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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Cilveces attistiba energijai ir biitiska loma, un fosilais kurinamais ir veicingjis 1idz $im
nepieredz&tu riipniecisko un sabiedrisko progresu. Tomér fosilo resursu plasa izmantosana ir
radijusi ieverojamas antropogénas CO; emisijas, izjaucot dabisko oglekla ciklu [1] un izraisot
biologiskas daudzveidibas samazinasanos, vides piesarnojumu un klimata parmainas [2]. Kop$
2000. gada globalais energijas patérin§ ir pieaudzis aptuveni par vienu treSdalu un paredzams,
ka tas turpinas augt, turklat fosilie energoresursi joprojam nodro§ina gandriz 80 % no kopg&ja
pieprasijuma [3], [4]. ST liela atkariba no neatjaunojamajiem resursiem rada ilgtermina riskus
gan klimata stabilitatei, gan energétiskajai drosibai [5].

Transports, kas ir visstraujak augoSais energiju patérgjosais sektors, veido aptuveni vienu
ceturtdalu no globala energijas patérina. Ta ka esos$a degvielas razoSanas, sadales un
uzglabasanas infrastruktiira ir optimiz&ta ogliidenrazu degvielai, strauja pareja uz pilnigi
jauniem degvielas risingjumiem butu darga un laikietilpiga. Tade| ilgtsp&jigas “drop-in”
degvielas, kas ir saderigas ar pasreizgjo infrastruktiiru un transportlidzekliem, piedava praktisku
celu transporta dekarbonizacijai [6]. Saja konteksta elektrodegvielas kliist par daudzsolo$u
risindjumu pieaugo$ajam energijas pieprasijumam.

Elektrodegvielas jeb e-degvielas ir sintétisko degvielu klase, kuru razoSanas process ietver
oglekla monoksida vai oglekla dioksida hidrogengSanu, izmantojot iidenradi, kas iegiits fidens
elektrolizes procesa [7]. Gan CO, gan CO> hidrogené$ana ir sarezgitu reakciju kopums, un ta
rezultata veidojas plass produktu klasts, kas atkarigs no reakcijas apstakliem un izmantota
katalizatora. CO un CO, var hidrogenét par spirtiem un ogliidenraziem, izmantojot parejas
metalu katalizatorus.

CO katalitiska hidrogen&Sana par ogliidenraziem pazistama ka FiSera-TropS$a sintéze (FTS).
FTS produktus var izmantot augstas kvalitates dizeldegvielas, benzina un aviacijas degvielas
sintézei. Reakcija parasti notiek paaugstinata temperattra (200-350 °C) un spiediena (10—
20 bar). FTS ir reakcija, kura no tidenraza un oglekla monoksida in situ veidotie produkti
polimerizgjas uz katalizatora virsmas [8]. Visparigi FTS var aprakstit ar $adu vienadojumu:

2nH; + nCO — -(CH2)a- + nH20, AHz93x = —152 kJ/mol. (1.1)

Produktu sastavu nosaka lidzsvars starp virknes augSanas varbiitibu uz katalizatora virsmas
un virknes partraukSanas, hidrogen&Sanas un ieglito savienojumu desorbcijas varbiitibu.
Galvena FTS reakcija norit vienlaikus ar vairakam blakusreakcijam. Galvenie FTS produkti ir
n-parafini un 1-olefini. Mazakos daudzumos var veidoties arT izomerizeti ogliidenrazi, cikliski
ogludenrazi, olefini ar dubultsaiti pie otra oglekla atoma vai talak virkng, ka art aldehidi, ketoni,
skabes un spirti, kas degvielas razoSanas konteksta tiek uzskatiti par nevélamiem produktiem
[91, [10].

Parasti tiek piedavati divi galvenie mehanismi — karbida mehanisms un CO iespieSanas
mehanisms. Karbida mehanisma CO disoci€ (tie$a vai H pavadita disociacija) un uz katalizatora



virsmas veido oglekla savienojumus, kas tiek hidrogenéti un savienoti, veidojot C-C saites
(1. att.).
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1. att. Karbida mehanisma vienkarsots att€lojums. Pielagots no [11], [12].

CO iespiesanas mehanisma tiek pienemts, ka C-C virknes augsana notiek, CO monoméram
iespraucoties starp virsmas-tidenraza (pirma iniciacija) un oglidenrazu starpproduktu
virsmas-oglekla saiti (2. att.).
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2. att. CO iespieSanas mehanisma vienkarSots att€lojums. Pielagots no [11], [12].

FTS reakcijas laika rodas liels daudzums tidens, kas var paatrinat katalizatora deaktivaciju
un izraisit katalitiskas aktivitates samazinasanos. FTS reakcijas apstaklos Gidens var piedalities
fidens-gazes mainas reakcija (WGS, water-gas shift), veidojot idenradi un oglekla dioksidu:

CO + H20 2 COz + Ha, AHz98x = —41,2 kJ/mol. (1.2)



WGS ietekmé CO, Hz, CO2 un H>O koncentracijas (parcialos spiedienus) reakcijas sistéma,
tadgjadi ietekm@ot ar1 FTS primaro un sekundaro reakciju kinétiku un galaproduktu
sadalfjumu. ST reakcija ir Tpa$i nozimiga, izmantojot sintézes gazi (CO un H, maisijumu) ar
nestehiometrisku tidenraza daudzumu (tipiski no biomasas iegiitai sint€zes gazei).

CO: hidrogenésana, atSkiriba no attistitas CO hidrogenéSanas, izmantojot FTS, rada
atSkirigus un butiskus fizikali kimiskus izaicinajumus. Salidzinot ar CO, CO; ir termodinamiski
stabilaka molekula, jo ogleklis ir sava augstdkaja oksidacijas pakap€. Par spiti tam gan
akadémiskajos pétijumos, gan ripnieciskaja praks€ ir panakts ievérojams progress CO:
konversijai produktos, kas satur vienu oglekla atomu (oglekla monoksida, metana, metanola,
skudrskabg) [13]. Produktu ar vairakiem oglekla atomiem (Cz+) sintéze ir sarezgitaka CO-
inertuma, augstas C-C saites veidoSanas energijas barjeras, konkurences ar CO2 metanaciju un
citu blakusreakciju dgl.

Viens no daudzsolosakajiem CO: valorizacijas risingjumiem ir uz CO; balstita
Fisera-Tropsa sint€ze (CO2-FTS). CO2-FTS procesa vispirms CO: apgrieztaja tdens-gazes
mainas (RWGS) reakcija (1.3. vienadojums) tiek reducéts par CO, pec tam CO piedalas FTS
reakcija (1.1. vienadojums) [14].

CO2 + Hz 2 CO + H20, AHzosx = 41,2 kJ/mol. (1.3)

Ta ka CO; ir termodinamiski stabila molekula, konversijas uzlabo$anai ir nepiecieSamas
augstaka sint€zes temperatiira. CO2-FTS lielakoties tiek Tstenota 280-350 °C temperattra un
15-25 bar spiediena. Reakcijas temperatiirai ir div§jada nozime CO> (un CO) hidrogenésanas
procesos. No vienas puses, paaugstinata temperatiira ir termodinamiski nepiecieSama, lai
aktivétu inerto CO2 molekulu un veicinatu endotermisko RWGS reakciju; turklat augstaka
temperattira eksponenciali palielina reakcijas atrumu. No otras puses, FTS ir eksotermisks
process, kurd zemakas temperatiiras veicina virknes augSanu. Lidz ar to parak augstas
temperattiras neizb&gami novirza selektivitdti metana un citu 1sas virknes ogludenrazu
veido$anas virziena. Tadgjadi rlipiga temperatliras optimizacija ir biitisks nosacijums, lai
maksimaliz&tu vélamo produktu (Cz+ ogludenrazu) iznakumu.

Promocijas darba apkopoti péttjumi par oglekla oksidu hidrogeng$anu, izmantojot dzelzs
katalizatorus ar merki iegiit e-degvielas un to prekursorus. Katalizatoriem ir iz8kiroSa nozime
CO un COz hidrogeng&sanas procesos, jo tie lauj aktivét §Ts termodinamiski stabilas molekulas
un nosaka reakcijas selektivitati par labu velamajiem ogliidenraziem vai skabekli saturoSiem
produktiem. Starp biezak izmantotajiem aktivajiem metaliem dzelzs katalizatori ir Tpasi
pievilcigi to zemo izmaksu, plasas pieejamibas un daudzfunkcionalo ipasibu del. Dzelzs
katalizatori sp€j vienlaikus katalizét WGS/RWGS un FTS, kas padara tos ipasi piemérotus CO»
hidrogengsanai par oglidenraziem. Turklat to elastigads oksidéSanas-reducésanas un
karbonizacijas 1pasibas lauj pielagot aktivitati un selektivitati, mainot katalizatora sastavu,
struktiiru un pirmapstrades veidu.

Dzelzs katalizatoru sint€zes rezultata parasti veidojas oksidu fazes ka hematits (Fe»03), kas
ir neaktivas FTS procesa un kuram nepiecieSama aktiveé$ana in situ, reduc€jot ar tdenradi,
oglekla monoksidu vai sintézes gazi. Dzelzs katalizatori, biezi raksturoti ka “dzivie
katalizatori”, darbojas ka dinamiskas sisteémas, kas no neaktiva oksidu prekursora parveidojas



par kompleksu aktivo fazu sistému. Reducgjosas vides ietekmé katalizatora pakapeniski notiek
fazu parejas no oksidiem uz metalisku dzelzi, kas karbonizgjas, veidojot dzelzs karbidus.
Katalizatora veiktspgja ir atkariga no sinergiskas mijiedarbibas starp $im mainigajam fazém —
savukart dzelzs karbidi, pasi Haga karbids (FesCy), tiek uzskatiti par domingjoso aktivo fazi
FTS norisei.

Promocijas darbs ietver divas nodalas. Pirmaja nodala apkopoti dati, kas iegiiti, sistematiski
analizg&jot FTS produktus, Tpasu uzmanibu pieveérsot ogludenrazu frakcijam un tidens fazei. Lai
nodro§inatu visaptveroSu izpratni par CO hidrogenéSanu, izmantojot dzelzs katalizatorus,
detalizeti izvertéta temperatiiras ka reakcijas parametra ietekme, ka ari SiO; ka katalizatora
nesgja un kalija ka promotora loma produktu sadalfjuma. Otraja nodala apkopota sistematiska
CO,-FTS analize, Tpasu uzmanibu pieversot temperatiiras ietekmei ka reakcijas parametram un
katalizatora sint€zes un pirmapstrades metozu lomai produktu sadalijuma.

Pétijuma mérki un uzdevumi

Promocijas darba mérki ir e-degvielu un to prekursoru sintéze CO un CO; hidrogenésanas
reakcijas, izmantojot dzelzs katalizatorus, ka arT katalizatora raksturlielumu — katalttiskas
veiktspgjas un iegiito produktu sakaribu izp&te.

Lai sasniegtu mérkus, tika definéti vairaki uzdevumi:

1) sintezét dazada veida dzelzi saturoSus katalizatorus CO un CO; hidrogen&sanai un

noteikt to raksturojumus;

2) veikt CO un CO; hidrogengSanu dzelzs katalizatoru klatbtitn€ un analizet katalitisko

veiktsp&ju un produktu selektivitati;

3) izpétit temperatiras ietekmi uz oglekla oksidu konversiju un to hidrogeng$anas

produktu selektivitati,

4) noskaidrot promotoru ietekmi uz dzelzs katalizatoru katalitisko veiktsp&ju CO un CO2

hidrogenésana;

5) izvertet NiFe,O4 sint€zes metodes ietekmi uz katalizatora raksturlielumiem (fazu tiribu,

kristalitu izmeru) un katalitisko veiktsp&ju CO; hidrogen&sana;

6) izvertet katalizatora prekursora (Co(NOs)2/Fe30s4) priekSapstrades ietekmi uz katalitisko

veiktsp&ju CO; hidrogenésana;

7) izvertet katalizatora ietekmi uz CO un CO; hidrogenésanas procesos radusos tidens fazi

un tas sastavu.

Zinatniska novitate un galvenie rezultati

Promocijas darba ir sniegts visaptveroSs pétijums par oglekla oksidu termokimisko
konversiju, izmantojot FTS un CO»-FTS procesus. Darba gaita veikti sistematiski petijumi, lai
padzilinatu fundamentalo izpratni par FTS un CO»>-FTS, 1pasi izveért&jot, ka katalizatora
Ipasibas ietekme katalitisko veiktsp&ju oglekla oksidu termokimiskaja konversija. Kopuma
darbs veicina izpratni par sarezgitajam savstarpgjajam attiecibam starp katalizatora
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struktliru/sastavu, reakcijas apstakliem un iegiito hidrogenéSanas produktu sastavu un
sadaltjumu.

Darba struktiira un apjoms

Promocijas darbs ir sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas apkopo
petijumus par oglekla oksidu konversiju e-degvielas un to prekursoros, izmantojot dzelzi
saturoSus katalizatorus. Promocijas darbs ietver piecas publikacijas SCI zurnalos un
nepublic@tus rezultatus (vienu raksta manuskriptu).

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti piecos zinatniskajos originalrakstos, ka arT
sagatavots viens originalpétijuma raksta manuskripts. PE&tfjumu rezultati prezentéti tris
konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

P&dgjo gadu laika strauji attistas pétfjumi par FTS un CO»-FTS. So interesi ir veicinajis
pieaugosais pieprasijums péc energijas un steidzama nepiecieS$amiba mazinat siltumnicas
efektu izraisoSo gazu emisijas. Tomér, neraugoties uz apjomigajiem pétijumiem, zinasanas
joprojam ir butiskas nepilnibas, jo FTS rezultata veidojas sarezgits daudzfazu produktu
maistjums, un ta selektivitate, aktivitate un blakusproduktu veidoSanas ir loti atkariga no
katalizatora sastava, promotoru satura, nes€ja un reakcijas apstakliem. Turklat, lai gan FTS un
CO»2-FTS procesos neizbégami veidojas ieveérojams tdens daudzums, fidens fazes nozime
pétijumos bieZi tiek ignoréta.

Eksperimentalo apstaklu un izmantoto katalizatoru atSkiribas dazados p&tijumos ir radijusas
savstarpgji pretrunigus secinajumus, tadgjadi akcent&jot nepiecieSamibu pec padzilinatas un
standartiz€tas izpetes, kas sistematiski sasaistitu katalizatora struktiiru, ta sagatavoSanas pieeju
un darbibas (reakcijas) apstaklus ar kopgjo procesa veiktsp&ju.

Promocijas darba izstrades gaita veikti fundamentali pétijumi, lai noskaidrotu katalizatora
nesgja, promotora satura un reakcijas apstaklu ietekmi uz CO konversiju, ogludenrazu
selektivitati un skabekli saturoSo savienojumu veidoSanos FTS procesa. Turklat pétita ari
reakcijas temperatiiras, katalizatora sintézes un priekSapstrades metodes ietekme uz CO2-FTS
procesa veiktspéju.

Promocijas darba izverteta dzelzs katalizatoru veiktspgja FTS un CO2-FTS procesos,
izmantojot nepartrauktas pliismas fiksetas katalizatora gultnes reaktoru (3. att.). Visos
eksperimentos reagentu gazu plismas regulé$anai tika izmantoti atseviSki masas plusmas
kontrolieri. N> aprékinos tika izmantos ka ieksgjais standarts. Reakcijas temperatiira tika mérita,
izmantojot K tipa termopari, kas ievietots katalizatora slana centra. Reakcijas efluents pliida
caur vasku uztvergju un gazes/Skidruma/Skidruma separatoru. Kondens&tie produkti tika
analizéti off-line, izmantojot gazu hromatografu, kas savienots ar masspetrometru (GC-MS),
kodolmagnétiskas rezonanses spektroskopiju (KMR) un Furjé transformacijas infrasarkano
(FTIR)  spektrometriju, savukart gazes faze tika analizEta on-line, izmantojot gazu
hromatografu, kas aprikots ar siltumvaditsp&as un liesmas jonizacijas detektoriem
(GC-TCD/FID).

Katalizatoru pagatavosanai tika izmantotas vairakas metodes. legiitie heterogenie
katalizatori tika raksturoti, izmantojot §adas metodes: rentgenstaru difrakciju (XRD) kristaliskas
fazes un dalinu izméru noteikSanai; rentgenstaru fotoelektronu spektroskopiju (XPS)
elektronisko stavoklu izpétei; rentgenstaru fluorescences spektroskopiju (XRF) dzelzs
koncentracijas noteikSanai; sken&joSo elektronu mikroskopiju (SEM) virsmas morfologijas
att€loSanai; N> adsorcijas-desorbcijas mérfjumus virsmas laukuma un poru izmeru sadaltjuma
noteikSanai. Gan pirms FTS, gan pirms CO2-FTS procesa katalizatori tika reducéti in situ ar
CO vai Hy, lai izveidotu katalitiski aktivo fazi. Sis reduc@anas process palielina pieejamo
aktivo vietu skaitu uz katalizatora virsmas un nodro$ina efektivu reagg€joso molekulu adsorbciju
un aktivaciju.
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3. att. Eksperimentalas iekartas shéma.

1. CO hidrogenésana

1.1. Reakcijas temperatiiras ietekme uz uznestu dzelzs katalizatoru FTS veiktspeju

Lidzsingjie petijumi, kuros analiz&ta procesa apstaklu, katalizatora sastava un struktiiras
ietekme uz produktu selektivitati, galvenokart ir koncentr&jusies uz dzelzs katalizatoriem bez
nes&ja (bulk catalysts). Reakcijas temperatiiras ietekme uz FTS veiktsp&ju butiski atSkiras starp
katalizatoriem bez nes€ja un uznestiem katalizatoriem metala dispersijas siltuma parneses un
fazu stabilitates de]. Katalizatori bez nes€ja paaugstinata temperatiira médz piedzivot izteiktas
strukturalas un fazu parejas, kas butiski ietekmg katalitisko aktivitati un produktu selektivitati.
Savukart uz nesgja uznestiem dzelzs katalizatoriem parasti piemit augstaka termiska stabilitate
un labaka siltumvaditspgja, nodrosinot kontrolétaku reakciju pret temperatiiras izmainam [15].

Saja promocijas darba pétita FTS reakcijas temperatiiras ietekme diapazona no 240 °C lidz
300 °C, izmantojot uz mezoporaina SiO> uznestu dzelzs katalizatoru. Katalizators tika
pagatavots, impregngjot komercialas SiO2 granulas ar 0,8 M Fe(NO3); @idens $kidumu 50 °C
temperatlira piecas stundas. P&c tam materials tika filtréts, zavets 110 °C temperatiira un piecas
stundas izkarséts gaisa 550 °C temperatird. ST pagatavoSanas procedira nodroiindja
vienmerigu prekursora sadalfjumu katalizatora poras, vienlaikus saglabajot granulu strukturalo
integritati un mehanisko stabilitati.

Ar XRF noteiktais dzelzs saturs katalizatora bija 11,4 masas %. XRD difratogramma bija
noverojami signali, kas atbilda hematitam (a-Fe>O3). Platais pikis pie 20 =24 ° (4. att.) ir saistits
ar amorfu SiO,. Péc Srérera vienadojuma aprékinatais videjais FeOj3 kristalitu izmérs bija
13 nm. Katalizatora nes€ja un impregnéta katalizatora N> adsorbcijas-desorbcijas izotermas
atbilda [UPAC 1V tipa izotermai ar Hl histerézes cilpu, kas raksturiga mezoporainiem
materialiem. SEM-EDS analize apstiprinaja vienmerigu un homogenu dzelzs oksida sadalijumu
uz katalizatora virsmas. Impregnéta katalizatora ipatngjais virsmas laukums (207 m?%/g)

13



saglabajas gandriz neizmainits, salidzinot ar tira katalizatora nes€ja virsmas laukumu
(213 m%/g). Savukart péc impregnéSanas poru tilpums samazinijas no 0,88 cm’/g lidz
0,79 cm’/g, poru izmérs samazinajas no 16,5 nm lidz 15,3 nm, salidzinot ar tiru katalizatora
nes€ju. legitie raksturlielumi liecina, ka dzelzs dalinas ir lokaliz€tas nes€ja poras, tas
nenosprostojot. Paredzams, ka $adas katalizatora ipasibas bus priekSrociba FTS, jo tas var
veicinat augstaku CO konversiju un Cs+ oglidenrazu selektivitati, salidzinot ar literatira
aprakstitajiem  dzelzs katalizatoriem bez nes€a vai slikti dispergétiem dzelzs
katalizatoriem [16].
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4. att. Izkarseta katalizatora XRD pirms FTS (A) un izmantoto katalizatoru XRD p&c FTS (B).

Difrakcijas maksimumi visiem katalizatoriem péc FTS redzami 20 apgabala no 35° lidz 52°.
Tie ir identificgjami ka dzelzs karbidi, kas ir FTS aktivas vietas (4. B att.). Katalizatoru
difrakcijas ainas p&c reakcijam 240 °C un 260 °C temperatiira redzami maksimumi arT pie
20 =21,4° un 23,9°, kas atbilst vaskiem. Vasku uzkrasanas uz katalizatora virsmas ir galvenais
faktors, kas veicina novéroto katalizatora veiktspgjas samazinaSanos $aja temperatiira.

Reakcijas temperatiiras paaugstinaSana no 240 °C Iidz 280 °C izraisfja bitisku CO
konversijas pieaugumu no 13,6 % lidz 34,2 %, kas liecina par labaku katalitisko aktivitati
(5. att.). Temperatiiras paaugstinasana Iidz 300 °C radija tikai nelielu efektu, kas liecina, ka FTS
reakcija tuvojas tas optimalajai kin@tiskajai robezai. Gazes faze bija domingjosa visa
temperatiru diapazona, sasniedzot maksimumu 300 °C temperatiira, savukart Skidro
oglidenrazu frakcija sasniedz maksimumu 280 °C temperatiira, un tas daudzums strauji
samazinajas, talak paaugstinot temperatiiru. Turklat arT @idens fazes daudzums pieauga,
palielinot temperatiiru l1dz 280 °C, bet pie talakas temperatiiras palielina$anas tas samazinajas.
Visa pétitaja temperattiras diapazona vasku daudzums bija niecigs; tas nedaudz pieauga 260 °C
temperatiira, bet augstaka temperatiira samazinajas. Sie rezultati norada, ka 280 °C ir optimala
reakcijas temperatiira petitajam katalizatoram, nodrosinot lidzsvaru starp CO konversiju un Cs+
ogliidenrazu selektivitati. Augstaka temperatiira sekundaras reakcijas un pastiprinata WGS
aktivitate veicinaja Tsas virknes ogliidenrazu veidoSanos. Savukart zemaka temperattira tika
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novérota samazinata CO konversija un pastiprinata vasku uzkrasanas, kas savukart var veicinat
katalizatora deaktivaciju.
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5. att. Reakcijas temperatiiras ietekme uz CO konversiju un gazes fazes, skidro ogltidenrazu
fazes, vasku un tidens fazes produktu plismam.

Skidro ogliidenrazu frakcija tika analizéta, lai novértétu tas potencialu e-degvielu razo$ana.
Oglekla virknes garums analiz&tajos produktos bija no Cs lidz Css. Par Tpasi vertigiem tiek
uzskatiti ogludenrazi benzina (Cs—Ci1), petrolejas (Cio—Ci4) un dizeldegvielas (Ci2—Cao)
diapazonos. Lielakajai dalai Skidro ogliidenrazu produktu oglekla virknes garums atbilda
benzina frakcijai (6. att.). Paaugstinot reakcijas temperatiiru, benzina frakcijas ogliidenrazu
patsvars pieauga no 54 % lidz 73 %. Vienlaikus petrolejas frakcijas Tpatsvars samazinajas no
51 % lidz 38 %, savukart dizeldegvielas — no 44 % Iidz 26 %.
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6. att. Benzina frakcijas, petrolejas frakcijas un dizeldegvielas frakcijas ogludenrazu
selektivitate skidraja ogludenrazu faze.

Benzina frakcija sastavéja galvenokart no n-parafiniem, dazadiem olefiniem, sazarotiem
oglidenraziem un vid&a garuma oglekla virknes spirtiem (7. att.). Paaugstinot reakcijas
temperatliru, samazinajas 1-olefinu, bet picauga n-parafinu, sazarotu ogliidenrazu un olefinu ar
dubultsaiti pie otra oglekla atoma vai talak virkné proporcija. ST tendence liecina par 1-olefinu
iesaisti sekundarajas reakcijas, tostarp hidrogengsana un izomerizacija. Prasibas benzinam, ko
piegada un tirgo Eiropas Savieniba, stingri regul€ Eiropas benzina standarts (EN 228). Taja
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noteikts, ka maksimalais olefinu saturs nedrikst parsniegt 18 tilpuma %, bet aromatisko
savienojumu saturs — 35 tilpuma %. Salidzinot ieglito benzina frakciju ar EN 228 noteiktajiem
kriterijiem, redzams, ka olefinu Ipatsvars visos paraugos ir augstaks par atlauto. Taja pat laika
izmantotais katalizators neveicina aromatisko savienojumu veidosanos.

300 °C R AR e s
priR(ogg e~ —
260 °C iR s

240 °C S et ed |

0 10 20 30 40 50 60 70 80 90 100
Selektivitate, %

Hn-parafini @ 1-olefini ®2-olefini Espirti M citi olefini un sazarotie ogludenrazi

7. att. Reakcijas temperatiiras ietekme uz benzina frakcijas ogludenrazu sastavu.

FTS laika ogludenrazu virknes augSana notiek vienlaikus ar tidens veidoSanos. Reizg ar
katras metiléngrupas (-CHz-) pievienoSanos augo$ajai ogludenrazu virknei veidojas viena
tidens molekula (1.1. vienadojums). Izveidojusies tidens faze satur dazadus skabekli saturoSus
savienojumus — spirtus, skabes, aldehidus un ketonus. So savienojumu sadalijums starp Gidens
fazi un oglidenrazu fazi ir atkarigs no to virknes garuma un polaritates. Skabekli saturosie
savienojumi negativi ietekme produktu selektivitati, ka arT rada gan vides problémas, gan
ekonomiskus izaicinajumus.

Salidzinajuma ar literatlira aprakstitiem komercialajiem katalizatoriem, kam tident $kistoso
skabekli saturo$o savienojumu ipatsvars sasniedz aptuveni 6 % no visiem produktiem [17],
izmantota katalizatora klatbiitng Gidens faze izSkidusSie skabekli saturoSie savienojumi veidoja
relativi nelielu dalu no visiem FTS produktiem (2,4 % — 240 °C temparatiira, 3,1 % — 260 °C
temperattira, 3,6 % — 280 °C temperatiira un 3,5 % — 300 °C temperatiira).

Zinatniskaja literatira FTS pétijjumi galvenokart versti uz mérka oglidenrazu produktu
iegliSanu, savukart fidens fazes kimiskais sastavs biezi tiek uzskatits par sekundaru aspektu.
Rezultati paradija, ka, paaugstinot reakcijas temperatiiru, palielinas skabekli saturo$o
savienojumu koncentracija tdens faz€ un butiski mainas produktu proporcijas (8. att.).
Metanols un etanols bija domin&josie skabekli saturoSie savienojumi tidens faze. Paaugstinot
temperattru no 240 °C Iidz 300 °C, metanola tilpumdala palielinajas no 3,8 % lidz 10,4 %,
etanola —no 3,5 % 1idz 5,2 %. Citi identificgtie produkti bija acetons un C3—C7 pirm&jie spirti.
Paaugstinata temperatiira kav&ja garakas virknes spirtu veidoSanos, tau ta veicinaja
karbonilsavienojumu rasanos. ST tendence, visticamak, ir saistita ar 1-olefinu sekundarajam
reakcijam, kuru rezultata rodas ketoni. Lai gan Sis katalizators galvenokart paredzets
oglidenrazu sintézei, augstaka reakcijas temperatiira veicina tadas idens fazes veidoSanos, kas
bagatinata ar atseviskiem skabekli saturosiem savienojumiem, Tpasi metanolu un etanolu. Sie

a0

abi spirti ir nozimigi gan ka nakotnes degvielu prekursori, gan ka “zalas” piedevas benzinam.
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8. att. Reakcijas temperatiiras ietekme uz tidens fazes sastavu.

Eksperimentu rezultati liecina, ka 280 °C ir optimala reakcijas temperatiira uz mezoporaina
SiO2 uznestam dzelzs katalizatoram, jo ta nodroSina lidzsvaru starp augstu CO konversiju,
paaugstinatu Cs+ ogliidenrazu selektivitati un ierobeZotu vasku veidoSanos. Novirze no §is
temperatiliras izraisija vai nu samazinatu aktivitati zemaka temperatiira, vai ari palielinatu Tsas
oglekla virknes ogludenrazu veidoSanos augstaka temperatiira.

Plasaks $aja nodala aprakstita p&tijuma izklasts — originalpublikacija 1. pielikuma.

1.2. Promotora (kalija) satura ietekme uz uznestu dzelzs katalizatoru FTS veiktspeju

Starp dazadiem promotoriem kalijs ir viens no biezak izmantotajiem dzelzs FTS
katalizatoros, un ta ietekme uz katalitisko veiktsp&ju ir plasi pétita. Tomer taja pat laika
zinatniskaja literatlira aprakstita ietekme uz katalitisko aktivitati un skabekli saturoSo
savienojumu selektivitati nav viennozimiga un ietver pretrunigus rezultatus. Sis atikiribas
galvenokart skaidrojamas ar atskiribam katalizatora sastava, promotora daudzuma un reakcijas
apstaklos. Turklat lielaka dala Iidz$ingjo p&tijumu veltita katalizatoriem bez nesgja, savukart
sistematiski p&tijumi par uz nes€ja uznestiem katalizatoriem ir salidzinosi maz.

Kalijs FTS katalizatoru sastava nav metaliska stavokli. Tas ir sastopams savienojumu veida,
pieméram, K>O [18], KFe.Oy [19], K2CO3, HCOOK [20], vai ari ka uz virsmas adsorbé&ts
katjons (K*), ko stabilize skabekli saturo$i anjoni [18], [21].

Kalija promotgjosais efekts saistits ar to, ka tas maina aktivo vietu/centru elektronu
blivumu, tadgjadi ietekmgjot adsorb&to molekulu saistiSanas stiprumu [22]. Ir noverots, ka
kalija klatbtutng palielinas katalizatora esoSo dzelzs savienojumu elektronu blivums
[19], [22], [23]. Tas savukart pastiprina CO adsorbciju un pavajina Hz adsorbciju. Rezultata uz
katalizatora virsmas iegtita zemaka H/C attieciba kave hidrogengSanas reakcijas un Iidz ar to
ierobezo CH4 veidoSanos, vienlaikus sekmgjot oglidenrazu virknes augSanu un WGS reakcijas
norisi.

Saja promocijas darba sistematiski pétita K/Fe attiecibas ietekme uz FTS produktu
selektivitati, izmantojot uz mezoporaina SiO» uznestu dzelzs katalizatoru tados reakcijas
apstaklos, kas atbilst riipnieciskajiem (P = 20 bar, T =280 °C).

Uz mezoporaina SiO> uznests dzelzs katalizators (K-0) tika pagatavots p&c 1.1.nodala
aprakstitas metodes. Katalizatori ar K/Fe molaro attiecibu diapazona no 0,02 Iidz 0,06 tika
sintez&ti, impregnéjot K-0 ar KNO; tidens §kidumu. Impregnésanas Skidumu koncentracijas
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tika attiecigi pielagotas, lai nodrosinatu 0,02, 0,04 un 0,06 K/Fe molaro attiecibu gatavajos
katalizatoros. P&c impregnéSanas paraugi tika zaveti 110 °C temperatiira divas stundas un
izkars@ti gaisa 550 °C temperatiira piecas stundas.

XRD difraktogrammas tika noveroti signali, kas atbilda a-Fe;O;. Kalija pievienoSana
katalizatoriem neietekméja hematita kristalisko strukttiru (9. A att.). Kalija savienojumus nebija
iespejams detektet ar XRD, visticamak, to zemas koncentracijas un augstas dispersijas dél. Péc
FTS procesa katalizatoru difrakcijas ainas redzami maksimumi pie 20 = 21,4° un 23,9°, kas
atbilst vaskiem. Vaski, kas uzkrajas uz katalizatora virsmas, samazina gan masas parneses
efektivitati, gan katalizatora aktivitati FTS procesa.
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9. att. Katalizatoru XRD pirms FTS (A) un izmantotu katalizatoru XRD péc FTS (B).

Katalizatoru teksturalie raksturojumi, kas apkopoti 1. tabula, liecina, ka dzelzs un kalija
savienojumi ir lokalizeti katalizatora nes€ja poras. Turklat rezultati liecina, ka mazakas poras
var€tu biit blok&tas impregnésanas procesa.

1. tabula
Katalizatora nes€ja un ar kaliju promot&to katalizatoru teksturalie raksturlielumi
Paraugs BET virsmas laukums, Kopgjais poru tilpums, Vidgjais poru
m?/g cm’/g diametrs, nm
Nesgjs (SiO2) 213 0,88 16,5
K-0 207 0,79 15,3
K-2 200 0,78 15,4
K-4 197 0,76 15,5
K-6 194 0,76 15,7

FTS eksperimentos veidojas gazes faze, Skidro ogliidenrazu faze, vaski un tdens faze
(10. att). Kalija pievienoSana butiski ietekm&a visu produktu fazes, izpemot Skidro
ogliidenrazu fazi. Vasku veidosanas procesa bija noveérojama “vulkana tipa” atkariba no kalija
satura ar maksimumu pie K/Fe attiecibas 0,02. Taja pat laika gazes fazes produktiem bija
raksturiga paraboliska tendence ar minimumu pie K/Fe =0,02. ST tendence skaidrojama ar
strauju CHy selektivitates samazinasanos no 21,5 % lidz 8,5 % un vienlaikus CO; proporcijas
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pieaugumu no 12,3 % lidz 18,7 %, palielinoties K/Fe attiecibai. Turklat idens fazes daudzums
pakapeniski samazinajas, pieaugot K/Fe attiecibai. Samazinata tidens veido$anas kombinacija
ar augstaku CO; selektivitati liecina par pastiprinatu WGS' reakcijas aktivitati ar kaliju
promotetajiem katalizatoriem. Samazinatu vasku veidosanos pie lielaka kalija satura iesp&jams
skaidrot ar 1énaku garas oglekla virknes ogliidenrazu difuiziju katalizatora poras, kas izraisa
ilgsto$aku aktivo vietu aiznemsanu. Ari CO konversija uzradija paraboliska rakstura atkaribu
no K/Fe attiecibas, kas, visticamak, saistits ar lidzsvaru starp fizikalajiem difuzijas
ierobezojumiem, ko rada vasku uzkrasanas poras, un uzlabotu CO adsorbciju un disociaciju pie
augstaka kalija satura. Pie K/Fe Fe = 0,02 ir novérojams minimums, kas iezim& punktu, kura
vasku uzkrasanas butiski kave reakciju. Tikai pie lielakas kalija koncentracijas (K/Fe > 0,04)
uzlabota virsmas kinétika sp&j kompensgt diftizijas ierobezojumus.
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10. att. K/Fe attiecibas ietekme uz CO konversiju un gazes fazes, Skidro oglidenrazu fazes,
vasku un @idens fazes produktu plismam.

Nemot veéra to, ka §1 promocijas darba mérkis ir e-degvielu un to prekursoru sintéze, Tpasa
uzmaniba tika pievérsta K/Fe attiecibas ietekmei uz 8kidras ogladenrazu fazes produktiem. ST
faze saturgja produktus ar oglekla atomu virknes garumu no Cs Iidz Css, tomer lielaka dala
produktu bija ar oglekla virknes garumu, kas atbilst benzina frakcijai. Pretstata reakcijas
temperattiras ietekmei K/Fe attiecibas palielinasana proporciju starp benzina, petrolejas un
dizeldegvielas frakcijam praktiski neizmanija (11. att.).

100 +
e 807
,% 60 + ® Benzina frakcija (Cs—Cui)
%,2) w01 M Petrolejas frakeija (Cio—Cia)
- m Dizeldegvielas frakcija (Ci2—Czo)
wn 20 4
O p

K-0 K-2 K-4 K-6

11. att. K/Fe attiecibas ietekme uz benzina, petrolejas un dizeldegvielas frakcijas
oglidenrazu selektivitati Skidraja ogliidenrazu fazg.
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Darba izstrades gaita tika izverteta K/Fe attiecibas ietekme uz benzina frakcijas oglidenrazu
sastavu. K/Fe attiecibas palielinaSana no 0 Iidz 0,04 izraisija butiskas izmainas ogliidenrazu
sastava, savukart turpmaka K/Fe attiecibas palielinaSana I1idz 0,06 radija tikai minimalu ietekmi
(12. att.). Kalija promotora pievienosana samazinaja katalizatora hidrogengSanas aktivitati.
Rezultata paraugos K-4 un K-6 katalizatoru klatbuitng n-parafinu saturs samazingjas vairak neka
divas reizes, savukart olefinu saturs pieauga vairak neka divkart, salidzinot ar K-0. Tika
noverots, ka kalija klatbiitne kaveja 1-olefinu izomerizaciju par olefiniem ar dubultsaiti pie otra
oglekla vai talak virkn€. Rezultata katalizatoriem ar lielaku kalija saturu bija augstaka 1-olefinu
attieciba pret olefiniem ar dubultsaiti molekulas vidi. Kalijs sekm&ja ar oglekla virknes
augsanu, tadgjadi veicinot garakas oglekla virknes spirtu veidosanos. To zemas $kidibas fident
del sie spirti uzkrajas skidro ogliidenrazu faze.

legitas benzina frakcijas salidzinajums ar EN 228 prasibam benzinam liecina par krietni
paaugstinatu olefinu saturu paraugos. Sis rezultats norada, ka kalijs ka promotors nav piemérots
tieSai e-degvielu razosanai.

K-6 4 |
K4 — Sy TP
i [ -olefini
-2 4 | .
K-2 : M 2-olefini

QU | spirti

0 20 40 60 80 100 it olefini un sazarotie ogludenrazi

Selektivitate, %

12. att. K/Fe attiecibas ietekme uz benzina frakcijas ogludenrazu sastavu.

Kalijs nepalielinaja tdent skistoSo skabekli saturoSo savienojumu Ipatsvaru attieciba pret
visiem FTS produktiem; tidenT SkistoSo skabekli saturo$o savienojumu daudzums/selektivitate
samazingjas lidz aptuveni 2,1 % pie K/Fe attiecibas 0,06. Tomér kalijs butiski mainija tidens
fazes kimisko sastavu, izmainot atseviSsku skabekli saturoSo savienojumu sadalijjumu un
koncentraciju.

Kalija pievienoSana veicinaja oglekla virknes augSanu, tadg€jadi mainot tidens fazes skabekli
saturo$o savienojumu profilu — nepromotétam katalizatoram domingjosais produkts bija
metanols, savukart ar kaliju promotétajiem katalizatoriem par domin&joSo produktu kluva
etanols. Citi fidens fazé konstatgtie produkti bija acetons un C3—C7 pirméjie spirti. So produktu
proporcija, iznemot n-propanolu, palielinajas, picaugot K/Fe attiecibai. Kopgja skabekli
saturo$o savienojumu selektivitate uzradija parabolisku tendenci ar zemako skabekli saturo$o
savienojumu saturu K-4 katalizatora klatbiitng (13. att.). ST tendence izskaidrojama ar diviem
faktoriem: (1) kalijs nomac katalizatora hidrogenéSanas aktivitati, veicinot garakas oglekla
virknes un mazak polaru produktu veidosanos; (2) kalijs pastiprina CO adsorbciju, tadgjadi
veicinot skabekli saturo$u savienojumu veido$anos caur CO iespieSanas mehanismu.
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13. att. K/Fe attiecibas ietekme uz tidens fazes sastavu.

Eksperimentalie rezultati liecina, ka K/Fe attiecibas palielinaSana bitiski ietekm&
katalizatoru selektivitati, kav&jot metana veidoSanos un veicinot olefinu, garas oglekla virknes
oglidenrazu un skabekli saturo$u savienojumu veido$anos. Vienlaikus palielinata K/Fe
attieciba veicina nepiesatinatu produktu veidoSanos, kas ierobezo ar kaliju promot€tu
katalizatoru tieSu lietojumu e-degvielu sint€z€ augsta benzina frakcijas olefinu satura del.

Sikaks $aja nodala aprakstita pétijuma izklasts — originalpublikacija 2. pielikuma.

1.3. Uz SBA-15 uznesta dzelzs katalizatora FTS veiktspéja

FTS procesa CO konversiju un produktu selektivitati ietekm& gan promotori, gan
katalizatora nesgji. leteicams izmantot inertu nes€ju ar Sauru poru izméra sadalijumu un augstu
termisko stabilitati. Turklat nes€jam jabiit ar pietiekami liela diametra poram, lai tajas varetu
izvietoties dzelzs oksida kristali, tad€jadi novérSot to migraciju uz ar€jo virsmu katalizatora
aktivacijas laika [24]. SBA-15 ir piesaistijis uzmanibu ka katalizatoru nesgjs, piedavajot
iev@rojamas prieksrocibas, salidzinot ar tradicionalo amorfo silicija dioksidu, pateicoties ta loti
sakartotajai seSstlirainajai periodiskajai struktiirai ar divdimensiju poru kanaliem un biezam
silicija dioksida sienam. Sis Tpa$ibas nodrodina augstu hidrotermisko stabilitati, kas
nepiecieSama, lai izturétu FTS procesam raksturigo augsto tidens parcialo spiedienu. Salidzinot
ar ieprieks apskatitajiem nesg€jiem, SBA-15 poras ir mazakas (5-9 nm), bet ta virsmas laukums
ir lielaks (parasti 500-1000 m%g). Sis ipasibas veicina augstiku dzelzs aktivas fazes
dispersiju [25].

Saja promocijas darba tika pétita FTS produktu selektivitate, izmantojot arf uz SBA-15
uznestu dzelzs katalizatoru. Lai gan ieprieks€jas nodalas aprakstitajai nes€ja matricai ir tadas
prieksrocibas ka komerciala pieejamiba, zemas izmaksas un praktiska granulveida forma, to
stipri ierobezo maksimalais iesp&jamais uznesta dzelzs daudzums (< 12 masas %). ST iemesla
del SBA-15 tika pétits ka alternativs nesgjs ar lielu virsmas laukumu.

Fe/SBA-15 pulveris tika sagatavots, izmantojot tiesas sint€zes metodi, kas adapt&ta no Zhao
et al. aprakstitas visparigas SBA-15 sintézes procediiras [26]. Sada pieeja lava vairak neka
divkart palielinat dzelzs saturu (28 masas %), neizjaucot sakartoto mezoporaino struktiiru un
neizraisot poru nosprostosanos. legiita katalizatora Tpatngjais virsmas laukums bija 572 m%/g
liels, un ta vidgjais poru diametrs bija 7 nm. Maza lenka XRD difraktogrammas bija redzami
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difrakcijas signali, kas attiecinami uz (100), (110) un (200) plakném, tadgjadi apstiprinot
divdimensionalo heksagonalo SBA-15 mezoporu struktiiru, savukart plasa lenka XRD liecinaja
par to, ka dzelzs katalizatora galvenokart bija a-Fe>Os veida (14. att.).

A B + a-Fe,03
> 5
E i
2y g T+
= g + +
g 5
g g
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20, ° 20, °

14. att. Fe/SBA-15 katalizatora maza lenka (A) un plasa lenka (B) XRD ainas.

Lai gan palielinats dzelzs saturs katalizatora parasti palielina aktivo centru skaitu, tas ne
vienmér korelé ar uzlabotu FTS veiktsp&ju. Literattiras dati liecina, ka dzelzs saturs primari
ietekm& CO konversiju un CO; selektivitati, savukart ta ietekme uz oglidenrazu selektivitati ir
salidzinosi neliela. Ogliidenrazu selektivitati daudz lielaka mera ietekme izveletais katalizatora
nesgjs [24], [27].

Rezultati, kas apkopoti 2. tabula, liecina, ka augsta CO konversija un CO; selektivitate, kas
noverojama Fe/SBA-15 gadijuma, var tikt skaidrota ar palielinato dzelzs saturu katalizatora.
Katalitiskie testi apliecindja, ka poru raksturlielumiem ir biitiska nozime uz silicija dioksida
uznestu katalizatoru izmantoSanai FTS reakcija. Tomer taja pat laika Sie raksturlielumi
neuzlabo mérka produktu selektivitati. Cs+ ogludenrazu iznakums bija aptuveni uz pusi mazaks,
neka izmantojot 1.1. nodala analizeto uz SiO» uznesto katalizatoru. Fe/SBA-15 demonstrgja
uzlabotu katalitisko aktivitati un veicinaja gazveida ogliidenrazu rasanos, kas liecina par §1
katalizatora piemerotibu efektivai Tsas virknes ogliidenrazu razos$anai.

2. tabula
Fe/SiO2 un Fe/SBA-15 katalitiskas veiktsp&jas salidzinajums 280 °C un 20 bar
. . Selektivitate, %
Katalizators CO konversija, %
CO; CH4 Cr-Cy4 Css
Fe/Si0O, 34 8 11 12 69
Fe/SBA-15 54 19 17 30 34

Skidro ogliidenrazu fazi veidoja produkti, kuru oglekla virknes garums bija no Cs lidz Cse.
No tiem vairak neka 80 % bija ar oglekla virknes garumu, kas atbilst benzina frakcijai (3. tab.).
Mazas SBA-15 mezoporas darbojas ka fiziski filtri ogludenrazu virknu augsanai, ierobezojot
garas virknes oglidenrazu diftiziju uz arpusi. Sis palielinatais uzturédanas laiks poras var
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veicinat hidrokrekinga ka sekundaras reakcijas norisi, tadgjadi veicinot 1sakas oglekla virknes
produktu veidoSanos [28].

3. tabula
Fe/Si0; un Fe/SBA-15 katalizatoru skidro ogliidenrazu fazes selektivitates salidzinajums
Fe/Si0; Fe/SBA-15
Benzina frakcijas (Cs—Ci1) selektivitate, % 72 82
Petrolejas frakcijas (C10—Ci4) selektivitate, % 40 30
Dizeldegvielas frakcijas (Ci>—Cx) selektivitate, % 28 17
Benzina frakcijas ogladenrazu sastavs

n-parafinu selektivitate, % 52 48
1-olefinu selektivitate, % 20 8
2-olefinu selektivitate, % 15 18
n-spirtu selektivitate, % 2 1
Citu olefinu un sazarotu ogliidenrazu selektivitate, % 11 26

Fe/SBA-15 klatbiitne iegtitas benzina frakcijas n-parafinu saturs bija tuvs tam, kads tika
ieglts ar iepriekS aprakstito uz mezoporaina SiO> uznesto dzelzs katalizatoru. Savukart 1-
olefinu Tpatsvars samazinajas, bet sazaroto oglidenrazu un olefinu, kam dubultsaite atrodas pie
otra oglekla atoma vai talak virkng, ipatsvars palielingjas. FTS reakcijas apstaklos 1-olefini ir
reag@tspejigi. To atkartota adsorbcija virknes augSanas aktivajos centros var radit papildu/citus
primaros produktus, savukart adsorbcija citos centros un sekojosas sekundaras reakcijas var
veicinat sazarotu oglidenrazu veidoSanos izmantojot alkilidéna mehanismu [29], [30] vai
izraisit izomerizaciju, notiekot dubultsaites parbidei [31]. Sie rezultati norada, ka Fe/SBA-15,
visticamak, maza poru izméra dél veicina sekundaras reakcijas.

Fe/SBA-15 izmantoSana samazindja skabekli saturoSo savienojumu saturu tdens faze,
salidzinot ar Fe/SiO2. Galvenie identificetie skabekli saturoSie savienojumi bija metanols
(3,8 tilpuma %) un etanols (4,4 tilpuma %). Bez C3—C7 n-spirtiem un acetona tika konstatéta
arT etikskabe. Etikskabes veidosanos iesp&jams skaidrot ar vairakiem mehanismiem. Uzlabotas
virsmas Tpasibas var mainit reakcijas celu sadalfjumu starp hidrogen&Sanu, CO iespieSanos un
oglidenrazu veidoSanos. Turklat SBA-15 satur daudz silanola grupu (=Si-OH), kas var
ietekmet So reakcijas celu dinamiku un paaugstinat skabekli saturoSo savienojumu, tostarp
etikskabes, selektivitati.

Apkopojot rezultatus, secinams, ka SBA-15, pateicoties lielajam virsmas laukumam un
sakartotajai mezoporainajai struktiirai, ka katalizatora nes&js paaugstina CO konversiju. Tomer
ta mazas poras veicina sekundaras reakcijas un ierobeZo garas virknes ogltidenrazu veidoSanos,
un ta rezultata, salidzinot ar uz SiO; uznesto katalizatoru, veidojas vairak gazveida produktu un
ir zemaks Cs+ produktu Ipatsvars. Tas padara uz SBA-15 uznesto katalizatoru piemérotaku Tsas
virknes ogliidenrazu, nevis $kidras degvielas sintézei.

Sikaks $aja nodala aprakstita pétijuma izklasts — originalpublikacija 3. pielikuma.
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2. CO; hidrogenésana

2.1. Ar kaliju promotéti uz silicija dioksida uznesti katalizatori spirtu sintézei

Spirtu sintéze aizvien ir nozimigs pétniecibas virziens CO; hidrogeng$ana. Isas oglekla
virknes spirti, ka metanols un etanols, ienem nozimigu vietu ilgtsp&jigas energétikas sistéma —
tie kalpo gan ka efektivas degvielas, gan nozimigi kimiskie starpprodukti. Ka benzina piedevas
Sie spirti uzlabo degSanas procesa efektivitati un samazina emisijas. Papildus tieSajam
lietojumam $ie spirti ir svarigs izejmaterials spirts-par-X (alcohol-to-X) parveides procesos,
kuros dehidratacijas un oligomerizacijas reakciju rezultata tie tiek parveidoti par aviacijas
degvielai un dizeldegvielai piemérotiem ogludenraziem. Tadgjadi tiek nodrosinata pareja no
mazmolekulariem  skabekli  saturoSiem  savienojumiem uz  energétiski  bliviem
ogludenraziem [32].

Ripnieciski metanolu galvenokart razo no fosilas izcelsmes sintezes gazes, izmantojot
Cu/ZnO/AL,O3 katalizatorus. Reakcija notiek paaugstinata spiediena (50-100 bar) un
temperattira (200-300 °C) [33]. Dazadi metalu un metalu oksidu katalizatori tiek pétiti CO-
parveidei par metanolu. Visplasak pétitas ir varu saturo$as katalitiskas sist€mas, tam seko indija
oksida katalizatori un palladija katalizatori [34]. CO; katalitiska parveide par augstakiem
spirtiem savukart ir mazak attistita. Pedgja laika dzelzs katalizatori tiek min&ti ka daudzsolo$s
risinajums metanola un augstaku spirtu sintézei no COz [35]-[37]. Pétjjumos noradits, ka sarmu
promotora sinergiska iedarbiba dzelzs katalizatoros veicina spirtu veidosanos [37], [38].

Saja promocijas darba, izmantojot ar kaliju promot&tus uz silicija dioksida uznestus dzelzs
katalizators, tika petita CO. hidrogenéSana par spirtiem. Katalizatori tika pagatavoti, ar
Fe(NOs); un KNOs iidens skidumiem impregn&jot komercialus silicija dioksida katalizatoru
nesgjus (SiO2 granulas un SBA-15 pulveri). legiitie katalizatori tika zaveti un izkarseti gaisa.
Uz SiO; uznestajiem katalizatoriem dzelzs saturs bija 10 %, savukart uz SBA-15 uznestajam
katalizatoram — 20 %. K/Fe attieciba uz SiO; uznestajiem katalizatoriem bija 0/100, 2/100 un
5/100, bet uz SBA-15 uznestajam katalizatoram — 5/100. Katalizatori tika attiecigi apziméti ka
Fe/Si02, 2K/Fe/Si03, 5K/Fe/SiOz un 5K/Fe/SBA-15.

Visos katalizatoros dzelzs galvenokart bija o-Fe;O; veida, un kalija pievienoSana
neietekm&ja hematita kristalisko fazi. Kalija savienojumus nebija iesp&jams detektet ar XRD to
zemas koncentracijas un augstas dispersijas dél. Katalizatoru teksturalas 1pasibas apkopotas
4. tabula.

4. tabula
Katalizatoru teksturalie raksturlielumi

Katalizators BET virsmas Kopgjais poru Vidgjais poru

laukums, m%/g tilpums, cm?/g diametrs, nm
Fe/SiOs 207 0,79 15,3
2K/Fe/SiO, 201 0,78 15,5
5K/Fe/SiO, 195 0,76 15,6
5K/Fe/SBA-15 318 0,77 7,9
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Palielinoties kalija saturam, uz SiO2 uznesto katalizatoru virsmas laukums un poru tilpums
samazinajas, savukart vidgjais poru diametrs nedaudz palielinajas. Sie rezultati liecina, ka
kalijs, iespgams, nosprosto mazakas poras. Uz SBA-15 uznestajam katalizatoram bija
vislielakais virsmas laukums un vismazakais vidgjais poru diametrs.

Vidgja COs konversija uz SiO> uznestajiem katalizatoriem bija aptuveni 10 %, savukart uz
SBA-15 uznesta katalizatora videéja CO; konversija bija tikai 1 %. Ieprieks publicgtos p&tijumos
zinots, ka uz silicija dioksida uznestos dzelzs katalizatoros dzelzs dispersiju un dalinu izméru
ietekm@ nes€ja poru izmérs. Nesgji ar mazaku poru izméru, pieméram, SBA-15, var veicinat
griiti reduc€jamu dzelzs silikatu veidosanos [39]. Turklat mazakas dzelzs savienojumu dalinas
parasti ir gritak reducgjamas un karbonizéjamas. Sie faktori, visticamak, ir iemesls
5K/Fe/SBA-15 sliktajai katalitiskajai veiktsp&jai.

Produktu sadalijums, gazes fazé neieklaujot CO selektivitati, redzams 15. att€la. Visiem
katalizatoriem CHa4 bija domingjosais organiskais savienojums, kas tika konstatéts gazes faze.
Vienigais identific@tais spirts bija metanols, savukart DME tika identific&ts, tikai izmantojot
5K/Fe/SBA-15 katalizatoru. DME veidojas metanola dehidratacijas reakcija, un Sai reakcijai
parasti nepiecieSams katalizators ar skabam aktivajam vietam [40]. Tikai no silicija dioksida
sastavoSu SBA-15 materialu virsma satur vienigi silanola grupas, kam raksturigas vaju skabju
ipaSibas un kas ir katalitiski neaktivas [41]. Virsmas skabes ipasibas iesp&jams palielinat,
dopgjot SBA-15 ar dazadiem metaliem, tostarp dzelzi. Ir zinots, ka dzelzs pievienoSana
palielina SBA-15 virsmas skabumu, veidojot Luisa skabei atbilstosus centrus [42].
SK/Fe/SBA-15 katalizatora liela virsmas laukuma un uznesta dzelzs daudzuma kombinacija,
visticamak, radija pietickamu virsmas skabumu, lai katalizétu DME veidoSanos.

Fe/SiO. —
2K/Fe/Si0. (——]
5K/Fe/SiO: I —

5K/Fe/SBA-15 [ I~
0 10 20 30 40 50 60 70 80 90 100

Produktu (organisko savienojumu) sadalijums gazes faze, mol%

H Metanols ®CH. ®C.-C. EDME

15. att. Organisko savienojumu sadalfjums gazes faze.

No testetajiem katalizatoriem SK/Fe/SBA-15 uzradija visaugstako metanola selektivitati.
Apréekinatais metanola iznakums Sim katalizatoram bija 3 mg/h-geca. Savukart uz SiO»
uznestajiem katalizatoriem metanola iznakums pieauga no 1,3 mg/h-gear Fe/SiO2 Iidz
2,7 mg/h-gea, izmantojot 2K/Fe/SiO», bet péc tam biutiski samazinajas 1idz 0,3 mg/h-geat
5K/Fe/Si0; katalizatora klatbiitng.

Iegiitie metanola iznakumi So katalizatoru klatbGitne ir vairak neka 50 reizu zemaki par
literatiira aprakstitajiem iznakumiem, kas iegfiti, izmantojot vara vai indija oksida katalizatorus
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[43]-{45]. Rezultati liecina, ka pétitajos apstaklos ar kaliju promotétiem uz silicija dioksida
uznestiem dzelzs katalizatoriem ir ierobezota CO; hidrogen&Sanas aktivitate.

Plagaka informacija par $aja nodala aprakstitajiem pé&tijumiem — originalpublikacija
4. pielikuma un konferences raksta 5. pielikuma.

2.2. Sintezes metodes ietekme uz NiFe204 struktiru un katalitisko veiktspeju e-CH4
iegliSana

E-metans, kas sintez&ts no CO, izmantojot energija-par-gazi (Power-to-Gas) tehnologiju,
tiek uzskatits par daudzsoloSu nakotnes energoresursu, 1pasi klimata parmainu mazinaSanas un
ilgtspgjigas energétikas konteksta. AtSkiriba no biometana, kura razoSanu ierobezo
lauksaimniecibas vai biologisko atkritumu pieejamiba, e-metans nav atkarigs no zemes
izmantoSanas un nekonkure ar partikas razoSanu.

Augsta CH4 selektivitate un CO: konversija, izmantojot nikela katalizatorus, Sabatj&
reakcija parasti tiek sasniegta temperatiiras diapazona no 350 °C Iidz 500 °C. Temperatiira virs
400 °C pieaug nevelamu blakusreakciju patsvars, tieck novérota oglekla nogulsné$anas uz
katalizatora virsmas un nikela dalinu sakepSana. Savukart zemaka temperatiira procesa

Bimetaliski katalizatori, salidzinot ar tradicionalajiem Kkatalizatoriem, var nodroSinat
butiskas priekSrocibas, galvenokart pateicoties unikalajai sinergiskajai mijiedarbibai starp to
komponentiem. Sis mijiedarbibas, uzlabotas dispersijas un efektivakas aktivo centru
izmantoSanas rezultata daudzkomponentu katalizatori biezi demonstré augstaku katalitisko
aktivitati. Neseni pétijumi CO»-FTS joma apliecina $o sinergiju prieksrocibas, paradot, ka tas
var butiski samazinat aktivacijas barjeras un uzlabot kopgjo procesa efektivitati [47], [48].

Nikela ferits (NiFe2Os) ir Spinela tipa oksida materials, kas piesaistijis uzmanibu ka
perspektivs materials kataliz€, pateicoties savam unikalajam strukturalajam 1pasibam,
termiskajai stabilitatei un sastava reguléSanas iesp&jam. NiFe,Os $pinela kristalrezgi vienlaikus
esosie nikela un dzelzs joni pieskir materialam izteiktas oksidéSanas-reducé$anas ipasibas,
padarot to par daudzsolosu materialu dazadu kimisko reakciju, tostarp CO2 konversijas procesu,
katalizéSanai. AtSkiriba no vienkarSiem metalu oksidu maisijumiem S$pinela tipa struktiiras
parasti nodrosina Sauraku dalinu izmé&ru sadalfjumu, precizaku stehiometriska sastava kontroli
un Iidz ar to lielaku katalitiski aktivas virsmas laukumu [49].

Bimetalisko oksidu katalizatoru veiktsp&ju ietekme vairaki faktori, tostarp sint€zes process,
kas nosaka $pinela oksidu struktaru, morfologiju un vispargjas ipasibas [50], [51]. Fazes zina
tira, homogeéna un ar kontrolétu dalinu izméru $pinela NiFe>O4 sintéze joprojam ir butisks
izaicinajums. Sint€zes apstaklu variacijas biezi noved pie sekundaro fazu vai piemaistjumu
veidoSanas, kas maina kristalisko strukttiru un Iidz ar to ietekmé katalitiskos celus un kopgjo
efektivitati. Neraugoties uz dazadu sint€zes metozu izpé&ti, universala un reproducgjama metode
augstas tiribas, monodispersu $pinela feritu dalinu iegisanai Iidz $im nav izstradata [52].

Saja promocijas darba tika pétita NiFe,Os sintézes metodes ietekme uz katalizatora
raksturlielumiem un CO2-FTS veiktsp&ju. NiFe,O4 nanodalinas tika sintez&tas, izmantojot tr1s
dazadas metodes — sonokimisko, sola-gela paSsadegSanas un reduc@taja asist€tu izgulsnéSanu
(16. att.). Cetri paraugi tika sintez&ti, izmantojot sonokimisko metodi. Iegiitas nanodalinas tika

26



apzimétas ka NiFe;O4-sono-X, kur X apzimé reakcijas pH limeni (X =8, X=9, X =10,
X =11). Divi paraugi tika sintez&ti pec sola-gela paSsadegSanas metodes, ka degvielu
izmantojot citronskabi (NiFe2O4-Citric) vai citronskabi un etanolu (NiFe204-C-E). Savukart
paraugs -Prec tika sintezets, izmantojot reducétaja asistétas izgulsnésanas metodi.

Sonokimiska sintéze
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16. att. Shematisks sonokimiskas, sola-gela passadegSanas un reduc@taja asistetas
izgulsnésanas sint€zes metozu att€lojums.

Dati par sintez&to NiFe>Os4 nanodalinu fazu sastavu un kristalitu izm@riem apkopoti
5. tabula. Paaugstinats pH Itmenis samazinaja NiFe>O4 fazes veidoSanas efektivitati un
palielinaja Fe2Os3 piemaisTjumu klatbiitni paraugos. Turklat, palielinoties pH limenim, NiFe2Oa4
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kristalitu izmé&rs samazinajas, kas liecina par paatrinatu nukleaciju. Rezultati rada, ka optimalais
sonoktmiskas sintézes pH Iimenis ir 8, nodrosinot augstu NiFe>O4 saturu (98 masas %) un mazu
katalizatora dalinu izm&ru (~ 26 nm). Ar sola-gela passadegSanas metodi tika iegiti paraugi ar

samazinatu NiFe;Os saturu un paaugstinatu sekundaro fazu (Fe2O3 un NiO) piemaisijumu
daudzumu. Izmantojot citronskabi ka vienigo degvielu, tika iegiits paraugs ar augstaku NiFe;O4
fazes tiribu (76 masas %), salidzinot ar metodi, kura ka degviela tika izmantota gan citronskabe,
gan etanols. Paraugam NiFe;O4-Citric tika nove@rots lielakais NiFe;O4 kristalitu izmers
(~73 nm), salidzinot visus analiz&jamos paraugus. Reducgtaja asistéta izgulsnéSana ]ava iegit
fazes zina tiru NiFe,O4 ar mazu dalinu izméru.

5. tabula
Paraugu fazu sastavs un kristalitu izméri
Paraugs Kristaliska faze, NiF@zO4 kristalitu Fe_203 kristalitu NiO kristalitu
masas % 1Zmers, nm 1Zmers, nm 1Zmers, nm
NiFe,04-sono-8 NiFe;04:Fe03, 98:2 25,6+ 04 76 £ 21 -
NiFe>04-sono-9 NiFe>04:Fe>03, 94:6 20,5+0,3 70+ 6 -
NiFe>04-sono-10 NiFe;04:Fex03, 60:40 15,6 +0,3 80+1 —
NiFe;04-sono-11 NiFe,04:Fe;0s, 37:63 13,9+0,5 44,7+ 0,6 —
NiFe;04-C-E NiFe;04:Fe;03:NiO, 424+1,6 859+52 42,4+39
33:48:19
NiFe,04-Citric NiFe>04:Fe;03:NiO, 73,3+ 1,1 143+ 16 50,9+ 5,6
76:18:6
NiFe,04-Prec NiFe;04, 100 12,0+ 0,3 — —

No katras attiecigas sintézes metodes viens augstakas tiribas NiFe,Os paraugs
(NiFe204-sono-8, NiFe»04-Citric, NiFe2O4-Prec) tika papildus raksturots, izmantojot N»
adsorbcijas-desorbcijas analizi un SEM. Visi analiz@tie paraugi uzradija mezoporainiem
materialiem raksturigas J[UPAC IV tipa izotermas ar histergzes cilpu (17. att.).
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17. att. Augstakas tiribas pakapes NiFe2O4 paraugu N2 adsorbcijas-desorbceijas izotermas
(A) un BJH poru izméra sadalijuma liknes (B).
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Starp visiem testétajiem paraugiem NiFe;O4-Prec bija vislielakais BET ipatngjas virsmas
laukums, bet NiFe>Os-sono-8 bija visSaurakais poru izméru sadalijums, par ko liecina minimala
atSkirba starp vid&jo un mediano poru diametru. NiFe;O4-Citric turpretim bija vismazakais
virsmas laukums un visplasakais poru izméru sadalijums, kas liecina par butisku strukturalo
heterogenitati (6. tab.).

6. tabula

Paraugu teksturalie raksturojumi

Paraugs BET virsmas Kopgjais poru Vidgjais poru Medianais poru
laukums, m?%g tilpums, cm?/g diametrs ,nm diametrs, nm
NiFe;O4-sono-8 36,82 0,151 16,39 14,34
NiFe,O4-Citric 5,20 0,029 22,15 3,85
NiFe,O4-Prec 93,77 0,236 10,06 3,88

*Noteikts, izmantojot BJH desorbcijas metodi.

SEM atteli atklaja, ka NiFe2O4-sono-8 un NiFe>Os-Prec veido sférisku dalinu agregati,
savukart NiFe;O4-Citric gadijuma bija redzamas dalinas, kas salipuSas kopa aglomeratu

sakepSanas (sintering) rezultata (18. att.).

18. att. NiFe;04-sono-8 (A), NiFe204-Citric (B) un NiFe2Os-Prec (C) SEM attéli.

CO,-FTS testi tika veikti, ka katalizatorus izmantojot NiFe2Os-sono-8, NiFe,O4-Citric un
NiFe>0s-Prec. So paraugu FTS veiktspgja 280 °C temperatiira un 20 bar spiediena ir apkopota
19. attela. Par spiti izteiktajai nehomogenitatei un mazajam virsmas laukumam NiFe;O4-Citric
uzradija augstako CO: konversiju (23,7 %). Visdrizak, tas bija pateicoties atSkirigajam fazu
sastavam un lielajiem kristalu izmeriem, kas atvieglo gan reduc€Sanu, gan karbonizaciju.

Katalizatoru augstas hidrogen&Sanas aktivitates dél galvenais ogludenrazu produkts visos
gadijumos bija CHs. Skidra oglidenrazu faze neveidojas pietickama daudzuma, lai to varétu
atgit. Turklat dala Cs: produktu palika gazveida stavokli un tika aizvadita kopa ar gazu plismu.
Starp testétajiem paraugiem NiFe;O4-Prec uzradija visaugstako hidrogengSanas aktivitati; ta
klatbutne deva vismazako Cs+ oglidenrazu proporciju. NiFe;Os-sono-8 savukart veicinaja
augstako CO iznakumu. Ta ka NiFe2O4-sono-8 un NiFe2O4-Prec katalizatori ir gandriz identiski
fazu tiribas zina (5. tab.), atSkiribas So divu katalizatoru darbiba var skaidrot ar dalinu izméra
ietekmi. Rezultati liecina, ka mazaks dalinu izmérs veicina CH4 veidoSanos, savukart lielakas
dalinas veicina CO un Cs+ proporcijas palielinaSanos. Tas ir tapéc, ka katalizatori ar lielaku
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dalinu izméru ir vieglak karbonizg&jami, bet mazakam dalinam ir mazaka tieksme karbonizgties,
veidojot y-FesC,. Lidz ar to mazakas dalinas var€tu saglabat lielaku to fazu ipatsvaru, kas
veicina hidrogen&sanu, nevis virknes augSanu [39], [53].
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19. att. NiFe,04 katalizatoru katalitiska veiktspgja CO> hidrogenésana.

Visiem analiz&tajiem katalizatoriem skabekli saturoSo savienojumu daudzums tidens faze
bija mazaks par 1 tilpuma %. Lidz ar to skabekli saturo$o savienojumu izgtiSana no tidens fazes
nav pamatota, un tdens faze ir jauztver ka notektideni. NiFeO4-Prec tidens faze bija vistiraka;
salidzinot ar citiem katalizatoriem, §is katalizators uzradija viszemako spirtu selektivitati un
lidz ar to bija selektivaks pret oglidenrazu veidoSanos. Savukart NiFe;Os-sono-8 Gidens faze
saturgja vislielako spirtu un vismazako skabju daudzumu.

Noverotais metana selektivitates pieaugums apvienojuma ar zemo Cs+ produktu iznakumu
un samazinato skabekli saturo$o savienojumu veidoSanos liecina, ka NiFe,O4-Prec piemit
visaugstaka hidrogen&sanas aktivitate starp analizétajiem katalizatoriem. Sis Tpasibas apliecina
ta lietoSanas potencialu e-metana sintgze.

Detalizetaks Saja nodala aprakstita petijuma izklasts — manuskripta 6. pielikuma.

2.3. PriekSapstrades metodes un reakcijas temperatiiras ietekme uz ar kobaltu
promoteta Fe3O4 veiktspeju CO2-FTS

E-degviela, kas tiek sintezéta no CO», izmantojot energija-par-skidrumu (Power-to-Liguid)
parstrades tehnologiju, tiek uzskatita par vienu no daudzsolo$akajiem risinajumiem pareja uz
ekonomiku bez fosilajiem energoresursiem. Gan e-degvielas, gan hidrogenéta augu ella (HVO)
ir praktiski izmantojamas alternativas, jo abas var integrét esoSaja degvielas piegades
infrastruktira un lietot iekSdedzes dzingos bez butiskam tehniskam modifikacijam.
E-degvielam, kuru sintézes process apvieno atjaunojamo elektroenergiju ar uztverta CO»
parveidi skidra degviela, ir lielaks ilgtermina dekarbonizacijas potencials. E-degvielu razoSanu
atSkiritba no HVO neierobezo biomasas pieejamiba vai zemes izmanto$anas ierobezojumi.
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Turklat tas lauj efektivi izmantot un uzkrat parpalikuso atjaunojamo elektroenergiju, tadgjadi
sekmgjot elastigas un klimatneitralas energosistémas attistibu [54].

Lai uzlabotu katalitisko veiktsp&u un palielinatu Co+ ogliidenrazu selektivitati, dzelzi
saturoSiem CO»-FTS katalizatoriem parasti pievieno promotorus. Vairakos p&tijjumos noradits,
ka neliels kobalta daudzums var bitiski palielinat Cs+ oglidenrazu selektivitati, vienlaikus
samazinot CO veidoSanos [55], [56]. Pétijumi ar1 liecina, ka kobalta ieklauSana katalizatora
sastava veicina ar augstaku CO» konversiju, ka arT sekmé dzelzs oksidu reduc&sanos [57].

Lai gan promotoru ietekme uz dzelzs katalizatoriem CO- hidrogen&Sanai ir plasi pétita [S8],
trikst sistematisku pétijumu par to, ka sintézes celi un priekSapstrades stratégijas ietekmé
katalizatoru veiktsp&ju. Katalizatora sint€ze priekSapstradei un aktiveéSanas procediiram ir
svariga loma aktivas fazes sastava, dalinu izméra un kristaliskas strukttiras noteikSana. Pirms
CO»-FTS procesa dzelzs katalizatori parasti tiek aktivéti ar H2, CO vai sintgzes gazi [59], [60],
savukart kobalta katalizatori parasti tiek aktivéti H, atmosféra [61]. Katalizatora fazu sastavs
pirms reducés$anas biitiski ietekm& p&c tam izveidojusos aktivo fazu raksturu, jo dazadam
prekursoru fazém raksturiga atSkiriga reduc€jamiba, transformacijas celi un termodinamiska
stabilitate.

Izkarsé$anas atmosfera ir kritisks parametrs, kas ietekm& metala dispersiju, katalizatora
oksidacijas pakapi un reduc&amibu. Sie faktori nosaka aktivo dalinu sadalijumu un reakcijas
celus [62]. Neraugoties uz tas nozimibu, izkarséSanas atmosferas loma CO»-FTS dzelzs
katalizatoru konteksta ir maz pétita.

Dzelzs katalizatoru katalitisko veiktsp&ju biitiski ietekme ne tikai promotoru un nesgju
klatbiitne, bet arT dinamiskas fazu transformacijas reakcijas apstaklos. CO2-FTS procesa
ogliidenrazu sinteze sakas ar CO: reducSanu Iidz CO endotermiskaja RWGS reakcija
(1.3. vienadojums), kam seko oglidenrazu virknu augSana eksotermiskaja FTS procesa
(1.1. vienadojums). Dzelzs katalizatori ir aktivi abas reakcijas — Fe3O4 ir aktiva faze RWGS
procesam, savukart dzelzs karbidi — FTS procesam. Reakcijas temperatiira nosaka dzelzs oksidu
reducéSanas un karbonizg€Sanas intensitati — augstaka temperatiira tiek veicinata metaliskas
dzelzs un dzelzs karbidu veidosanas, bet zemaka temperatiira stabiliz€ oksidu fazes [63]. No
otras puses, temperatiira ietekm& RWGS un FTS reakciju atrumu un tadgjadi art CO», Ha, CO
un H>O parcialos spiedienus. Paaugstinats CO parcialais spiediens sekmé dzelzs karbidu
veidoSanos, savukart augsts CO2 un H>O parcialais spiediens kavé reducg€Sanos un veicina
atkartotu oksidésanos. Lielaks H» parcialais spiediens savukart paatrina oksidu reducésanos un
karbidu veidoSanos [64].

Saja promocijas darba tika pétita ar kobaltu promotéta FesO4 katalizatora priek$apstrades
procediiras ietekme, ka arT izverteta reakcijas temperatiiras ietekme 280-320 °C diapazona,
izmantojot gan nepromotetu, gan ar kobaltu promotétu Fe;O4 nanopulvera katalizatorus.

Péttjumi par Fe3Os4 morfologijas ietekmi uz FTS aktivitati liecina, ka Fe3O4 nanosferas
nodros§ina labaku dzelzs dispersiju un atvieglo dzelzs savienojumu reducé$anos un
karbonizaciju, ka rezultata palielinas aktivo centru blivums un uzlabojas Cs+ ogliidenrazu
selektivitate [65].

Ar kobaltu promotéts Fe3O4 katalizatora prekursors tika pagatavots, impregn&jot Fe3O4 ar
Co(NO3), udens Skidumu. Impregnésanas Skiduma koncentracija tika aprékinata ta, lai
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nodro$inatu Co : Fe molaro attiecibu 5 : 100. Iegtitais katalizatora prekursors tika sadalits tris
dalas un attiecigi apziméts ka Co/Fe304, Co/Fe304-N un Co/Fe304-A. Katram paraugam tika
piemerota atSkiriga priekSapstrades procediira — Co/Fe3Os tika reducets H» atmosfera;
Co/Fe304-N tika izkarsets N2 atmosféra un pec tam reducets H, atmosfera; savukart Co/FezO4-
A tika izkarséts gaisa un p&c tam reducéts H» atmosfera. Ka references katalizators tika
izmantots nepromotéts Fe3O4, kas pirms CO»-FTS tika reducéts H atmosfera. Katalizatoru
sastavs tika analiz&ts ar XRD un XPS metodeém gan p&c izkars€Sanas, gan p&c reducésanas.

XRD rezultati paradija, ka p&c reduc€sanas H, atmosféra Co/Fe3;O4 parauga domingjosa
kristaliska faze bija a-Fe. Co/Fe30s-N parauga péc izkarséSanas N> atmosfera dzelzs
galvenokart bija ka Fe3Os, no ka pec reduceSanas H» atmosfera veidojas a-Fe. Savukart
Co/Fe;04-A pec izkarseSanas gaisa saturgja maghemitu (y-Fe»203), bet pec reducéSanas tika
konstatétas y-Fe2Os, y-FeoOs un a-Fe fazes. Zemas koncentracijas dél ar XRD kobalta
savienojumus detektét nebija iesp&jams (20. att.).
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20. att. Co/Fe304 XRD péc reducesanas Ha (A); Co/Fe3Os-N XRD péc izkarseéSanas N2 un péc
reducgSanas Hz (B); Co/Fe304-A XRD péc izkars€Sanas gaisa un p&c reducSanas Hz (C).
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Ka redzams 21. attéla, XPS analize uzradija Fe** un Fe*" virsmas formu lidzaspastavésanu
visos paraugos. Co/Fe3;04 un Co/Fe;04-N paraugiem péc reducéSanas ar H» tika konstatéta
papildu komponente ar zemu saites energiju, kas atbilst metaliskam Fe. Iegttie dati liecina, ka
paraugu virsma ir oksideta. Joslu parklasanas del kobalta signala izvertéSana nebija iesp&jama.
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21. att. Fe 2p XPS spektri.

Katalizatoru pirmsapstrades ietekme uz CO2-FTS veiktsp&ju un produktu selektivitati
redzama 22. attela. Ta ka augstaka Cs+ produktu selektivitate tika noveérota 280 °C temperatiira,
Saja temperatiira tika analiz&ta katalizatora priekSapstrades ietekme uz CO»-FTS efektivitati.

Nepromotets FesO4 uzradija zemako Cs+ ogliidenrazu selektivitati (4 %). Pretstata tam ar
kobaltu promotéto katalizatoru Cs+ selektivitate atkariba no priekSapstrades procediiras bija
robezas no 19,2 % Iidz 36,8 %. Tas norada, ka kobalta pievienosana, 11dzigi ka kalija gadijuma
(1.2. nodala), var pastiprinat CO adsorbciju un vienlaikus samazinat H» adsorbciju uz
katalizatora virsmas, tadgjadi veicinot ogliidenrazu virknes augsanu.

Bitiskaka atSkiriba starp iepriek$ neizkarsétu katalizatoru (Co/Fe3O4) un katalizatoriem,
kas tika izkarséti pirms reducSanas (Co/Fe;Os-N un Co/Fes04-A), bija noverojama
oglidenrazu selektivitate, Tpasi attieciba uz Cs: produktiem. Sis novérojums liecina, ka kobalta
fazes stavoklis ietekmé ogliidenrazu virknes augSanu. Lidz ar to secinams, ka oglidenrazu
selektivitate ir butiski atkariga no katalizatora priekSapstrades.

Visu ar kobaltu promotéto Fe;Os4 katalizatoru pagatavoSana ka prekursors tika izmantots
Co(NO3)2. Uz Fe30O4 uznestu Co(NO3), reducgjot ar H> 400 °C temperatiira, paredzams, ka
domingjosa izveidojusies kobalta faze biis metalisks Co [66]. Ta ka Fe3O4 pilda nesgja funkciju,
teorétiski iesp&jama arT Co-Fe sakaus€juma veidosanas; tomér, lai Co-Fe sakausgjums veidotos
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ieveérojama daudzuma, parasti nepiecieSama augstaka temperattira [67]. Saskana ar literatiiras
datiem, Co/Fe304 katalizatora domingjosa kobalta faze ir metalisks Co, bet Co-Fe sakausg€juma
saturs ir minimals. Literatiras dati liecina, ka metalisks Co veicina H» disociaciju un CO
adsorbciju, tadgjadi sekm&jot C-C virknes augSanu un nodro§inot augstu Cy+ produktu
selektivitati. Lidz ar to butu paredzams, ka Co/Fe3O4 Kkatalizators uzradis paaugstinatu
katalttisko aktivitati ogliidenrazu veidoSanas procesa. Toméer, salidzinot ar Co/Fe3;04-N un
Co/Fe;04-A, Sis katalizators uzradija zemako Cs+ produktu selektivitati (19,2 %). Zema
katalttiska aktivitate, visticamak, saistita ar metaliska Co tendenci oksid&ties, 1pasi tidens tvaika
klatbutng, tadéjadi samazinot kobalta aktivitati [68].

Co/Fe304-N gadijuma priekSapstrade N> atmosfera ar tai sekojosu reduc€Sanu H» vid€ var
veicinat kobalta ferita Spinela (CoFe2Os4) veidoSanos uz virsmas, IpaSi, ja metaliska Co
veidosanas ir ierobezota [69]. Nemot véra ar Fe*™ bagito Co/Fe30s-A virsmu, kas iegiita péc
priekSapstrades (izkarséSanas) gaisa un tai sekojoSas reduc€Sanas, ari $aja gadijuma
paaugstinata temperatiira iesp&jama CoFe>O4 veidosanas [70]. Tadgjadi katalizatori, kas pirms
reduc@sanas ir izkarseti, visticamak, papildus metaliskam Co satur virsmas CoFe>Oa, kas varétu
izskaidrot to augsto Cs+ ogliidenrazu selektivitati. Balstoties CO> konversijas un produktu
selektivitates rezultatos, par efektivako prieksapstrades metodi ar kobaltu promotétam Fe3Os
katalizatoram atzistama izkars€Sana N> ar tai sekojoSu reducéSanu H, atmosféra, jo ta
nodrosinaja labako veiktsp&ju CO> hidrogen&sanas procesa.
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22. att. PriekSapstrades procediiras ietekme uz ar kobaltu promotéta Fe;O4 katalitisko
veiktsp&ju 280 °C temperatiira.

XCO: konv.

Konversija un selektivitate, %

Reakcijas temperatiiras ietekme uz nepromoteta un ar kobaltu promotétu Fe3O4 katalizatoru
CO2-FTS veiktsp&ju un produktu selektivitati redzama 23. att€la. Paaugstinot reakcijas
temperattiru no 280 °C lidz 320 °C, visiem katalizatoriem tika novérots konversijas picaugums.
Tomeér taja pat laika nepromotétajam un ar kobaltu promotétajiem Fe3O4 katalizatoriem
reakcijas temperatiira atskirigi ietekm&ja RWGS un FTS atrumus (un tadgjadi art produktu
selektivitati).
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Nepromotétajam Fe;O4 CO selektivitate samazinajas, bet oglidenrazu selektivitate
ieverojami pieauga (23. A att.). CO selektivitates samazinasanos paaugstinatd temperatiira
iespgjams skaidrot ar sakotngji izveidota CO sekundaru parveidi (palielinata FTS aktivitate,
pieaugot temperatiirai). Lai gan kopgja oglidenrazu selektivitate, taja skaita — ari Ca+
oglidenrazu selektivitate, paaugstinot temperatiiru, picauga, augstaka Cs:+ ogludenrazu
selektivitate tika noverota 300 °C temperatira. Atskirtba no tradicionalas FTS CO:
hidrogenéSanai parasti nepiecieSama augstaka H» koncentracija, bet CO koncentracija ir
zemaka. Tas rada salidzinosi augstu H/C attiecibu uz katalizatora virsmas, kas savukart veicina
metana veidosanos un kavé oglidenrazu virknes augSanu [71]. Pieaugot CO> konversijai
(palielinoties RWGS aktivitatei), virsmas H/C attieciba samazinas, tadgjadi palielinot virknes
augSanas varbutibu.
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23. att. Reakcijas temperatiiras ietekme uz nepromotéta un ar kobaltu promotétu Fe;O4
katalizatoru veiktspgju.

Ar kobaltu promotetajiem katalizatoriem CO selektivitate saglabajas augsta (> 49 %) visa
temperattiru diapazona, kas liecina par RWGS dominanci. Bitiskakas temperatiiras izraisitas
izmainas Siem katalizatoriem bija saistitas ar C2—C4 un Cs+ ogludenrazu veidosanos (23. B, C,
D att.). Lidz ar temperatiras picaugumu C>—C4 ogliidenrazu proporcija strauji palielinajas,
savukart Cs+ oglidenrazu proporcija samazinajas. Noverota tendence atbilst tradicionalajai
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FTS, kur oglidenrazu sadalfjumu raksturo Andersona-Sulca-Florija modelis. Taja virknes
augSanas varbiitiba nosaka produktu virknu garumus. Palielinoties reakcijas temperatirai,
virknes augSanas varbiitiba samazinas, tad&jadi mazinot garu virknu veido$anas varbiitibu un

CO:> hidrogenésanas procesa par ogliidenraziem rodas ievérojams tidens daudzums. Udens
veidojas gan RWGS, gan FTS reakcijas, tadel, salidzinot ar tradicionalo FTS procesu, tidens
faze ir atSkaiditaka. Visiem katalizatoriem galvenais skabekli saturoSais savienojums bija
metanols; citi noveérotie produkti bija n-spirti lidz n-butanolam un acetons. Palielinoties
reakcijas temperatiirai, metanola koncentracija strauji samazinajas, savukart Cz+ spirtu
koncentracija palielinajas. Visos gadijos skabekli saturoSo savienojumu ipatsvars Gdens faze
neparsniedz 3 tilpuma %. Lidz ar to So savienojumu izgt$ana nav ekonomiski pamatota, un
tdens faze jauztver ka notektideni, kam nepiecieSama attiriSana.

Rezultati liecina, ka pétitaja temperatiiras diapazona temperatiirai ir lielaka ietekme uz CO;
konversiju un selektivitati neka katalizatora priekSapstradei, visticamak, ietekmgjot
konkurgjoso reakciju relativos atrumus.
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SECINAJUMI

280 °C ir optimala FTS rekcijas temperatiiras mezoporainiem uz silicija dioksida
uznestiem dzelzs katalizatoriem, kas nodroSina vislabako lidzsvaru starp augstu CO
konversiju, uzlabotu Cs- selektivitati un ierobezotu nevélamo isas virknes ogliidenrazu
veidoSanos.

K/Fe attiecibas palielinaSana samazina metana veidoSanos FTS, vienlaikus palielinot
Cs+ ogluidenrazu proporciju, ka ar1 veicinot olefinu un skabekli saturoSu savienojumu
veidoSanos, tomér parmérigs kalija daudzums ierobezo tieSu lietojamibu e-degvielu
sintéz€ augsta benzina frakcijas olefinu satura del.

Uz SBA-15 uznests dzelzs katalizators uzrada uzlabotu CO konversiju ta liela virsmas
laukuma un sakartotas mezoporozitates dél; tomér nes€ja mazas poras veicina
sekundaras reakcijas un gazu veidoSanos, ierobezojot Cs+ selektivitati un padarot to
piemerotaku Tsas virknes ogliidenrazu, nevis Skidro degvielu iegtiSanai.

Ar kaliju promotéts uz SBA-15 uznests dzelzs katalizators uzrada ierobezotu aktivitati
COz hidrogeng$ana par metanolu; virsmas skabuma dg] tas veicina DME veidoSanos.

Sintézes metode butiski ietekme katalizatora fazu sastavu, teksturalas ipasibas un
katalitisko veiktsp€ju; reducétaja asisteta izgulsnésana nodrosina fazes tira NiFe,O4 ar
minimalu kristalitu izméru, maksimalu virsmas laukumu un augstu hidrogenésanas
aktivitati veidoSanos.

Ar kobaltu promotéta dzelzs katalizatora priekSapstrades metode bitiski ietekmé
katalizatora veiktsp&ju, ietekmgjot sakotn&jo fazu sastavu un lidz ar to arT aktivas fazes
veido$anos un sastavu; katalizatori, kas pirms CO2-FTS tika izkarséti N> atmosféra vai
gaisa, uzrada augstaku Cs+ selektivitati.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Energy has a significant role in humanity’s progress, with fossil fuels driving unprecedented
industrial and societal development. However, their extensive use has led to large
anthropogenic CO; emissions, disrupting the natural carbon cycle [1] and causing biodiversity
loss, environmental pollution, and climate change [2]. Since 2000, global energy consumption
has increased by about one-third and is expected to continue rising, with fossil fuels still
supplying nearly 80 % of demand [3], [4]. This heavy dependence on non-renewable resources
poses long-term risks to both climate stability and energy security [5].

Transportation, the fastest-growing energy-consuming sector, accounts for roughly one
quarter of global energy use. Since existing fuel production, distribution, and storage
infrastructure is optimised for hydrocarbon fuels, a rapid transition to entirely new fuel systems
would be costly and slow. Consequently, sustainable, drop-in fuels that are compatible with
current infrastructure and vehicles offer a practical pathway for transport decarbonization [6].
In this context, electrofuels are emerging as a promising solution to rising energy demand and
environmental constraints.

Electrofuels, or e-fuels, are a class of synthetic fuels whose production process involves the
hydrogenation of carbon monoxide or carbon dioxide using hydrogen derived from water
electrolysis [7]. Both CO and CO; hydrogenation involve complex reaction networks, resulting
in a wide spectrum of products that strongly depend on the reaction conditions and the catalyst
employed. CO and COz can be hydrogenated to alcohols and hydrocarbons using transition-
metal catalysts.

Catalytic CO hydrogenation into hydrocarbons is known as the Fischer—Tropsch synthesis
(FTS). FTS products can be used for the synthesis of high-quality diesel fuel, gasoline, and
aviation fuel. The reaction is typically carried out at elevated temperatures (200-350 °C) and
pressures (10-20 bar). FTS is a reaction in which products formed in situ from hydrogen and
carbon monoxide polymerise on the surface of the catalyst [8]. In general, FTS can be described
by the following equation:

2nHs + nCO — -(CHa)s- + nH20, AHoogk =—152 kJ/mol. (1.1)

The composition of products is determined by the balance between the chain growth
probability on a catalyst’s surface and the probability of chain termination, hydrogenation, and
desorption of obtained compounds. Simultaneously with the main FTS reaction, various
secondary reactions occur. Typically, the main FTS products are n-paraffins and 1-olefins.
Minor products can include isomerised hydrocarbons, cyclic hydrocarbons, internal olefins, as
well as aldehydes, ketones, acids, and alcohols, which are undesirable products for fuels [9],
[10].

Two main mechanistic pathways are commonly proposed: the carbide mechanism and the
CO insertion mechanism. In the carbide mechanism, CO dissociates (direct or H-assisted
dissociation) and forms surface carbon species that are hydrogenated and coupled to form C-C
bonds (Fig. 1).
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Fig. 1. Simplified representation of the carbide mechanism. Adapted from [11], [12].

In the CO insertion mechanism, it is assumed that C-C chain propagation proceeds via the
insertion of CO monomers into surface-hydrogen (the first initiation) and the surface-carbon
bond of surface hydrocarbon intermediates (Fig. 2).
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Fig. 2. Simplified representation of the CO insertion mechanism. Adapted from [11], [12].

During the FTS, a large amount of water is formed, which can accelerate catalyst
deactivation and lead to a decrease in catalytic activity. Under reaction conditions, water can
participate in the water-gas shift (WGS) reaction, forming hydrogen and carbon dioxide:

CO +H,0 2 CO, + Ha, AHaosk = —41.2 kJ/mol. (1.2)

The WGS reaction affects the concentrations (partial pressures) of CO, Hz, CO2 and H,O
within the reaction system, thereby influencing the kinetics of primary and secondary FTS
reactions as well as the final product distribution. This reaction is particularly significant when
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using synthesis gas (a mixture of CO and H») with a non-stoichiometric amount of hydrogen
(typical of biomass-derived syngas).

While the hydrogenation of CO via FTS is a mature technology, the hydrogenation of CO2
presents distinct and formidable physicochemical challenges. Compared to CO, CO: is a
thermodynamically more stable molecule because carbon is in its highest oxidation state.
Despite this, significant progress has been achieved in both academic research and industrial
practice regarding CO> conversion into single-carbon (C1) products such as carbon monoxide,
methane, methanol and formic acid [13]. The synthesis of products with multiple carbon atoms
(C2+) is more complex due to the inertness of COg, the high energy barrier for C-C band
formation, competing with CO> methanation and numerous side reactions.

One of the most promising approaches for CO» valorisation is the CO»-based Fischer—
Tropsch synthesis (CO2-FTS). In the CO2-FTS process, firstly, COz is reduced to CO via the
endothermic reverse water gas shift (RWGS) reaction (Equation 1.3.), then CO is hydrogenated
to hydrocarbons via the exothermic FTS (Equation (1.1)) [14].

CO, + H; 2 CO + H20, AHoogk = 41.2 kJ/mol. (1.3)

Since CO2 is a thermodynamically stable molecule, higher synthesis temperatures are
required to improve conversion. CO2-FTS is typically carried out at temperatures of 280—
300 °C and pressures of 15-25 bar. Reaction temperature plays a dual role in the hydrogenation
of COz (and CO), creating a distinct conflict between reactant activation and product control.
On one hand, elevated temperatures are thermodynamically required to activate the inert CO»
molecule and drive the endothermic RWGS reaction; besides, higher temperatures
exponentially increase the reaction rate. On the other hand, FTS is an exothermic process where
lower temperatures favour hydrocarbon chain propagation. Consequently, overly high
temperatures inevitably shift selectivity toward methane and other light hydrocarbons,
necessitating a careful temperature optimisation essential for maximising the yield of desired
products (Cz+ hydrocarbons).

This Thesis summarises research on the hydrogenation of carbon oxides using iron-based
catalysts to produce e-fuels and their precursors. Catalysts play a central role in CO and CO
hydrogenation by enabling the activation of these thermodynamically stable molecules and
directing product selectivity toward desired hydrocarbons or oxygenates. Among the commonly
used active metals, iron-based catalysts are particularly attractive due to their low cost,
abundance, and multifunctional nature. Iron-based catalysts are capable of simultaneously
catalysing WGS/RWGS reaction and FTS, which makes them especially suitable for CO2
hydrogenation to hydrocarbons. Moreover, their flexible redox and carburization behaviour
allows tuning of activity and selectivity through catalyst composition, structure and
pretreatment.

Iron-based catalyst synthesis typically yields oxidic phases such as hematite (Fe>O3), which
are inactive for FTS and require in situ activation via reduction with hydrogen, carbon
monoxide or synthesis gas. Iron-based catalysts, often described as “living catalysts”, function
as dynamic systems that evolve from an inactive oxidic precursor into a complex active phase
composition. Upon exposure to reducing agents (Hz, CO), the catalyst progresses through a
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transformation sequence from oxides to metallic iron, eventually carburising to form iron
carbides. The performance of the catalyst relies on the synergistic relationship between these
evolving phases: magnetite (Fe3O4) is associated with the WGS/RWGS reaction, metallic iron
is active for CO> dissociation, whereas iron carbides, particularly the Hégg carbide (FesC»), are
the distinct active sites driving FTS.

The Doctoral Thesis comprises two chapters. Chapter 1 provides a systematic analysis of
FTS products, with particular attention to hydrocarbon fractions and the aqueous phase. The
influence of temperature as a reaction parameter and the role of SiO; supports and potassium
as a promoter on product distribution are examined in detail to provide a comprehensive
understanding of CO hydrogenation over iron-based catalysts. Chapter 2 provides a systematic
analysis of CO»-FTS performance, with particular attention to the influence of temperature as
a reaction parameter and the role of catalyst synthesis and pretreatment methods on product
distribution.

Aims and objectives

The aim of the Thesis is the synthesis of e-fuels and their precursors via CO and CO»
hydrogenation reactions over iron-based catalysts, as well as the investigation of the
relationships between catalyst characteristics, catalytic performance and obtained products.

The following tasks were set:

1) to synthesise and characterise various iron-based catalysts for CO and CO»

hydrogenation;

2) to perform CO and CO> hydrogenation over iron-based catalysts and evaluate their

catalytic performance and product selectivity;

3) to investigate the effects of the reaction temperature on CO and CO> conversion and

hydrogenation product selectivity;

4) to determine the influence of promoters on the catalytic performance of iron-based

catalysts in CO and CO> hydrogenation;

5) toevaluate the influence of NiFe>O4 synthesis methods on catalyst characteristics (phase

purity, crystallite size) and catalytic performance in CO2 hydrogenation;

6) to assess the effect of the catalyst precursor (Co(NO3)2/Fe;Oa) pretreatment on catalytic

performance in CO2 hydrogenation;

7) to evaluate the influence of employed catalysts on the water phase formed during CO

and CO; hydrogenation processes.

Scientific novelty and main results

This Thesis offers a comprehensive investigation into the thermochemical conversion of
carbon oxides via the FTS and CO»-FTS processes. During the course of the Thesis, systematic
studies were conducted to deepen the fundamental understanding of FTS and CO»-FTS,
specifically evaluating how catalyst characteristics influence catalytic performance in the
thermochemical conversion of carbon oxides. Overall, the Thesis contributes to understanding
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the complex interrelationships between catalyst structure/composition, reaction conditions and

the resulting hydrogenation product composition and distribution.

Structure of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related scientific

publications devoted to the investigation of the hydrogenation of carbon oxides into e-fuels and

their precursors over iron-based catalysts. The Thesis consists of five original research articles,

published in SCI journals, and unpublished results.

Publications and approbation of the Thesis

The results of the Thesis have been reported in five scientific publications and one

manuscript. Additionally, the results have been disseminated at three scientific conferences.

Scientific publications

1.

Stanke, A., Berzins, A., Velasco, J. A., Sarsuns, K., Puurunen, R. L., Lazdovica, K.
Cobalt-promoted Fe3O4 catalysts for CO2 hydrogenation to Cz+ hydrocarbons: Effect of
pretreatment method and reaction temperature. Fuel Processing Technology, 2026, 288,
108467. https://doi.org/10.1016/j.fuproc.2026.108467.

Stanke, A., Abelniece, Z., Sutka, A., Berzins, A., Kdiv, M., Lazdovica, K. NiFe,O4
catalysts for CO> hydrogenation: Performance analysis and comparative life cycle
assessment of catalyst synthesis routes. The manuscript is submitted to the International
Journal of Hydrogen Energy. Current status: Under review.

Stanke, A., Lazdovica, K., Gaile, A., Laipniece, L. Fischer—Tropsch synthesis product
selectivity over silica-supported iron-based catalyst: Effect of K/Fe ratio. Fuel, 2025,
387, 134399. https://doi.org/10.1016/j.fuel.2025.134399

Abelniece, Z., Cutrufello, M. G., Rombi, E., Stanke, A., Piirsoo, H., Mindar, H., Tamm,
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Papers, 2024, 78, 5103-5112. https://doi.org/10.1007/s11696-024-03456-9

Stanke, A., Lazdovica, K., Laipniece, L. Evaluation of the Fischer—Tropsch synthesis
product selectivity over iron-based silica-supported catalyst under mild
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Results presented at the scientific conferences
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Stanke, A., Lazdovica, K. The promotional effect of potassium on iron-based silica
supported catalyst for CO> hydrogenation. In: International Multidisciplinary Scientific
GeoConference Surveying Geology and Mining Ecology Management, SGEM 2022:

46



Conference Proceeding, 22(4.1), pp- 161-166.
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MAIN RESULTS OF THE THESIS

In recent years, the number of studies on FTS and CO»-FTS has increased rapidly, driven
by the escalating demand for energy and the urgent need to mitigate greenhouse gas emissions.
However, despite extensive research, significant knowledge gaps remain, because FTS yields
a complex, multi-phase product mixture, and its activity, selectivity, and by-product formation
are highly sensitive to catalyst composition, promoter content, support effects and reaction
conditions. Additionally, even though the formation of a significant amount of water is
unavoidable in both FTS and CO»-FTS, the role of the aqueous phase is often neglected in
research.

Variations in experimental conditions and catalyst systems across studies have led to
inconsistent conclusions, highlighting the need for in-depth, standardised investigations that
link catalyst structure, preparation strategy and operating conditions to overall process
performance.

In this Thesis, fundamental research was conducted to clarify the influence of catalyst
support, promoter content and reaction temperature on CO conversion, hydrocarbon selectivity
and oxygenate formation in FTS. The effects of reaction temperature and catalyst synthesis and
pretreatment method on CO2-FTS performance were investigated and discussed.

In this Thesis, the FTS and CO>-FTS performance of iron-based catalysts was evaluated
using a continuous flow fixed-bed reactor (Fig. 3). For all the experiments, separate mass flow
controllers were used to regulate the flow of the reactant gases. N> was used as an internal
standard for the calculations. The reaction temperature was measured using a K-type
thermocouple embedded in the centre of the catalyst bed. The reaction effluent passed through
a wax trap and a gas/liquid/liquid separator. All the condensed products were analysed off-line
using a gas chromatograph coupled with a mass spectrometer (GC-MS), nuclear magnetic
resonance spectroscopy (NMR) and a Fourier-transform infrared spectrometer (FTIR), whereas
the gas phase was analysed on-line using a gas chromatograph equipped with Thermal
Conductivity and Flame Ionisation detectors (GC-TCD/FID).

Several methods were employed for catalyst preparation. Obtained heterogenous catalysts
were characterised by the following methods: X-ray diffraction (XRD) for studying the crystal
phase and particle size; X-ray photoelectron spectroscopy (XPS) for studying the electronic
states; X-ray dispersive fluorescence (XRF) for determination of iron concentration; scanning
electron microscopy (SEM) for imaging the surface morphology; N2 adsorption-desorption for
determination of surface area and pore size distribution. Before FTS or CO»-FTS, the catalysts
were reduced in situ with CO or H» to generate the active metallic phase, which is essential for
catalytic activity, since the reduction process removes surface oxides, increases the number of
available active sites and enables efficient adsorption and activation of reactant molecules.
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Fig. 3. Scheme of experimental setup.

1. CO hydrogenation

1.1. Effect of reaction temperature on the FTS performance of supported iron-based

catalysts

Previous studies investigating the influence of process conditions, catalyst composition and
structure on product selectivity have primarily focused on bulk iron catalysts. The effect of
reaction temperature on FTS performance differs significantly between bulk and supported iron
catalysts due to variations in metal dispersion, heat transfer and phase stability. Bulk catalysts
tend to undergo pronounced structural and phase transformations at elevated temperatures,
which strongly affect catalytic activity and product selectivity. In contrast, supported iron-based
catalysts generally exhibit higher thermal stability and improved heat management, resulting in
a more controlled response to temperature variations [15]. Consequently, supported iron-based
catalysts are more promising than bulk catalysts for selective FTS.

In this Thesis, The influence of FTS reaction temperature in the range of 240-300 °C was
investigated using a mesoporous SiO»-supported iron-based catalyst. The catalyst was prepared
by impregnating commercial silica granules with an aqueous 0.8 M Fe(NO3)3 solution at 50 °C
for 5 hours. The material was subsequently filtered, dried at 110 °C for 2 hours and calcined in
air at 550 °C for 5 hours. This preparation procedure ensured uniform precursor distribution
within the support pores while preserving the structural integrity and mechanical stability of the
granules.

Catalyst characterisation indicated that the catalyst's iron content, determined by XRF, was
11.4 wt.%. The XRD pattern exhibited diffraction peaks corresponding to hematite (a-Fe>03).
The broad peak observed at 20 = 24° was due to amorphous SiO». The average size of Fe2O3
crystallites for the catalyst, calculated using the Scherer equation, was 13 nm (Fig. 4 A). The
N> adsorption-desorption isotherm of the catalyst support and impregnated catalyst exhibited
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the ITUPAC type IV isotherm with H1 hysteresis loop, which is characteristic of mesoporous
materials. The SEM-EDS mapping analysis confirmed an even and uniform distribution of iron
oxide on the catalyst surface. The specific surface area of the impregnated catalyst (207 m?/g)
remained almost unchanged compared to that of the pure catalyst support (213 m?%/g). In
contrast, following impregnation, the pore volume and pore size decreased compared to the
pure catalyst support, from 0.88 cm®/g to 0.79 cm*/g and from 16.5 nm to 15.3 nm, respectively.
The obtained characteristics suggest that the iron species were localised within the pores of the
support without blocking them. The obtained catalyst characteristics are expected to be
advantageous in FTS, as they may promote higher CO conversion and Cs:+ hydrocarbon
selectivity compared to unsupported or poorly dispersed iron catalysts described in the
literature [16].
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Fig. 4. XRD patterns of calcinated catalyst (A) and spent catalysts (B).

Figure 4 B shows that all the catalysts after FTS reactions exhibited peaks in the 20 range
of 35-52°, which can be identified as iron carbides, the active sites driving FTS. XRD patterns
of the catalysts following reactions at 240 °C and 260 °C showed peaks at 20 =21.4° and 23.9°,
corresponding to waxes. Wax accumulation on the catalyst surface is identified as the primary
factor contributing to the observed decline in catalyst performance at these temperatures.

As shown in Fig. 5, increasing the reaction temperature from 240 °C to 280 °C resulted in
a substantial increase in CO conversion from 13.6 % to 34.2 %, indicating enhanced catalytic
activity. Increasing the temperature to 300 °C had only a marginal effect, suggesting that the
FTS reaction was approaching its intrinsic kinetic limitations. The gaseous phase remained
dominant at all temperatures, reaching its maximum at 300 °C, while the liquid hydrocarbon
fraction peaked at 280 °C and declined sharply at higher temperatures. The aqueous phase
increased up to 280 °C and then decreased at higher temperatures. Waxes remained a minor
product at all temperatures, showing a slight increase at 260 °C, followed by a decline at
280 °C. These results indicate that 280 °C represents an optimal operating temperature for the
investigated catalyst, providing a favourable balance between CO conversion and Cs+
hydrocarbon selectivity. At higher temperatures, secondary reactions and enhanced WGS
activity promoted the formation of short-chain hydrocarbons. In contrast, lower temperatures
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resulted in reduced CO conversion and increased wax accumulation, which may contribute to
catalyst deactivation.
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Fig. 5. Effect of the reaction temperature on the CO conversion and flow rates of gaseous,
liquid hydrocarbon, solid (waxes) and aqueous phase products.

The liquid hydrocarbon fraction was analysed to assess its potential for e-fuel production.
The resulting products exhibited chain lengths ranging from Cs to Cse. Liquid hydrocarbons in
the gasoline (Cs—Ci1), kerosene (Cio—Ci4), and diesel (Ci2—Cz) ranges are considered
particularly valuable. The majority of the liquid hydrocarbon products had chain lengths
corresponding to the gasoline range (Fig. 6). An increase in reaction temperature resulted in
enhanced selectivity toward gasoline-range hydrocarbons, rising from 54 % to 73 %. In
contrast, selectivity for the kerosene range decreased from 51 % to 38 %, and for the diesel
range from 44 % to 26 %.
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Fig. 6. Selectivity of gasoline range, kerosene range and diesel range hydrocarbons in the
liquid hydrocarbon phase.

The gasoline fraction consisted primarily of n-paraffins, various olefins, branched
hydrocarbons and medium-chain alcohols (Fig. 7). An increase in reaction temperature resulted
in decreased selectivity for 1-olefins and increased formation of n-paraffins, internal olefins
and branched hydrocarbons. This trend is consistent with the participation of 1-olefins in
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secondary reactions, including hydrogenation, isomerisation and readsorption. The
requirements for marketed and delivered gasoline in the European Union are strictly regulated
by the European Standard for Gasoline (EN 228). Maximum olefin content is limited to
18 % (v/v), whereas maximum aromatics content is limited to 35 % (v/v). A comparison
between the produced gasoline fraction and the EN 228 requirements for gasoline indicates a
higher olefin content in the sample. However, the catalyst used does not promote the formation
of aromatic compounds.
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Fig. 7. Effect of the reaction temperature on the composition of gasoline range
hydrocarbons.

During FTS, hydrocarbon chain growth proceeds simultaneously with water formation. For
every methylene group (-CHz-) added to the growing hydrocarbon chain, one molecule of water
is formed (Equation (1.1)). The produced aqueous phase contains various oxygenated
compounds, such as alcohols, acids, aldehydes and ketones. Oxygenates distribute between the
aqueous and hydrocarbon phases based on their carbon chain length and molecular polarity.
However, oxygenated compounds negatively affect product selectivity and pose environmental
and economic challenges.

In the presence of this catalyst, oxygenates in the aqueous phase constituted a relatively low
proportion of all FTS products (2.4 % at 240 °C, 3.1 % at 260 °C, 3.6 % at 280 °C and 3.5 %
at 300 °C) compared to commercial catalysts reported in the literature, where water-soluble
oxygenates represent approximately 6 % of total selectivity [17].

In the scientific literature, FTS research is primarily focused on target hydrocarbon
products, while the chemical composition of the aqueous phase is often treated as secondary.
The results showed that increasing the reaction temperature led to a higher oxygenate content
in the aqueous phase and a marked shift in product selectivity (Fig. 8). Methanol and ethanol
were the primary oxygenates detected in the aqueous phase. As the temperature increased from
240 °C to 300 °C, the proportion of methanol rose from 3.8 % to 10.4 % (v/v), while ethanol
increased from 3.5 % to 5.2 % (v/v). Additional products identified included acetone and C3—
C7 n-alcohols. Although elevated temperatures hindered the formation of longer-chain alcohols,
they promoted the generation of carbonyl compounds. This behaviour was likely associated
with enhanced secondary reactions of 1-olefins, leading to ketone formation. Although this
catalyst is primarily designed for hydrocarbon synthesis, elevated reaction temperatures
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facilitate the formation of an aqueous phase enriched with specific oxygen-containing
compounds, especially methanol and ethanol, which are both precursors to future fuels and
"green" additives to today's gasoline.

300°C (Tl
280°C TSRl aMethanol
260°c N “Ethanol

| Others

240°c NN mwater

0 10 20 30 40 50 60 70 80 90 100
Selectivity, viv%

Fig. 8. Effect of the reaction temperature on the composition of the aqueous phase.

The experimental results demonstrate that a reaction temperature of 280 °C represents the
optimal operating conditions for mesoporous SiO»-supported iron-based catalyst, as it ensures
a favourable balance between high CO conversion, increased Cs+ selectivity and suppressed
wax formation. Deviation from this temperature resulted in either reduced activity at lower
temperatures or enhanced formation of short-chain hydrocarbons at higher temperatures.

For a more detailed description of the research in this chapter, see the original publication
in Appendix 1.

1.2. Effect of promoter (potassium) ratio in supported iron-based catalyst on the FTS

performance

Among various promoters, potassium is one of the most widely used for iron-based FTS
catalysts, and its influence on catalytic performance has been extensively investigated.
However, reported effects on catalytic activity and oxygenate selectivity remain inconsistent.
These discrepancies are mainly attributed to variations in catalyst composition, promoter
loading and operating conditions. Furthermore, most previous investigations have focused on
bulk catalysts, while systematic studies on supported systems remain limited.

In FTS catalysts, potassium is not present in the metallic state. Instead, it is present as a
compound such as K>O [18], KFeOy [19], KoCO3, HCOOK [20], or as a surface-adsorbed
cation (K™) stabilised by oxygen-containing anions [18], [21].

The promoting effect of potassium is related to potassium altering the electronic density of
the active sites, thereby influencing the bonding strength of adsorbed molecules [22]. It is
observed that iron has a higher electron density when potassium is present [19], [22], [23]. This
strengthens CO adsorption and weakens H» adsorption. The resulting lower H/C ratio on the
catalyst’s surface suppresses hydrogenation reactions, thereby limiting CH4 formation, while
promoting hydrocarbon chain growth and the WGS reaction.
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In this Thesis, the effects of the K/Fe ratio on product selectivity in a mesoporous SiO»-
supported iron-based catalyst were systematically investigated under industrially relevant
operating conditions (P =20 bar, T = 280 °C).

Mesoporous SiOz-supported iron-based catalyst (K-0) was prepared according to the
method described in Section 1.1. Catalysts with K/Fe molar ratios ranging from 0.02 to 0.06
were subsequently synthesised by impregnating K-0 with KNO3 aqueous solutions. The
concentrations of the impregnation solutions were adjusted to achieve K/Fe molar ratios of 0.02,
0.04, and 0.06 in the final catalysts. Following impregnation, the samples were dried at 110 °C
for 2 hours and calcined in air at 550 °C for 5 hours.

The XRD patterns exhibited diffraction peaks characteristic of a-Fe2Os3 as the predominant
phase. The addition of potassium did not modify the hematite crystalline structure (Fig. 9 A).
Potassium species were not detected by XRD, likely due to their high dispersion and low
concentration. As shown in Fig. 9 B, XRD patterns of catalysts after FTS in the presence of
potassium displayed peaks at 20 =21.4° and 23.9°, which correspond to waxes. Waxes present
on the catalyst surface decrease catalyst activity and mass transfer efficiency during FTS.
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Fig. 9. XRD patterns of (A) as-prepared catalysts and (B) spent catalysts.

Analysis of the textural properties of the catalysts presented in Table 1 suggests that iron
and potassium species are localised within the pores of the support. Furthermore, the data
indicated that smaller pores might be blocked during the impregnation step.

Table 1
Textural properties of the catalyst support and potassium-promoted catalysts
Sample BET surface area, m?/g Total pore volume, Average pore
cm’/g diameter, nm
Support (SiO2) 213 0.88 16.5
K-0 207 0.79 15.3
K-2 200 0.78 154
K-4 197 0.76 15.5
K-6 194 0.76 15.7
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Figure 10 shows that the FTS experiments produced gaseous phase hydrocarbons, liquid
phase hydrocarbons, waxes and an aqueous phase. The addition of potassium significantly
affected all product phases except liquid hydrocarbons. Wax production displayed a volcano-
type dependence on potassium content, reaching a maximum at a K/Fe ratio of 0.02. In contrast,
gaseous phase products exhibited a parabolic trend, with a minimum at K/Fe =0.02. This
pattern was attributed to a rapid decrease in CHy selectivity from 21.5 % to 8.5 % and a
concurrent rapid increase in COz selectivity from 12.3 % to 18.7 % as the K/Fe ratio increased.
Additionally, the yield of aqueous phase products steadily declined with increasing K/Fe ratio.
The reduction in water formation, together with increased CO; selectivity, suggests enhanced
WGS activity for potassium-promoted catalysts. The reduction in wax production at higher
potassium levels may be explained by slower diffusion of long-chain hydrocarbons within the
catalyst pores, which leads to prolonged occupation of active sites. CO conversion also
followed a parabolic trend, likely due to a balance between physical diffusion limitations caused
by wax accumulation in the pores and improved CO adsorption and dissociation resulting from
higher potassium loading. The minimum at K/Fe=0.02 marks the point at which wax
accumulation severely hindered the reaction, before enhanced surface kinetics provided by
higher potassium concentrations (K/Fe > 0.04) compensated for the diffusion limitations.
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Fig. 10. Effect of the K/Fe ratio on the CO conversion and flow rates of gaseous, liquid
hydrocarbon, solid (waxes) and aqueous phase products.

Given that the objective of this Thesis is the synthesis of e-fuels and their precursors,
particular attention was directed to the influence of the K/Fe ratio on the liquid hydrocarbon
phase products. Products were observed within the Cs—Cse range; however, most of the liquid
hydrocarbon phase products fell within the gasoline range. In contrast to the effects of reaction
temperature, increasing the K/Fe ratio resulted in selectivity towards the gasoline, kerosene, or
diesel ranges remaining largely unchanged (Fig. 11).
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Fig. 11. Effect of the K/Fe ratio on the selectivity of gasoline range, kerosene range and diesel
range hydrocarbons in the liquid hydrocarbon phase.

We evaluated the effect of the K/Fe ratio on the composition of gasoline range
hydrocarbons. Increasing the K/Fe ratio from 0 to 0.04 resulted in significant changes in
hydrocarbon composition, while a further increase to 0.06 produced minimal additional effects
(Fig. 12). Potassium promotion reduced the catalyst's hydrogenation activity, which led to a
decrease of more than half in n-paraffin content and more than a twofold increase in 1-olefin
content for K-4 and K-6 catalysts compared to K-0. It was also observed that potassium
inhibited the isomerisation of 1-olefins to internal olefins. As a result, catalysts with higher
potassium content exhibited a higher 1-olefins to internal olefins ratio. Potassium also promoted
hydrocarbon chain growth, leading to the formation of longer-chain alcohols. Due to their low
water solubility, these longer-chain alcohols accumulated in the liquid hydrocarbon phase.

A comparison between the produced gasoline fraction and the EN 228 requirements for
gasoline reveals a higher olefin content in the sample. This finding suggests that the potassium
promoter is unsuitable for direct e-fuel production.
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Fig. 12. Effect of the K/Fe ratio on the composition of gasoline range hydrocarbons.

Potassium did not increase the overall selectivity for aqueous phase oxygenates relative to
total FTS products. Instead, the selectivity towards oxygenates soluble in water was reduced to
approximately 2.1 % at a K/Fe ratio of 0.06. However, it significantly altered the chemical
composition of the aqueous phase by changing the distribution and concentration of individual
oxygenates.
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Potassium addition promoted chain growth, thereby altering the aqueous phase oxygenate
profile: methanol was the main product for the unpromoted catalyst, whereas ethanol became
the predominant product for potassium-promoted catalysts. Other detected aqueous phase
products included C3—C7 n-alcohols and acetone. Selectivity towards these products, except
n-propanol, increased with higher K/Fe ratios. The overall oxygenate selectivity followed a
parabolic trend, with the lowest oxygenate content observed for the K-4 catalyst (Fig. 13). This
trend results from two factors: (1) potassium suppresses the catalyst's hydrogenation activity,
leading to the formation of longer chain, less polar products, and (2) potassium enhances CO
adsorption, thereby promoting oxygenate formation via a CO insertion mechanism.
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Fig. 13. Effect of the K/Fe ratio on the composition of the aqueous phase.

The experimental findings indicate that increasing the K/Fe ratio significantly influences
catalysts' selectivity by suppressing methane formation and promoting the production of
olefins, longer-chain hydrocarbons, and oxygenates. However, elevated K/Fe ratios lead to a
higher olefin content in the gasoline fraction, limiting the direct use of these catalysts in e-fuel
synthesis.

For a more detailed description of the research in this chapter, see the original publication
in Appendix 2.

1.3. FTS performance of SBA-15-supported iron-based catalyst

Both promoters and supports influence CO conversion and product selectivity in the FTS
process. Selection of an inert support with a narrow pore size distribution and high thermal
stability is advisable. Furthermore, the support should possess sufficiently large pore diameters
to accommodate iron oxide crystals, thereby preventing their migration to the outer surface
during activation [24]. SBA-15 has gained attention as a support, offering a distinct advantage
over traditional amorphous silica due to its highly ordered hexagonal periodic structure of two-
dimensional pore channels and thick silica walls. These characteristics provide the high
hydrothermal stability necessary to withstand the high partial pressures of water typical of FTS.
Compared to previously viewed support, SBA-15 has smaller mesopores (5-9 nm) and a larger
surface area (typically 500-1000 m?/g) that facilitates the high dispersion of the active iron
phase [25].

In this Thesis, FTS product selectivity was also examined using an SBA-15-supported iron-
based catalyst. Although the support matrix discussed in previous chapters provides benefits
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such as cost-effectiveness, commercial availability, and a practical granular form, it is
fundamentally limited by a low maximum iron loading capacity (< 12 wt.%). Therefore,
SBA-15 was explored as a high surface area alternative.

The Fe/SBA-15 powder was prepared using a direct synthesis method adapted from the
general SBA-15 synthesis procedure reported by Zhao et al. [26]. This approach resulted in
more than a twofold increase in iron loading (28 wt.%) without compromising the ordered
mesoporous framework or causing pore blockage. The resulting catalyst exhibited a high
specific surface area of 57 m%/g and an average pore diameter of approximately 7 nm. Small-
angle XRD patterns confirmed the two-dimensional hexagonal mesoporous structure
characteristic of SBA-15, exhibiting diffraction peaks relative to (100), (110), and (200) planes,
while wide-angle XRD analysis indicated that iron was present predominantly as o-Fe>O3
(Fig. 14).
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Fig. 14. Small-angle (A) and wide-angle (B) XRD patterns of Fe/SBA-15 catalyst.

While increased Fe content in the catalyst typically results in more active sites, this does
not always correlate with improved FTS performance. The literature indicates that iron content
most significantly influences CO conversion and CO: selectivity, whereas its effect on
hydrocarbon selectivity is comparatively minor. Instead, hydrocarbon selectivity is strongly
influenced by the catalyst support chosen [24], [27].

Table 2 indicates that the high CO conversion and CO; selectivity observed with Fe/SBA-15
can be attributed to the increased iron content in the catalyst. The initial catalytic tests
demonstrated that porosity plays a significant role in silica-supported catalysts during the FTS
reaction. However, this effect did not extend to the target product's selectivity. The Cs+
selectivity was approximately half of that observed with the SiO»-supported catalyst.
Fe/SBA-15 demonstrates enhanced catalytic activity and increased selectivity for gaseous
hydrocarbons, indicating its suitability for the efficient production of short-chain hydrocarbons.
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Table 2
Comparison of the catalytic performance of Fe/SiO2 and Fe/SBA-15 catalysts under 280 °C

and 20 bar
Catalyst COo ion. % Selectivity, %
atal nversion,
i COMERION "2 17700, | CHy | C-Cs | Cs
Fe/SiO; 34 g o = -
Fe/SBA-15 54 19 7 30 34

The liquid hydrocarbon phase contained products with chain lengths from Cs to Cse, with
over 80 % within the gasoline range (Table 3). The small SBA-15 mesopores function as
physical filters for hydrocarbon chain growth, restricting the outward diffusion of long-chain
hydrocarbons. This increased residence time within the pores may promote hydrocracking as a
secondary reaction, thereby favouring the formation of shorter-chain products [28].

Table 3
Comparison of the selectivity of the liquid hydrocarbon phase of Fe/SiO; and Fe/SBA-15
catalysts
Fe/SiOs Fe/SBA-15
Gasoline range (Cs—Cy1) selectivity, % 72 82
Kerosene range (Cio—Ci4) selectivity, % 40 30
Diesel range (C12—Cao) selectivity, % 28 17
Composition of gasoline range hydrocarbons
n-paraffin selectivity, % 52 48
1-olefin selectivity, % 20 8
2-olefin selectivity, % 15 18
n- alcohol selectivity, % 2 1
Other olefins and branched hydrocarbons selectivity, % 11 25

The quantity of n-paraffins was comparable to that obtained with mesoporous SiO»-
supported iron-based catalysts described previously. In contrast, the proportion of 1-olefins
decreased, while the proportions of internal olefins and branched hydrocarbons increased
significantly. Under reaction conditions, 1-olefins exhibit high reactivity. Their readsorption at
chain-growth sites can generate additional primary products, whereas adsorption at alternative
sites and subsequent secondary reactions can yield branched hydrocarbons via an alkylidene
mechanism [29], [30] or result in isomerisation to internal olefins through double-bond shift
reactions [31]. These findings indicate that Fe/SBA-15, likely due to its small pore size,
facilitates secondary reactions.

The use of Fe/SBA-15 led to lower oxygen content in the aqueous phase than with Fe/SiO».
The primary oxygenates identified were methanol (3.8 % (v/v)) and ethanol (4.4 % (v/v)). In
addition to the C3—C7 n-alcohols and acetone, acetic acid was detected. The formation of acetic
acid can be attributed to multiple mechanisms. Improved surface properties may alter the
distribution of reaction pathways among hydrogenation, CO insertion, and hydrocarbon
formation. Furthermore, the surface of SBA-15 contains numerous silanol groups (=Si-OH),
which may influence the dynamics of these pathways and enhance the selectivity for
oxygenates, including acetic acid.
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Summarising the obtained results, it can be concluded that the SBA-15 support enhanced
CO conversion due to its high surface area and ordered mesoporous structure. However, its
small pores promoted secondary reactions and limited long-chain hydrocarbon growth,
resulting in higher gaseous product formation and lower Cs+ selectivity compared to SiO»-
supported catalysts, making it more suitable for short-chain hydrocarbon synthesis than for
liquid fuel production.

The scientific publication of the research described in this chapter can be found in
Appendix 3.

2. CO; hydrogenation

2.1. Potassium-promoted silica-supported iron-based catalysts for alcohol synthesis

Alcohol synthesis remains a prominent research focus within the field of CO»
hydrogenation. Short-chain alcohols, including methanol and ethanol, are integral to sustainable
energy systems as both efficient fuels and key chemical intermediates. When blended with
gasoline, these alcohols enhance combustion performance and reduce emissions due to their
high octane numbers. Beyond their direct application, short-chain alcohols are essential to
alcohol-to-X pathways, in which dehydration and oligomerisation reactions transform them into
energy-dense hydrocarbons suitable for aviation and diesel fuels. This process effectively
connects light oxygenates to heavier fuel-range products [32].

Industrially, methanol is mainly manufactured from fossil-derived synthesis gas over
Cu/ZnO/Al>Os catalysts, operating at elevated pressures (50—100 bar) and temperatures (200—
300 °C) [33]. Various metal and metal oxide-based catalysts have been evaluated for CO-
conversion to methanol. Among them, copper-based systems, followed by indium oxide-based
and palladium-based catalysts, have been most widely studied [34]. In contrast, the catalytic
conversion of COz to higher alcohols remains significantly less developed. Recently, iron-based
catalysts have emerged as a promising approach for the synthesis of methanol and higher
alcohols from CO; [35]-[37]. It is reported that the synergistic effects of the alkali promoter in
the iron-based catalysts are responsible for the advanced synthesis of alcohols [37], [38].

This Thesis examined CO> hydrogenation to alcohols using potassium-promoted silica-
supported iron-based catalysts. Catalysts were prepared by impregnating commercial silica-
based supports (SiO> granules and SBA-15 powder) with aqueous solutions of Fe(NO3); and
KNO:;. The obtained catalysts were dried and calcined in air. Iron loadings were 10 % for SiO»
granules and 20 % for SBA-15. K/Fe ratios in catalysts were 0/100, 2/100, and 5/100 for SiO»-
supported catalysts and 5/100 for SBA-15-supported catalyst. The catalysts were
correspondingly denoted as Fe/SiOa, 2K/Fe/Si0,, 5K/Fe/Si02, and 5K/Fe/SBA-15.

For all catalysts, iron was predominantly present as a-Fe>O3, and the addition of potassium
did not alter the hematite crystalline phase. XRD did not detect potassium species due to their
low concentration and high dispersion. The textural properties of catalysts are summarised in
Table 4. As the potassium content increased, the surface area and pore volume of SiO»-
supported catalysts decreased, whereas the average pore diameter showed a slight increase.
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These findings suggest that potassium may obstruct smaller pores. The SBA-15-supported
catalyst exhibited the largest surface area and the smallest average pore diameter.

Table 4
Textural properties of the catalysts
BET surf: Total )\ A
Catalyst surzace area, ota pore3 volume, .Verage pore
m?/g cn’/g diameter, nm
Fe/SiO; 207 0.79 15.3
2K/Fe/SiO; 201 0.78 15.5
5K/Fe/Si0 195 0.76 15.6
SK/Fe/SBA-15 318 0.77 7.9

The average CO> conversion achieved with SiOz-supported catalysts was approximately
10 %, while the SBA-15-supported catalyst exhibited an average conversion of only 1 %.
Previous studies have reported that, in calcined silica-supported iron-based catalysts, iron
dispersion and particle size are influenced by the support's pore size. Supports with smaller pore
sizes, such as SBA-15, may promote the formation of poorly reducible iron silicates [39]. Since
smaller iron particles are generally more difficult to reduce and carburise, this phenomenon
may account for the low catalytic performance observed for SK/Fe/SBA-15.

Figure 15 presents the product distribution in the gaseous phase, excluding CO selectivity.
For all catalysts, CH4 was the predominant organic compound detected in the gaseous phase.
Methanol was the only alcohol identified, while DME was observed exclusively for the
5K/Fe/SBA-15 catalyst. DME is produced by the dehydration of methanol, a reaction that
typically requires a catalyst with acidic sites [40]. Purely siliceous SBA-15 materials possess
only silanol groups, which exhibit low acid strength and are catalytically inactive [41].
However, surface acidity can be enhanced by doping SBA-15 with various metals, including
iron. The incorporation of iron has been reported to increase the surface acidity of SBA-15 by
generating Lewis acidic sites [42]. The combination of a relatively large surface area and iron
loading in the 5K/Fe-SBA-15 catalyst likely provided sufficient acidity to catalyse DME
formation.

Fe/Si0- I —
2K/Fe/si0- I —
5K/Fe/Si0- - I —

5K/Fe/sBA-15 I ———

0 10 20 30 40 50 60 70 80 90 100
Product (organic compound) distribution in gaseous phase, mol%

® Methanol ®CH: ®C.-C, @WDME

Fig. 15. The composition of the organic compounds in the gaseous phase.
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Among the tested catalysts, SK/Fe-SBA-15 exhibited the highest selectivity towards
methanol. The calculated yield of methanol for this catalyst was 3 mg/h-gcar. At the same time,
the methanol yield obtained over SiO»-supported catalysts increased from 1.3 mg/h-gear over
Fe/Si0s to 2.7 mg/h-gear over 2K/Fe/Si0,, after which it decreased rapidly to 0.3 mg/h-gcas over
5K/Fe/Si0x.

The obtained methanol yields are more than 50 times lower than those reported for copper
or indium oxide-based catalysts in the literature [43]-[45]. These results indicate that, under the
investigated conditions, potassium-promoted silica-supported iron-based catalysts exhibit
limited activity in CO; hydrogenation.

More information about these studies can be found in Appendices 4 and 5.

2.2. Influence of synthesis method on the structure and performance of NiFe:04 for e-
CH4 production

E-methane, synthesised from CO; using power-to-gas technologies, is a promising future
fuel, particularly from a climate and energy perspective. Unlike biomethane, whose production
is constrained by the availability of agricultural or biological waste, e-methane does not depend
on land use nor compete with food production.

High CHj selectivity and CO2 conversion in the Sabatier reaction with a nickel-containing
catalyst are typically achieved at temperatures between 350 °C and 500 °C. At temperatures
above 400 °C, the prevalence of undesirable side reactions increases, and both carbon
deposition on the catalyst surface and nickel particle sintering are observed. In contrast,
operating at lower temperatures presents challenges due to the need for highly active
catalysts [46].

Bimetallic catalysts can offer significant advantages over traditional catalysts, primarily due
to the unique synergistic interactions between the components. As a result, multicomponent
catalysts often display enhanced catalytic activity due to improved dispersion and more
effective utilisation of active sites. Recent studies in CO»-FTS have highlighted the advantages
of these synergies, demonstrating that they can significantly lower activation barriers and
improve overall efficiency [47], [48].

Nickel ferrite (NiFe204) is a spinel oxide material that has garnered attention for its potential
applications in catalysis due to its unique structural features, the possibility of tuning its
composition, and its inherent thermal stability. The presence of both nickel and iron ions within
the spinel lattice structure endows NiFe>O4 with interesting redox properties, making it a
promising material for catalysing a variety of chemical reactions, including those involved in
CO» conversion. Unlike simple mixtures of metal oxides, spinel-like structures typically
provide narrower particle size distributions, improved stoichiometric control, and consequently
a larger active surface area available for catalytic reactions [49].

The performance of bimetallic oxide catalysts is influenced by multiple factors, including
the synthesis process, which determines the structure, morphology and overall properties of
spinel oxides [50], [S1]. The synthesis of phase-pure spinel NiFe2O4 with controlled particle
size and homogeneity remains a considerable challenge. Variations in synthesis conditions
often lead to secondary phases or impurities, which alter the crystal structure and, in turn, affect
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catalytic pathways and overall performance. Despite the investigation of various synthesis
routes, a universal and reproducible method for producing highly pure, monodisperse spinel
ferrite particles has not yet been established [52].

In this Thesis, the effect of the NiFe2O4 synthesis method on catalyst characteristics and
CO,-FTS performance was investigated. NiFe,O4 nanoparticles were synthesised using three
distinct methods: sono-chemical, sol-gel auto-combustion and reducing agent-assisted
co-precipitation (Fig. 16).

Sono-chemical synthesis
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Fig. 16. Schematic representation of sono-chemical, sol-gel auto-combustion and reducing
agent-assisted co-precipitation synthesis method.
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Four samples were prepared via sono-chemical synthesis. Obtained nanoparticles were
marked NiFe;Os-sono-X, where X represents the reaction pH (X =8, X=9, X =10, X =11).
Two samples were prepared by sol-gel auto-combustion synthesis, using citric acid as fuel
(NiFe204-Citric) or citric acid and ethanol as fuels (NiFe;O4-C-E). Sample NiFe>O4-Prec was
prepared via reducing agent-assisted precipitation synthesis.

The phase composition and crystallite sizes of the synthesised NiFe>O4 nanoparticles are
presented in Table 5. Elevated pH levels resulted in reduced efficiency of NiFe>Os4 phase
formation and an increased presence of Fe;Os; impurities in the samples. Additionally, with
increasing pH, NiFe;Os crystallite size decreased, suggesting accelerated nucleation. The
results demonstrate that a pH of 8 is optimal, producing a high NiFe;O4 content (98 wt.%) and
a small catalyst particle size (~ 26 nm). The sol-gel auto-combustion method produced samples
characterised by reduced NiFe;O4 content and increased levels of secondary-phase impurities
(Fe203 and NiO). Utilising citric acid as the sole fuel produced a sample with higher phase
purity of NiFe2O4 (76 wt.%) compared to the method employing both citric acid and ethanol as
fuels. The NiFe>Os-Citric sample exhibited the largest NiFe,O4 crystallite size (~ 73 nm)
among the samples evaluated. Reducing agent-assisted precipitate synthesis enabled the
production of phase-pure NiFe2O4 with small particles.

Table 5

Phase composition and crystallite size of the samples

Sample Crystalline phase, Crystallite size of | Crystallite size of | Crystallite size
wt% NiFe;O4, nm Fe;O3, nm of NiO, nm
NiFe>04-sono-8 NiFe>04:Fe,03, 98:2 25.6+04 76 +£21 -
NiFe,04-sono-9 NiFe,04:Fe03, 94:6 20.5+0.3 70+ 6 -
NiFe>04-sono-10 NiFe;04:Fex03, 60:40 156+0.3 80+1 -
NiFe;04-sono-11 NiFe;04:Fe; 03, 37:63 13.9+0.5 447+ 0.6 -
NiFezO4-C-E NiFezO4:Fe203zNiO, 424 + 16 859 + 52 424 + 39
33:48:19
NiFe,04-Citric NiFe;04:Fe;05:NiO, 733+ 1.1 143+ 16 509+5.6
76:18:6
NiFe;O4-Prec NiFe;04, 100 12.0+0.3 - -

The highest-purity NiFe;Os4 sample obtained from each respective synthesis method
(NiFe2O4-sono-8, NiFe>O4-Citric, NiFe;O4-Prec) was further analysed by N» adsorption-
desorption and SEM. The analysed samples exhibited IUPAC type IV isotherms with a
hysteresis loop, typical of mesoporous materials (Fig. 17).
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Fig. 17. N, adsorption-desorption isotherms (A) and BJH pore size distribution curves (B) of
highest purity NiFe;O4 samples.

The NiFe2Os-Prec sample exhibited the highest BET surface area among the samples tested.
The NiFe2O4-sono-8 sample possessed the narrowest pore size distribution, as evidenced by the
minimal difference between average and mean pore diameters. Conversely, the NiFe;Os-Citric
sample had the lowest surface area and the broadest pore size distribution, indicating substantial
textural heterogeneity (Table 6).

Table 6
Textural properties of the samples
BET surface Total pore volume, Average pore Mean pore
Catalyst N 3 . .
area, m°/g cnr/g diameter, nm diameter *, nm
NiFe;04-sono-8 36.82 0.151 16.39 14.34
NiFe;O4-Citric 5.20 0.029 22.15 3.85
NiFe;Os-Prec 93.77 0.236 10.06 3.88

2 Evaluated by the BJH desorption method.

SEM images indicated aggregate structures composed of spherical
NiFe204-sono-8 and NiFe2O4-Prec, whereas NiFe2O4-Citric displayed particles adhered
together as a result of agglomerate sintering (Fig. 18).

particles for both

Fig. 18. SEM image of NiFe;04-sono-8 (A), NiFe,04-Citric (B) and NiFe;Os-Prec (C).
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CO,-FTS tests were performed using NiFe2Os-sono-8, NiFe,04-Citric, and NiFe;O4-Prec.
The CO,-FTS performance of these samples at 280 °C, 20 bar is summarised in Fig. 19. Despite
NiFe>Os4-Citric acid having poor textural properties, it showed a slightly higher conversion
(23.7 %) than other catalysts, most likely due to its large crystallite size, which makes it easier
to both reduce and carburise.

Due to the high hydrogenation activity of the catalysts, CHs was the main hydrocarbon
product for all catalysts. The liquid hydrocarbon phase was not formed in sufficient quantity to
be recovered; in addition, part of the Cs+ products remained in the gaseous state and were carried
along with the stream. NiFe>Os-Prec exhibited the highest hydrogenation activity among the
tested samples and yielded the least amount of Cs+ hydrocarbons. NiFe;Os-sono-8, in turn,
produced higher CO yields than other catalysts. Since NiFe2O4-sono-8 and NiFe>O4-Prec
catalysts are nearly identical in terms of phase purity (Table 5), differences in the catalytic
performance of these two catalysts can be attributed to the effect of particle size. It can be seen
that smaller particle size promotes CH4 formation, whereas larger particles exhibit higher
selectivity for CO and Cs+. This is because catalysts with larger particle size can be carburised
to a greater degree, while smaller particles are less prone to carburization into y-FesCa,
maintaining a larger proportion of phases that favour hydrogenation over chain growth
[39], [53].
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Fig. 19. Catalytic performance of NiFe>Os-based catalysts in CO» hydrogenation.
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For all analysed catalysts, the amount of oxygenates in the aqueous phase was less than
1 % (v/v). As aresult, the recovery of oxygenates is not reasonable, and the aqueous phase must
be treated as wastewater. The aqueous phase for NiFe>Os-Prec was the purest; the catalyst
exhibited the lowest alcohol selectivity among the other catalysts. This catalyst was thus more
selective toward hydrocarbon formation. On the other hand, the aqueous phase for
NiFe;04-sono-8 contained the highest amount of alcohols but the least amount of acids.
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The observed increase in methane selectivity, combined with the low yield of Cs+ products
and reduced oxygenate formation, suggests that NiFe;O4-Prec exhibits the highest
hydrogenation activity among the catalysts evaluated. These characteristics indicate its
potential as a catalyst for e-CHa applications.

For a more detailed description of the research in this chapter, see the manuscript in
Appendix 6.

2.3. Effects of the pretreatment method and reaction temperature on cobalt-promoted
Fe304 for CO2-FTS

E-fuel, synthesised from CO; using power-to-liquid technologies, is widely recognised as a
promising path towards a fossil-free society. E-fuels and hydrotreated vegetable oil (HVO)
fuels are viable alternatives, as both can be utilised within existing fuel infrastructure and
internal combustion engines without substantial technical modifications. E-fuels, which are
synthesised by converting captured CO> and renewable electricity into liquid fuels, present
greater long-term decarbonisation potential because, in contrast to HVO, they are not
constrained by biomass availability or land-use limitations. Furthermore, e-fuels facilitate the
direct utilisation and storage of surplus renewable energy, thereby supporting a more adaptable
and climate-neutral energy system [54].

To improve the catalytic performance and enhance C»+ hydrocarbon selectivity, promoters
are usually added to iron-based CO»-FTS catalysts. Several studies have demonstrated that
small amounts of cobalt can significantly improve Cs+ selectivity while reducing CO formation
[55], [56]. The incorporation of cobalt has been shown to increase the CO; conversion. It was
also observed that the presence of cobalt promotes the reduction of iron species [57].

While the effects of promoters on iron-based CO2 hydrogenation catalysts have been widely
investigated [58], there is a lack of systematic studies on how synthesis routes and pretreatment
strategies influence the performance of catalysts. Catalyst synthesis, pretreatment and
activation procedures play an important role in defining the active phase composition, particle
size and crystal structure of the catalyst. Before CO»-FTS, iron-based catalysts are commonly
activated using H», CO, or synthesis gas [59], [60], while cobalt-based catalysts are generally
activated in a Ha atmosphere [61]. The phase composition of the catalyst before reduction
strongly influences the nature of the active phases formed afterwards, as the different precursor
phases exhibit distinct reducibility, transformation pathways and thermodynamic stabilities.

Calcination atmosphere is a critical parameter that influences metal dispersion, catalyst
oxidation state and reducibility. These factors ultimately affect the distribution of active species
and reaction pathways [62]. Despite its importance, the role of calcination atmosphere has
received limited attention in the context of iron-based CO2 hydrogenation catalysts.

The catalytic performance of iron-based catalysts is strongly influenced not only by the
presence of promoters and supports, but also by the catalyst's dynamic phase transformations
under reaction conditions. In CO»-FTS, hydrocarbon formation proceeds via an initial reduction
of COz to CO through the endothermic RWGS, followed by hydrocarbon chain growth through
exothermic FTS. Iron-based catalysts are active for both reactions, with Fe3Os as the active
phase for RWGS and iron carbides for FTS. Reaction temperature governs the extent of iron
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oxide reduction and carburization, with higher temperatures favouring the formation of metallic
iron and iron carbides, while lower temperatures stabilise oxide phases [63]. On the other hand,
temperature affects the rate of RWGS and FTS and, therefore, also partial pressures of COo,
H», CO and H>0. High CO partial pressure promotes carburization to iron carbides, whereas
elevated CO; and H>O partial pressures suppress reduction and favour reoxidation. Higher Ha
partial pressure accelerates oxide reduction and carbide formation [64].

In this Thesis, the influence of the cobalt-promoted Fe;O4 catalyst pretreatment procedure
was investigated and the effect of reaction temperature over the range of 280-320 °C was
evaluated using unpromoted and cobalt-promoted Fe3O4 nanopowder catalysts.

Studies on the effect of FesOs morphology on FTS activity have revealed that Fe3O4
nanospheres exhibited improved iron dispersion and facilitated the reduction and carburization
of iron species, resulting in a higher density of active sites and improved Cs+ hydrocarbons
selectivity [65].

The cobalt-promoted Fe3;O4-based catalyst precursor was prepared by impregnating FezOs
with an aqueous solution of Co(NO3)2. The concentration of the impregnation solution was
calculated to ensure a Co to Fe molar ratio of 5:100. The catalyst precursor was divided into 3
parts and labelled as Co/Fe304, Co/Fe304-N and Co/Fe3;04-A. Then different pretreatment
procedures were applied for each part. Co/Fe304 was reduced in Ha, Co/Fe3O4-N was calcined
in N2 and reduced in Hz, whereas Co/Fe3;04-A was calcined in air and reduced in Hz. An
unpromoted Fe3;O4 catalyst, used as a benchmark, before CO2-FTS was reduced in H>. The
catalyst composition was evaluated by XRD and XPS, both after calcination and after reduction.

Catalyst characterisation indicated that a-Fe was the primary crystallite phase in Co/Fe3O4
following reduction in Hz. Iron in Co/Fe3O4-N after calcination in N> was predominantly
present as Fe3O4 from which a-Fe was formed after the reduction in Hz. In contrast,
Co/Fe304-A after calcination in air comprised of maghemite (y-Fe>O3), whereas after the
reduction in Ha, y-Fe2O3, a-Fe2O3 and a-Fe were observed. Cobalt species were not detected by
XRD due to their low concentration (Fig. 20).
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Fig. 20. XRD pattern of catalyst: Co/Fe304 after reduction in Hz (A); XRD patterns of
Co/Fe304-N after calcination in N> and after reduction in Hz (B); XRD pattern of Co/Fe3;Os-A
after calcination in air and after reduction in H» (C).

As shown in Fig. 21, XPS revealed the coexistence of Fe?" and Fe*" surface species for all
samples. For Co/Fe3;04 and Co/Fe304-N after reduction in Hz, an additional low-binding-energy
component corresponding to metallic Fe was detected. The results indicate that the surface of
the samples is oxidised. Due to band overlap, evaluation of the cobalt signal was not possible.
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Fig. 21. Fe 2p XPS spectra.

Figure 22 shows the influence of catalyst pretreatment on CO»-FTS performance and
product selectivity. As the highest C»+ product selectivity was observed at 280 °C, the author
evaluated the influence of catalyst pretreatment on CO>-FTS performance at this temperature.

Unpromoted Fe3;O4 showed the lowest Cs+ hydrocarbon selectivity (4 %). On the other
hand, Cs+ hydrocarbon selectivity for cobalt-promoted catalysts, depending on the pretreatment
procedure, ranged from 19.2 % to 36.8 %. This indicates that cobalt, similarly to potassium
(Section 1.2), might strengthen the catalyst’s CO adsorption and weaken H» adsorption, thus
promoting hydrocarbon chain growth.

The main difference between the uncalcined (Co/Fe304) and calcined (Co/Fe3Os-N and
Co/Fe;04-A) catalysts was their hydrocarbon selectivity, particularly for Cs+. This observation
indicates that the cobalt phase state influences chain growth and that hydrocarbon selectivity is
highly dependent on catalyst pretreatment.

For the preparation of all cobalt-promoted Fe3;O4 catalysts, Co(NOs3), was employed as the
precursor. When Co(NO3)> on Fe3Oys is subjected to a Hz atmosphere at 400 °C, metallic Co is
expected to be the predominant phase formed [66]. Given that Fe3O4 serves as the support, the
formation of a Co-Fe alloy is also theoretically possible; however, a significant extent of Co-Fe
alloying generally requires higher temperatures [67]. According to literature data, the dominant
cobalt phase in the Co/Fe304 catalyst is metallic Co, while the Co-Fe alloy content is minimal.
The literature indicates that metallic Co facilitates H» dissociation and CO adsorption, thereby
promoting C-C chain growth and leading to high C»+ selectivity. Therefore, Co/Fe304 is
anticipated to demonstrate enhanced catalytic activity during hydrocarbon formation. However,
this catalyst exhibits the lowest Cs+ selectivity (19.2 %) in comparison to Co/Fe304-N and
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Co/Fe30s-A. The low catalytic activity is likely attributable to metallic cobalt's susceptibility
to oxidation, especially when exposed to H20, which reduces its activity [68].

For Co/Fe304-N, pretreatment in a N atmosphere at 450 °C followed by a reducing H»
atmosphere may result in the formation of cobalt ferrite spinel (CoFe2O4) on the surface,
especially when the formation of metallic Co is restricted [69]. Given the Fe*" rich Co/Fe;04-A
surface produced by air pretreatment followed by reduction, the potential formation of CoFe»04
at elevated temperatures remains plausible [70]. Thus, the calcined catalysts are likely to
contain surface CoFe;O4 in addition to metallic Co, which may account for their increased
selectivity toward Cs+ hydrocarbons. Based on CO; conversion and product selectivity, N»
calcination followed by H» reduction was identified as the most effective pretreatment for
cobalt-promoted Fe3O4 catalysts, providing good performance in CO2 hydrogenation.
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Fig. 22. The influence of pretreatment procedure on the catalytic performance of cobalt-
promoted Fe;O4 at 280 °C.

Figure 23 shows the influence of reaction temperature on CO2-FTS performance and
product selectivity over unpromoted and cobalt-promoted Fe;O4 catalysts. For all catalysts, an
increase in CO> conversion was observed with the elevation of the reaction temperature from
280 °C to 320 °C. At the same time, the reaction temperature affected the RWGS and FTS rates
(and thus product selectivity) differently for unpromoted and cobalt-promoted catalysts.

For unpromoted Fe304, CO selectivity decreased, while hydrocarbon selectivity increased
significantly (Fig. 23 A). The observed decrease in CO selectivity at elevated temperatures
could be explained by secondary conversion of initially formed CO with increasing temperature
(increased FTS activity). While the overall hydrocarbon selectivity, as well as Co+ hydrocarbon
selectivity, increased with the elevation of reaction temperature, the highest selectivity towards
Cs+ hydrocarbons was observed at 300 °C. In contrast to conventional FTS, CO> hydrogenation
usually requires a higher H> concentration, while the concentration of CO intermediates is
lower. This creates a relatively high H/C ratio on the catalyst surface, which in turn promotes
methane formation and suppresses hydrocarbon chain growth [71]. With increasing CO»
conversion (increased RWGS activity), the surface H/C ratio decreases, thus leading to
increased chain growth probability.
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For cobalt-promoted catalysts, CO selectivity remained high (>49 %) across all
temperatures, indicating that the RWGS pathway was dominant. The most significant
temperature-induced changes observed for cobalt-promoted catalysts were associated with the
formation of C>—C4 and Cs+ hydrocarbons (Fig. 23 B, C, D). As the temperature rose, C2—Cs
hydrocarbon formation increased rapidly, while Cs+ hydrocarbon selectivity decreased. This
observed trend matches with conventional FTS, where hydrocarbon distribution is described by
the Anderson—Schulz—Flory model, where the chain-growth probability determines the product
chain lengths. Increasing the reaction temperature decreases the chain-growth probability,
thereby shifting selectivity toward shorter hydrocarbons. These shorter hydrocarbons are
thermodynamically favoured at higher temperatures [72].
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Fig. 23. The influence of reaction temperature on the catalytic performance of unpromoted
and cobalt-promoted Fe3O4.

The process of CO2 hydrogenation to hydrocarbons produces substantial wastewater. Water
is produced via both the RWGS and the FTS reactions; thus, the aqueous phase is more dilute
than in conventional FTS. For all catalysts, methanol was the main oxygenate; other observed
products were n-alcohols up to n-butanol and acetone. With increasing reaction temperature,
methanol concentration decreased rapidly, while the concentration of Cz+ alcohols increased.
At all temperatures, the amount of oxygenates in the aqueous phase was less than 3 % (v/v). As
a result, the recovery of oxygenates is not reasonable, and the aqueous phase must be treated as
wastewater.
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These findings suggest that, within the examined temperature range, temperature exerts a
greater influence than catalyst composition on CO; conversion and selectivity, most likely by
regulating the relative rates of competing reaction pathways.

73



CONCLUSIONS

A reaction temperature of 280 °C is optimal for mesoporous SiOz-supported iron
catalysts, providing the best balance between high CO conversion, enhanced Cs-
selectivity and limited formation of undesired short-chain hydrocarbons.

Increasing the K/Fe ratio suppresses methane selectivity while enhancing selectivity
toward Cs+ hydrocarbons and promoting the formation of olefins and oxygenates, yet
excessive potassium loading limits direct applicability in e-fuel synthesis due to the high
gasoline range olefin content.

SBA-15-supported catalyst shows enhanced CO conversion due to its high surface area
and ordered mesoporosity; however, its small pores favour secondary reactions and gas
formation, limiting Cs+ selectivity and making it more suitable for short-chain
hydrocarbon production rather than for liquid fuels.

Potassium-promoted SBA-15-supported iron-based catalyst exhibits limited activity in
CO; hydrogenation to methanol, and due to surface acidity, promotes the formation of
DME.

The synthesis method strongly affects catalysts' phase purity, textural properties and
catalytic performance, with the reducing agent-assisted precipitate synthesis method
producing the phase-pure NiFe>O4 with minimal crystallite size, maximal surface area
and superior hydrogenation activity.

Cobalt-promoted iron-based catalyst pretreatment method strongly affects the
performance of the catalysts by influencing the initial phase composition and,
subsequently, also active phase formation and composition, with catalysts calcined prior
to CO2-FTS exhibiting higher Cs. selectivity.
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