature (see Table 1).

Table 1. Optimal Initial Concentration of NaOH in the Reaction Mixture Depending on the

Composition of Supported Pt Catalyst

NaOH initial .
: Catalyst composition
concentration
>0.6 mol/l Pt-NiO/CeO;,
Pt/a-Al,O3(NP),
0.7mol/ Pt-Pd/a-Al,05(NP), PY/Lu;05
1.5 mol/l PU/TiO,(NP), PUTiOx(NF)

Without NaOH*

(I-A|203(np), ’Y-A|203, 'Y-A'O(OH), C,
SIOz and Zr05-Y,0;

*Glyceraldehyde as the main oxidation product.

It was found that Pt containing catalysts, in which basic or amphoteric by nature oxide

was used (Lu,Os, Al,O3), showed higher activity in less concentrated NaOH solutions, while

in the presence of catalysts with acidic by nature oxide (TiO,), greater glycerol conversion

was achieved in more basic water solutions. At the same time, distribution of the oxidation

products was not affected. It is interesting that in the presence of NiO promoted Pt catalyst,
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supported on acidic by nature CeO,, high glycerol conversion was reached already at
0.6 mol/l NaOH concentration and did not change with a further increase in NaOH
concentration. It could be explained by specific influence of NiO additive on the supported Pt
catalyst.

Figure 3 shows glycerol oxidation kinetics depending on the NaOH initial
concentration in the presence of 4.8wt%Pt/a-Al,O3(NP) catalyst. From Fig. 3 it is visible that
a reaction rate is greater when NaOH initial concentration of 0.7 mol/l is used. Oxidation of
glycerol in base-free solution results in low glycerol conversion; however, glyceraldehyde as
the main product is obtained. In basic solutions, glyceraldehyde cannot be obtained. It should
be noted that not all catalysts were active in base-free solutions, the highest activity was
shown by Pt catalyst supported on Al,Os.

mO mol/l 0,7 mol/l A1,5mol/l
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Figure 3. Influence of NaOH initial concentration on the glycerol conversion, glyceric acid
(interupted line) and glyceraldehyde (doted line) selectivities, when glycerol is oxidized in the
presence of 4.8wt%Pt/a-Al,O3(NP) catalyst (oxidation conditions: co(glycerol) = 0.3 mol/l;
n(glycerol)/n(Pt) = 300 mol/mol; P(O,) = 1 atm; 60 °C; by-products: tartronic acid, lactic
acid, glycolic acid, oxalic acid, formic acid).

Influence of Oxygen Pressure

From literature it is known that at the elevated pressure all processes take place more
rapidly. It is also known that in the glycerol oxidation processes a significant drawback of the
supported monometallic Pt catalysts is poisoning of catalyst surface with molecular oxygen or
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surface overoxidation at high oxygen pressure, which leads to a decrease in catalyst activity
during the oxidation process [19], [35].

Oxidising glycerol in the presence of monometallic, bimetallic and NiO promoted
supported Pt catalysts, it was found that glycerol conversion increased with increasing oxygen
pressure. After certain oxygen pressure is reached, also Pt catalyst deactivation in time is
observed (see Fig. 4 as an example). The limit of oxygen pressure until which glycerol
conversion increased along with the pressure varied for different catalysts and depended on
the support nature. For example, in the case of Pt catalyst supported on Al,O3; the oxygen
limit was 1 atm, in the case of Pt/TiO, — 6 atm, in the case of NiO promoted Pt catalyst
supported on CeO; glycerol conversion increased along with an increase in the pressure even
until 9 atm, while in the case of Fe and Pt containing catalyst — until 10 atm. In all cases, also
selectivity to the main product — glyceric acid or glycolic acid — increased when oxygen

pressure increased until 6 atm.

¢ 3 atm W6 atm 9 atm
90 |

i w— Py X
R e ==-—p 80 >
S 70 70 S
2 60 — 160 §
S 50 - S e
i :
5 40 T < 40 §
8 30 30 =
> 3
o 20 20 =2
Z O

0 F¥ . . ; 0

Oxidation time, h

Figure 4. Influence of oxygen pressure on the glycerol oxidation kinetics in the
presence of 4.8wt%Pt/TiO,(NF) catalyst, if n(glycerol)/n(Pt) = 6000 mol/mol (oxidation
conditions: co(glycerol) = 0.3 mol/l; co(NaOH) = 0.7 mol/l; 60 °C; by-products: tartronic acid,
lactic acid, glycolic acid, oxalic acid, formic acid).

Influence of Oxidation Temperature
Influence of oxidation temperature on the glycerol oxidation kinetics was studied in
the presence of two catalysts — monometallic Pt catalyst supported on Al,O3 nanopowder and

NiO promoted Pt/CeO, catalyst (see Table 2). In both cases, when temperature was elevated,
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glycerol conversion increased and reached even full glycerol conversion in products.
However, at higher temperature a decrease in glyceric acid selectivity was observed especially
in the case of Pt/ Al,O catalyst. Decrease of glyceric acid can be simply explained with its
further oxidation until tartronic acid. When high glycerol conversion is reached, glyceric acid
production rate significantly decreases, meanwhile the production of tartronic acid and other
oxidation products takes place more intensively. As an example, from Table 2 it can be seen
that after 92 % glycerol conversion is reached, selectivity of tartronic acid significantly rises.

As tartronic acid is glyceric acid oxidation product, glyceric acid selectivity reduces.

Table 2. Influence of Oxidation Temperature on the Glycerol Conversion and Product
Distribution in the Presence of 4.8wt%Pt/a-Al,O3(NP) Catalyst (Oxidation Conditions:
co(glycerol) = 0.3 mol/l; co(NaOH) = 0.7 mol/l; n(glycerol)/n(Pt) = 300 mol/mol; P(O,) =
1 atm) and in the Presence of 4.8%Pt-5.0%NiO/Ce0,(300) Catalyst (Oxidation Conditions:
co(glycerol) = 0.3 mol/l; co(NaOH) = 1.5 mol/l; n(glycerol)/n(Pt) = 1000 mol/mol; P(O,) =

6 atm)
@) < - Selectivity, %
o‘ q_;‘ o\
i S = : 35 %% 7 % %o
s © § w 9B § o & & ® ©
35 8_ = O ) g = = o = ©Q =
© = 5 F ©g 8 8 § 8 § E
O = 8 2~ 5§ § =2 &5 ©
= @) o g [G) L
40 3 63 64 4 8 21 2 1
60 3 72 58 5 21 13 1 2
Pt/Al,O4 7 - 92 57 12 18 19 2 2
65 3 90 45 19 23 12 1 -
7 100 15 31 27 12 15 -
60 4 251 70 74 10 2 8 3 3
3 69 76 9 3 6 3 3
: 65 ——— 345
Pt-NiO/CeO, 4 80 75 11 3 5 3 3
3 98 68 15 4 7 4 2
70 ——— 595
4 100 60 20 5 7 6 2

Data from Table 2 show that in the presence of NiO promoted Pt catalyst glyceric acid
oxidation further until tartronic acid is not so noticeable as in the case of Pt/Al,O3. Thereby
as at higher temperature Pt-NiO/CeO, catalyst shows better activity (greater TOF values in
Table 2), as well as at higher temperature glycerol conversion is bigger. Oxidising glycerol at
70 °C in the presence of NiO promoted Pt catalyst the highest yield (67 %) of glyceric acid

was achieved during the present research.
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Calculation of Glycerol Oxidation Reaction Kinetic Parameters

Considering that oxidising glycerol in the presence of 4.8wt%Pt-
5.0wt%NiO/Ce0,(300) catalyst at 6 atm oxygen pressure kinetic regime was observed (see
chapter “Influence of Glycerol/Pt Molar Ratio”), it was decided to determine parameters of
glycerol oxidation reaction — partial orders of several reactions ( glycerol concentration,
glycerol/Pt molar ratio, oxygen pressure and catalyst mass) and activation energy. By using
the integral graphical method, it was found that reaction partial order by glycerol was 1. Using
differential or Van’t Hoff method, it was determined that partial orders by glycerol/Pt molar
ratio, oxygen pressure and catalyst mass were 1.0; 1.1; —1.0 respectively.

Summarising the research results about glycerol oxidation reaction partial orders, the

following experimental equations were obtained:

-1,0
v = k - c(glycerol) - (%) - PL1(0,); (1)
v = k - c(glycerol) - m(kat) - P11(0,). (2)

The equations above are valid in the studied oxidation condition range: co(glycerol) =
0.3 mol/l, n(glycerol)/n(Pt) = 1000 mol/mol to 5000 mol/mol, P(O,) = 1 atm to 6 atm, 60 °C.
Activation energy in the presence of 4.8wt%Pt-5.0wt%NiO/Ce0,(300) catalyst was
calculated in the oxidation temperature range of 60 °C to 70 °C. In the calculation of
activation energy the graphical method was applied by using reaction rate dependence on the
oxidation temperature in Arrhenius coordinates (Fig. 5). It was found that the activation

energy of the given process was 81.7 kJ/mol.
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Figure 5. Reaction rate dependence on the oxidation temperature.

Selective Production of Glycerol Oxidation Products

In the Doctoral Thesis, glyceric acid as the main product was obtained, when glycerol
was oxidised by molecular oxygen in the presence of Pt containing catalysts. However, in
some cases the formation of lactic acids, glyceraldehydes or glycolic acids was observed as
the main oxidation product. Additionally synthesising novel Pt containing catalysts and
varying glycerol oxidation conditions, selective production of other products mentioned
above was optimised. The best yields of separate products and catalysts for their production
are given in Table 3.

As it was mentioned previously, glyceric acid with its highest yield of 67 % was
obtained in the presence of NiO promoted Pt/CeO, catalyst at 70 °C. Lactic acid with 54 %
yield was obtained in the presence of Pt/Y,03 catalyst pyrolysed at 400 °C. Glyceraldehyde
with 19 % yield was formed as the main oxidation product, when glycerol oxidation was
carried out in base-free solution over Pt/Al,O3 catalyst. Successful production of glycolic acid
occured only in alkaline solutions in the presence of Fe and Pt containing catalysts, glycolic
acid highest yield reached 34 %. It should be noted that the obtained lactic acid and glycolic
acid yields are the highest yields achieved over monometallic Pt containing catalysts until
now. By using results of the research, selective production methods of lactic acid and
glyceraldehyde were patented — the lactic acid production method in the Latvian and
European patents, the glyceraldehyde production method in the Latvian patent. Meanwhile the
selective production methods of glyceric acids and glycolic acids are described in several
scientific articles [39]-[44].

Table 3. The Highest Yields of Separate Glycerol Oxidation Products

Product Yield Catalyst Glycgrol 0 Selectivity, %
conversion, %
Glyceric acid 67 Pt-NiO/CeO, 98 68
Lactic acid 54 Pt/Y,0; 82 62
Glyceraldehyde 17 Pt/Al,O3 38 46
Glycolic acid 34 Pt/Fe 63 54
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CONCLUSIONS

Using novel heterogeneous catalyst synthesis method — extractive-pyrolytic — it is
possible to obtain supported Pt catalysts with nanosized Pt particles, which are active in
the glycerol oxidation processes by molecular oxygen in water solutions.

Novel monometallic Pt catalysts, supported on a-Al,O3(NP), a-Al,03(G), y-Al,O3, v-
AIO(OH), C, CeO,, Ceol, Fe,03, Fe304, Lu,03, SG, SiO,, TiOz(NP), TiO2(NF), Y203
and ZrO,-Y,03 are active in the glycerol oxidation processes in alkaline water solutions,
Novel monometallic Pt catalysts, supported on a-Al,O3(np), y-Al,O3, y-AIO(OH), C,
SiO, and ZrO,-Y,03, are also active in base-free water solutions.

Bimetallic Pt-Pd/a-Al,O3(NP) catalysts and NiO promoted Pt/CeQ, catalysts are active
only in alkaline water solutions.

In alkaline solutions SiO, and SG supports dissolve, Pt acts in colloidal media. Pt
containing catalysts with the mentioned supports, as well as with Al,O3(G) as support,
decay during the oxidation process and such catalysts cannot be regenerated.

Depending on the catalyst support nature, catalyst synthesis and glycerol oxidation
conditions, it is possible to obtain several glycerol oxidation products: glyceric acid,
lactic acid, glycolic acid or glyceraldehyde.

Most novel synthesised catalysts are selective to glyceric acid. However, oxidising
glycerol in base-free water solutions, glyceraldehyde can be obtained as the main
product, while using Pt and Fe containing catalysts in alkaline media, glycolic acid forms

as the main product.
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