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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate

Cilvéces attistiba energijai ir butiska loma, un fosilais kurinamais ir veicingjis lidz $im
nepieredzetu rupniecisko un sabiedrisko progresu. Tomer fosilo resursu plasa izmantoSana ir
radijusi ievérojamas antropogénas CO: emisijas, izjaucot dabisko oglekla ciklu [1] un izraisot
biologiskas daudzveidibas samazinasanos, vides piesarnojumu un klimata parmainas [2]. Kop$
2000. gada globalais energijas paterins ir picaudzis aptuveni par vienu tre$dalu un paredzams,
ka tas turpinas augt, turklat fosilie energoresursi joprojam nodroSina gandriz 80 % no kopgja
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 patér&josais sektors, veido aptuveni vienu
ceturtdalu no globala energijas patérina. Ta ka eso$a degvielas razoSanas, sadales un
uzglabasanas infrastruktiira ir optimiz&ta ogludenrazu degvielai, strauja pareja uz pilnigi
jauniem degvielas risingjumiem bitu darga un laikietilpiga. Tadg] ilgtsp&jigas “drop-in”
degvielas, kas ir saderigas ar pasreizgjo infrastrukttru un transportlidzekliem, piedava praktisku
celu transporta dekarbonizacijai [6]. Saja konteksta elektrodegvielas klist par daudzsolosu
risin@jumu picaugos$ajam energijas pieprasijumam.

Elektrodegvielas jeb e-degvielas ir sintétisko degvielu klase, kuru razoSanas process ietver
oglekla monoksida vai oglekla dioksida hidrogengsanu, izmantojot idenradi, kas iegits fidens
elektrolizes procesa [7]. Gan CO, gan CO> hidrogen&sana ir sareZgitu reakciju kopums, un ta
rezultata veidojas plass produktu klasts, kas atkarigs no reakcijas apstakliem un izmantota
katalizatora. CO un CO: var hidrogen&t par spirtiem un ogliidenraziem, izmantojot parejas
metalu katalizatorus.

CO katalitiska hidrogengSana par ogliidenraziem pazistama ka FiSera-TropSa sinteze (FTS).
FTS produktus var izmantot augstas kvalitates dizeldegvielas, benzina un aviacijas degvielas
sintezei. Reakcija parasti notiek paaugstinatd temperatiira (200-350 °C) un spiediena (10—
20 bar). FTS ir reakcija, kurd no Gidenraza un oglekla monoksida in sifu veidotie produkti
polimeriz&jas uz katalizatora virsmas [8]. Visparigi FTS var aprakstit ar $adu vienadojumu:

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

Produktu sastavu nosaka lidzsvars starp virknes augSanas varbiitibu uz katalizatora virsmas
un virknes partraukSanas, hidrogené$anas un iegilito savienojumu desorbcijas varbiitibu.
Galvena FTS reakcija norit vienlaikus ar vairakam blakusreakcijam. Galvenie FTS produkti ir
n-parafini un 1-olefini. Mazakos daudzumos var veidoties arT izomerizeti oglidenrazi, cikliski
ogludenrazi, olefini ar dubultsaiti pie otra oglekla atoma vai talak virkne, ka art aldehidi, ketoni,
skabes un spirti, kas degvielas razo$anas konteksta tiek uzskatiti par nevélamiem produktiem
[9], [10].

Parasti tiek piedavati divi galvenie mehanismi — karbida mehanisms un CO iespieSanas
mehanisms. Karbida mehanisma CO disocig (tiesa 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 monomé&ram
iespraucoties starp virsmas-lidenraza (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 idens, kas var paatrinat katalizatora deaktivaciju
un izraisTt katalitiskas aktivitates samazinasanos. FTS reakcijas apstaklos idens var piedalities
tidens-gazes mainas reakcija (WGS, water-gas shift), veidojot tidenradi un oglekla dioksidu:

CO + H20 2 CO2 + Ha, AHaosx = —41,2 kJ/mol. (1.2)



WGS ietekme CO, Ha, CO; un H>O koncentracijas (parcialos spiedienus) reakcijas sistéma,
tadgjadi ietekm@ot art FTS primaro un sekundaro reakciju kingtiku un galaproduktu
sadalfjumu. ST reakcija ir padi nozimiga, izmantojot sintézes gazi (CO un H> maisijumu) ar
nestehiometrisku fidenraza daudzumu (tipiski no biomasas iegiitai sintezes gazei).

CO; hidrogen&Sana, atSkirtba no attistitas CO hidrogen€Sanas, izmantojot FTS, rada
atSkirigus un butiskus fizikali kimiskus izaicinajumus. Salidzinot ar CO, CO; ir termodinamiski
stabilaka molekula, jo ogleklis ir sava augstakaja oksidacijas pakape. Par spiti tam gan
akad@miskajos pétljumos, gan ripnieciskaja praksé ir panakts iev@rojams progress CO»
konversijai produktos, kas satur vienu oglekla atomu (oglekla monoksida, metana, metanola,
skudrskabg) [13]. Produktu ar vairakiem oglekla atomiem (C»+) sint€ze ir sarezgitaka CO»
inertuma, augstas C-C saites veido$anas energijas barjeras, konkurences ar CO2 metanaciju un
citu blakusreakciju del.

Viens no daudzsolo$akajiem CO; valorizacijas risinagjumiem ir uz CO> balstita
Fisera-Tropsa sint€ze (CO2-FTS). CO2-FTS procesa vispirms CO> apgrieztaja tidens-gazes
mainas (RWGS) reakcija (1.3. vienadojums) tiek reducéts par CO, pec tam CO piedalas FTS
reakcija (1.1. vienadojums) [14].

CO, + H, 2 CO + H0, AHaosk = 41,2 kJ/mol. (1.3)

Ta ka CO; ir termodinamiski stabila molekula, konversijas uzlaboSanai ir nepiecieSamas
augstaka sintézes temperatiira. CO»-FTS lielakoties tiek Tstenota 280-350 °C temperattira un
15-25 bar spiediena. Reakcijas temperatirai ir divéjada nozime CO; (un CO) hidrogenesanas
procesos. No vienas puses, paaugstinata temperatiira ir termodinamiski nepiecieSama, lai
aktivétu inerto CO> molekulu un veicinatu endotermisko RWGS reakciju; turklat augstaka
temperatlira eksponenciali palielina reakcijas atrumu. No otras puses, FTS ir eksotermisks
process, kura zemakas temperatiiras veicina virknes augSanu. Lidz ar to parak augstas
temperatiiras neizb&gami novirza selektivitati metana un citu 1sas virknes oglidenrazu
veidoSanas virziena. Tadgjadi rlipiga temperatiiras optimizacija ir bitisks nosacTjums, lai
maksimalizetu vélamo produktu (C»+ ogliidenrazu) iznakumu.

Promocijas darba apkopoti pétijumi par oglekla oksidu hidrogen&Sanu, izmantojot dzelzs
katalizatorus ar meérki iegiit e-degvielas un to prekursorus. Katalizatoriem ir izSkiroSa nozime
CO un CO» hidrogenéSanas procesos, jo tie lauj aktivet §Ts termodinamiski stabilas molekulas
un nosaka reakcijas selektivitati par labu v€lamajiem ogliidenraziem vai skabekli saturoSiem
produktiem. Starp biezak izmantotajiem aktivajiem metaliem dzelzs katalizatori ir 1pasi
pievilcigi to zemo izmaksu, plasas pieejamibas un daudzfunkcionalo ipaSibu del. Dzelzs
katalizatori sp&j vienlaikus katalizeét WGS/RWGS un FTS, kas padara tos 1pasi piemérotus CO»
hidrogengSanai par ogludenraziem. Turklat to elastigas 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 (Fe203), kas
ir neaktivas FTS procesa un kuram nepiecieSama aktivéSana in situ, reducgjot ar tidenradi,
oglekla monoksidu vai sint€zes gazi. Dzelzs katalizatori, biezi raksturoti ka “dzivie
katalizatori”, darbojas ka dinamiskas sistémas, kas no neaktiva oksidu prekursora parveidojas



par kompleksu aktivo fazu sistemu. Reducgjosas vides ietekme katalizatora pakapeniski notiek
fazu parejas no oksidiem uz metalisku dzelzi, kas karbonizgjas, veidojot dzelzs karbidus.
Katalizatora veiktsp&ja ir atkariga no sinergiskas mijiedarbibas starp $Tm mainigajam fazém —
savukart dzelzs karbidi, Tpasi Haga karbids (FesCz), tiek uzskatiti par domin€joSo aktivo fazi
FTS norisei.

Promocijas darbs ietver divas nodalas. Pirmaja nodala apkopoti dati, kas iegiiti, sistematiski
analiz&jot FTS produktus, Ipasu uzmanibu pievérsot oglidenrazu frakcijam un tidens fazei. Lai
nodro§inatu visaptveroSu izpratni par CO hidrogen&Sanu, izmantojot dzelzs katalizatorus,
detalizeti izverteta temperatiiras ka reakcijas parametra ietekme, ka art SiO; ka katalizatora
nes€ja un kalija ka promotora loma produktu sadalfjuma. Otraja nodala apkopota sistematiska
CO,-FTS analize, pasu uzmanibu pieversot temperattiras 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; hidrogengsanas
reakcijas, izmantojot dzelzs katalizatorus, ka ar7 katalizatora raksturlielumu — katalitiskas
veiktsp&jas un iegiito produktu sakaribu izpéte.

Lai sasniegtu mérkus, tika defingti vairaki uzdevumi:

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

noteikt to raksturojumus;

2) veikt CO un CO> hidrogenesanu dzelzs katalizatoru klatbtutné un analizet katalitisko

veiktsp&ju un produktu selektivitati;

3) izpetit temperatiiras ietekmi uz oglekla oksidu konversiju un to hidrogengsanas

produktu selektivitati;

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

hidrogen&sana;

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

kristalitu izm&ru) un katalitisko veiktsp&ju CO; hidrogenésana;

6) izvertet katalizatora prekursora (Co(NO3)2/Fe304) prieksapstrades ietekmi uz katalitisko

veiktsp&ju CO2 hidrogengsana;

7) izvertet katalizatora ietekmi uz CO un CO; hidrogen&Sanas procesos radusos fidens 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 p&tijumi, lai
padzilinatu fundamentalo izpratni par FTS un CO»-FTS, ipasi izvertgjot, ka katalizatora
TpasSibas ietekme katalitisko veiktspgju oglekla oksidu termokimiskaja konversija. Kopuma
darbs veicina izpratni par sarezgitajam savstarpgjajam attiecibam starp Kkatalizatora
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struktiiru/sastavu, reakcijas apstakliem un iegiito hidrogeng€Sanas produktu sastavu un
sadalfjumu.

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
nepublicétus rezultatus (vienu raksta manuskriptu).

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti piecos zinatniskajos originalrakstos, ka ar1
sagatavots viens originalpétijuma raksta manuskripts. P&tfjumu rezultati prezentéti tris
konferencgs.
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PROMOCIJAS DARBA GALVENIE REZULTATI

P&dgjo gadu laika strauji atfistas pétijumi par FTS un CO»-FTS. So interesi ir veicinajis
pieaugosais pieprasijums péc energijas un steidzama nepiecieSamiba mazinat siltumnicas
efektu izraiso$o gazu emisijas. Tomér, neraugoties uz apjomigajiem petijumiem, zinasanas
joprojam ir biutiskas nepilnibas, jo FTS rezultata veidojas sarezgits daudzfazu produktu
maisijums, 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»-FTS procesos neizb&gami veidojas ieverojams tudens daudzums, Gidens fazes nozime
pétijumos biezi tiek ignoréta.

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

Promocijas darba izstrades gaita veikti fundamentali p&tfjumi, lai noskaidrotu katalizatora
nes€ja, promotora satura un reakcijas apstaklu ietekmi uz CO konversiju, ogliidenrazu
selektivitati un skabekli saturoSo savienojumu veidoSanos FTS procesa. Turklat pétita ar1
reakcijas temperatiiras, katalizatora sint€zes un priekSapstrades metodes ietekme uz CO»-FTS
procesa veiktsp&ju.

Promocijas darba izveérteéta dzelzs katalizatoru veiktspgja FTS un CO»-FTS procesos,
izmantojot nepartrauktas pliismas fiksetas katalizatora gultnes reaktoru (3. att.). Visos
eksperimentos reagentu gazu pliismas reguléSanai tika izmantoti atseviski masas plismas
kontrolieri. N> aprékinos tika izmantos ka iek$gjais 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. Kondensétie produkti tika
analiz&ti off-line, izmantojot gazu hromatografu, kas savienots ar masspetrometru (GC-MS),
kodolmagnetiskas rezonanses spektroskopiju (KMR) un Furjé transformacijas infrasarkano
(FTIR)  spektrometriju, savukart gazes faze tika analiz€ta on-line, izmantojot gazu
hromatografu, kas aprikots ar siltumvaditspgjas un liesmas jonizacijas detektoriem
(GC-TCD/FID).

Katalizatoru pagatavoSanai tika izmantotas vairakas metodes. Iegiitie heterogenie
katalizatori tika raksturoti, izmantojot §$adas metodes: rentgenstaru difrakciju (XRD) kristaliskas
fazes un dalinu izméru noteikSanai; rentgenstaru fotoelektronu spektroskopiju (XPS)
elektronisko stavoklu izpétei; rentgenstaru fluorescences spektroskopiju (XRF) dzelzs
koncentracijas noteik$anai; sken&joso elektronu mikroskopiju (SEM) virsmas morfologijas
atteloSanai; N> adsorcijas-desorbcijas merjjumus virsmas laukuma un poru izméru sadalijuma
noteikSanai. Gan pirms FTS, gan pirms CO>-FTS procesa katalizatori tika reducéti in situ ar
CO vai Ha, lai izveidotu katalitiski aktivo fazi. Sis reduc&$anas process palielina pieejamo
aktivo vietu skaitu uz katalizatora virsmas un nodro§ina efektivu reaggjoso molekulu adsorbciju
un aktivaciju.
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3. att. Eksperimentalas iekartas shema.

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 nesgja un uznestiem katalizatoriem metala dispersijas siltuma parneses un
fazu stabilitates del. Katalizatori bez nes€ja paaugstinata temperatiira médz piedzivot izteiktas
strukturalas un fazu parejas, kas biitiski ietekme katalitisko aktivitati un produktu selektivitati.
Savukart uz nes€ja uznestiem dzelzs katalizatoriem parasti piemit augstaka termiska stabilitate
un labaka siltumvaditsp&ja, 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, impregn&jot komercialas SiO» granulas ar 0,8 M Fe(NOs); tidens $kidumu 50 °C
temperatlira piecas stundas. P&c tam materials tika filtréts, zavéts 110 °C temperatiira un piecas
stundas izkarséts gaisa 550 °C temperatiira. ST pagatavosanas procediira nodroginaja
vienmérigu 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 vidéjais Fe»Oj3 kristalitu izmérs bija
13 nm. Katalizatora nes€ja un impregnéta katalizatora N2 adsorbcijas-desorbcijas izotermas
atbilda JUPAC 1V tipa izotermai ar HI histerézes cilpu, kas raksturiga mezoporainiem
materialiem. SEM-EDS analize apstiprinaja vienmeérigu un homogeénu dzelzs oksida sadalijumu
uz katalizatora virsmas. Impregnéta katalizatora Ipatngjais virsmas laukums (207 m*/g)
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saglabajas gandriz neizmainits, salidzinot ar tira katalizatora nes€ja virsmas laukumu
(213 m%g). Savukart péc impregné$anas poru tilpums samazinijas no 0,88 cm’/g lidz
0,79 cm®/g, poru izmérs samazindjas no 16,5 nm lidz 15,3 nm, salidzinot ar tiru katalizatora
nes€ju. legiitie raksturlielumi liecina, ka dzelzs dalinas ir lokaliz€tas nes€ja poras, tas
nenosprostojot. Paredzams, ka $adas katalizatora 1pasibas bis prieksrociba FTS, jo tas var
veicinat augstaku CO konversiju un Cs+ ogliidenrazu selektivitati, salidzinot ar literatiira
aprakstitajiem dzelzs katalizatoriem bez nes€ja vai slikti dispergétiem dzelzs

katalizatoriem [16].
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4. att. Izkarseta katalizatora XRD pirms FTS (A) un izmantoto katalizatoru XRD péc FTS (B).

Difrakcijas maksimumi visiem katalizatoriem péc FTS redzami 26 apgabala no 35° Iidz 52°.
Tie ir identificgjami ka dzelzs karbidi, kas ir FTS aktivas vietas (4. B att.). Katalizatoru
difrakcijas ainas pec 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 nov@roto katalizatora veiktsp&jas samazinasanos $aja temperatira.

Reakcijas temperatiiras paaugstinaSana no 240 °C Iidz 280 °C izraistja butisku CO
konversijas pieaugumu no 13,6 % Iidz 34,2 %, kas liecina par labaku katalitisko aktivitati
(5. att.). Temperatiiras paaugstinasana l11dz 300 °C radija tikai nelielu efektu, kas liecina, ka FTS
reakcija tuvojas tas optimalajai kingtiskajai robezai. Gazes faze bija domingjosa visa
temperatiru diapazona, sasniedzot maksimumu 300 °C temperatiira, savukart Skidro
ogludenrazu frakcija sasniedz maksimumu 280 °C temperatira, un tas daudzums strauji
samazinajas, talak paaugstinot temperatiru. Turklat arT Gidens fazes daudzums pieauga,
palielinot temperatiiru I1dz 280 °C, bet pie talakas temperatiiras palielinaSanas tas samazinajas.
Visa pétitaja temperatiiras 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 Iidzsvaru starp CO konversiju un Cs+
ogludenrazu selektivitati. Augstaka temperatira sekundaras reakcijas un pastiprinata WGS
aktivitate veicinaja Tsas virknes ogliidenrazu veidoSanos. Savukart zemaka temperatiira tika
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noverota samazinata CO konversija un pastiprinata vasku uzkrasanas, kas savukart var veicinat
katalizatora deaktivaciju.
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5. att. Reakcijas temperattras ietekme uz CO konversiju un gazes fazes, $kidro oglidenrazu
fazes, vasku un tidens fazes produktu plismam.

Skidro ogliidenrazu frakcija tika analizéta, lai novértétu tas potencialu e-degvielu razosana.
Oglekla virknes garums analiz&tajos produktos bija no Cs lidz Cse. Par Tpasi vertigiem tiek
uzskatiti ogliidenrazi benzina (Cs—Ci1), petrolejas (Cio—Cis) un dizeldegvielas (Ci2—Cao)
diapazonos. Lielakajai dalai skidro ogludenrazu produktu oglekla virknes garums atbilda
benzina frakcijai (6. att.). Paaugstinot reakcijas temperattiru, benzina frakcijas ogludenrazu
Ipatsvars pieauga no 54 % Iidz 73 %. Vienlaikus petrolejas frakcijas Tpatsvars samazinajas no
51 % lidz 38 %, savukart dizeldegvielas — no 44 % lidz 26 %.
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6. att. Benzina frakcijas, petrolejas frakcijas un dizeldegvielas frakcijas ogliidenrazu
selektivitate skidraja oglidenrazu fazg.

Benzina frakcija sastavgja galvenokart no n-parafiniem, dazadiem olefiniem, sazarotiem
ogludenraziem un vidgja garuma oglekla virknes spirtiem (7. att.). Paaugstinot reakcijas
temperatliru, samazinajas 1-olefinu, bet pieauga 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 regulé 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 iegiito 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 O s R, il
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7. att. Reakcijas temperatiiras ietekme uz benzina frakcijas oglidenrazu sastavu.

FTS laika ogliidenrazu virknes augSana notiek vienlaikus ar fidens veidoSanos. Reizg ar
katras metiléngrupas (-CHz-) pievienoSanos augoSajai ogliidenrazu virknei veidojas viena
tidens molekula (1.1. vienadojums). Izveidojusies tidens faze satur dazadus skabekli saturoSus
savienojumus — spirtus, skabes, aldehidus un ketonus. So savienojumu sadalfjums starp idens
fazi un ogludenrazu fazi ir atkarigs no to virknes garuma un polaritates. Skabekli saturoSie
savienojumi negativi ietekmé produktu selektivitati, ka ari 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 idens faze izSkidusie skabekli saturosie savienojumi veidoja
relativi nelielu dalu no visiem FTS produktiem (2,4 % — 240 °C temparattra, 3,1 % — 260 °C
temperatiira, 3,6 % — 280 °C temperattra un 3,5 % — 300 °C temperatiira).

Zinatniskaja literatira FTS pétijumi galvenokart versti uz mérka oglidenrazu produktu
iegsanu, savukart tidens fazes kimiskais sastavs biezi tiek uzskatits par sekundaru aspektu.
Rezultati paradija, ka, paaugstinot reakcijas temperatiiru, palielinas skabekli saturoSo
savienojumu koncentracija tdens faz€ un bitiski mainas produktu proporcijas (8. att.).
Metanols un etanols bija doming&josie skabekli saturoSie savienojumi tidens fazg. Paaugstinot
temperatiiru no 240 °C Iidz 300 °C, metanola tilpumdala palielinajas no 3,8 % lidz 10,4 %,
etanola — no 3,5 % lidz 5,2 %. Citi identificétie produkti bija acetons un C3—C57 pirmgjie spirti.
Paaugstinata temperatiira kav&ja garakas virknes spirtu veidoSanos, taCu ta veicinaja
karbonilsavienojumu rasanos. ST tendence, visticamak, ir saistita ar 1-olefinu sekundarajam
reakcijam, kuru rezultata rodas ketoni. Lai gan Sis katalizators galvenokart paredzgéts
ogliidenrazu sintézei, augstaka reakcijas temperatiira veicina tadas tidens fazes veidosanos, kas
bagatinata ar atseviskiem skabekli saturo§iem savienojumiem, Ipasi metanolu un etanolu. Sie

a2

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

Eksperimentu rezultati liecina, ka 280 °C ir optimala reakcijas temperattira 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
temperatiiras izraisTja vai nu samazinatu aktivitati zemaka temperatiira, vai ar1 palielinatu Tsas
oglekla virknes ogltidenrazu veidoSanos augstaka temperatiira.

Plasaks $aja nodala aprakstita pétijuma izklasts — originalpublikacija 1. pielikuma.

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

Starp dazadiem promotoriem kalijs ir viens no biezdk izmantotajiem dzelzs FTS
katalizatoros, un ta ietekme uz katalitisko veiktsp&ju ir plasi pétita. Tomer taja pat laika
zinatniskaja literatlra aprakstita ietekme uz katalitisko aktivitati un skabekli saturoSo
savienojumu selektivitati nav viennozimiga un ietver pretrunigus rezultatus. Sis atikiribas
galvenokart skaidrojamas ar atSkirtbam katalizatora sastava, promotora daudzuma un reakcijas
apstaklos. Turklat lielaka dala 11dzSingjo p&tijumu veltita katalizatoriem bez nesgja, savukart
sistematiski petijumi par uz nes¢ja uznestiem katalizatoriem ir salidzinosi maz.

Kalijs FTS katalizatoru sastava nav metaliska stavokli. Tas ir sastopams savienojumu veida,
piem&ram, K>O [18], KFexOy [19], KoCO3, HCOOK [20], vai arT ka uz virsmas adsorbéts
katjons (K™), ko stabilize skabekli saturo$i anjoni [18], [21].

Kalija promotgjosais efekts saistits ar to, ka tas maina aktivo vietu/centru elektronu
blivumu, tadéjadi ietekmgjot adsorb&to molekulu saistiSanas stiprumu [22]. Ir noveérots, ka
kalija Kklatbutngé palielinas katalizatora esoSo dzelzs savienojumu elektronu blivums
[19], [22], [23]. Tas savukart pastiprina CO adsorbciju un pavajina Hz adsorbciju. Rezultata uz
katalizatora virsmas iegiita zemaka H/C attieciba kaveé hidrogengSanas reakcijas un lidz ar to
ierobezo CH4 veidosanos, vienlaikus sekméjot ogliidenrazu 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 ripnieciskajiem (P = 20 bar, T = 280 °C).

Uz mezoporaina SiO; uznests dzelzs katalizators (K-0) tika pagatavots péc 1.1.nodala
aprakstitas metodes. Katalizatori ar K/Fe molaro attiecibu diapazona no 0,02 Iidz 0,06 tika
sintezeti, impregnéjot K-0 ar KNO; tidens skidumu. 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 temperatird divas stundas un
izkars@ti gaisa 550 °C temperatiira piecas stundas.

XRD difraktogrammas tika nov@roti signali, kas atbilda o-Fe;Os. Kalija pievieno$ana
katalizatoriem neietekméja hematita kristalisko struktiiru (9. A att.). Kalija savienojumus nebija
iespgjams detektet ar XRD, visticamak, to zemas koncentracijas un augstas dispersijas d&l. Pec
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 lokaliz&ti katalizatora nes&ja poras. Turklat rezultati liecina, ka mazakas poras
varétu 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 (SiO) 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 ietekmgja visu produktu fazes, iznemot Sskidro
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 dens 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
promot@tajiem katalizatoriem. Samazinatu vasku veidoSanos pie lielaka kalija satura iesp&jams
skaidrot ar lénaku garas oglekla virknes ogliidenrazu difuziju katalizatora poras, kas izraisa
ilgstosaku aktivo vietu aiznemsSanu. ArT 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 nov€rojams minimums, kas iezim& punktu, kura
vasku uzkrasanas bitiski kave reakciju. Tikai pie lielakas kalija koncentracijas (K/Fe > 0,04)
uzlabota virsmas kinétika sp&j kompens&t difiizijas ierobezojumus.
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10. att. K/Fe attiecibas ietekme uz CO konversiju un gazes fazes, Skidro oglidenrazu fazes,
vasku un tidens fazes produktu plismam.

Nemot vera to, ka §1 promocijas darba merkis ir e-degvielu un to prekursoru sintéze, pasa
uzmaniba tika pievérsta K/Fe attiecibas ietekmei uz $kidras ogliidenrazu fazes produktiem. ST
faze saturja produktus ar oglekla atomu virknes garumu no Cs lidz Cse, tomér lielaka dala
produktu bija ar oglekla virknes garumu, kas atbilst benzina frakcijai. Pretstata reakcijas
temperatliras ietekmei K/Fe attiecibas palielinaSana proporciju starp benzina, petrolejas un
dizeldegvielas frakcijam praktiski neizmanija (11. att.).
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11. att. K/Fe attiecibas ietekme uz benzina, petrolejas un dizeldegvielas frakcijas
ogludenrazu selektivitati Skidraja oglidenrazu faze.
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Darba izstrades gaita tika izverteta K/Fe attiecibas ietekme uz benzina frakcijas ogliidenrazu
sastavu. K/Fe attiecibas palielinasana no 0 Iidz 0,04 izraisija biitiskas izmainas ogliidenrazu
sastava, savukart turpmaka K/Fe attiecibas palielinaSana Iidz 0,06 radija tikai minimalu ietekmi
(12. att.). Kalija promotora pievienoSana samazinaja katalizatora hidrogen&Sanas aktivitati.
Rezultata paraugos K-4 un K-6 katalizatoru klatbtitn€ n-parafinu saturs samazinajas vairak neka
divas reizes, savukart olefinu saturs pieauga vairak neka divkart, salidzinot ar K-0. Tika
noverots, ka kalija klatbiitne kav&ja 1-olefinu izomerizaciju par olefiniem ar dubultsaiti pie otra
oglekla vai talak virkné. Rezultata katalizatoriem ar lielaku kalija saturu bija augstaka 1-olefinu
attieciba pret olefiniem ar dubultsaiti molekulas vidi. Kalijs sekmgja arT oglekla virknes
augSanu, tadgjadi veicinot garakas oglekla virknes spirtu veidosanos. To zemas $kidibas tident
del Sie spirti uzkrajas skidro ogliidenrazu faze.

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

Kalijs nepalielinaja GidenT $kistoso skabekli saturoSo savienojumu Ipatsvaru attieciba pret
visiem FTS produktiem; tiden SkistoSo skabekli saturo$o savienojumu daudzums/selektivitate
samazinajas Iidz aptuveni 2,1 % pie K/Fe attiecibas 0,06. Tomer kalijs butiski mainija dens
fazes kimisko sastavu, izmainot atsevisku skabekli saturo$o savienojumu sadalfjumu un
koncentraciju.

Kalija pievieno$ana veicindja oglekla virknes augsanu, tadéjadi mainot Gidens fazes skabekli
saturo$o savienojumu profilu — nepromotétam Kkatalizatoram domingjosais produkts bija
metanols, savukart ar kaliju promotétajiem katalizatoriem par domingjoso produktu kluva
etanols. Citi idens fazé konstatétie produkti bija acetons un C3—C7 pirmgjie spirti. So produktu
proporcija, iznemot n-propanolu, palielinajas, pieaugot K/Fe attiecibai. Kopgja skabekli
saturo$o savienojumu selektivitate uzradija parabolisku tendenci ar zemako skabekli saturoSo
savienojumu saturu K-4 katalizatora klatbiitng (13. att.). ST tendence izskaidrojama ar diviem
faktoriem: (1) kalijs nomac katalizatora hidrogengSanas aktivitati, veicinot garakas oglekla
virknes un mazak polaru produktu veidosanos; (2) kalijs pastiprina CO adsorbciju, tadgjadi
veicinot skabekli saturosu savienojumu veidosanos 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 biutiski ietekme
katalizatoru selektivitati, kav&jot metana veidoSanos un veicinot olefinu, garas oglekla virknes
ogludenrazu un skabekli saturoSu savienojumu veidoSanos. Vienlaikus palielinata K/Fe
attieciba veicina nepiesatinatu produktu veidoSanos, kas ierobezo ar kaliju promotétu
katalizatoru tiesu lietojumu e-degvielu sintézg augsta benzina frakcijas olefinu satura del.

Sikaks $aja nodala aprakstita p&tijuma 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 sadalijjumu un augstu
termisko stabilitati. Turklat nesgjam jabut ar pietiekami liela diametra poram, lai tajas varétu
izvietoties dzelzs oksida kristali, tadgjadi noverSot to migraciju uz argjo virsmu katalizatora
aktivacijas laika [24]. SBA-15 ir piesaistijis uzmanibu ka katalizatoru nesgjs, piedavajot
ievérojamas prieksrocibas, salidzinot ar tradicionalo amorfo silicija dioksidu, pateicoties ta loti
sakartotajai seSstlirainajai periodiskajai strukttirai ar divdimensiju poru kanaliem un biezam
silicija dioksida sienam. Sis ipasibas nodro§ina augstu hidrotermisko stabilitati, kas
nepiecieSama, lai izturétu FTS procesam raksturigo augsto tidens parcialo spiedienu. Salidzinot
ar ieprieks apskatitajiem nesgjiem, 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 ieprieksgjas 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 neséjs ar lielu virsmas laukumu.

Fe/SBA-15 pulveris tika sagatavots, izmantojot tiesas sint€zes metodi, kas adaptéta 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 Ipatngjais virsmas laukums bija 572 m%/g
liels, un ta vid&jais 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, tadejadi apstiprinot
divdimensionalo heksagonalo SBA-15 mezoporu struktiiru, savukart plasa lenka XRD liecinaja
par to, ka dzelzs katalizatora galvenokart bija a-Fe,O; veida (14. att.).

A B + 0-Fe O3
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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 korel€ ar uzlabotu FTS veiktsp&ju. Literattiras dati liecina, ka dzelzs saturs primari
ietekmé CO konversiju un CO; selektivitati, savukart ta ietekme uz ogliidenrazu selektivitati ir
salidzinosi neliela. Ogluidenrazu selektivitati daudz lielaka mera ietekmée izv€letais katalizatora
nesgjs [24], [27].

Rezultati, kas apkopoti 2. tabula, liecina, ka augsta CO konversija un CO> selektivitate, kas
noveérojama Fe/SBA-15 gadijuma, var tikt skaidrota ar palielinato dzelzs saturu katalizatora.
Katalttiskie testi apliecinaja, ka poru raksturlielumiem ir bitiska nozime uz silicija dioksida
uznestu katalizatoru izmantoSanai FTS reakcija. Tomér taja pat laika Sie raksturlielumi
neuzlabo mérka produktu selektivitati. Cs+ oglidenrazu iznakums bija aptuveni uz pusi mazaks,
neka izmantojot 1.1. nodala analiz&to uz SiO» uznesto katalizatoru. Fe/SBA-15 demonstr&ja
uzlabotu katalitisko aktivitati un veicinaja gazveida ogliidenrazu rasanos, kas liecina par §1
katalizatora piemerotibu efektivai Tsas virknes oglidenrazu razosanai.

2. tabula
Fe/Si0; un Fe/SBA-15 katalitiskas veiktspgjas salidzinajums 280 °C un 20 bar

Katalizators CO konversija, % Seleldivitate, %

CO; CH,4 Ca-Cy Cs+
Fe/SiO; 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 Cs.
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 ogliidenrazu diftiziju uz arpusi. Sis palielinatais uzturésanas laiks poras var
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veicinat hidrokrekinga ka sekundaras reakcijas norisi, tadgjadi veicinot Tsakas oglekla virknes
produktu veidosanos [28].

3. tabula
Fe/SiO; un Fe/SBA-15 katalizatoru skidro ogludenrazu fazes selektivitates salidzinajums
Fe/SiO, Fe/SBA-15
Benzina frakcijas (Cs—Ci) selektivitate, % 72 82
Petrolejas frakcijas (C10—Ci4) selektivitate, % 40 30
Dizeldegvielas frakcijas (Ci12—Cyo) selektivitate, % 28 17
Benzina frakcijas oglidenrazu 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 oglidenrazu selektivitate, % 11 26

Fe/SBA-15 klatbiuitné iegtitas benzina frakcijas n-parafinu saturs bija tuvs tam, kads tika
iegiits ar ieprieks aprakstito uz mezoporaina SiO> uznesto dzelzs katalizatoru. Savukart 1-
olefinu Tpatsvars samazinajas, bet sazaroto ogliidenrazu un olefinu, kam dubultsaite atrodas pie
otra oglekla atoma vai talak virkng, Ipatsvars palielinajas. FTS reakcijas apstaklos 1-olefini ir
reagétspejigi. To atkartota adsorbcija virknes augs$anas 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 izmera del veicina sekundaras reakcijas.

Fe/SBA-15 izmanto$ana samazindja skabekli saturoSo savienojumu saturu Gidens faze,
salidzinot ar Fe/SiO>. Galvenie identifictie skabekli saturoSie savienojumi bija metanols
(3,8 tilpuma %) un etanols (4,4 tilpuma %). Bez C3—C; n-spirtiem un acetona tika konstatéta
arT etikskabe. Etikskabes veidoSanos iesp&ams skaidrot ar vairakiem mehanismiem. Uzlabotas
virsmas Tpasibas var mainit reakcijas celu sadalijumu starp hidrogen&Sanu, CO iespieSanos un
ogludenrazu veidoSanos. Turklat SBA-15 satur daudz silanola grupu (=Si-OH), kas var
ietekm@t So reakcijas celu dinamiku un paaugstinat skabekli saturo$o savienojumu, tostarp
etikskabes, selektivitati.

Apkopojot rezultatus, secinams, ka SBA-15, pateicoties lielajam virsmas laukumam un
sakartotajai mezoporainajai struktiirai, ka katalizatora nesgjs paaugstina CO konversiju. Tomér
ta mazas poras veicina sekundaras reakcijas un ierobezo garas virknes ogliidenrazu veidoSanos,
un ta rezultata, salidzinot ar uz SiOz uznesto katalizatoru, veidojas vairak gazveida produktu un
ir zemaks Cs+ produktu Tpatsvars. Tas padara uz SBA-15 uznesto katalizatoru piemerotaku 1sas
virknes ogliidenrazu, nevis $kidras degvielas sintézei.

Sikaks $aja nodala aprakstita p&tijuma izklasts — originalpublikacija 3. pielikuma.
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2. CO; hidrogenesana

2.1. Ar kaliju promotéeti uz silicija diokstda uznesti katalizatori spirtu sintezei

Spirtu sintéze aizvien ir nozimigs pétniecibas virziens CO, hidrogengsana. Isas oglekla
virknes spirti, ka metanols un etanols, ienem nozimigu vietu ilgtsp&jigas energgtikas 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 oglidenraziem. Tadgjadi tiek nodrosinata pareja no
mazmolekulariem  skabekli  saturoSiem  savienojumiem uz  energétiski  bliviem
ogliidenraziem [32].

Riipnieciski metanolu galvenokart razo no fosilas izcelsmes sintézes gazes, izmantojot
Cu/ZnO/AlbO3 katalizatorus. Reakcija notiek paaugstinata spiediena (50—100 bar) un
temperattra (200-300 °C) [33]. Dazadi metalu un metalu oksidu katalizatori tiek pétiti CO;
parveidei par metanolu. Visplasak pétitas ir varu saturo$as katalitiskas sistémas, tam seko indija
oksida katalizatori un palladija katalizatori [34]. CO; katalitiska parveide par augstakiem
spirtiem savukart ir mazak attistita. PEdeja laika dzelzs katalizatori tiek mingti ka daudzsoloss
risinajums metanola un augstaku spirtu sintézei no CO> [35]-[37]. P&tjjumos noradits, ka sarmu
promotora sinergiska iedarbiba dzelzs katalizatoros veicina spirtu veidoSanos [37], [38].

Saja promocijas darba, izmantojot ar kaliju promotétus uz silicija dioksida uznestus dzelzs
katalizators, tika pétita CO> hidrogenéSana par spirtiem. Katalizatori tika pagatavoti, ar
Fe(NO3)3 un KNOs tdens skidumiem impregngjot komercialus silicija dioksida katalizatoru
nes€jus (SiO2 granulas un SBA-15 pulveri). legttie 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/Si02, 5K/Fe/SiO; un SK/Fe/SBA-15.

Visos katalizatoros dzelzs galvenokart bija o-Fe;O; veida, un kalija pievieno$ana
neietekm@ja hematita kristalisko fazi. Kalija savienojumus nebija iesp&jams detektét ar XRD to
zemas koncentracijas un augstas dispersijas d€]. 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/Si0O, 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 SiO; uznesto katalizatoru virsmas laukums un poru tilpums
samazinajas, savukart vidgjais poru diametrs nedaudz palielinajas. Sie rezultati liecina, ka
kalijs, iesp&jams, nosprosto mazakas poras. Uz SBA-15 uznestajam katalizatoram bija
vislielakais virsmas laukums un vismazakais vid&jais poru diametrs.

Vidgja CO; konversija uz SiO» uznestajiem katalizatoriem bija aptuveni 10 %, savukart uz
SBA-15 uznesta katalizatora vidgja CO; konversija bija tikai 1 %. Ieprieks public&tos petijumos
zinots, ka uz silicija dioksida uznestos dzelzs katalizatoros dzelzs dispersiju un dalinu izm&ru
ietekm@ nes&ja poru izmérs. Nes€ji ar mazaku poru izméru, pieméram, SBA-15, var veicinat
griti reducgjamu dzelzs silikatu veidoSanos [39]. Turklat mazakas dzelzs savienojumu dalinas
parasti ir gritdik reducgjamas un karbonizéjamas. Sie faktori, visticamak, ir iemesls
5K/Fe/SBA-15 sliktajai katalttiskajai veiktsp&jai.

Produktu sadalijums, gazes faz& neieklaujot CO selektivitati, redzams 15. att€la. Visiem
katalizatoriem CHj4 bija domingjoSais organiskais savienojums, kas tika konstatets gazes faze.
Vienigais identificgtais spirts bija metanols, savukart DME tika identific€ts, tikai izmantojot
SK/Fe/SBA-15 katalizatoru. DME veidojas metanola dehidratacijas reakcija, un $ai 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 = -
0 10 20 30 40 50 60 70 80 90 100

Produktu (organisko savienojumu) sadalfjums gazes faze, mol%

®Metanols WCH, ®(C>-C. EDME

15. att. Organisko savienojumu sadalijums gazes faze.

No testetajiem katalizatoriem 5K/Fe/SBA-15 uzradija visaugstako metanola selektivitati.
Aprekinatais metanola iznakums S§im katalizatoram bija 3 mg/h-g.a. Savukart uz SiO»
uznestajiem katalizatoriem metanola iznakums pieauga no 1,3 mg/h-gear Fe/SiO2 lidz
2,7 mg/h-gea, izmantojot 2K/Fe/SiO2, bet pec tam bitiski samazinajas Iidz 0,3 mg/h-gea
5K/Fe/Si0s katalizatora klatbttng.

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

Plasaka informacija par $aja nodala aprakstitajiem pétfjumiem — originalpublikacija
4. pielikuma un konferences raksta 5. pielikuma.

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

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, Sabatje
reakcija parasti tiek sasniegta temperatiiras diapazona no 350 °C Iidz 500 °C. Temperatiira virs
400 °C pieaug nevelamu blakusreakciju Tpatsvars, tieck noverota oglekla nogulsnéSanas uz
katalizatora virsmas un nikela dalinu sakepSana. Savukart zemaka temperatiira procesa

Bimetaliski katalizatori, salidzinot ar tradicionalajiem katalizatoriem, var nodroSinat
butiskas prieksrocibas, galvenokart pateicoties unikalajai sinergiskajai mijiedarbibai starp to
komponentiem. STs mijiedarbibas, uzlabotas dispersijas un efektivakas akfivo centru
izmantoSanas rezultatd daudzkomponentu katalizatori biezi demonstré augstaku katalitisko
aktivitati. Neseni pétijumi CO»-FTS joma apliecina $o sinergiju prieksrocibas, paradot, ka tas
var biitiski 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 ipasibam,
termiskajai stabilitatei un sastava regulé$anas iesp&jam. NiFe,O4 Spinela kristalrezgi vienlaikus
esosie nikela un dzelzs joni pieskir materialam izteiktas oksidéSanas-reduc€Sanas 1pasibas,
padarot to par daudzsoloSu materialu dazadu kimisko reakciju, tostarp CO2 konversijas procesu,
katalizeéSanai. Atskiriba no vienkarSiem metalu oksidu maisijumiem $pinela tipa struktiiras
parasti nodro$ina Sauraku dalinu izméru sadalfjumu, precizaku stehiometriska sastava kontroli
un l1dz ar to lielaku katalitiski aktivas virsmas laukumu [49].

Bimetalisko oksidu katalizatoru veiktsp&ju ietekmé vairaki faktori, tostarp sint€zes process,
kas nosaka $pinela oksidu strukttiru, morfologiju un vispargjas ipasibas [50], [51]. Fazes zina
tira, homogéna un ar kontrolétu dalinu izméru Spinela NiFe,O4 sint€ze joprojam ir biitisks
izaicinajums. Sint€zes apstaklu variacijas biezi noved pie sekundaro fazu vai piemaisijumu
veidoSanas, kas maina kristalisko struktliru un 1idz ar to ietekmé katalitiskos celus un kopgjo
efektivitati. Neraugoties uz dazadu sintézes metozu izpéti, universala un reproducéjama metode
augstas tiribas, monodispersu $pinela feritu dalinu iegtisanai Iidz Sim nav izstradata [52].

Saja promocijas darba tika pétita NiFe,Os sintézes metodes ietekme uz katalizatora
raksturlielumiem un CO»-FTS veiktsp&ju. NiFe2O4 nanodalinas tika sintez&tas, izmantojot tris
dazadas metodes — sonoktmisko, sola-gela passadegSanas un reducétaja asistetu izgulsnésanu
(16. att.). Cetri paraugi tika sintezéti, izmantojot sonokimisko metodi. legiitas nanodalinas tika
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apzimétas ka NiFe>O4-sono-X, kur X apzimé reakcijas pH Iimeni (X =8, X =9, X =10,
X =11). Divi paraugi tika sintez&ti p&c sola-gela passadegSanas metodes, ka degvielu
izmantojot citronskabi (NiFe20s-Citric) vai citronskabi un etanolu (NiFe;O4-C-E). Savukart
paraugs -Prec tika sintezgts, izmantojot reduc@taja asistetas izgulsnéSanas metodi.

Sonokimiska sintéze
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Ni(NO3), - 6H,0
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16. att. Shematisks sonokimiskas, sola-gela pasSsadegSanas un reducétaja asistétas
izgulsn&sanas sintézes metozu attélojums.

Dati par sintez€to NiFe;Os4 nanodalinu fazu sastavu un kristalitu izm@riem apkopoti
5.tabula. Paaugstinats pH Itmenis samazindja NiFe.O4 fazes veidoSanas efektivitati un
palielinaja Fe;Os3 piemaisijumu klatbiitni paraugos. Turklat, palielinoties pH ITmenim, NiFe2O4
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kristalitu izm&rs samazinajas, kas liecina par paatrinatu nukleaciju. Rezultati rada, ka optimalais
sonokimiskas sintézes pH Itmenis ir 8, nodrosinot augstu NiFe>O4 saturu (98 masas %) un mazu
katalizatora dalinu izm@ru (~ 26 nm). Ar sola-gela passadegSanas metodi tika iegtiti paraugi ar
samazinatu NiFe;O4 saturu un paaugstinatu sekundaro fazu (Fe2Os un NiO) piemaistjumu
daudzumu. Izmantojot citronskabi ka vienigo degvielu, tika iegiits paraugs ar augstaku NiFe2O4
fazes tiribu (76 masas %), salidzinot ar metodi, kura ka degviela tika izmantota gan citronskabe,
gan etanols. Paraugam NiFe;O4-Citric tika noverots lielakais NiFe;O4 kristalitu izmers
(~73 nm), salidzinot visus analiz&jamos paraugus. Reduc@taja asisteta izgulsnéSana lava iegut
fazes zina tiru NiFe,O4 ar mazu dalinu izméru.

5. tabula
Paraugu fazu sastavs un kristalitu izmeri
Paraugs Kristaliska faze, NiEe204 kristalitu Fe.203 kristalitu NiO kristalitu
masas % 1zmers, nm 1zmers, nm 1zmers, nm
NiFe;04-sono-8 NiFe;04:Fe; 03, 98:2 25,6 +0,4 76 +£21 —
NiFe;04-sono-9 NiFe;04:Fe;03, 94:6 20,5+0,3 70+ 6 -
NiFe;O4-sono-10 NiFe;04:Fe; 03, 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, 42,4+1,6 85,9+5,2 42,4+£39
33:48:19
NiFe,Os-Citric NiFe;04:Fe205:NiO, 73,3+ 1,1 143 £ 16 50,9+ 5,6
76:18:6
NiFe,O4-Prec NiFe;04, 100 12,0+£0,3 - —

No katras attiecigas sint€zes metodes viens augstakas tiribas NiFe2Os4 paraugs
(NiFe20O4-sono-8, NiFe>O4-Citric, NiFe;Os-Prec) tika papildus raksturots, izmantojot N>
adsorbcijas-desorbcijas analizi un SEM. Visi analizétie paraugi uzradija mezoporainiem
materialiem raksturigas J[UPAC 1V tipa izotermas ar histerézes cilpu (17. att.).
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Relativais spiediens, P/Po Diametrs, nm

17. att. Augstakas tiribas pakapes NiFe2O4 paraugu N> adsorbcijas-desorbcijas izotermas
(A) un BJH poru izméra sadaltjuma Iiknes (B).
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Starp visiem testetajiem paraugiem NiFe,Os-Prec bija vislielakais BET 1patngjas virsmas
laukums, bet NiFe,O4-sono-8 bija vissaurakais poru izmeru sadaltjums, par ko liecina minimala
atSkiriba starp vid€jo un mediano poru diametru. NiFe>Os-Citric turpretim bija vismazakais
virsmas laukums un visplasakais poru izméru sadalfjums, kas liecina par bitisku strukturalo
heterogenitati (6. tab.).

6. tabula

Paraugu teksturalie raksturojumi

Paraugs

BET virsmas
laukums, m%g

Kopgjais poru
tilpums, cm’/g

Vidgjais poru
diametrs ,nm

Medianais poru
diametrs, nm

NiFe;04-sono-8 36,82 0,151 16,39 14,34
NiFe;04-Citric 5,20 0,029 22,15 3,85
NiFe;O4-Prec 93,77 0,236 10,06 3,88

2 Noteikts, izmantojot BJH desorbcijas metodi.

SEM atteli atklaja, ka NiFe2Os-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. NiFe204-sono-8 (A), NiFe2O4-Citric (B) un NiFe2O4-Prec (C) SEM atteli.

CO»-FTS testi tika veikti, ka katalizatorus izmantojot NiFe;O4-sono-8, NiFe,O4-Citric un
NiFe>O4-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 izme&riem, kas atvieglo gan reducésanu, gan karbonizaciju.

Katalizatoru augstas hidrogenéSanas aktivitates deél galvenais ogliidenrazu produkts visos
gadfjumos bija CHa. Skidra ogliidenrazu faze neveidojas pietiekama daudzuma, lai to varétu
atgit. Turklat dala Cs+ produktu palika gazveida stavokli un tika aizvadita kopa ar gazu plismu.
Starp testetajiem paraugiem NiFe»O4-Prec uzradija visaugstako hidrogeneSanas aktivitati; ta
klatbiitne deva vismazako Cs:+ ogliidenrazu proporciju. NiFe;Os-sono-8 savukart veicindja
augstako CO iznakumu. Ta ka NiFe>Os-sono-8 un NiFe,O4-Prec katalizatori ir gandriz identiski
fazu tirtbas 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 karboniz€jami, bet mazakam dalinam ir mazaka tieksme karbonizgties,
veidojot y-FesCo. Lidz ar to mazakas dalinas varétu saglabét lielaku to fazu 1patsvaru, kas
veicina hidrogen&sanu, nevis virknes augsanu [39], [
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19. att. NiFe2O4 katalizatoru katalitiska veiktsp&ja CO2 hidrogengsana.

Visiem analiz&tajiem katalizatoriem skabekli saturoso savienojumu daudzums tdens faze
bija mazaks par 1 tilpuma %. Lidz ar to skabekli saturoso savienojumu izgii§ana no tidens fazes
nav pamatota, un iidens faze ir jauztver ka notektideni. NiFe2Os-Prec Gidens faze bija vistiraka;
salidzinot ar citiem katalizatoriem, $is katalizators uzradija viszemako spirtu selektivitati un
lidz ar to bija selektivaks pret ogliidenrazu veidoSanos. Savukart NiFe>Os-sono-8 tidens faze
saturgja vislielako spirtu un vismazako skabju daudzumu.

Noverotais metana selektivitates piecaugums apvienojuma ar zemo Cs+ produktu iznakumu
un samazinato skabekli saturoSo savienojumu veidoSanos liecina, ka NiFe;Os-Prec piemit
visaugstaka hidrogengsanas aktivitate starp analizétajiem katalizatoriem. Sis ipasibas apliecina
ta lietoSanas potencialu e-metana sintézg.

Detalizétaks Saja nodala aprakstita petjjuma izklasts — manuskripta 6. pielikuma.

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

E-degviela, kas tiek sintezéta no CO», izmantojot energija-par-skidrumu (Power-to-Liquid)
parstrades tehnologiju, tiek uzskatita par vienu no daudzsolo$akajiem risinadjumiem 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
infrastruktiira un lietot iekSdedzes dzingjos bez bitiskam tehniskam modifikacijam.
E-degvielam, kuru sint€zes process apvieno atjaunojamo elektroenergiju ar uztverta CO»
parveidi skidra degviela, ir lielaks ilgtermina dekarbonizacijas potencials. E-degvielu razosanu
atSkiriba no HVO neierobezo biomasas pieejamiba vai zemes izmantoSanas ierobezojumi.

31



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 C»+ ogliidenrazu selektivitati, dzelzi
saturoSiem CO,-FTS katalizatoriem parasti pievieno promotorus. Vairakos p&tijumos noradits,
ka neliels kobalta daudzums var bitiski palielinat Cs+ ogliidenrazu selektivitati, vienlaikus
samazinot CO veidoSanos [55], [56]. Petijumi arT liecina, ka kobalta ieklauSana katalizatora
sastava veicina arT augstaku CO» konversiju, ka arT sekme dzelzs oksidu reducésanos [57].

Lai gan promotoru ietekme uz dzelzs katalizatoriem CO» hidrogenéSanai ir plasi pétita [58],
trikst sistematisku pétijumu par to, ka sintézes celi un priekSapstrades stratégijas ietekmé
katalizatoru veiktsp&ju. Katalizatora sint€ze priekSapstradei un aktivé$anas procediiram ir
svariga loma aktivas fazes sastava, dalinu izméra un kristaliskas struktiiras noteik§ana. Pirms
CO»-FTS procesa dzelzs katalizatori parasti tiek aktiveti ar Hz, CO vai sint€zes gazi [59], [60],
savukart kobalta katalizatori parasti tiek aktivéti H, atmosfera [61]. Katalizatora fazu sastavs
pirms reduc€Sanas butiski ietekmé p&c tam izveidojusos aktivo fazu raksturu, jo dazadam
prekursoru fazém raksturiga atskiriga reduc€jamiba, transformacijas celi un termodinamiska
stabilitate.

IzkarseSanas atmosfera ir kritisks parametrs, kas ietekm& metala dispersiju, katalizatora
oksidacijas pakapi un reducgjamibu. Sie faktori nosaka akfivo dalinu sadalfjumu un reakcijas
celus [62]. Neraugoties uz tas nozimibu, izkarséSanas atmosfeéras loma CO,-FTS dzelzs
katalizatoru konteksta ir maz pétita.

Dzelzs katalizatoru katalitisko veiktsp&ju butiski ietekm@ ne tikai promotoru un nesgju
klatbutne, bet arl dinamiskas fazu transformacijas reakcijas apstaklos. CO»-FTS procesa
oglidenrazu sintéze sakas ar CO; reduc€sanu lidz CO endotermiskaja RWGS reakcija
(1.3. vienadojums), kam seko oglidenrazu virknu augSana cksotermiskaja FTS procesa
(1.1. vienadojums). Dzelzs katalizatori ir aktivi abas reakcijas — Fe3Oy ir aktiva faze RWGS
procesam, savukart dzelzs karbidi — FTS procesam. Reakcijas temperatiira nosaka dzelzs oksidu
reducé$anas un karbonizéSanas intensitati — augstaka temperatiira tiek veicinata metaliskas
dzelzs un dzelzs karbidu veidosSanas, bet zemaka temperatiira stabiliz€ oksidu fazes [63]. No
otras puses, temperatiira ietekm& RWGS un FTS reakciju atrumu un tadgjadi art CO2, Ha, CO
un H>O parcialos spiedienus. Paaugstinats CO parcialais spiediens sekmé dzelzs karbidu
veidoSanos, savukart augsts CO> un HoO parcialais spiediens kavé reducé€Sanos un veicina
atkartotu oksidésanos. Lielaks H parcialais spiediens savukart paatrina oksidu reducgsanos un
karbidu veidoSanos [64].

Saja promocijas darba tika pétita ar kobaltu promotéta Fe;O4 katalizatora priekSapstrades
procediiras ietekme, ka ari izvertéta reakcijas temperatiiras ietekme 280-320 °C diapazona,
izmantojot gan nepromot€tu, gan ar kobaltu promotétu Fe3;04 nanopulvera katalizatorus.

Pétijumi par Fe;Os morfologijas ietekmi uz FTS aktivitati liecina, ka Fe3O4 nanosféras
nodro$ina labaku dzelzs dispersiju un atvieglo dzelzs savienojumu reduc€$anos un
karbonizaciju, ka rezultata palielinas aktivo centru blivums un uzlabojas Cs+ ogludenrazu
selektivitate [65].

Ar kobaltu promotets Fe3Os katalizatora prekursors tika pagatavots, impregngjot 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. Iegttais katalizatora prekursors tika sadalits tris
dalas un attiecigi apziméts ka Co/Fe304, Co/Fe3O4-N un Co/Fe3Os-A. Katram paraugam tika
piem@rota atkiriga priekSapstrades procedira — Co/Fe3Os tika reducets H: atmosfera;
Co/Fe30s-N tika izkars€ts N atmosfera un péc tam reducéts H, atmosfera; savukart Co/Fe;O4-
A tika izkarséts gaisa un p&c tam reduc€ts H» atmosfera. Ka references katalizators tika
izmantots nepromotets Fe;Oas, kas pirms CO»-FTS tika reducéts H, atmosfera. Katalizatoru
sastavs tika analizets ar XRD un XPS metodém gan p&c izkarséSanas, gan p&c reducésanas.

XRD rezultati paradija, ka pec reducSanas H» atmosfera Co/Fe;O4 parauga domingjosa
kristaliska faze bija a-Fe. Co/Fe3O4-N paraugd péc izkarséSanas N atmosfera dzelzs
galvenokart bija ka Fe3Os, no ka péc reducéSanas H, atmosféra veidojas a-Fe. Savukart
Co/Fe304-A pec izkars€Sanas gaisa saturéja maghemitu (y-Fe2O3), bet péc reducésanas tika
konstatétas y-Fe;Os, y-Fe;O3 un o-Fe fazes. Zemas koncentracijas dél ar XRD kobalta
savienojumus detektet nebija iesp&jams (20. att.).
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20. att. Co/Fe3;04 XRD péc reducé$anas H» (A); Co/Fe304-N XRD péc izkarséSanas N> un péc
reducésanas Hz (B); Co/Fe304-A XRD péc izkarsésanas gaisa un péc reducésanas Ha (C).
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Ka redzams 21. attéla, XPS analize uzradija Fe*" un Fe*" virsmas formu lidzaspastavésanu
visos paraugos. Co/Fe3Os4 un Co/Fe3;04-N paraugiem pec reducéSanas ar H tika konstatgta
papildu komponente ar zemu saites energiju, kas atbilst metaliskam Fe. Iegiitie dati liecina, ka
paraugu virsma ir oksideta. Joslu parklasanas dé] kobalta signala izvértéSana nebija iespg&jama.

Satelitsignals
2p1/
2p3p Fe3*
N Fe2*
\ A
s . e
atelitsignals Reducéts H: ) \ .
& ecucets I R metalisks Fe
3 ) ) '
S \ .\ 7’
A_/‘ aw - \ LY A/
> V Izkarséts Nz - ~ SN
5 = \
S d . S —
g ,_,_/\/ b 2N
< _ R~ 4 \
= Izkars&ts N2 un 2 - \
—» 5| - b\
% reducéts Ho %) = \'A A\
= . \
Izkarsets gaisa  —» ey N
Izkars éts_gaisﬁ ) [ \f\
f un reducéts Hz \
Satelitsignals S
I T T T T
735 730 725 720 715 710 705 700 716 712 708 704 700
Saisti§anas energija, eV Saisti$anas energiia, eV

21. att. Fe 2p XPS spektri.

Katalizatoru pirmsapstrades ietekme uz CO»-FTS veiktsp&ju un produktu selektivitati
redzama 22. att€la. Ta ka augstaka Cs: produktu selektivitate tika novérota 280 °C temperatiira,
$aja temperatura tika analizéta katalizatora priekSapstrades ietekme uz CO,-FTS efektivitati.

Nepromotets Fe3Os uzradija zemako Cs+ ogludenrazu selektivitati (4 %). Pretstata tam ar
kobaltu promotgto katalizatoru Cs.+ selektivitate atkariba no priekSapstrades procediiras bija
robezas no 19,2 % lidz 36,8 %. Tas norada, ka kobalta pievienosana, I1dzigi ka kalija gadijuma
(1.2. nodala), var pastiprinat CO adsorbciju un vienlaikus samazinat H» adsorbciju uz
katalizatora virsmas, tadejadi veicinot oglidenrazu virknes augSanu.

Bitiskaka atSkiriba starp iepriek§ neizkars@tu katalizatoru (Co/Fe3O4) un katalizatoriem,
kas tika izkarséti pirms reducgSanas (Co/Fe3Os-N un Co/Fe30s-A), bija novérojama
ogliidenrazu selektivitate, pasi attieciba uz Cs+ produktiem. Sis novérojums liecina, ka kobalta
fazes stavoklis ietekmé oglidenrazu virknes augSanu. Lidz ar to secinams, ka oglidenrazu
selektivitate ir bitiski atkariga no katalizatora priekSapstrades.

Visu ar kobaltu promotéto Fe;O4 katalizatoru pagatavosana ka prekursors tika izmantots
Co(NO3),. Uz Fe3O4 uznestu Co(NO3). reducgjot ar Hz 400 °C temperatiira, paredzams, ka
domingjosa izveidojusies kobalta faze bus metalisks Co [66]. Ta ka Fe3O4 pilda nesgja funkciju,
teorétiski iesp&jama ar1 Co-Fe sakausg€juma veidosanas; tomér, lai Co-Fe sakausgjums veidotos
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ievérojama daudzuma, parasti nepiecieSama augstaka temperatiira [67]. Saskana ar literatiiras
datiem, Co/Fe304 katalizatora domin&josa kobalta faze ir metalisks Co, bet Co-Fe sakausgjuma
saturs ir minimals. Literatlras dati liecina, ka metalisks Co veicina H» disociaciju un CO
adsorbciju, tadgjadi sekmgjot C-C virknes augSanu un nodroSinot augstu Cz+ produktu
selektivitati. Lidz ar to butu paredzams, ka Co/Fe;O4 katalizators uzradis paaugstinatu
katalttisko aktivitati ogliidenrazu veidoSanas procesa. Tomér, salidzinot ar Co/Fe;Os-N un
Co/Fe;04-A, Sis katalizators uzradija zemako Cs+ produktu selektivitati (19,2 %). Zema
katalitiska aktivitate, visticamak, saistita ar metaliska Co tendenci oksideties, Tpasi idens tvaika
klatbutng, tadgjadi samazinot kobalta aktivitati [68].

Co/Fe304-N gadijuma prieksapstrade N> atmosfera ar tai sekojosu reducesanu H vid€ var
veicinat kobalta ferita Spinela (CoFe»O4) veidoSanos uz virsmas, 1pasi, ja metaliska Co
veidoganas ir ierobezota [69]. Nemot véra ar Fe>™ bagito Co/Fe;0s-A virsmu, kas iegiita péc
priekSapstrades (izkars€Sanas) gaisa un tai sekojoSas reduc€Sanas, arl $aja gadijuma
paaugstinata temperattra iesp&jama CoFe2O4 veidosanas [70]. Tadgjadi katalizatori, kas pirms
reduc@Sanas ir izkarseti, visticamak, papildus metaliskam Co satur virsmas CoFe»0s, kas varétu
izskaidrot to augsto Cs+ ogliidenrazu selektivitati. Balstoties CO» konversijas un produktu
selektivitates rezultatos, par efektivako priekSapstrades metodi ar kobaltu promotétam Fe3Os
katalizatoram atzistama izkarséSana N ar tai sekojoSu reducéSanu H, atmosféra, jo ta
nodro§ingja labako veiktsp&ju CO> hidrogenés$anas procesa.
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22. att. PriekSapstrades procediiras ietekme uz ar kobaltu promotéta Fe3O4 katalitisko
veiktsp&ju 280 °C temperatiira.

Reakcijas temperatiiras ietekme uz nepromoteta un ar kobaltu promotétu Fe304 katalizatoru
CO2-FTS veiktsp&ju un produktu selektivitati redzama 23. att€la. Paaugstinot reakcijas
temperattru no 280 °C Iidz 320 °C, visiem katalizatoriem tika noverots konversijas pieaugums.
Tomer taja pat laika nepromot€tajam un ar kobaltu promotetajiem Fe3O4 katalizatoriem
reakcijas temperattra atSkirigi ietekm&a RWGS un FTS atrumus (un tadgjadi ar1 produktu
selektivitati).
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Nepromotetajam Fe3Os CO selektivitate samazinajas, bet ogliidenrazu selektivitate
ieverojami pieauga (23. A att.). CO selektivitates samazinaSanos paaugstinatd temperatiira
iesp&jams skaidrot ar sakotngji izveidota CO sekundaru parveidi (palielinata FTS aktivitate,
pieaugot temperatiirai). Lai gan kop@a ogludenrazu selektivitate, taja skaitd — arT Co+
ogliidenrazu selektivitate, paaugstinot temperatiiru, pieauga, augstaka Cs+ ogludenrazu
selektivitate tika noverota 300 °C temperatiira. Atskirtba no tradicionalas FTS CO.
hidrogengSanai 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 ogludenrazu virknes augSanu [71]. Pieaugot CO> konversijai
(palielinoties RWGS aktivitatei), virsmas H/C attieciba samazinas, tadgjadi palielinot virknes
augsSanas varbiitibu.
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23. att. Reakcijas temperatiiras ietekme uz nepromotéta un ar kobaltu promotétu Fe3O4
katalizatoru veiktsp&ju.

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

CO; hidrogengsanas 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 mn-spirti lidz n-butanolam un acetons. Palielinoties
reakcijas temperatiirai, metanola koncentracija strauji samazinajas, savukart Co+ spirtu
koncentracija palielinajas. Visos gadijos skabekli saturoSo savienojumu Ipatsvars fidens faze
neparsniedz 3 tilpuma %. Lidz ar to So savienojumu izgiiSana nav ekonomiski pamatota, un
tdens faze jauztver ka notektideni, kam nepiecieSama attiriSana.

Rezultati liecina, ka pétitaja temperatiiras diapazona temperatirai 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 1sas virknes ogliidenrazu
veidoSanos.

K/Fe attiecibas palielinaSana samazina metana veidoSanos FTS, vienlaikus palielinot
Cs+ ogludenrazu proporciju, ka art veicinot olefinu un skabekli saturosu savienojumu
veidoS$anos, tomér parmérigs kalija daudzums ierobezo tieSu lietojamibu e-degvielu
sintéz€ augsta benzina frakcijas olefinu satura dgl.

Uz SBA-15 uznests dzelzs katalizators uzrada uzlabotu CO konversiju ta liela virsmas
laukuma un sakartotas mezoporozitates del; tomér nesg€ja mazas poras veicina
sekundaras reakcijas un gazu veidoSanos, ierobezojot Cs+ selektivitati un padarot to
piemerotaku 1sas virknes oglidenrazu, nevis $kidro degvielu iegtisanai.

Ar kaliju promotets uz SBA-15 uznests dzelzs katalizators uzrada ierobezotu aktivitati
COs hidrogengsana par metanolu; virsmas skabuma dg] tas veicina DME veidoSanos.

Sintezes metode bitiski ietekm@ katalizatora fazu sastavu, teksturalas ipasibas un
katalitisko veiktsp&ju; reducétaja asistéta izgulsnéSana nodrosina fazes tira NiFe>O4 ar
minimalu kristalttu izm@ru, maksimalu virsmas laukumu un augstu hidrogenéSanas
aktivitati veidoSanos.

Ar kobaltu promotéta dzelzs katalizatora priekSapstrades metode bitiski ietekmé
katalizatora veiktsp&ju, ietekmgjot sakotngjo fazu sastavu un Iidz ar to ar7 aktivas fazes
veidoSanos un sastavu; katalizatori, kas pirms CO2-FTS tika izkars&ti N2 atmosfera 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 CO: 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 (1020 bar). FTS is a reaction in which products formed in sifu from hydrogen and
carbon monoxide polymerise on the surface of the catalyst [8]. In general, FTS can be described
by the following equation:

2nH; + nCO — -(CHz)s- + nH>0, AHagsx = —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, + H, 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 CO>
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
(C»+) is more complex due to the inertness of CO», the high energy barrier for C-C band
formation, competing with CO2 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, CO: 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 + H,0, AHaosk = 41.2 kJ/mol. (1.3)

Since CO: 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 CO» (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 CO»
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 (Fe203), 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 Higg 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) to evaluate the influence of NiFe>O4 synthesis methods on catalyst characteristics (phase

purity, crystallite size) and catalytic performance in CO> hydrogenation;

6) to assess the effect of the catalyst precursor (Co(NOs3)2/Fe3Os) pretreatment on catalytic

performance in CO, 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

L.

Stanke, A., Berzins, A., Velasco, J. A., Sarsuns, K., Puurunen, R. L., Lazdovica, K.
Cobalt-promoted Fe3;O4 catalysts for CO2 hydrogenation to C»+ 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., Koiv, 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,
A. The structure-activity interactions of Cu/Zn, In/Pd and Fe/K catalysts supported on
mesoporous SBA-15 for carbon dioxide hydrogenation at low pressure. Chemical
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
temperatures. Environmental Progress and Sustainable Energy, 2024, 43(3), e14335.
https://doi.org/10.1002/ep.14335

Stanke, A., Kampars, V. Agglomeration of Fe/SBA-15 with clays for Fischer—Tropsch
synthesis. Energy Reports, 2022, 8, 461-466.
https://doi.org/10.1016/j.egyr.2022.10.251

Results presented at the scientific conferences

1.

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:
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Conference Proceeding, 22(4.1), pp. 161-166.
https://doi.org/10.5593/sgem2022/4.1/s17.21 Bulgaria, Albena, 4 — 10 July 2022.

. Stanke, A. The effect of kaolin and hectorite clay on the Fischer—Tropsch synthesis
condensed hydrocarbon products. In: 9th I[UPAC International Conference on Green
Chemistry: ICGC Book of Abstracts, Greece, Athens, 5-9 September 2022.

. Stanke, A., Lazdovica, K. The promotional effect of potassium on iron-based silica-
supported catalyst for the hydrogenation of carbon oxides. In: RTU 63. International
Conference “Materials Science & Applied Chemistry”: Program and Abstracts, Latvia,
Riga, October 21, 2022.
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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 CO2-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 CO»-FTS performance were investigated and discussed.

In this Thesis, the FTS and CO2-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. N2 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 Ha 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 SiOz-supported iron-based catalyst. The catalyst was prepared
by impregnating commercial silica granules with an aqueous 0.8 M Fe(NO3); 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 (0-Fe2O3).
The broad peak observed at 20 = 24° was due to amorphous SiO2. The average size of Fe2O;
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 [TUPAC 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 26 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 260 =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—Cii1), 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 (-CH»-) 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 Cs—
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.
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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 SiOz-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], KFe Oy [19], K2CO3, 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 CHs 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 SiO»-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 KNO; 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-Fe>O3 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 (Si0) 213 0.88 16.5
K-0 207 0.79 153
K-2 200 0.78 15.4
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 CHj4 selectivity from 21.5 % to 8.5% and a
concurrent rapid increase in CO; 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—Css 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

59



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/SiO» and Fe/SBA-15 catalysts under 280 °C

and 20 bar
Selectivity, %
Catalyst CO conversion, % co, cH, e 2272:4 o
Fe/SiO; 34 8 11 12 69
Fe/SBA-15 54 19 17 30 34

The liquid hydrocarbon phase contained products with chain lengths from Cs to Css, 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/SiO, Fe/SBA-15
Gasoline range (Cs—Ci1) 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 O3 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 CO2 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 COz [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 (SiO2 granules and SBA-15 powder) with aqueous solutions of Fe(NOs); and
KNO:s. 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/SiO2, 2K/Fe/Si02, 5K/Fe/SiO2, and SK/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

Catalyst BET surgace area, | Total pori volume, Average pore

m°/g cm’/g diameter, nm
Fe/SiO, 207 0.79 15.3
2K/Fe/SiOz 201 0.78 15.5
5K/Fe/SiO 195 0.76 15.6
SK/Fe/SBA-15 318 0.77 7.9

The average CO; conversion achieved with SiO»-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
SK/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- | —
2K/Fe/Si0- | —
SK/Fe/Si0- | —

SK/Fe/SBA-15 |

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

H Methanol ®CHs ®(C,-Cs EDME

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/Si0; to 2.7 mg/h-gcar over 2K/Fe/SiO», after which it decreased rapidly to 0.3 mg/h-gea: over
5K/Fe/SiOs.

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 CO2 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 NiFe204 for e-
CHg4 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 CHjy selectivity and CO; 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 CO2-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>Os 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 NiFe,O4 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 NiFe,O4 synthesis method on catalyst characteristics and
CO»-FTS performance was investigated. NiFe2O4 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 (NiFe204-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,Os phase
formation and an increased presence of Fe,O; impurities in the samples. Additionally, with
increasing pH, NiFe2Os 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>Os4 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,04-Citric sample exhibited the largest NiFe;Os crystallite size (~ 73 nm)
among the samples evaluated. Reducing agent-assisted precipitate synthesis enabled the
production of phase-pure NiFe;O4 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;03, nm of NiO, nm
NiFe;04-sono-8 NiFe;04:Fe; 03, 98:2 25.6+0.4 76 +£21 -
NiFe;04-sono-9 NiFe;04:Fe, 05, 94:6 20.5+0.3 70+ 6 -
NiFe;04-sono-10 NiFe;04:Fe;0s, 60:40 156 +0.3 80+ 1 -
NiFe;04-sono-11 NiFe;04:Fe03, 37:63 13.9+0.5 44.7 £ 0.6 -
NiFe;04-C-E NiFe,04:Fe;03:NiO, 42.4+1.6 85.9+5.2 424+£39
33:48:19
NiFe,04-Citric NiFe;04:Fe;03:NiO, 733+1.1 143 £16 509+5.6
76:18:6
NiFe,04-Prec NiFe;04, 100 12.0+£0.3 - -

The highest-purity NiFeoO4 sample obtained from each respective synthesis method
(NiFe204-sono-8, NiFe,04-Citric, NiFe>Os-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. N7 adsorption-desorption isotherms (A) and BJH pore size distribution curves (B) of
highest purity NiFe2O4 samples.

The NiFe>Os-Prec sample exhibited the highest BET surface area among the samples tested.
The NiFe204-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 5 3 . .
area, m°/g cm’/g diameter, nm diameter , nm
NiFe;04-sono-8 36.82 0.151 16.39 14.34
NiFe;04-Citric 5.20 0.029 22.15 3.85
NiFe;O4-Prec 93.77 0.236 10.06 3.88

*Evaluated by the BJH desorption method.

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

Fig. 18. SEM image of NiFe2Os-sono-8 (A), NiFe,O4-Citric (B) and NiFe,O4-Prec (C).
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CO,-FTS tests were performed using NiFe2O4-sono-8, NiFe;04-Citric, and NiFe>Os-Prec.
The CO»-FTS performance of these samples at 280 °C, 20 bar is summarised in Fig. 19. Despite
NiFe;Os-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, CH4 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. NiFe2O4-Prec exhibited the highest hydrogenation activity among the
tested samples and yielded the least amount of Cs+ hydrocarbons. NiFe2O4-sono-8, in turn,
produced higher CO yields than other catalysts. Since NiFe;Os-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 x-FesCa,
maintaining a larger proportion of phases that favour hydrogenation over chain growth
[39], [53].

H Cs+ hydrocarbons and
oxygenates

B C>—-Ca4 hydrocarbons

] CH4
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X CO: conversion

Conversion and product selectivity, %
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Fig. 19. Catalytic performance of NiFe>Os-based catalysts in CO2 hydrogenation.

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,Os-Prec exhibits the highest
hydrogenation activity among the catalysts evaluated. These characteristics indicate its
potential as a catalyst for e-CH4 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 CO> 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 H 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 CO> 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 CO2-FTS, hydrocarbon formation proceeds via an initial reduction
of CO2 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 CO-,
H», CO and H»O. High CO partial pressure promotes carburization to iron carbides, whereas
elevated CO> and H>O partial pressures suppress reduction and favour reoxidation. Higher H»
partial pressure accelerates oxide reduction and carbide formation [64].

In this Thesis, the influence of the cobalt-promoted Fes3O4 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 Fe3Os 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 Fe3O4-based catalyst precursor was prepared by impregnating Fe3O4
with an aqueous solution of Co(NOs),. 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/Fe3O4-A. Then different pretreatment
procedures were applied for each part. Co/Fe304 was reduced in Ha, Co/Fe304-N was calcined
in N2 and reduced in Hz, whereas Co/Fe304-A was calcined in air and reduced in Hz. An
unpromoted FezOs catalyst, used as a benchmark, before CO»-FTS was reduced in Ha. 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/Fe304
following reduction in Ha. Iron in Co/Fe30s-N after calcination in N> was predominantly
present as Fe3Os from which a-Fe was formed after the reduction in Hz. In contrast,
Co/Fe3;04-A after calcination in air comprised of maghemite (y-Fe;Os), whereas after the
reduction in Hz, y-Fe203, a-Fe203 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 H» (A); XRD patterns of
Co/Fe30s-N after calcination in N2 and after reduction in Hz (B); XRD pattern of Co/Fe;04-A
after calcination in air and after reduction in Hz (C).

As shown in Fig. 21, XPS revealed the coexistence of Fe?>" and Fe** surface species for all
samples. For Co/Fe304 and Co/Fe304-N after reduction in Hy, 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 CO2-FTS performance and
product selectivity. As the highest C2+ product selectivity was observed at 280 °C, the author
evaluated the influence of catalyst pretreatment on CO2-FTS performance at this temperature.

Unpromoted Fe3O4 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/Fe3O4) 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 Fe3O4 catalysts, Co(NO3)2 was employed as the
precursor. When Co(NOs)2 on Fe3Oy4 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/Fe3O4 is
anticipated to demonstrate enhanced catalytic activity during hydrocarbon formation. However,
this catalyst exhibits the lowest Cs+ selectivity (19.2 %) in comparison to Co/Fe3O4-N and
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Co/Fe304-A. The low catalytic activity is likely attributable to metallic cobalt's susceptibility
to oxidation, especially when exposed to H>O, 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 (CoFe20O4) 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>O4
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 Fe3;O4 catalysts, providing good performance in CO> hydrogenation.

100
90
80
70
60 B Cst sel.

Conversion and selectivity, %
wn
(=]

HCr—Casel.
40
30 H CH. sel.
20 57 H CO sel.
X X

10 X CO: conv.

0

3 D
sz‘l \Q?J"? e:} D q:" LS
¢ Q°\<¢ C,°\<¢

Fig. 22. The influence of pretreatment procedure on the catalytic performance of cobalt-
promoted Fe3O4 at 280 °C.

Figure 23 shows the influence of reaction temperature on CO>-FTS performance and
product selectivity over unpromoted and cobalt-promoted Fe3Os 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 Fe3O4, 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 C»+ 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 Fe;Oa.

The process of CO; 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 C»+ 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.

75



CONCLUSIONS

A reaction temperature of 280 °C is optimal for mesoporous SiO»-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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1 | INTRODUCTION

The excessive burning of fossil resources has caused such global
problems as the decimation of the earth's biodiversity, depletion of
natural resources, massive environmental pollution, and climate
change.® In order to avoid further environmental issues, renewable
energy sources and more efficient and integrated processes are
needed.? The fastest growing industrial sector is transportation
sector, which accounts for about a fourth of total world energy
consumption. In addition, 89% of transport energy use is crude oil,
the supply and price of which is strongly influenced by geopolitical
issues.® Vehicle emissions are one of the main sources of environ-
mental pollution.*® Thus, transition toward sustainable renewable
fuels by development of “drop-in” biofuels has become a focus of
research.

“Drop-in” biofuels are biomass-based liquid fuels, that are func-
tionally identical to conventional fuels and fully compatible with exist-
ing infrastructure. One of the approaches for production of “drop-in”
biofuels is gasification coupled with Fischer-Tropsch synthesis

Lauma Laipniece

The circular economy is considered a keystone of sustainable development, and its
implementation requires analyzing both product and by-products, as well as process
waste. In this study Fischer-Tropsch synthesis product selectivity over Fe/SiO,
catalyst was investigated in the reaction temperature range of 240 to 300°C. The
composition of the gas, liquid hydrocarbon, and wax products is discussed alongside
the aqueous phase, which is rarely addressed. It was found that 280°C is the optimal
temperature for condensable hydrocarbon production over Fe/SiO, catalyst. The
increase in reaction temperature led to a decrease in the selectivity of 1-olefins and
alcohols in the liquid hydrocarbon phase and waxes, but at the same time contributed

to an increase in the content of alcohols in the aqueous phase products.

iron catalyst, reaction temperature, sustainability

(FTS).87 FTS is a set of catalytic processes for the conversion of syn-
thesis gas (H,/CO) into broad spectrum of hydrocarbons - so called
synthetic crude oil.

In general, FTS reaction can be presented as:

2nH, +nCO — —(CHy),— +nH,0 (1)

The FTS product spectrum consists of a wide range (C;-C0,)
complex multicomponent mixture of hydrocarbons and oxygenated
products.®>? One of the FTS research directions is the selectivity
control for obtaining expected ranged product.!®*' However, in
most cases, researchers focus on obtaining a specific target product

or product phase (light olefins,'? gasoline,*>* diesel,'® jet fuel,*¢”

paraffin waxes&1?)

without studying the minor products and/or by-
products produced during the process. In fuel production, the target
product phases of FTS are liquid hydrocarbons or waxes. FTS tail gas
mainly consists of unreacted synthesis gas, N,, CO,, and short-chain
hydrocarbons (C4-Cs). Since most of the effluent gases are green-

house gases, they require environmentally friendly post-treatment.
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FTS tail gas can be partly recycled back to the CO hydrogenation
reactor to increase the productivity of the process, or it can be com-
busted with air to supply the energy requirements for the process and
to produce steam.?%?* The aqueous phase, often referred as wastewa-
ter, contains considerable amounts of water-soluble compounds and
requests purification, which requires additional resources.??

Nowadays, sustainable development based on circular economy
concept is being promoted as a solution to reduce fossil fuel consump-
tion.? It endorses the preservation of natural resources and the reduc-
tion or, preferably, elimination of waste. In contrast to the linear flow
of materials, the principle of the circular economy envisages the devel-
opment of products in such a way that their recycling and reuse are
inherently facilitated. This approach also promotes the valuation, rein-
corporation, and reuse of by-products, residue streams, and waste.?4%°
For the construction of circular economy models and indicators, it is
pertinent to characterize the source, type of waste and/or by-product,
generation rate and current disposal, as developed by authors in inter-
national research.?® In order to apply the circular economy principle to
FTS, it is necessary to look at the entire synthesis process as a whole
and analyze all product phases including by-products.

Typically, main FTS products are n-paraffins, and 1-olefins. Minor
products can include isomerized hydrocarbons, cyclic hydrocarbons,
internal olefins, as well as aldehydes, ketones, acids, and alcohols which
are undesirable products for fuels.®? It is known that FTS activity and
selectivity is a function of catalyst and reaction conditions.*82%2
Although iron, cobalt, nickel, and ruthenium show a sufficiently high
hydrogenation activity in the FTS process, only Fe and Co catalysts are
used for commercial applications.?®?° Compared to cobalt, the advan-
tages of iron catalysts are low cost, high availability, better resistance to
poisons, higher water-gas shift (WGS) activity, ability to adapt to a wide
range of Hy/CO ratios (H,/CO = 0.5-2.5), and reaction temperatures
(T = 230-350°C). Besides, the selectivity of iron catalysts can be altered
by various manipulations, such as adding a promoter or changing process
parameters (pressure, temperature, H,/CO ratio).”>°3!

Both bulk, and supported iron catalysts can be used for FTS. The
advantages of supported catalysts are increased surface area, improved
dispersion, and stability of active phase, enhanced heat, and mass trans-
fer and better mechanical stability of the catalyst.'® However, in most
cases, the effect of catalyst composition, structure and process condi-
tions has been studied using bulk catalysts.2432~3° Since the studies are
performed under different conditions or using different catalytic sys-
tems, there are still some inconsistencies. Considering the advantages
of supported iron catalysts, in this study an iron catalyst supported on
commercial mesoporous SiO, was used for FTS at moderate tempera-
tures. Mesoporous SiO, catalyst support allows to obtain mechanically
and thermally stable catalyst with a highly dispersed active phase,
moreover, a large amount of SiO, improves the reduction or carburiza-
tion of iron oxides not directly bonding with silica.3”

The aim of this study was to analyze all FTS products, and by-
products as well as their selectivity changes as a function of the reac-
tion temperature, thus bringing FTS closer to the circular economy
principles. It is known that reaction rate and chain growth probability
is linked to the reaction temperature. Lower temperatures favor

& SUSTAINABLE ENERGY

formation of longer chain products while higher temperatures lead to
the formation of shorter chain products. On the other hand, lower tem-
peratures are limited by the reaction and conversion rate.?4*® The
moderate reaction temperature (240-300°C) would provide a compro-
mise between CO conversion rate and yield of condensable products.

2 | MATERIALS AND METHODS

21 | Catalyst preparation
The supported iron catalyst used in this study was prepared by impreg-
nation of catalyst support with Fe(NO3)3-9H,0 (Sigma-Aldrich). Com-
mercial catalyst support, catalogue number 44740, consisting of 90 wt %
SiO, and 10 wt % Al,O3 was purchased from Thermo Fisher Scientific.
First 27 g of the Fe(NO3)3-9H,0 was dissolved in 80 mL distilled
water, then 30 g of catalyst support was added and the solution was
stirred at 50°C for 5 h. Impregnated granules were filtered and dried
at 110°C for 2 h. Finally, calcination was conducted at 550°C for 5 h
in air. Obtained catalyst was denoted as Fe/SiO,. Obtained catalyst
was crushed and sieved to retain 1.0-2.0 mm particles.

2.2 | Catalyst characterization
Iron concentration was determined by using a Rigaku Supermini
wavelength x-ray dispersive fluorescence spectrometer with a Rh
x-ray tube (XRF). Previously, a calibration was performed using sam-
ples with known chemical composition.

The surface area and the pore size distribution were determined by
N, adsorption-desorption isotherms obtained at —196°C on Quanta-
chrome Instruments Nova 1200 E-Series surface and porosity analyzer.
The samples were outgassed at 180°C for 8 h before measurement. The
total pore volume was estimated from the amount adsorbed at a relative
pressure (P/Pg) of 0.99. Brunauer-Emmett-Teller (BET) method was
applied to calculate the specific surface area. The mesopore size distribu-
tion was obtained from desorption branches of the isotherms using the
Barrett-Joyner-Halenda (BJH) method.

X-ray diffraction (XRD) patterns were recorded on a Bruker AXS
D8 ADVANCE powder diffraction system using 40 kV, 40 mA Cu Ka
radiation of 0.15406 nm wavelength in the 26 angle ranging from
10 to 75° with the step size of 0.02°.

The surface of the Fe/SiO, catalyst was studied with a scanning
electron microscopy (SEM) - energy dispersive spectroscopy (EDS) on
Mira3/LMU (Tescan).

2.3 | Test of catalytic behavior

The catalytic performance tests were carried out in a fixed-bed
micro-activity reactor (Microactivity-Effi, PID Eng&Tech S.L.). For
each experiment about 0.93 g of catalyst with a particle size range
1.0-2.0 mm was placed in a stainless-steel tube reactor with an
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internal diameter of 9.1 mm. The inlet flow rates of the gases (CO, H,,
and N,) were controlled separately by Bronkhorst El-Flow thermal
mass flow controllers. The reaction temperature was measured by a
K-type thermocouple placed in the center of the catalyst bed.
Prior to the catalytic tests, the catalyst was reduced in situ using
CO with gas hourly space velocity (GHSV)= 1290 NmLg *h™?!
under atmospheric pressure for 24 h.
The reduction temperature was programmed to increase from room

1 and maintained

temperature to 350°C at heating rate of 3°C min~
at 350°C for 22 h. After the activation, the catalyst was cooled down
to 160°C; subsequently a flow of H,, CO, and N, mixture with
GHSV = 4515 NmL g~* h~* was fed through the reactor. The molar ratio
of H,:CO:N, was 4:2:1. The pressure was increased from atmospheric to
20 bar (gauge). After the desired pressure was reached, the temperature
was raised from 160°C to reaction temperature (T = 240, 260, 280, and
300°C) at a rate of 2°C min~* and was maintained for 72 h.

After leaving the reactor, the exit gas passed through a series of
traps to condense products. High molecular weight hydrocarbons
(waxes) were collected in a hot trap (P = 20 bar, T = 120°C), and
liquid products (oil and aqueous) were collected in a cold trap
(P = 20 bar, T = 5°C). All condensed product phases were quantified

and analyzed off-line.

24 | Product analysis
The exit gases were analyzed on-line by a gas chromatograph
(GC) (Shimadzu Nexis GC-2030) equipped with flame ionization
detector (FID) and thermal conductivity detector (TCD) with helium as
carrier gas. The transfer line connecting reactor with the chromato-
graph was heated to 200°C to avoid product condensation.
Nitrogen in the syngas was assumed as inert during the reaction.
Following formulas were used to calculate conversion and

selectivities:
CO conversion (mol%) Xco = % x 100% (2)
in
CO, selectivity (mol%) Sco, = % x 100% (3)
in — out
C P 0; o Cn out 0
» selectivity (mol%) Sc, = o —co* 100% (4)
in — out
4
Cs., selectivity (mol%) Sc,, = 100% — Sco, — Z Sc, (5)
n=1

where CO;, represents molar flowrate of CO at inlet; COqyt, COo0ut
and Cout represent molar flowrate of CO, CO,, and hydrocarbons
with n carbon atoms at outlet.

Separated fractions of the liquid reaction products (aqueous
phase products and hydrocarbon phase products), collected during
the reaction, were analyzed off-line by a gas chromatograph

(Shimadzu Nexis GC-2030) equipped with mass spectrometer
(MS) (Shimadzu GCMS-QP2020 NX) and flame ionization detector,
helium was used as carrier gas. No sample preparation was necessary
before the injection of the sample onto the GC column. Acetone and
alcohols in water phase were quantitated using external calibration.

Fractions of hydrocarbons with n carbon atoms (product distribu-
tion) were calculated from FID chromatograms as:

X
Y= % x 100% (6)

where XX, is the sum of peak areas of hydrocarbons with n carbon
number and =X}c is the sum of all hydrocarbon peak areas present at
studied product phase.

Average liquid phase hydrocarbon chain length C, was calculated as:

Caizn‘xn

T X Xne @

1H and *3C nuclear magnetic resonance (NMR) spectroscopy was
used to study liquid hydrocarbon phase products and Fischer-Tropsch
waxes collected over the entire duration of a 72 h reaction. Deuter-
ated chloroform (CDCl3) was used as a solvent, the waxes showed
good solubility in CDClz and there was no evidence of insoluble resi-
dues. All spectra were recorded on a Bruker AVANCE 300 spectrome-
ter operating at 300 MHz for *H and 75 MHz for C. All chemical
shift values are referenced to CDCl3 via the residual solvent signal
(6 = 7.26; 6¢c = 76.90).

The average molecular length was calculated from *H NMR spec-
tra using Cookson approach®”:

_ Blew, +2len,

N
lew,

(8)

where Ich is the total intensity of the methylene protons and Icys is
the intensity of the methyl protons. This assumes that sample consists
only of n-alkanes.

Universal Attenuated Total Reflectance - Fourier Transform
Infrared Spectroscopy (UATR-FTIR) was used for the analysis of liquid
hydrocarbon phase, waxes, and aqueous phase products. Measure-
ments were carried out on a PerkinElmer Spectrum 100 spectrometer
connected with Universal ATR Sampling Accessory. The mid-infrared
spectral range that is, 650-4000 cm™~* was selected. The characteris-
tic absorptions of the functional groups used to study FTS products
are included in Supplementary information.

3 | RESULTS AND DISCUSSION
3.1 | Catalyst characterization

The iron concentration of the calcined Fe/SiO, catalyst, determined
by XRF, was 11.4 wt %.
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?BET surface area.

Total pore volume.

“Average pore diameter.

9Mean pore diameter evaluated by the BJH desorption method.

The N, adsorption-desorption isotherm of the catalyst support
and impregnated catalyst exhibited the IUPAC type IV isotherm with
H1 hysteresis loop due to the capillary condensation steps at relative
pressure of 0.65 < P/Py < 0.95 (Figure 1a), which are characteristic of
mesoporous materials.*® The BJH curves (Figure 1b) showed relatively
narrow pore size distribution.

The detailed structure properties including BET surface area,
pore volume and average pore diameter of catalyst was summarized
in Table 1. Specific surface area for impregnated catalyst remained
almost unchanged compared to pure catalyst support, whereas pore
volume and pore size after impregnation with Fe decreased in
respect to pure catalyst support. Obtained characteristics suggest
that iron species are localized in the pores of the support without
blocking them.

The SEM micrographs (Figure 2) show catalyst surface after calci-
nation. The SEM-EDX results showed the presence of Si, Al, O,
Fe. EDX mapping analysis confirmed even and uniform distribution of
iron oxide on the catalyst surface.

XRD patterns of both calcinated and spent catalysts are pre-
sented in Figure 3. The pattern, recorded after calcination (Figure 3a),
exhibited diffraction peaks corresponding to hematite (a-Fe,Ogz). The
broad peak observed at 26 = 24° was due to amorphous SiO,. The
average size of Fe,Oj3 crystallites for the catalyst after calcination
(before activation) calculated using Scherer equation was 13 nm.

The correlation between iron oxide particle size and supports
pore diameter suggests that Fe,O3 crystallites are mostly localized in
the sufficiently large pores of silica, which should protect the catalyst
from the sintering and loss of active sites during reaction.

Figure 3b shows XRD patterns of the catalyst after FTS reactions.
All catalysts exhibited peaks in the 26 range of 35-52°, which can be

a"_
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FIGURE 1 N, adsorption-
desorption isotherms and BJH pore

—8—Si0, size distribution of catalysts.
Fe/SiO,
40.00 60.00 80.00

Diameter, nm

Daverage (Nm)

TABLE 1 Textural properties of

Dimean’ (nm)
mean catalyst support and Fe/SiO, catalyst.

14.3
118

identified as a combination of iron carbides. The XRD patterns of
Fe/SiO, catalysts after reactions at 240 and 260°C exhibited peaks at
26 = 21.4 and 23.9° due to presence of wax (paraffin).

To confirm the presence of hydrocarbons on catalysts after reac-
tions, all samples were analyzed by UATR-FTIR. FTIR spectra of the
Fe/SiO, catalysts after reactions at 240°C and 260°C showed absorp-
tion bands at 2916 and 2849 cm™* corresponding to stretching vibra-
tions of —CH,— and —CHz and absorption bands at 1427 and
1462 cm™* corresponding to bending vibrations of —CH,— and —CHg
(Figure 4a). Such absorption bands do not appear for catalysts after
reactions at 280 and 300°C. Obtained results confirm the presence of
wax on Fe/SiO, catalysts after reactions at 240 and 260°C and are in
agreement with XRD results.

After recording the FTIR spectra, the catalysts were heated in
nitrogen at 900°C and re-analyzed with UATR-FTIR. After thermal
treatment, absorption bands characteristic of —CH,— and —CH3 no
longer appear in the FTIR spectra that is, waxes are removed from cat-
alysts (Figure 4b).

3.2 | Effect of temperature on the catalytic activity
and selectivity

The catalyst FTS activity and overall product selectivity after 72 h
on stream at selected reaction temperature are summarized in
Table 2. CO conversion and product selectivities are similar to those
shown by silica-supported iron catalysts in a study by K. Cheng et al.
on the effect of pore size under similar reaction conditions
(T = 300°C, H,/CO = 2.1, GHSV = 16,200 mL g~* h~%, 20 bar, time

on stream 60 h).%¢
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SEM MAG: 15.00 kx  Vac: HiVac

SEM HV: 15.00 kV Date(m/d/y): 06/01/21 5 um

SEM MAG: 50.00 kx  Vac: Hivac
SEM HV: 15.00 kV Date(m/d/y): 05/27/21 1 um

®

O Ka1

Si Ka1

Fe Ka1

FIGURE 2 SEM images of calcinated Fe/SiO, catalyst with different magnifications (a, b). EDS layered overlap image (c); distribution of Si
Kal (d); distribution of Al Kal (e); distribution of O Ka1 (f); distribution of Fe Ka1 (g) in Fe/SiO,.

Obtained results show that CO conversion is increasing rapidly
with temperature elevation from 240 to 280°C. Further increase in
temperature to 300°C resulted in a negligible increase in conversion,
while overall CO, and CH, selectivity continued to grow rapidly.
It is known that for iron catalysts activity is limited by water.

Water inhibits the Fischer-Tropsch reaction rate and since water is a
major by-product of FTS, maximal sustainable conversion level is
limited.#42

During FTS, CO, can be produced through WGS (9) and

Boudouard reactions (10):
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(b) FIGURE 3 XRD patterns of
calcinated catalyst (a) and spent
(a) Fe/SiO,, T=240 °C catalysts (b).
5 Fe/SiO, )
2 § Fe/SiOz, T=260 °C
.;’ .é\_ 8 A g N
g z Fe/SiO,, T=280),
= o-Fex03 2
- 1 | 1 | L N = '.l 5 Fe/SjO iT:S:iO °i "
10 20 30 40 50 60 70 Iﬁ FesCs  FesC
20, ° PR 1! W TR
10 20 30 40 50 60 70
20, °
(a) ; ; (b) FIGURE 4 UATR-FTIR of spent
2916em™ 2849 cm 1427 cm’! catalysts (a) and N, treated
o \ 1462 cm! catalysts (b).
240 °C / \ / 240°C
2 260 ° 2
g 60 'C @ 260 °C
2 2
= 280 °C =
P 280 °C
’ Py
300 °C !00|.°C
4000 3550 3100 2650 2200 1750 1300 4000 3550 3100 2650 2200 1750 1300
Wavenumber, cm’! Wavenumber, cm’!
co co, CH, Co-Cs Cs. TABLE 2 Effz:]ct of rtlea?t|on
Reaction conversion selectivity selectivity selectivity selectivity temperature on the c.ata ytic
temperature (oc) (%) (%) (%) (%) (%) performance of Fe/SIOi (Hgl/CO = 2,
GHSV = 4515 NmL g * h™+, 20 bar, time
240 13.6 2.7 6.7 10.0 80.5 on stream 72 h).
260 25.1 5.5 9.2 11.0 74.3
280 34.5 7.7 114 12.2 68.7
300 35.2 9.5 16.4 13.3 60.9
CO+H,0=2CO;,+Hy 9) products (solid, liquid, and gaseous) were plotted as function of the
reaction temperature (Figure 5). It can be seen that raising the tem-
2CO0=2CO, +C (10) perature to 280°C increases the yield of all products except waxes,

It is known, that WGS activity increases with rising the tempera-
ture and proceed to equilibrium at high temperatures (2300°C), based
on kinetic effect.**® The reaction rate of Boudouard reaction also
increases with increasing temperature and becomes significant at
about 300°C.** These reactions also contribute to the overall increase
in CO conversion. In addition, WGS and Boudouard reactions affect
concentrations (partial pressures) of CO, H,, CO,, and H,O and thus
have an impact on kinetics of primary and secondary reactions. As
seen from Equations (9) and (10), the formation of CO, leads to the
increase in Hy/CO ratio. High H,/CO ratio in the reactor favors chain
termination reactions.*?

In order to assess the effect of reaction temperature on the over-
all FTS product distribution, the average flow rates of different phase

while further raising the temperature increases only the amount of
gaseous phase products. Obtained results suggests, that for Fe/SiO,
catalyst 280°C is the final temperature after which side reactions
begin to contribute more to the outcome of the FTS and the small
increase in CO conversion observed at 300°C may be due to WGS
and Boudouard reactions.

3.3 | Effect of temperature on the compositions of
hydrocarbons in the gas phase

Gaseous phase products consisted mostly of CO, and C;-Cg hydro-
carbons with approximately 1% of oxygenates (C;-Cs n-alcohols and
acetone). Although all products passed through high pressure hot
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FIGURE 5 Solid (waxes), liquid 6
hydrocarbon phase, water phase, and <5
gaseous phase product flow rates as g
function of reaction temperature. an 4
§ 3 —o— Waxes
& —o— Liquid hydrocarbon phase
_§ 2 —o— Aqueous phase
o
a1 Gaseous phase
0 = ———3
240 260 280 300
Reaction temperature, °C
FIGURE 6 The influence of
. 300 °C
temperature on the composition of
hydrocarbons in gas phase. 280 °C
®CHa
°
260 °C M C2-Ca
240 °C M Cse
0 20 40 60 80 100
Composition of hydrocarbons in gas phase, %
FIGURE 7 The influence of 18 + B Cs-Cii M Ci2-C2o ®Coir
temperature on the liquid hydrocarbon 16 - 100 +
phase product distribution (GC-FID/
MS analysis) 14 7 o 80T
ysis). x
® 12 + é; 60 +
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2 E 40 +
R 3
3 6l 20 +
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27 Temperature, °C
0
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(120°C) and cold (5°C) traps, small part of Cs, products were carried
along with the gas stream. As the temperature increases, the selectiv-
ity of gaseous products increases (Table 2, Figure 5), besides the
hydrocarbon composition ratio in gas phase also changes (Figure 6).
The proportion of CH, in gaseous hydrocarbons increases, while the

proportion of C,-C, and Cs, fractions in gaseous hydrocarbons
decreases from 45% and 24% at 240°C to 38% and 15% at 300°C,
respectively. This can be explained by the fact that the selectivity of
CH,4 changes faster than the selectivity of C,-C,4 under the influence

of temperature.
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3.4 | Effect of the temperature on the
compositions of the liquid hydrocarbon phase

The composition of FTS liquid hydrocarbon phase products was
determined by using offline gas chromatography, NMR spectroscopy,
and FTIR spectroscopy.

Liquid hydrocarbon phase products can be divided into 3 parts rela-
tively corresponding to gasoline range (Cs-C44), diesel range (C12-Cao),
and heavier (C,1.) hydrocarbons. The effect of reaction temperature on
the liquid hydrocarbon product distribution is illustrated in Figure 7.
The typical observed range of liquid hydrocarbons was Cs-Czs. Only
very small amounts of the high end (C5s,) products were observed. The
probability of chain growth decreases when reaction temperature is
increased. Upon elevation of the temperature, the fraction of gasoline
range hydrocarbons in the liquid hydrocarbon phase increased from
54% at 240°C to 74% at 300°C while diesel range hydrocarbons
decreased from 44% at 240°C to 26% at 300°C.

Based on the GC-FID/MS chromatograms, detailed information
on the composition of hydrocarbons could be obtained in the C4-Ci4
range, where it was possible to differentiate the n-alcohol, 1-olefin,
n-paraffin, trans-2-olefin, and cis-2-olefin peaks. Typical GC chromato-
gram of the liquid hydrocarbon phase products and order of elution is
included in Supplementary information. Outside C4-C14 range it was
not possible to achieve acceptable resolution for quantification. Based
on the peak area ratios the composition of liquid hydrocarbon phase
products in C4—Cy4 range was calculated (Figure 8).

The results show that the reaction temperature affects the distri-
bution of liquid hydrocarbon phase products. At higher temperatures,
the formation of longer chain alcohols is inhibited, consequently, the
liquid hydrocarbon phase has a lower oxygenate content. Higher

TABLE 3 Average chain length of liquid hydrocarbons obtained at
different reaction temperatures calculated using GC and *H NMR.

Average chain

length from Average chain
Reaction temperature (°C) H NMR length from GC
240 114 11.6
260 10.1 10.5
280 94 10.1
300 8.9 10.2
0.20 + 0.012 + .
M 1-olefins

M chain-growth

0.010

o
>

0.008

S
IS

"2£0.006
o

S
o
®

20.004

at 720 cm’!

o
=)
2
at 9

0.002

Intensity of absorption band
Intensity of absorption band
Integral intensity at 1100-1020

S
1=
S

0.000

240 260 280 300
Temperature, °C

240 260 280 300
Temperature, °C

& SUSTAINABLE ENERGY

temperature promotes the formation of branched paraffins and
internal olefins, at the same time proportion of 1-olefins decreases.
Obtained results indicate that higher reaction temperature promotes
secondary reactions of 1-olefins leading to the formation of internal
olefins and branched hydrocarbons.

Information of the influence of the reaction temperature on the
entire liquid hydrocarbon phase was obtained from NMR and FTIR
spectroscopy. Obtained results coincide with GC-FID/MS and are
included in Supplementary information.

Average liquid hydrocarbon chain lengths are calculated from GC
and *H NMR (Table 3).

H NMR results show lower value compared to GC results,
besides the higher reaction temperature, the greater the difference.
When calculating the chain length from NMR spectra, it is assumed
that sample consists only of n-alkanes (Equation 8) that is, that there
is no branching in the sample and there are no other end groups as
just —CH3 (there are no alcohols, 1-olefins etc.). Thus, average liquid
hydrocarbon chain length calculated from *H NMR may show ele-
vated results for samples containing hydrocarbons with different end
groups or may show reduced results for samples containing branched
hydrocarbons. The difference between the GC and NMR results indi-
cate that all samples contain branched hydrocarbons and the amount
of branched hydrocarbons increases with increasing temperature. This
is in agreement with the results obtained from gas chromatography.

3.5 | Effect of temperature on the compositions of
the waxes

The composition of FTS waxes was determined using NMR spectros-
copy and FTIR spectroscopy. FTIR analysis of the FTS waxes con-
firmed the presence of paraffins, olefins, and long-chain alcohols. As
presented in Figure 9, the reaction temperature affects the composi-
tion of FTS waxes. Since the intensity of the absorption band at
720 cm ™! correspond to —CH,— and thus is relatively representative
of the hydrocarbon chain length, it was used to describe the chain
growth. The chain growth probability is sensitive to the reaction
temperature, higher reaction temperature inhibited the formation of
long-chain alcohols and hydrocarbons. According to the obtained
results, higher temperature (280 and 300°C) promotes the formation
of waxes with similar carbon chain lengths but different composition.

0.28 + mlong-chain alcohols
0.24 +
0.20 +
0.16 +
Eon2 +
0.08 +
0.04 +
0.00

FIGURE 9 The influence of
temperature on the composition of
the FTS waxes, resulting from

FTIR analysis.

240 260 280 300
Temperature, °C
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At 300°C temperature, the waxes have the lowest content of
oxygenates and unsaturated compounds.

*H NMR spectra of waxes obtained at different reaction tempera-
tures were similar to liquid hydrocarbon phase product *H NMR spec-
tra, but all the signals were narrower and characteristic signals of
olefins and oxygenates had very low intensities. Integral intensity ratio
between signal of —CH,— at 1.27 ppm and all the other signals was
much greater witch indicates that waxes contain the same product
groups as liquid hydrocarbon phase, but the chain length of compo-
nents is larger.

13C NMR spectra showed signals at 32.1, 29.9, 29.5, 22.9, and
14.3 ppm corresponding to v, ¢, 8, B, and « carbon groups in n-alkanes.
Signals with smaller intensities corresponding to far from chain end
methyl- branched alkanes were detected at 37.3, 30.2, and 27.3 ppm
for —CH,—; at 32.9 ppm for —CH—; and at 19.9 ppm for —CH3
groups.*® Signals for branched alkanes were clearly resolved, the same

TABLE 4 Influence of reaction temperature on the average chain
length of waxes calculated from *H NMR.

Reaction temperature (°C) Average chain length

chemical shift interval in liquid hydrocarbons contains more and less
distinct signals indicating complicated mixture of branched alkanes,
alkenes, and alcohols. Other signals were not resolved from base-
line in the same experimental conditions as for liquid hydrocarbon
samples. Intensity of signals for branched alkane fragments relative
to signals of unbranched fragments are increasing with increasing
reaction temperature, showing the same trend as in liquid hydro-
carbon phase for increase in branched alkane content with increas-
ing temperature.

For waxes the average hydrocarbon chain length calculated from
1H NMR decreases with increasing reaction temperature (Table 4).

3.6 |
products

Effect of temperature on the aqueous phase

The target products of the FTS are hydrocarbons, while aqueous
phase is a by-product of the synthesis and is therefore often referred
to as wastewater. However, as mentioned above, the aqueous phase
makes up a large part of the condensable synthesis products and
therefore, it is important to evaluate the effect of temperature also on
the composition of this phase.

240 204
560 1857 In this study, the FTIR and gas chromatography techniques have
280 17'9 been used to investigate aqueous phase products. As presented in
’ Figure 10, the reaction temperature affects the composition and distri-
L 1= bution of aqueous phase products. The FTS aqueous phase was made
(a) mMethanol ~ mEthanol @ Water  ®Others
o 300 H
s
2 280 W
5]
a.
g
S 260 LN
240 L
I t t t t 71
0 20 40 60 80 100
v/iv, %
(b) 10 1 Others
9 +
8 s
7 -
—_ 6 T
a5+
on
4 +
3 4
FIGURE 10 The influence of 2t
temperature on the composition of the LT
FTS liquid aqueous phase products, 0

acetone

resulting from FTIR (a) analysis and
composition of other products besides
methanol and ethanol, resulting from
GC-MS (b) analysis.

n-propanol

n-butanol n-pentanol n-heksanol n-heptanol

Temperature, °C
240 260 280 u300
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of water, C;-C; primary alcohols and a small amount of acetone.
According to the obtained results, the content of oxygenates in the
aqueous phase increased and selectivity of the products changed when
the reaction temperature was raised from 240 to 300°C. It is known
that the reaction temperature exerts influence on the chain growth
probability,2® the higher temperature inhibited the formation of C3-C
n-alcohols and led to methanol and ethanol selectivity increase. The
proportion of methanol and ethanol increased from 3.8% to 10.4%
(v/v) and from 3.5% to 5.2% (v/v), respectively, with increasing temper-
ature from 240 to 300°C.

Although higher temperatures reduce formation of longer-chain
alcohols, it also contributes to the formation of carbonyl-containing
compounds. According to the obtained results, the amount of acetone
increased 2.4 times with the temperature rise from 240 to 300°C.
Most likely, elevated temperatures promote secondary reactions of
1-olefins leading to the formation of ketones through Wacker-Tsuji
oxidation.?

As one of the goals of the circular economy is waste reduction or
zero-waste production, the water phase should not be seen as waste-
water, but as a product or useful raw material. Given the high content
of oxygenates in the aqueous phase, the profitability of alcohol
extraction should probably be considered or the use of an aqueous
phase to produce a windshield washer fluid should be considered.

4 | CONCLUSIONS

The CO conversion level and FTS product selectivity were strongly
influenced by the reaction temperature. CO conversion level
increased linearly from 13.6% to 34.5% with the temperature ele-
vation from 240 to 280°C while further temperature elevation to
300°C resulted in negligible increase in CO conversion due to an
increase in the reaction rate of WGS, and Boudouard reactions. As
the reaction temperature affected both conversion and chain
growth, the amount of waxes increased with increasing tempera-
ture from 240 to 260°C, the amount of liquid products increased
with increasing temperature from 240 to 280°C. Further increasing
the temperature, the yield of condensed products decreased, while
the amount of gaseous products increased throughout the whole
temperature range.

Examination of the spent catalysts indicated the presence of wax
on the catalyst after FTS reactions at 240 and 260°C, which could
contribute to catalyst deactivation.

A higher reaction temperature inhibits the formation of longer
chain alcohols and favors the secondary reactions of 1-olefins,
therefore the selectivity of alcohols and 1-olefins in liquid hydro-
carbons and waxes decreased, while the selectivity of 2-olefins
and branched hydrocarbons increased with increasing reaction
temperature. The increase in reaction temperature contributed to
the formation of shorter chain hydrocarbons. Since short chain
alcohols are highly soluble in water, this, in turn, led to an increase
in the alcohol content in aqueous phase products up to 23.8 v/v%
at 300°C.

& SUSTAINABLE ENERGY
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In this study, silica-supported iron-based catalysts with/without potassium promoter were tested for Fischer-
Tropsch synthesis (FTS) at 280 °C and 20 bar. This paper discusses the effect of potassium to iron (K/Fe)
ratio in the range from 0 to 0.06 on the selectivity and composition of the FTS gaseous phase, liquid hydrocarbon
phase, solid phase (waxes), and aqueous phase products. The K/Fe ratio had minimal impact on the yield of
liquid hydrocarbons, whereas the average flow rate of waxes peaked at K/Fe = 0.02. The amount of aqueous
phase declined as the K/Fe ratio increased. Potassium contributed to the chain growth, which in turn lead to
long-chain paraffin accumulation in the pores of the catalyst. Consequently, diffusion limitations lead to lower
CO conversion levels for potassium-promoted catalysts reaching a minimum at K/Fe = 0.02. Results showed that
an increase in the K/Fe ratio enhanced the formation of oxygenates and olefins. Potassium suppressed the rate of
1-olefins isomerization to internal olefins. The alcohol content in the aqueous phase followed a parabolic trend,
reaching a minimum at K/Fe = 0.04. Methanol was the predominant alcohol for unpromoted catalyst, whereas

ethanol became the primary alcohol with potassium-promoted catalysts.

1. Introduction

Since 2000, global energy consumption has increased by about a
third, and it is predicted that it will continue to increase in the fore-
seeable future. Approximately 80 % of the consumed energy is based on
fossil fuels — crude oil, coal and natural gas. As a result, among the most
serious challenges of the 21st century are fighting against the increase in
greenhouse gas concentrations and meeting the energy demand [1,2].
Replacement of conventional fossil fuels with sustainable alternatives is
crucial to address these challenges.

Biomass-derived syngas is a sustainable precursor to synthetic fuels.
Direct synthesis of hydrocarbon fuels through biomass gasification
combined with Fischer-Tropsch synthesis (FTS) is a way to reduce
dependence on oil and safeguard the environment [3]. FTS is a catalytic-
polymerization process in which carbon monoxide and hydrogen mol-
ecules are converted into a broad spectrum of hydrocarbons according to
the following equation [4]:

2nH, +nCO— — (CHy), — +nH,0 1)

The main products are paraffins and olefins, while small amounts of

* Corresponding author.

oxygenates are also formed. The goal of FTS is the synthesis of so-called
syncrude (mixture of liquid and solid-like Cs.. hydrocarbons), while the
gas phase and aqueous phase are mainly considered by-products [5].
FTS effluent (aqueous phase) containing oxygenates, and FTS exhaust
(gas phase) consisting mainly of unreacted CO, Hg, CO2, N3 and short-
chain hydrocarbons (C;-C4) may have a significant impact on the envi-
ronment and require post-treatment [6,7].

The implementation of the circular economy principle in FTS
effluent and exhaust management offers an efficient and sustainable
long-term strategy to address the environmental challenges linked to
this industrial process. The concept of circular economy aims to mini-
mize waste generation and improve resource efficiency through the -
circularity of carbon material. The principle promotes the valuation of
waste and by-products, as well as resource recovery, reuse, recycling and
remanufacturing [6,8]. Depending on the composition there are
different approaches to managing FTS exhaust: light hydrocarbons can
be separated from the FTS exhaust, the FTS tail gas can be burnt as fuel
in gas turbines and boilers or the FTS exhaust can be recycled back to the
synthesis gas preparation section or back to the FTS reactor [9]. Simi-
larly, there are different approaches regarding FTS water effluent
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management. Depending on the concentration of the organic com-
pounds in the FTS product water, recovery of the oxygenates can be
performed. If the concentration of oxygen compounds is low and the
recovery of these compounds cannot be justified, the water must be
treated to reduce the environmental impact [10,11].

The yield of the synthesis and product distribution is highly depen-
dent on the catalyst and the reaction conditions. Both cobalt- and iron-
based catalysts are used in industrial-scale FTS, with iron catalysts being
the most commonly used due to their easy availability and relatively low
cost [12]. In addition, iron-based catalysts can be disposed of in landfills
(if acceptable environmental standards are met) whereas spent cobalt-
based catalysts must be reclaimed [13].

Due to their potential activity for a water—gas-shift (WGS) reaction,
which helps to counterbalance the excess or lack of hydrogen in the feed,
iron-based catalysts can adapt to a wide range of Hy/CO ratios. This
makes them an attractive choice for utilizing CO-rich syngas from
biomass [4]. Compared to cobalt-based catalysts, iron-based catalysts
are much more flexible in terms of process parameters, they can be
employed in low-temperature FTS (200-250 °C), as well as in medium-
temperature FTS (250-300 °C) and high-temperature FTS (300-360 °C)
[14,15]. Higher temperatures lead to increased reaction rates and higher
conversion rates, however, at the same time Cy, product selectivity
decreases [16]. Introduction of promoters is expected to enhance the
yield of hydrocarbons effective for the production of transportation fuels
(Cs. hydrocarbons and/or light olefins) [17].

Potassium is one of the most commonly used promoters for iron-
based catalysts. The overall effects of potassium on the performance of
iron-based FTS catalysts are widely studied over different catalyst sys-
tems. Most studies have focused on bulk catalysts often containing
multiple promoters [18-24], although various supported catalysts have
also been studied [25-28]. Supported catalysts offer improved me-
chanical strength, increased surface area and iron dispersion, as well as
more effective utilization of the active phase and promoters [29].

Results regarding the effect of potassium on FTS activity are incon-
sistent. Some studies indicate that potassium has a negligible effect on
FTS activity [18,24] or suppresses FTS activity [19], while others have
reported a volcano-like dependence of FTS activity with increasing po-
tassium loading [20,21,26,27]. Potassium has been shown to suppress
the production of methane and increase the rate of WGS reaction [26].
In the WGS reaction, H,O and CO are consumed whereas Hy and CO5 are
produced. Thus, potassium enhances CO; selectivity. The addition of
potassium has been reported to improve the adsorption of CO, while
decreasing the adsorption of Hj, contributing to chain propagation re-
action and enhancing olefin selectivity [16,22,24,30]. In addition, Dic-
tor and Bell [19] observed that FeyOs; promotion with potassium
enhances the formation of branched hydrocarbons and aldehydes.
However, the findings on the effect of potassium on oxygenate selec-
tivity have been inconsistent across different studies. While Dictor and
Bell [19] have reported that methanol is the dominant oxygenate and
the addition of potassium reduces its formation, Ma et al. [28] have
reported that ethanol is the dominant oxygenate, followed by propanol,
methanol, butanol and pentanol in turn. The results indicated that po-
tassium suppresses the formation of methanol and enhances the for-
mation of higher-molecular-weight alcohols. Y. Yang et al. [20]
investigated the effects of potassium content on the iron-manganese
catalyst and observed a parabolic trend in oxygenate selectivity with
increasing potassium loading. Variations in experimental conditions
and/or different catalytic systems contribute to the inconsistent results
observed in the research findings.

Even though potassium-promoted iron-based catalysts have been
extensively studied, there are limited results on the effect of the K/Fe
ratio on all FTS products, especially those considered as by-products.
The present work focuses on a systematic understanding of the effects
of the K/Fe ratio in silica-supported iron-based catalysts on the se-
lectivity of all product phases under industrially relevant operation
conditions (e.g. 280 °C, 20 bar). Given the importance of implementing

Fuel 387 (2025) 134399

circular economy principles in FTS, particular attention is turned to the
effects of the K/Fe ratio on the FTS effluent (aqueous phase). Silica was
chosen as catalyst support to facilitate the optimal use of iron and po-
tassium by improving dispersion and enhancing accessibility for re-
actants and to obtain the maximum yield of Cs. hydrocarbons. Zhao
et al. [17] studied the effect of the interaction between potassium and
different structural promoters on FTS performance in iron-based cata-
lysts. They observed that potassium-promoted catalysts containing SiOy
were more effective from a hydrocarbon selectivity view and yielded the
lowest CH4 and the highest Cs.. products. Similarly, the interaction be-
tween potassium and SiO; exists in silica-supported catalysts.

2. Materials and methods
2.1. Preparation of catalysts

A batch of SiO, commercial catalyst support granules (catalog
number 44740) was purchased from Thermo Fisher Scientific.
Manufacturer-given specifications for catalyst support are provided in
Supplementary information (Table S1 and Table S2). 30 g of the SiOy
granules were immersed in 80 mL 0.8 M Fe(NO3)3 aqueous solution. The
solution with immersed granules was stirred at 50 °C for 5 h, filtered,
and then granules were dried at 110 °C for 2 h, followed by calcination
at 550 °C for 5 h. The obtained catalyst was named K-0 [31]. The iron
concentration of the K-0 catalyst, determined by using a Rigaku Super-
mini Wavelength X-ray dispersive fluorescence spectrometer, was 11.4 wt
%.

K-2, K-4 and K-6 catalysts were prepared by impregnation of K-
0 with aqueous solutions of KNO3. The concentrations of the impreg-
nating solutions were calculated to obtain K/Fe = 0.02, K/Fe = 0.04 and
K/Fe = 0.06 atomic ratios in the final catalysts. After impregnation, the
samples were dried at 110 °C for 2 h and calcined at 550 °C for 5 h.

The catalyst granules were crushed and sieved to acquire particles in
the range of 1.0 — 2.0 mm.

2.2. Catalyst characterization

The textural characteristics of catalysts were analyzed using Ny
physical adsorption-desorption isotherms obtained with a Quantach-
rome Instruments Nova 1200 E-Series surface and porosity analyzer at —
196 °C. Prior to analysis, the samples were degassed at 180 °C for 8 h.
Specific surface area was estimated from the adsorption data recorded at
p/po ratios from 0.05 to 0.30 with differentiated step from 0.025 to 0.05
using the Brunauer-Emmett-Teller (BET) method. The pore volume and
average pore diameter were determined from desorption branches of the
isotherms using the Barrett-Joyner-Halenda (BJH) method. The equili-
bration time of adsorption and desorption was 60 s. The crystalline
structure of catalysts before and after the FTS reaction was characterized
using a Bruker AXS D8 ADVANCE powder X-ray diffractometer with Cu
(Ka) radiation (A = 1.5406 A) operated at 40 kV and 40 mA. Samples
were scanned at 1° min~! from 10° to 75° with a step size 0.02°.

2.3. Catalyst testing and product analysis

FTS experiments were performed in a PID-Micromeritics Microactivity-
Effi unit. Typically, 0.90 g of catalyst without dilution was loaded in the
stainless steel fixed-bed reactor with an inner diameter of 9.1 mm. The
catalyst was in-situ carbidized in pure CO at atmospheric pressure for 24
h at 350 °C with gas hourly space velocity (GHSV) = 1290 NmL g h~.
After the activation, the reaction was performed for 72 h at 280 °C and
20 bar in the Hy:CO:N3 (molar ratio 4:2:1) with GHSV = 4515 NmL g
'h~!. Three separate mass flow controllers were used to regulate the
flows of Hy, Ny (Bronkhorst El-Flow Select) and CO (Bronkhorst mini Cori-
flow). K-type thermocouple positioned in the center of the catalyst bed
was used to control the reaction temperature. Nitrogen was used as an
internal standard for the calculation of conversion rate and product
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selectivity.

The reaction exit gas passed through a hot trap (120 °C) and a cold
trap (5 °C) where reactor effluent was cooled down and heavy waxes,
liquid hydrocarbons, water and gases were separated. The waxes were
accumulated in the hot trap, liquid products were accumulated in the
cold trap. Liquid products from the cold trap were collected once every
24 h, whereas waxes from the hot trap were collected after 72 h.
Condensed products were quantified and analyzed off-line.

The gas phase was analyzed on-line using a Shimadzu Nexis GC-2030
gas chromatograph. Transfer line between the reactor and the chro-
matograph was maintained at 200 °C to avoid product condensation.
Analysis of Hp, N3, CO, CH4 and CO, was performed using two Restek
Porapak Q 80/100 columns (6 ft, 2 mmID), a Restek Molesieve 5A 60/80
column (6 ft, 2 mmID) set up in a row and thermal conductivity detector
(TCD). Helium was used as carrier gas. The column temperature was
55 °C. The flow pressure of the carrier gas was 200 kPa. A sample vol-
ume of 250 pL was injected using sample loop. Gaseous hydrocarbons
were separated in a Restek Rt-Q-Bond (30 m, 0.53 mmID, 20 pm) col-
umn and analyzed by a flame ionization detector (FID). The column
temperature was initially maintained at 55 °C for 12 min, then increased
to 130 °C with a rate of 10c min~, then increased to 180 °C with a rate
of 5°C min"". The final temperature was maintained for 35 min. Helium
carrier gas flow was 9.48 mL min~!. A sample volume of 250 pL was
injected using sample loop. The CO conversion rate was defined as the
mole percentage of CO reacted (Eq. (2)). Product selectivity was defined
as the mole percentage of carbon converted into the specific product
during FTS (Egs. (3)-(5)).

CO conversion X¢o = CO0n = COut 4 109y, @)
in
. COz0ut
lectivit; =—————¢100%

CO,selectivity Sco, 0, COu © 100% 3)
Cpselectivity Sg, = _ Crow 100% “

" COn — COpu
Cs, selectivity S¢;, = 100% — (Sco, + Sc, + Sc, + Sc, + Sc,) (5)

herein, COj, and COyy: the molar flow rate of CO at the inlet and outlet;
CO2 out: the molar flow rate of CO4 at the outlet; Cp, oy the molar flow
rate of hydrocarbons with n = 1-4 carbon atoms at the outlet.

Liquid FTS products were analyzed off-line by a Shimadzu Nexis GC-
2030 gas chromatograph equipped with Restek Rtx®-5MS column (30 m,
0.25 mmID, 0.1 um), FID detector and Shimadzu GCMS-QP2020 NX mass
spectrometer (MS). No sample preparation was needed prior to analysis.
A sample volume of 1 pL was injected into split/splitless injector at
300 °C with a split ratio of 100:1 using Shimadzu AOC-20i auto injector.
MS was operated in scan mode (10 — 500 Da). Helium carrier gas at a
flow of 1.47 mL min~! was used. For the analysis of the liquid hydro-
carbon phase the column was operated with an initial temperature of
30 °C held for 5 min then increased to 300 °C with a rate of 10 °C min ™!
and held for 5 min. For the analysis of the aqueous phase the column was
operated with an initial temperature of 30 °C held for 5 min then
increased to 300 °C with a rate of 20 °C min~! and held for 3 min. Linear
alcohols and acetone in the aqueous phase were quantified using
external calibration.

Standard 1D 'H and '3C solution-state nuclear magnetic resonance
(NMR) spectra were taken of the FTS liquid hydrocarbons and waxes
using a Bruker Avance 300 (300 MHz) or Bruker Avance 500 (500 MHz)
nuclear magnetic resonance spectrometer. Samples were diluted in
deuterated chloroform (CDCl3), the solubility in CDCl3 was good and no
insoluble residues were observed. Residual solvent signals were used as
the chemical shift reference (8 = 7.26; 8¢ = 77.16 + 0.06). "H NMR and
13C NMR peak assignments in CDCl3 solvent used to study FTS products
are provided in Supplementary information (Table S3 and Table S4).

The average hydrocarbon chain length N, was calculated from 'H
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NMR spectra using a modified Cookson approach [32,33]:
[Total C within chain] = [A] + [B] + [E]/2 + [G]/2 6)

[Total C at chain ends] = [C]/2 + [D]/2 + [F]/3 + [H]/3 (%]
B [Total C within chain]
Ne=2e ([TotalCat chain ends] ) 2 ®

where [A] is the intensity of the signal at ~ 5.82 ppm (CH; = CH-), [B]
is the intensity of the signal at ~ 5.42 ppm (-CH = CH-), [C] is the
intensity of the signal at ~ 4.95 ppm (CHz = CH-), [D] is the intensity of
the signal at ~ 3.65 ppm (-CH-OH), [E] is the intensity of the signal at
~ 2.01 ppm ((CHz = CH-CHy-)), [F] is the intensity of the signal at
1.60-1.65 ppm (—-CH = CH-CH3), [G] is the intensity of the signal at ~
1.27 ppm (-CHz-); [H] is the intensity of the signal at ~ 0.89 ppm
(-CH3).

FTS liquid hydrocarbons, waxes and aqueous phase products were
analyzed by Fourier Transform Infrared Spectroscopy (FTIR) using
PerkinElmer Spectrum 100 spectrometer connected with Universal Atten-
uated Total Reflectance (UATR) accessory. No sample preparation was
needed prior to analysis. Spectra were recorded from 650 to 4000 cm ™!
with a resolution of 4 cm™!. The characteristic absorptions of the
functional groups employed to examine FTS products are provided in
Supplementary information (Table S5). Methanol, ethanol and water
were quantified using external calibration with standards prepared
volumetrically in distilled water.

The elemental analyses of waxes were performed by combustion
analysis using a Euro Vector EA 3000 CHN/O analyzer. The amount of
oxygen was calculated by the difference:

O(Wt.%) = 100% — (C% + H% + N%) ©

where C%, H%, N% are the weight percents of carbon, hydrogen and
nitrogen.

Acidity analysis of the liquid hydrocarbon phase and the aqueous
phase was quantified by the KOH titration method. The method was
based on EN 14104 standard method for the determination of acid value
in light-coloured Fatty Acid Methyl Esters. For determination of acid
value, samples were weighed in an Erlenmeyer flask and dissolved in
isopropanol. After the addition of 1 % phenolphthalein solution in
ethanol, samples were titrated with potassium hydroxide standard so-
lution in ethanol (0.050 M) to persisting faint purple coloration. The
acid value (AV) in mg KOH/g was calculated according to the formula:

_ Vikon X ckon x 56.1
=

AV (10)

where Vgon — volume of potassium hydroxide standard solution (mL);
cgoH — concentration of potassium hydroxide standard solution (mol/L);
mg — mass of the sample (g).
3. Results and discussion

3.1. Catalyst characterization

The textural properties of the support and catalysts are summarized
in Table 1. The Ny physisorption isotherms and corresponding pore size

Table 1
N -physisorption results of the catalyst support and catalysts.

Sample  BET surface area Total pore volume Average pore
(m*g) (cm®/g) diameter (nm)

SiO, 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
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distribution patterns of the catalyst support (SiO5) and K-0, K-2, K-4, K-6
catalysts are shown in Fig. S1. Typical IUPAC type IV isotherms with H1
hysteresis loop which are characteristic of mesoporous silica with
a narrow distribution of cylindrical or tubular pores [34] are observed
for all samples. As shown in Table 1, after impregnation with iron and
potassium, pore volume, average pore diameter and specific surface area
decreased compared to pure catalyst support. These results indicate that
iron and potassium species are localized in the pores of the support and
that smaller pores might be blocked during the impregnation step.

The XRD patterns of catalysts before FTS reaction are shown in
Fig. 1A. The broad peak observed at 26 = 20-25° corresponds to
amorphous silica. All catalysts exhibit the presence of a-Fe303 (hema-
tite) (PDF 01-071-5088). The impregnation of potassium did not affect
the hematite crystalline phase detected by XRD. No peaks assigned to
potassium species are observed which is likely due to their high
dispersion and low contents.

To better understand the activity of the samples, the catalysts were
analyzed by XRD after FTS.

The XRD patterns of the used catalysts are shown in Fig. 1B. The
patterns exhibit several peaks at 20 = 35-52°, which can be attributed to
a mixture of iron carbides. Due to weak diffraction signals, it is not
possible to distinguish the type of iron carbide. Besides these peaks, the
XRD patterns of K-2, K-4 and K-6 after FTS exhibit peaks at 20 = 21.4°
and 26 = 23.9°, which can be identified as paraffin wax (-CHy-) (PDF
40-1995). UATR-FTIR confirmed the presence of hydrocarbons on the
catalysts K-2, K-4 and K-6. Absorption bands corresponding to stretching
vibrations of —~CH,- (2916 cm™!) and —~CHs (2849 cm™1), as well as ab-
sorption bands corresponding to bending vibrations of —-CHa- (1427
em V) and —CHj3 (1462 cm™ 1), are observed in the FTIR spectra of K-2, K-
4 and K-6 whereas no such absorption bands are observed in the spec-
trum of K-0 (Fig. 2).

The obtained results indicate that the addition of potassium pro-
motes the accumulation of waxes on the catalyst. According to the
literature it is known that during low-temperature FTS long-chain par-
affins accumulate in the pores of the catalyst and the characteristic of the
reaction shifts from a two-phase gas-solid reaction to a three-phase
gas-liquid-solid reaction. This increases the diffusion length — when
macro pores are filled, synthesis gas can only be transported by diffusion
via liquid phase [35,36]. The effectiveness factor of the reaction rate
regarding to pore diffusion for catalysts with particle size in the milli-
meter range becomes less than one. This unwanted effect is usually
unavoidable [36].

3.2. Effect of K/Fe ratio on the FTS performance

The effect of potassium on the FTS performance after 72 h on stream
is shown in Table 2. The average flow rates of the FTS gaseous phase,
liquid hydrocarbon phase, solid phase (waxes) and aqueous phase as
a function of the K/Fe ratio in catalysts are shown in Fig. 3. Catalytic
performance with time on stream and the calculation of carbon balances
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Fig. 2. UATR-FTIR spectra of spent catalysts.

after FTS are included in the Supplementary information (Fig. S2 and
Table S6). CO conversion showed a parabola-like trend reaching a
minimum conversion value of 16.7 % with K-2 catalyst. The drop in CO
conversion can be explained by the accumulation of waxes in the cata-
lyst pores which creates internal mass transfer limitations and reduces
the effective rate of CO consumption [37]. Potassium as a promoter is
reported to improve the adsorption of CO in terms of both bonding
strength and adsorption quality [26]. As a result, an increase in potas-
sium content leads to faster CO adsorption and dissociation and subse-
quently CO conversion increases. The observed CO conversion in our
study aligns with data reported by Cheng et al. [38] who investigated
the effect of pore size on the performance of silica-supported iron-based
catalysts, reporting CO conversion rates between 0 and 30 % (T =
300 °C, P = 20 bar, Hp/CO = 2.1). Similarly, our results are in line with
those of Farias et al. [25] who investigated the influence of potassium
addition (K/Fe = 0.06, 0.12, 0.18) on silica-supported, copper-promoted
iron-based catalysts, where CO conversion ranged from 5 to 52 % at
270 °C, 20 atm, and an H/CO ratio of 1.0.

CH4 selectivity decreased from 21.6 % for unpromoted catalyst to
8.5 % for K-6 catalyst. The results are consistent with many previous
studies on the role of potassium on the adsorption of CO and Hy (e.g.
potassium strengthens CO adsorption and weakens Hy adsorption thus
promoting chain growth and decreasing CHy4 selectivity) [16,22,24,30].

The lowest flow rate of gaseous phase products was at K/Fe = 0.02
(Fig. 3). Increasing the amount of potassium contributed to the increase
in average flow rate of gaseous phase products primary due to a signi-
ficant increase in CO3 selectivity. All reaction products passed through
hot and cold traps, however small part of Cs, products remained in the
gaseous state and were carried along the stream. GC analysis of gaseous
phase showed reaction products with chain length up to Cy. Distribution

¢
+ u—Fe203

¢ Iron carbides ¢ -(CHo)-

K-6
K-4
—K-2
—K-0

20 30 40 50 60 70
20,°

Fig. 1. XRD patterns of as-prepared catalysts (A) and spent catalysts (B).
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Table 2
CO conversion and product selectivity of K-0, K-2, K-4 and K-6 catalysts after 72 h.
Catalyst CO conversion (%) CO, selectivity (%) CH, selectivity (%) C-C4 selectivity (%) Cs selectivity (%)
K-0 20.4 12.3 21.6 21.3 44.8
K-2 16.7 16.1 12.6 19.4 51.9
K-4 17.9 17.8 9.3 17.6 55.3
K-6 21.2 18.7 8.5 17.8 55.0
0.3
503
£o02
= ‘\.\ —e— Waxes
5 0.2 \ g ——0 Lo
"«_j —®— Liquid hydrocarbon phase
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Fig. 3. Influence of potassium on the flow rates of solid (waxes), liquid hydrocarbon, aqueous and gaseous phase products.

of gaseous Cp-C7 hydrocarbons is included in the Supplementary infor-
mation (Fig. S3). An increase in K/Fe ratio contributed to the formation
of unsaturated products. Given the low CO conversion level and low
selectivity for C;-C4 products, the most effective options for exhaust
management could be recycling the exit gas either back to the synthesis
gas preparation section or back to the FTS reactor.

The addition of potassium had the greatest effect on the average flow

(=2}

rates of the aqueous phase and solid phase. The amount of the aqueous
phase showed steady decline with the increase in K/Fe ratio in catalysts.
The decreased flow rate of aqueous phase together with the increase in
CO;, selectivity indicates that potassium promoter enhances the water-
—gas shift reaction (CO + H20 2 CO2 + Hy) activity. The average flow
rate of waxes showed volcano-like trend with the maximum at K/Fe =
0.02. In the presence of the K-2 catalyst, the amount of waxes increased
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Fig. 4. Evaluation of liquid hydrocarbon phase product selectivity over K-0, K-2, K-4 and K-6.
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2.7 times compared to the K-0 catalyst. However, a further increase in
the K/Fe ratio started to reduce the formation of waxes. The amount of
waxes adsorbed on the catalyst surface is negligible and does not affect
the calculated average flow rate of the waxes. The decrease in the
amount of wax could be explained by the stronger physisorption of
heavier hydrocarbons on the catalyst surface and slower diffusion of
long chain hydrocarbons through catalyst pores leading to longer
occupation of the active sites.

The K/Fe ratio had practically no effect on the average flow rate of
liquid hydrocarbon phase.

3.3. Effect of potassium on the composition of the liquid hydrocarbon
phase products

FTS liquid hydrocarbon products with chain lengths corresponding
to the gasoline range (Cs-C11), kerosene range (C10-C14) and diesel range
(C12-Cqp) are considered particularly valuable. Despite all FTS reaction
products passing through the hot trap to condense waxes, a small part of
Cao4 products reached the cold trap. GC-FID/MS analysis of the FTS
liquid hydrocarbon phase showed products with chain lengths from Cs
to Cse. Fig. 4 shows the effect of the K/Fe ratio on the liquid hydrocarbon
phase. Most of the liquid hydrocarbon phase products (69-73 %) are of
chain length corresponding to the gasoline range. Although the potas-
sium promoter alters hydrocarbon chain length selectivity, the total
proportion of hydrocarbons with chain lengths corresponding to the -
gasoline range, kerosene range and diesel range remains almost
unchanged.

While potassium has little effect on liquid hydrocarbon yield, the
composition of the liquid hydrocarbon phase was greatly altered by K/
Fe ratio in catalysts. In the GC-MS/FID chromatogram, it was possible to
differentiate n-paraffin, 1-olefin, 2-olefin, and n-alcohol peaks in the Cg-
Cy4 range, thus it was possible to obtain detailed information on the
composition of the area. However, it was not possible to obtain
acceptable resolution for quantification outside the C¢—Cy4 range. The
catalysts with higher potassium loading exhibited a lower hydrogena-
tion activity, the content of n-paraffins decreased whereas the content of
1-olefins increased with the addition of potassium. Potassium contrib-
utes to chain growth and accordingly also enhances the formation of
longer-chain alcohols. Since the solubility of longer-chain alcohols in
water is very low, the content of oxygenates in liquid hydrocarbon phase
increased with increased K/Fe ratio.

In order to evaluate the effect of potassium on the composition of
the entire liquid hydrocarbon phase, the samples were analyzed using
NMR and FTIR spectroscopy methods. The 13¢ NMR spectra of liquid
hydrocarbon phase (Fig. S4-S7) showed signals at ~ 14.1, 22.7, ~32.0,
~29.3 and 29.7 ppm corresponding to a-, p-, y-, 8-, &- carbons in n-al-
kanes. Low-intensity resonances observed between 20 and 40 ppm are
due to branched alkanes. Methylene group adjacent to hydroxyl group of
the n-alcohols (R-CH2-OH) showed low intensity signal at ~ 63.1 ppm.
Resonances attributed to 1-olefins are found at ~ 114.0 (CH, = CH-)
and ~ 139.2 ppm (CHz = CH-). Resonances attributed to 2-olefins are
found at ~ 123.6, ~124.5, ~139.0 and 131.7 ppm, confirming the ex-
istence of both cis- and trans-isomers of 2-olefins in the mixture.

The 'H NMR spectra of liquid hydrocarbon phase (Fig. $8-S11)
showed resonances for methyl protons at ~ 0.89 ppm and methylene
protons at ~ 1.27 ppm. Resonances of low intensity detected at
3.64-3.65 ppm were attributed to oxygenated species. All spectra
showed proton signals between 4.6 and 6.0 ppm corresponding to
olefinic proton groups. Signals of 1-olefines were found at 4.93-5.00
ppm (R-CH = CH3) and at 5.82 ppm (R-CH = CH>), overlapping signals
at 5.40-5.42 ppm were attributed to internal olefines (R-CH = CH-R). It
was possible to calculate the ratio of 1-olefins/n-paraffins and internal
olefins/total olefins in the mixture depending on the catalyst used. The
1-olefin/n-paraffin ratio and internal olefin/total olefin ratio were found
to be in good agreement with the selectivity results from GC-MS/FID
analysis of the liquid hydrocarbon phase products. The average chain
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length calculated from GC and TH NMR (Table S7) shows a volcano-like
trend with the maximum at K/Fe = 0.02. The observed reduction in
hydrocarbon chain length at higher potassium levels may be attributed
to increased Hy/CO ratio in the reactor due to enhanced WGS activity.

n-Paraffins and 1-olefins are primary FTS products. Under reaction
conditions (1)-olefins are reactive, and readsorption of olefins on growth
sites may also lead to primary products whereas adsorption on other
sites and secondary reactions of 1-olefins may lead to the formation of
branched hydrocarbons via alkylidene mechanism [39,40] or isomeri-
zation to internal olefins via double-bond shift reactions [41]. With
an increasing K/Fe ratio the content of olefins in liquid hydrocarbon
phase increases whereas the proportion of internal olefins decreases,
indicating that potassium suppresses the rate of 1-olefins isomerization.

Results obtained from FTIR spectroscopy coincide with GC-FID/MS
and NMR and are included in Supplementary information (Fig. S12).
Alcohols were the only detected oxygenates, no signals corresponding to
carbonyl and carboxyl groups were found in the GCG-MS, 'H NMR, '3C
NMR and FTIR spectra.

However, the detection of carboxylic compounds at low levels is
difficult due to sensitivity of analytical methods (amount of acids could
be under detection limit of NMR and FTIR); the GC-MS method used was
not specific to carboxylic acids. Therefore acidity of liquid hydrocarbon
phase was quantified by KOH titration method. The determined con-
centrations of carboxylic acids are 0.008 mmol/g (K-0), 0.010 mmol/g
(K-2), 0.016 mmol/g (K-4) and 0.022 mmol/g (K-6). Oxygenates are not
primary FTS products. According to literature, alcohol, carboxylic acid
and carbonyl group-containing compound formation may be due to
parallel reactions that involve CO insertion in the methylene-metal or
methyl-metal bond [42]. As potassium strengthens CO adsorption and
hinders H; adsorption, an increase in the K/Fe ratio enhances the for-
mation of oxygenates. According to the CO insertion mechanism, alco-
hols are formed via hydrogenation of intermediate [RCO-s] whereas
acids are formed by the reaction between intermediate acyl [RCO-s] and
hydroxyl [OH-s] species [43]. Potassium suppresses hydrogen adsorp-
tion, leading to lower hydrogenation activity and subsequently con-
centration of acids rose with increasing K/Fe ratio in catalysts.

3.4. Effect of K/Fe ratio on the composition of waxes

Heavier waxy products (Cgs;) have limited value as final products;
however, they can be transformed into more desirable products through
various post-processing techniques. Hydrocracking can be used to pro-
duce liquid fractions (gasoline, kerosene, diesel oil), catalytic cracking
can be used to produce light olefins, hydro-isomerization dewaxing
technology can be used to produce high-quality lube base oil, etc.
[44-46].

NMR analysis of the wax products (Fig. S13-520) shows that long-
chain n-paraffins are dominant compounds in the mixture. The
average chain length was found to be from 16.99 to 18.91 with
maximum at K/Fe = 0.02 (Table 3). It was possible to detect resonances
attributed to olefins and oxygenated species from 'H- and *C NMR
spectra as well. The increase in the potassium content contributed to the
formation of alcohols in FTS wax. In contrast to the liquid hydrocarbon
phase, the majority of olefins in the waxes were internal olefines. This is
due to heavier hydrocarbon higher residence time leading to re-

Table 3
Average chain length, 1-olefin/n-paraffin ratio and internal olefin/total olefin
ratio of waxes, calculated form ' H NMR.

Catalyst  Average 1-Olefin/n- Internal olefin/  Internal olefin/
chain paraffin ratio  n-paraffin ratio total olefin
length ratio

K-0 16.99 0.0008 0.0063 0.89

K-2 18.91 0.0018 0.0092 0.83

K-4 18.59 0.0068 0.0114 0.63

K-6 18.46 0.0055 0.0114 0.68
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adsorption and secondary reactions of 1-olefins. The content of 1-olefins
was insignificant at first (K-0), but with increase in K/Fe ratio the
amount of 1-olefins as well as internal olefines increased. In addition,
the amount of 1-olefins increased more rapidly, so the ratio of internal
olefins/total olefins decreased. This again indicates that potassium en-
hances the formation of olefins and suppresses the extent of 1-olefin
isomerization to internal olefins.

Results obtained from FTIR spectroscopy coincide with NMR. FTIR
spectra of FTS waxes (Fig. S21) show absorption bands corresponding to
O-H and C-O stretching vibrations at 3345 and 1056 cm™' which in-
dicates alcohols. The absorption bands between 2854—3075 cm ™ and
1378—1465 cm ™! correspond to the methyl- and methylene group
stretching and bending vibrations which indicate paraffins and olefins.
The presence of absorption band corresponding to = CHz bending vi-
brations (909 cm 1) indicates 1-olefins, while the presence of absorption
band at 965 cm ™! corresponds to —-CH = CH- (trans) bending vibrations
indicating trans-olefins. The intensity of absorption band at 720 cm™!
(—CHy-) serves as an indicator of hydrocarbon chain length and is used to
describe the chain growth. As shown in Fig. 5, an increase in the K/Fe
ratio increased the relative amount of olefins and long-chain alcohols in
the waxes several times.

The elemental CHN/O analysis data of FTS waxes are reported in
Table 4. An increase in the amount of oxygen (O) and a decrease in the
amount of hydrogen (H) in the waxes as the K/Fe ratio in the catalyst
increases indicate the formation of oxygen-containing and unsaturated
and/or longer chain products. This is in good agreement with the results
obtained from NMR and FTIR.

3.5. Effect of potassium on the aqueous phase products

During FTS, hydrocarbon chain growth occurs simultaneously with
water formation. The amount of aqueous phase produced is equivalent
to the amount of oil produced. Due to their polar nature, short-chain
oxygenates produced in FTS tend to dissolve primarily in the aqueous
phase. Vapor-liquid-liquid equilibrium and the type of FTS technology
used determines the composition of aqueous phase [47,48].

The aqueous phase obtained using K-0, K-2, K-4 and K-6 catalysts
contained oxygenates with chain lengths from C; to C;. The K/Fe ratio in
catalysts affected the composition of aqueous phase (Fig. 6). According
to the obtained results, potassium promoter suppressed the formation of
methanol. Methanol was the main product in aqueous phase for K-0,
whereas ethanol was the main product in aqueous phase for the
potassium-promoted catalysts. Overall oxygenate selectivity showed
parabola-like trend with the lowest content of oxygenates for K-4
catalyst.

Potassium favours formation of longer-chain products, including
longer-chain oxygenates. As the carbon chain length of alcohols
increased, solubility in water decreased. This leads to lower oxygenate
content in aqueous phase for potassium-promoted catalysts compared to
K-0. Additionally, potassium enhances CO adsorption which in turn fa-
vours the formation of oxygen-containing compounds through a CO-
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Table 4

Elemental analysis of FTS waxes.
Catalyst ©% (H)% (N)% (0)%
K0 84.6 14.3 0 1.0
K-2 84.5 14.1 0 1.4
K-4 84.5 13.8 0 1.8
K-6 84.4 13.6 0 2.0

insertion mechanism. As a result, oxygenate content in aqueous phase
for K-6 catalyst increases compared to K-2 and K-4 catalysts.

Acidity of aqueous phase was quantified by KOH titration method.
The determined concentrations of carboxylic acids are 0.024 mmol/g (K-
0), 0.029 mmol/g (K-2), 0.047 mmol/g (K-4) and 0.053 mmol/g (K-6).
As mentioned in 3.3., both acids and alcohols are formed in reactions
involving intermediate [RCO-s]. The activation energy for alcohol for-
mation is lower than that for acids leading to alcohols as the predomi-
nant oxygenated products. The addition of potassium lowers the
hydrogenation activity, so the formation of alcohols by successful hy-
drogenation of intermediate [RCO-s] is hindered, while the formation of
acids in the reaction of intermediate [RCO-s] and [OH-s] remains more
possible.

Since the aqueous phase contains significant amount of oxygenates,
the recovery of the oxygenates could be justified and should be
performed.

4. Conclusions

The effect of K/Fe ratio in potassium-promoted iron-based silica-
supported catalysts on FTS products was investigated in the range of
0-0.06. The results obtained from Ny adsorption-desorption analysis
indicated that iron and potassium species were localized in the pores of
SiO, and that the impregnation step may have blocked some smaller
pores of the support.

Examination of spent catalysts indicated the presence of waxes on
the potassium-promoted catalysts. Both K/Fe ratio and internal mass
transfer limitations created by the accumulation of waxes in the catalyst
pores influenced the CO conversion and product selectivity.

Due to internal mass transfer limitations, CO conversion level for
potassium-promoted catalysts were lower compared to unpromoted
catalyst, reaching a minimum at K/Fe = 0.02. However, with increasing
K/Fe ratio CO conversion level increased due to potassium strength-
ening CO adsorption.

The K/Fe ratio influenced average flowrate of products. The addition
of potassium suppressed the formation of CH4 and enhanced the for-
mation of longer chain hydrocarbons. K/Fe ratio had minimal influence
on liquid hydrocarbon yield, while the lowest gas phase production and
the highest wax formation occurred at K/Fe = 0.02. As the K/Fe ratio
increased, CO2 selectivity rose while the amount of aqueous phase
decreased, indicating enhanced water-gas shift (WGS) activity.

With higher K/Fe ratios the content of olefins and carboxylic acids
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increased indicating that potassium-promoted catalysts had lower hy-
drogenation activity. The majority of olefins in liquid hydrocarbon
phase were 1-olefins, while in waxes majority were internal olefins due
to readsorption and secondary reactions of 1-olefins driven by the longer
residence time of heavier hydrocarbons. However, with increasing K/Fe
ratio the proportion of internal olefins decreased indicating that potas-
sium suppressed the rate of 1-olefins isomerization.

The increased chain growth probability for K-promoted catalysts
resulted in an increase in oxygenate content in liquid hydrocarbon and
wax products, while alcohol content in the aqueous phase showed a
parabola-like trend with a minimum at K/Fe = 0.04. Methanol was the
main alcohol for the K-0 catalyst, while ethanol was the main alcohol for
potassium-promoted catalysts.
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Abstract

The huge contribution of the transportation sector to GHG emissions motivates the search for a sustainable and renewable
alternative to fossil fuels. Fischer—Tropsch synthesis (FTS) is a catalytic process to convert synthesis gas into hydrocarbons
for the production of fuels and chemicals. However, further development of FTS catalysts is still needed in order to make the
process based on renewables economically viable. In this work mesoporous Fe/SBA-15 was synthesized. Two natural clays
(hectorite and kaolin) were used as catalyst binders and promoters. The agglomeration with the clays did not disrupt the
mesoporous structure of Fe/SBA-15. The effect of the clay and the effect of the catalyst form (i.e. powder or granules) on
the FTS performance was investigated at 280 °C and 20 bar. Comparing catalysts agglomerated with kaolin and hectorite,
better performance was observed for catalysts containing kaolin. Catalysts in the form of powder showed better performance
in CO converted per gram of iron than the same catalysts in the form of granules. Granular catalysts promoted the formation
of gaseous products.
©2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The rapid growth of the world’s population together with technological developments has led to a significant
increase in consumption, production, and, consequently, environmental pollution. One of the main challenges is
greenhouse gas (GHG) emissions, which contribute to climate change and global warming. Amongst different
human activities, transportation makes the largest contribution to the GHG emissions [1]. Therefore, the transition
to sustainable renewable fuels is crucial.

Fischer-Tropsch synthesis (FTS) is a catalytic process for the conversion of synthesis gas into broad spectrum of
hydrocarbons suitable for the production of fuels and chemicals. Recently, interest in FTS as a sustainable process
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Nomenclature
Pulv. Powder
Gran. Granules

has been growing, as the synthesis gas required for the process can be obtained from alternative and renewable
feedstocks such as biomass, and waste [2]. Most Group VIII metals have Fischer—Tropsch activity, but only iron
and cobalt catalysts are used on an industrial scale. The advantages of iron catalysts are availability, low cost, ability
to adapt to a wide range of H,/CO ratios, and reaction temperatures [3]. The main disadvantage of iron catalysts
is the relatively short lifetime due to sintering, iron phase change, and carbon deposition [4]. In addition, during
FTS catalysts can become mechanically instable, and fine catalyst particles can contaminate the reactor and further
equipment [5].

Catalyst supports and structural promoters are used to stabilize catalyst particles, while chemical promoters are
used to improve catalytic performance. The most commonly used FTS iron catalyst promoters are Zn, Mn, Al, Si,
Cu, Ru, K, Na, Cs, and Rb compounds [6]. SBA-15 is an ordered mesoporous SiO, material with a large surface
area and narrow pore size distribution. The high thermal and hydrothermal stability of SBA-15 makes it a suitable
catalyst support for Fischer—Tropsch synthesis [7]. In catalyst manufacture binders such as natural clays, alumina,
silica are often used to increase catalyst mechanical strength. Clays can also help in adsorption processes [8], besides,
they contain components, which can act as promoters [9]. Although different promoters for Fischer-Tropsch iron
catalysts have been widely investigated, clay minerals are not amongst them.

In this study two natural clays (hectorite and kaolin) were used as a catalyst promoters and binders to the
Fe/SBA-15 catalyst granules. Hectorite clay is a magnesium-lithium silicate (NageMg,7Lip3Si40190(OH),) [10].
Kaolin clay is a hydrated aluminum silicate (Al,Si,Os(OH)4), containing impurities such as K, Na, Fe in large
quantities [11]. Since diffusional restrictions of reactant gases and reaction products within large catalyst granules
could affect the Fischer-Tropsch synthesis rate and product selectivity, the effect of the clay and the effect of the
catalyst form (i.e. powder or granules) on the FTS performance was investigated.

2. Materials and methods

Iron nitrate nonahydrate (Fe(NOs3); - 9H,0, 96%) was purchased from Carl Roth and used as iron source
for the synthesis of iron containing mesostructured catalysts. Non-ionic surfactant Pluronic P123 (EO20PO7oEOy,
M,, = 5800, 99%), tetraethyl orthosilicate (TEOS, 98%), nitric acid (HNOj3, 70%) and ethanol (C,HsOH, 99.8%)
were purchased form Merck. Black clay (100% hectorite) and white clay (100% kaolin) were purchased from DNC.

2.1. Catalyst preparation

The powder Fe/SBA-15 has been prepared via direct synthesis method by adapting general SBA-15 synthesis
method published by Zhao et al. [12]. 4 g of triblock copolymer P123 were dissolved in 150 mL of 1.45 M aqueous
solution of HNOj3. The resultant mixture was stirred and heated up to 40 °C before adding the iron precursor. The
mass of the Fe(NO3); - 9H,O was calculated to obtain 30 wt% iron in the final catalysts. Then 9.15 mL of the
silicon precursor (TEOS) was added dropwise. After that the resultant gel was hydrothermally aged at 40 °C for
24 h and 100 °C for 48 h under static conditions. The solid was recovered by filtration, and air-dried. Surfactant
was removed by calcination in air at 550 °C for 5 h with a 1 °C min~! temperature ramping. The solid was then
recovered as an orange-brown powder. Iron concentration in Fe/SBA-15 determined by XRF was 28.1 wt%.

Macroscopically structured catalyst granules were made by agglomeration of powder Fe/SBA-15 with clays.
Inorganic clay (hectorite or kaolin) was used as a binder. Deionized water was added to the mix of Fe/SBA-15 and
clay (2:1 wt%). Obtained paste was kneaded in order to obtain homogeneous composition.

Catalyst rods (D = 1.6 mm) were made by extrusion. Extruded rods were cut in 3-5 mm length particles, dried
in air at 50 °C for 5 h and finally calcined in air at 550 °C for 5 h with a 1 °C min~' temperature ramping. Catalyst
granules containing hectorite were denoted as Fe/SBA-15/H while catalyst granules containing kaolin were denoted
as Fe/SBA-15/K.
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2.2. Catalyst characterization

Powder X-ray diffraction (XRD) analysis was acquired by a Bruker AXS D8 ADVANCE diffractometer operated
at 40 kV and 40 mA using Cu Ko radiation with a wavelength of 0.15406 nm. Small angle XRD patterns (SXRD)
were recorded in the 20 range of 0.5-2° with the step size of 0.01° and wide angle XRD patterns (WXRD) were
recorded in the 20 range of 2-50° with the step size of 0.02°.

The adsorption—desorption isotherms of N, at —196 °C were measured on Quantachrome Instruments Nova 1200
E-Series surface and porosity analyzer. Prior to the experiment, the samples were degassed at 180 °C for 4 h. The
catalysts surface areas were calculated using the Brunauer—-Emmett—Teller (BET) method. The total pore volumes
were estimated from the amount adsorbed at a relative pressure (P/Py) of 0.99. The pore size distributions were
estimated from desorption isotherms using the Barrett—Joyner—Halenda (BJH) method.

2.3. Test of catalytic behavior

The catalytic properties of Fe/SBA-15 were tested in powder form, while Fe/SBA-15/H and Fe/SBA-15/K were
tested both in granular and powder form. FTS experiments were carried out in a commercial customized micro-
activity reactor (Microactivity-Effi, PID Eng&Tech S.L.) employing a tubular high-pressure fixed-bed stainless steel
reactor (9.1 mm LD. x 304.8 mm length). A porous plate made of Hastelloy C (20 um in size) was used to support
the catalytic bed inside the isothermal temperature zone of the reactor. Quartz wool was used as an additional support
using a powdered catalyst. Typically, a reactor was loaded with 0.35 g of catalyst powder previously diluted with
quartz sand to avoid hot spots during the reaction, or 0.70 g of catalyst granules without dilution. Prior to catalytic
testing, all fresh catalysts were reduced in-situ in a stream of CO at 350 °C for 22 h with a 3 °C min~! temperature
ramping under atmospheric pressure. After the reduction, the temperature was lowered up to 160 °C and the feed
gas was switched to the reactant gas (H,, CO and N; mixture). The molar ratio of H,:CO:N, was 4:2:1 and the
flow rate was 70 mL min ~'. Then the operation parameters were gradually increased to the reaction conditions.
FTS tests were carried out at 20 bar and 280 °C for 72 h.

The reactor effluent passed through a hot trap (120 °C) to collect heavy waxes and a cold trap (5 °C) to recover
liquid hydrocarbon phase and water.

The gaseous product stream was analyzed on-line with a gas chromatograph (Shimadzu Nexis GC-2030) equipped
with four columns, flame ionization detector (FID) and thermal conductivity detector (TCD). Restek Rt-Q-Bond
(30 m, 0.53 mmID, 20 um) column and FID detector was used for the analysis of gaseous hydrocarbons. Two
Restek Porapak Q 80/100 columns (6 ft, 2 mmID), a Restek Molesieve 5A 60/80 column (6 ft, 2 mmID) set up in
a row and TCD detector was used for the analysis of H,, N,, CO, CHy, and CO; in the exit gas.

Nitrogen in the syngas was assumed as inert during the reaction.

Following formulas were used to calculate conversion and selectivities:

Coin - Coou
CO conversion (mol%) Xco = Tt - 100 (1)
CO ou
CO; selectivity (mol%)  Sco, = ﬁ - 100% )
in out
C
C, selectivity (mol%) Sc, = ﬁ - 100% 3)
in T out
4
Cs, selectivity (mol%) Scs, = 100% — Sco, — Z Sc, “4)
n=1

where COj, represents molar flowrate of CO at inlet; COgy, COs0y and Cy oy represent molar flowrate of CO,
CO,, and hydrocarbons with n carbon atoms at outlet. Iron time yield (FTY) was used to represents moles of CO
converted per gram of iron per second.

3. Results and discussion

The N, adsorption curves and pore size distribution of Fe/SBA-15, Fe/SBA-15/H, Fe/SBA-15/K as well as of both
clays used as binders are shown in Fig. 1. Typical IUPAC type IV isotherm with H1 hysteresis loop characteristic of
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Fig. 1. (a) N, adsorption-desorption isotherms, and (b) pore size distribution of catalysts and clays.

mesoporous materials with narrow distribution of cylindrical or tubular pores [13] were observed for all 3 catalysts
(Fig. la), indicating that agglomeration with clay does not disrupt the mesoporous structure of Fe/SBA-15.

Textural properties of catalysts and clays are presented in Table 1. As it can be seen from Fig. 1. and Table 1,
both hectorite and kaolin have relatively small amount of mesopores and small surface area, therefore, after mixing
Fe/SBA-15 with the clay, the surface area, and the pore volume of the Fe/SBA-15/H and Fe/SBA-15/K catalysts
are reduced. However, the mean pore diameter changes only slightly, indicating that the clays do not clog the pores
of Fe/SBA-15.

Table 1. Textural properties of catalysts and clays.

Sample SeT" (mZ/g) Viotal b (Cm3/g) DavcmgcC (nm) Dmcand (nm)
Fe/SBA-15 572.4 0.99 6.95 7.82
Fe/SBA-15/H 334.0 0.63 7.55 6.62
Fe/SBA-15/K 368.2 0.69 7.45 7.84
Hectorite 52.0 0.08 6.24 3.85
Kaolin 15.2 0.05 13.32 3.13

2BET surface area.

bTotal pore volume.

¢Average pore diameter.

dMean pore diameter evaluated by the BJH desorption method.

The SXRD patterns (Fig. 2a) of catalysts showed one intense reflection at 260 = 0.9° and two reflections with
smaller intensities at 260 = 1.6° and 26 = 1.8°, which is characteristic of the 2D hexagonal mesoporous structure
(p6 m) of SBA-15. The WXRD patterns of catalysts after calcination (before reaction) showed reflections corre-
sponding to hematite («-Fe,O3 PDF 01-071-5088). The WXRD patterns of Fe/SBA-15/K and Fe/SBA-15/H showed
also additional reflections corresponding to quartz (SiO, PDF 01-070-7344), and muscovite (K(Al4Si,O9(OH)3)
PDF 01-070-3754). The WXRD patterns of catalysts after Fischer—Tropsch synthesis reaction showed intense
reflections characteristic of quartz, microcline (KAISizO4 PDF 01-084-1455), dolomite (CaMg(CO3), PDF 00-001-
0942), and calcite (CaCO3 PDF 00-005-0586). Since both clays used as binders are natural clays, they may contain
impurities. The description of the purchased clays indicates that these clays contain natural microelements as quartz,
calcium, magnesium, iron, nitrogen, potassium, and strontium, which can explain the presence of dolomite and
calcite after reactions. For Fe/SBA-15/K granules, Fe/SBA-15/H granules, and Fe/SBA-15 powder it was possible to
differentiate reflections with smaller intensities at 20 = 35-50° corresponding to different iron carbide phases. As it
can be seen from Fig. 2¢, each catalyst exhibited reflections corresponding to different combinations of iron carbides.
The formation of these different carbide combinations could have been influenced by both the clay composition and
the diffusion constraints of the reactant gases and reaction products.

Table 2 summarizes the activity and product selectivity of Fe/SBA-15, Fe/SBA-15/H and Fe/SBA-15/K in powder
form and of Fe/SBA-15/H and Fe/SBA-15/K in granular form. The catalytic activity during FTS was evaluated at
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Fig. 2. (a) SXRD, and (b) WXRD patterns of catalysts after calcination; (c) WXRD patterns of catalysts after reaction. H — hematite,
Q - quartz, M — muscovite, m — microcline, D — dolomite, C - calcite.

Table 2. Catalytic performance of Fe/SBA-15 catalysts.

Catalyst CO conversion (%) FTY Selectivity (%)

(107> molco gFe~ ! s™') €O, CHy C;—Cy Csy
Fe/SBA-15 pulv. 53.6 8.1 19.5 169 299 33.7
Fe/SBA-15/H pulv.  30.8 7.1 4.6 11.3 14.7 69.4
Fe/SBA-15/K pulv. 394 9.1 12.9 129 234 50.7
Fe/SBA-15/H gran.  43.3 5.0 257 254 352 13.7
Fe/SBA-15/K gran.  52.6 6.1 229 234 314 223

280 °C and 20 bar. As it can be seen from data presented in Table 2, catalytic performance was strongly affected
by composition of catalysts and by catalyst form (i.e., powder or granules). This could be explained by different
diffusion limitations depending on the shape of catalyst. Catalysts in the form of powder showed better performance
in CO converted per gram of iron than the same catalysts in the form of granules. Granular catalysts promoted the
formation of gaseous products. Comparing catalysts agglomerated with kaolin and hectorite, better performance can
be observed for catalysts containing kaolin. Fe/SBA-15/K in the powdered form showed the best performance in
CO converted per gram of iron.

4. Conclusions

Agglomeration with hectorite and kaolin clay does not disrupt the mesoporous structure of Fe/SBA-15. Clay
used as binder also acts as promoter and affects the course of the FTS reaction. Diffusion limits due to the
catalyst form (i.e. powder or granules) have grate impact on the catalytic performance. Powdered catalysts show
better performance than granular catalysts in means of CO conversation and mols of CO converted per gram of
iron. Granular catalysts contribute to the formation of CH4 and CO,. Catalysts containing kaolin clay show better
performance than catalysts containing hectorite clay.
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Abstract

To minimize greenhouse gas emissions, efficient carbon dioxide capture and utilization need to be addressed. In this study,
to determine the structure—activity interplay, three different promising catalytic systems for the CO, hydrogenation process
were synthesized using mesoporous silica SBA-15 as a support material: copper-based catalyst with zinc, indium-based
catalyst with palladium and iron-based catalyst with potassium. The role of metal-metal oxide interaction has been showed.
The use of Cu/Zn catalytic system and SBA-15 allowed to obtain very small crystallite size of tenorite and zinc oxide, good
dispersion of active phases with strong basic sites. In order to find the most effective catalyst providing the maximal metha-
nol yield and selectivity, these catalytic systems were compared under the same reaction conditions (250 °C, 20 bar, H, to
CO, molar ratio 4 to 1) using fixed-bed tubular micro-activity reactor. Results showed that the highest methanol yield can

be obtained with Cu/Zn/SBA-15 catalyst as might be expected according to obtained characterization.

Keywords Carbon dioxide - Catalysts - Copper-zinc - Indium-palladium - Iron-potassium - Methanol

Introduction

The amount of greenhouse gases in the atmosphere increases
leading to adverse effects on environment and climate. Cur-
rently, the amount of carbon dioxide (CO,) emission exceeds
the levels adopted in the Paris Agreement. To reduce the
negative effects of greenhouse gases on the environment,
more efficient utilization of fossil fuels as well as CO, cap-
ture and utilization need to be addressed. Carbon capture,
utilization, and storage is an emissions reduction technol-
ogy that has attracted a great attention in recent years due
to its high efficiency (Atsbha et al. 2021). One of the carbon
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utilization methods is the catalytic hydrogenation of CO,
which converts CO, into energy products, such as metha-
nol. Methanol has a wide range of applications: it can be
used to produce a variety of chemicals and it is also an
alternative fuel. Today, methanol is mainly synthesized in
an industrial process from fossil sources using Cu/ZnO/
Al,Oj5 catalysts, that converts synthesis gas (H,/CO/CO,)
into methanol under rather harsh conditions (at a pressure
of 50-100 bar and a temperature of 200-300 °C). In recent
years, the interest of direct hydrogenation to methanol has
increased significantly. The catalytic hydrogenation of CO,
is green and environmentally-friendly method, especially if
the cost-effective and safe conditions are applied (Stange-
land et al. 2020).

Effective catalyst is a key parameter to CO, hydrogena-
tion performance. The most efficient catalysts for CO,
hydrogenation to methanol are multi-component catalytic
systems consisting of intermixed metal and metal oxides
nanoparticles.

The most effective/promising catalytic systems for
CO, hydrogenation to methanol reported in the litera-
ture are copper-zinc oxide based catalysts, indium oxide-
palladium-based catalysts (Stangeland et al. 2020) and

@ Springer


http://orcid.org/0000-0001-7404-4805
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-024-03456-9&domain=pdf

Chemical Papers

iron-potassium-based catalysts (Xi et al. 2021). The com-
plexity of the multi-component catalytic systems and chal-
lenges in elucidating the active sites are the main stumbling
blocks in developing rational catalyst design strategies
(Stangeland et al. 2020).

The main role of ZnO in Cu/Zn catalyst has been pro-
posed to increase Cu dispersion, the exposure of more active
Cu sites. ZnO prevents the agglomeration of Cu particles,
thus leading to the large Cu surface area needed for metha-
nol synthesis (Mureddu et al. 2019). A large Cu surface area
is important to obtain high activity, but there are differences
in intrinsic activity between Cu/ZnO-based catalysts with
different preparation history. Additionally, the fact that the
migration of Zn species to Cu surface generates active sites,
oxygen vacancies or Cu—Zn surface alloy may facilitate CO,
hydrogenation to methanol (Chen et al. 2022).

Recently, In,05-based catalysts with oxygen vacancies
have been reported to possess higher methanol selectivity
than Cu/Zn-based catalysts (Jiang et al. 2020; Li et al. 2022;
Rui et al. 2017). Over the last decade, indium-based catalysts
have gained significant interest for CO, hydrogenation to
methanol, based on low activity for the reverse water—gas
shift reaction, which results in high methanol selectivity over
a wide temperature range. Ye et al. predicted that methanol
formation is favourable on the defective In,05(110) surface
containing oxygen vacancies (Ye et al. 2013). In Jiang et al.
work it was shown that the addition of Pd enhanced the
number of oxygen vacancies on the surface of In,O; and
facilitated the CO, activation through interaction with In,0;
(Jiang et al. 2020).

The synergistic effects of K (and Na) in the iron catalyst
are responsible for the excellent higher alcohol synthesis
(Xu et al. 2020; Yao et al. 2021). As limited progress has
been made in the hydrogenation of CO, to alcohols with
iron catalysts, in this study Fe/K on SBA-15 was used to
determine the activity in reactions. Xi et al. reported that
well-dispersed Fe,O5 and In,O; phases with oxygen vacan-
cies can be observed on Ce-ZrO, support (Xi et al. 2021).
Potassium can greatly affect CO, and H, activation, thus
regulating CO, conversion and product selectivity (Xu et al.
2020).

The thermodynamics of CO, conversion also limits
methanol synthesis due to the competing reverse water—gas
shift reaction. Furthermore the by-product water can have
negative effects on the activity and stability of the catalyst
during CO, hydrogenation to methanol (Stangeland et al.
2020). The effective solution for the stabilization of the
active phase/nanoparticles and improvement of catalytic and
mechanical properties is the dispersion of the active phase
onto a suitable, high-surface area support, such as SBA-15
(Santa Barbara Amorphous mesoporous silica). It is well
known that supports can increase active metal surface area
and stabilize the particles from sintering thus improving the
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catalytic and mechanical properties (Chen et al. 2022). SBA-
15 ordered mesoporous structure allows the formation of
active nanophases with narrow particle size distribution, the
wall thickness ensures the thermal stability of the support,
and the size of pores allows the easy diffusion of the gaseous
molecules (Mureddu et al. 2019).

It was found in recent years that metal-support interac-
tion and creation of interfacial sites promotes metal disper-
sion, and changes concentration of acid sites, basic sites,
and oxygen vacancies on the catalyst surface (Chen et al.
2022). Mureddu et al. studied CO, hydrogenation to metha-
nol using Cu/Zn/Zr/SBA-15 catalyst and showed that strong
metal-support interaction could prevent the restructuring
effects of copper particles like particle agglomeration dur-
ing the reaction (Mureddu et al. 2019). The study revealed
that better results can be achieved when a thin amorphous
homogeneous layer of the active phase is formed, rather than
larger particles located at the external surface, leading to
improved activity and selectivity of the catalyst (Mureddu
et al. 2019).

In this study SBA-15 was applied as carrier material pro-
viding large surface to disperse the active components and
to ensure the thermal stability during the reaction. SBA-15
has abundant mesopores beneficial to mass transferwhich
makes it a promising catalyst support for industrial applica-
tions (Mao et al. 2022). Besides, our previous study reveals
that methanol yield obtained using Cu/ZnO/SBA-15 catalyst
is comparable to the yield obtained with the commercial
catalyst (Abelniece et al. 2022). Three different promising
catalytic systems for the CO, hydrogenation process were
studied and the influence of metal—support interaction on
the structure of catalysts and the activity of CO, hydrogena-
tion reaction was investigated using mesoporous SBA-15
as a support material. These catalytic systems are: copper-
based catalyst (with Zn), indium-based catalyst (with Pd)
and iron-based catalyst (with K). These catalytic systems
were compared at the same reaction conditions to find the
most effective one providing the maximal methanol yield
and selectivity.

Direct comparison of these catalysts with identical metal
content under selected identical reaction conditions (fixed-
bed tubular micro-activity reactor, 20 bar and the temper-
ature 250 °C) is performed for the development of more
effective catalysts, which can promote commercialization
of the CO, hydrogenation process. The optimal reaction
temperature to obtain maximal yield of methanol was found
250 °C by H,/CO, molar ratio 3/1 for Cu/Zn/S/Kaolin cata-
lyst during previous studies (Abelniece et al. 2021). Also,
other authors have found that 250 °C is the temperature
most favourable for methanol production (Mureddu et al.
2019). Higher temperatures could increase the conversion
of CO,, but would decrease the yield of methanol simulta-
neously increasing that of CO. Usually, the studies of CO,
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conversion were carried out at a pressure of 30 bar or higher,
but in this study was conducted under relatively low pressure
(20 bar), providing that the process is more secure.

Materials and methods
Preparation of catalysts

SBA-15 (S) was purchased from ACS Material LLC and
used as a carrier material for all three catalysts. Catalysts
were prepared by co-impregnation method.

Cu/Zn/S: an aqueous solution (20 ml) with appropriate
amount of Cu(NO;),e2.5H,0 and Zn(NO;),e6H,0 was
made to obtain metal loadings: Cu 20 and Zn 7%. The solu-
tion was added dropwise to 1.05 g of S, then mixed and
heated for 2 h, and finally treated in ultrasound bath for 2 h.
Afterwards, the solid obtained was dried overnight at 90 °C
and then calcined in a muffle furnace at 400 °C for 4 h. Cu/
Zn molar ratio is 3.2.

In/Pd/S: 10 mL of aqueous solution of In(NO5);e3H,0
was mixed with 10 mL of aqueous solution of
Pd(NO;),#2H,0 (metal loadings: In 20% and Pd 6%). This
solution was added dropwise to 1.05 g of S, then mixed and
heated for 2 h, and finally treated in ultrasound bath for 2 h.
Afterwards solid obtained was dried overnight at 90 °C and
then calcined at 400 °C for 4 h. In/Pd molar ratio is 3.2.

Fe/K/S: 10 mL of aqueous solution of Fe(NO;);#9H,0
was mixed with 10 mL of aqueous solution of KNO; (metal
loadings: Fe 20 and K 1%). This solution was added drop-
wise to 1.05 g of S, then mixed and heated for 2 h, and
finally treated in ultrasound bath for 2 h. Afterwards solid
obtained was dried overnight at 90 °C and then calcined at
400 °C for 4 h. Fe/K molar ratio is 13.

Characterization of catalysts

X-ray diffraction analysis (XRD) of samples in both small
angle scattering (SAXS) and wide angle scattering (WAXS)
modes was performed on diffractometer SmartLab™
(Rigaku, Japan) using Cu rotating anode operated at 45 kV
and 180 mA, and a coordinate sensitive 1D detector D/teX
Ultra (WAXS range in reflection Bragg—Brentano optical
scheme) or a scintillation detector (SAXS range implement-
ing transmission SAXS optics). Diffraction patterns were
measured between angles of 8° and 80° with step size of
0.02° (26) and scan speed of 5 deg min~! (WAXS), or from
0.1° to 2.5° with step size of 0.01° (26) and scan speed of
0.26 deg min~! (SAXS). Programme PDXL (Rigaku) and
ICDD database PDF-2 (2020) were used for identification of
phases. X-ray apparent crystallite size was calculated from
Scherrer equation. Instrumental broadening of reflections

was determined on standard reference material SRM-660
(LaByg).

The surface area and the pore size were determined
by N, adsorption—desorption isotherms obtained using a
Quantachrome Instruments Nova 1200 E-Series surface
and porosity analyzer at— 196 °C. The samples were out-
gassed at 150 °C for 24 h before measurement. Total surface
area was estimated by using the Brunauer—Emmett—Teller
(BET) method. Pore diameters were derived from desorption
isotherms using the Barrett-Joyner-Halenda (BJH) method.

Morphology and composition were studied using scan-
ning electron microscope (SEM) (Helios Nanolab 600 by
FEI) equipped with energy-dispersive X-ray (EDX) analysis
detector (INCA Energy 350 by Oxford Instruments). The
structure of the catalysts was investigated with transmission
electron microscope Titan Themis 200 (FEI) operating at
200 kV in scanning mode (STEM). The powdered sample
was mixed with ethanol to make a suspension. Energy-dis-
persive X-ray (EDX) spectroscopy was done with SuperX
(Bruker) system in the same microscope.

Inductively coupled plasma atomic emission spectros-
copy (ICP-AES) analyses were performed with a 5110 ICP-
OES spectrometer (Agilent Technologies) to determine the
chemical composition. To determine K, Fe, In, and Si con-
tents, the samples were prepared as follows: after calcina-
tion at 300 °C for 12 h, ca. 0.04 g of sample were mixed
with lithium tetraborate (1:15 w/w), placed in a platinum
crucible, and then fused at 1000 °C in a furnace for 30 min.
After cooling of the melt, the resultant fusion bead was dis-
solved at 80 °C for about 30 min with 100 mL of a HNO,
solution (0.80 M) and finally diluted to the desired volume
with Milli-Q water. Pd amount was determined by treating
ca. 0.05 g of sample with a mixture of HCI (37%) and HNO,
(70%) (3:1 by volume) at 80 °C for 3 h; after filtration, the
solution was diluted to the desired volume with Milli-Q
water.

Temperature programmed reduction (TPR) was per-
formed on a TPD/R/O 1100 apparatus (Thermoquest)
equipped with a TCD detector, using ca. 0.05 g of sample.
TPR runs were carried out with a Hy/Ar mixture (5 vol%
of H,, 30 mL/min) from 40 to 950 °C (hold 30 min), with
a heating rate of 10 °C/min. Prior to analysis, the samples
were pretreated under flowing Ar (20 mL/min) at 300 °C
for 1 h. The amount of H, consumed was calculated after
calibration of the TCD response using CuO as the standard.

Temperature programmed desorption of CO, (CO,-TPD)
was performed from 40 to 500 °C (heating rate 10 °C/min,
hold 45 min) using He (20 mL/min) as the gas carrier. Prior to
analysis, the samples (ca. 0.15 g) were saturated with pulses
of pure CO, (pulse volume 0.347 mL) at 40 °C under flowing
He (50 mL/min). Prior to analysis, the samples were pretreated
under flowing Ar (20 mL/min) at 300 °C for 1 h. The TCD
response was calibrated by performing a pulse calibration run
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(at 40 °C, CO, pulse volume 0.347 mL, He flow rate=20 mL/
min) in an empty reactor.

Catalyst testing

The CO, hydrogenation was performed in a fixed-bed stain-
less steel tubular micro-activity reactor (Microactivity-Effi,
PID Eng&Tech S.L.), reactor dimensions are: internal diam-
eter 9.1 mm, length 305 mm. For each experiment, 0.2 g of
catalyst mixed with sand to 3 mL volume was loaded in a
catalyst bed above the quartz wool. The catalysts were reduced
at atmospheric pressure under a flow of H, at flow rate of
50 mL min~! at 350 °C for Cu/Zn/S and Fe/K/S catalysts
and at 200 °C for In/Pd/S catalyst for 4 h. The temperature
was lowered to 160 °C; subsequently a flow of H, (99.995%
purity), CO, (99.995%) and N, (99.9%) mixture (4:1:1) was
fed through the reactor at a flow rate of 60 mL min~"!, similar
like in our previous study (Abelniece et al. 2022). The pressure
was increased from atmospheric to 20 bar and the temperature
from 160 to 250 °C. The time on stream after achieving the
reaction temperature was 50 h. After leaving the reactor, the
exit gas passed through cold trap (=5 °C) to condense prod-
ucts. The reactor outlet gas composition was analyzed on-line
by a gas chromatograph (Shimadzu Nexis GC-2030) and the
condensed products with infra-red spectrometer, the same as
in (Abelniece et al. 2022).

The CO, conversion (X) and product distribution (med)
were calculated as follows:

I’lC02 in I’lC02 out
Xoo. = | ———= ) x 100
€0 < nCO,;, M
A,
Dyroa = (—) x 100 2
A

where nCO,;, and nCO, is the number of moles of CO,
at the inlet and outlet, respectively. A; and XA, represent the
moles of selected product ‘i’ and total moles of all products,
respectively.

The space time yield of methanol (STY) was calculated as
follows:

where my;0y represents the total mass of methanol formed
(g), t indicates the time of reaction (%), m is the mass of the
catalyst (g).

Each experiment was carried out twice and the average
value was calculated.

Results and discussion
Elemental composition of catalysts

The elemental composition of the catalysts, determined by
ICP-AES analysis, is reported in Table 1. The metal con-
tents loaded on SBA-15 are close to the nominal values, the
largest difference being observed for In (4.7%) in the In/
Pd/S sample. The results show that co-impregnation method
allows to obtain the catalysts with certain metal content.

Structural and phase composition characterization
of catalysts

The ordered mesoporous structure of SBA-15 was observed
in all samples by three diffraction reflections on SAXS pat-
terns (Fig. 1a). A broad reflection between diffraction angles
of 15° and 30° on WAXS patterns correspond to amorphous
silica of mesoporous SBA-15 (Fig. 1b). The labels at the
positions of the first three reflections of SAXS patterns of
ordered mesoporous SBA-15 (Fig. 1a) show the Miller indi-
ces of the corresponding lattice planes (Zhao et al. 1998).

The reflections on the diffraction pattern of Cu/Zn/S were
identified belonging to tenorite (CuO, ICDD PDF-2 card
number 89-2529). The crystallite size of tenorite, averaged
over the two strongest reflections (—111) and (111), was
2.5(5) nm. The reflections corresponding to ZnO were not
observed, most likely due to ZnO being well dispersed into
an X-ray amorphous.

Qualitative phase analysis of sample In/Pd/S identified
two crystalline phases. The main phase was cubic In,05
(ICDD PDF-2 card number 71-2194), and the second was
tetragonal palladinite (PdO, ICDD PDF-2 card number
41-1107). Crystallite size of In,0;, averaged over six dif-
ferent crystallographic directions that showed in diffraction

STY cnyon = mCH30H/ (mcal ’ t) 3 pattern the strongest and not overlapping reflections, was
12(2) nm. A rough estimation of the crystallite size for PdO
was possible to give only by comparing the broadening

Table 1 Chemical composition Sample Cu 7n In Pd Fe K Si

of catalysts W%

WL 70
Cu/Zn/S 18.8 6.1 30.6
In/Pd/S 15.2 53 35.0
Fe/K/S 17.4 1.07 36.5
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Fig.2 a N, adsorption—desorption isotherms. b Pore size distribution of catalysts

values of reflections from In,0; with a broad (101) reflec-
tion from PdO located at diffraction angle 33.8°. The latter
was approximately four times broader, corresponding to the
crystallite size approximately 3 nm.

The only crystalline phase observed in the sample Fe/K/S
was hematite (Fe,O; ICDD PDF-2 card number 76-8402).
The crystallite size of hematite, averaged over six strongest
and not overlapping reflections, was 13(1) nm.

Textural characterization

Figure 2a exhibits IUPAC type IV isotherms with a H1
hysteresis loop for all three catalysts, corresponding to the
mesoporous materials consisting of ordered array of cylin-
drical pores (Alothman 2012), which indicates that the
mesoporous structure of SBA-15 was not damaged after
incorporation of the active phases. The hysteresis loop
for Cu/Zn/S shows a little different shape. Furthermore,
Fig. 2b demonstrates that In/Pd/S and Fe/K/S catalysts
have a uniform pore size distribution (average diameter

Table 2 Specific surface area, pore diameter, and pore volume of the
catalysts

Sample BET surface Dpore [nm]* Vtotal [cms/g]"
area [mzlg]

S 554 6.8 0.96

Cu/Zn/S 304 79 0.71

In/Pd/S 353 7.8 0.83

Fe/K/S 318 79 0.77

#Pore diameters were derived from the desorption branches of the iso-
therms by using the BJH method

Total pore volumes were estimated from the absorbed amount at a
relative pressure of p/p,=0.99

7.8 nm), but the pore size distribution for Cu/Zn/S is
uneven. It could be explained by partial pore filling. The
surface area of catalysts is similar (see Table 2)—however
the Cu/Zn/S has relatively the smallest comparing with
others due to the larger metal content loaded, see ICP-AES
results, Table 1.
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Morphology of the catalysts

Nanoparticles in the size range comparable with SBA-
15 pores were visible with STEM for Cu/Zn/S catalyst
(see Fig. 3a). Homogeneous distribution of nanoparticles,
seemingly along the pores is apparent and regular disper-
sion of elements, including loaded metals, was obtained
(see STEM-EDX elemental maps in Fig. 3b—e (oxygen not
shown)). STEM confirms partial pore filling for Cu/Zn/S
catalyst noticed by N, adsorption—desorption isotherms, the
images showed that the active phase is distributed on the
surface and in the pores.

Particles larger than the size of the pores were obtained
with In/Pd/S and Fe/K/S catalysts (see Figs. 4 and 5). From
these SEM images, it could be seen that the surface fea-
tures that could be attributed to the metal oxides possessed
dimensions in similar scale, however, some agglomeration
occurs (see Fig. 4). The particles are larger than the average
crystallite sizes determined for In,O5 and hematite from dif-
fractograms. It could be, that a particle consists of multiple
crystallites or on average particles are smaller than imaged
in the figures.

Reducibility of catalysts

TPR profile of the Cu/Zn/S catalyst shows a well-defined
peak with a maximum corresponding to 320 °C (Fig. 6a),
which is ascribable to the reduction of CuO to metallic cop-
per. Upon closer inspection, a tailing of the peak towards
low temperatures is observed, suggesting the overlapping
of different contributions. For a CuO/ZnO catalyst, Shozi
and co-authors (Shozi et al. 2017) reported a TPR profile

Map data 1061
HAADF MAG: 115kx_HV: 200KV

Map data 1061 100 nm
HAADF MAG: 115Kkx_HV: 200KV | —

Fig.4 SEM image of In/Pd/S catalyst

showing two peaks at 292 and 340 °C, which were ascribed
to the reduction of CuO through the following steps:
CuO— Cu,0— Cu®. Accordingly, a two-steps reduction of
copper oxide may also occur in the present case.

The reduction profile of the In/Pd/S sample (Fig. 6b)
shows a negative peak at about 90 °C followed by two
intense partially overlapping peaks at ca. 440 and 650 °C,
which are made up of different contributions, as suggested
by their asymmetrical and enlarged shape. A less intense
feature is also observable at ca. 880 °C. According to the
literature (Mendez et al. 2008; Batista et al. 2001; Zheng
et al. 2008; Echeandia et al. 2014) the negative peak at

Map data 1061
HAADF MAG: 115Kx_HV: 200KV

Map data 1061 100 nm
HAADF MAG: 115Kkx_HV: 200KV | )

Fig.3 a STEM image of Cu/Zn/S catalyst, b—e STEM-EDX elemental mapping of Cu/Zn/S catalyst
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Fig.5 SEM image of Fe/K/S catalyst

low temperature can be ascribed to the decomposition of
Pd p-hydrides formed on Pd° deriving from the reduction
of PdO, clusters, which are reduced at low temperatures
(Zheng et al. 2008; Echeandia et al. 2014), lower than the
starting temperature adopted for these TPR analyses. The
shoulder appearing in the temperature range 200-300 °C
can be attributed to the reduction of surface In,0O5 and the
formation of oxygen vacancies (Jiang et al. 2020; Wang et al.
2020), whereas peaks at higher temperatures can be ascribed
to the reduction of bulk In,O; (Rui et al. 2017).

The Fe/K/S sample (Fig. 6¢) shows a very complex
TPR profile consisting of several unresolved peaks in the
temperature range 400-950 °C. Similar reduction features
were observed for SBA-15-suppored Fe-based catalysts by
Cano and co-workers (Cano et al. 2017), who ascribed such
a complex profile to the reduction of Fe3* and Fe?* spe-
cies in oxides particles of different sizes and with different
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interactions with the silica support. Moreover, in the case
of a K-promoted sample, they also observed a contribution
at very high temperatures (> 720 °C), which was ascribed
to the formation of K* ionic species on the SBA-15 sur-
face. The appearance of the numerous reduction peaks in the
TPR profile of the present Fe/K/S sample can be explained
accordingly.

For the Cu/Zn/S, In/Pd/S, and Fe/K/S catalysts, the extent
of reduction (%) was calculated from the amount of hydro-
gen consumed during TPR analyses by considering stoi-
chiometric Me™":H, ratios equal to 1:1 (Me=Cu?") or 2:3
(Me=In>*, Fe>*). The obtained values were 100, 79, and
65%, indicating that the reducibility of the Me"* species
decreases in the order Cu®* > In** > Fe**.

Basicity of catalysts

The surface basic properties of the prepared samples were
investigated by CO,-TPD, and the results are shown in
Fig. 7. According to the literature (Wang et al. 2020), des-
orption peaks at lower temperatures (50-300 °C) are ascrib-
able to CO, interacting with weak (a-type) and medium
strength (f#-type) basic sites, related to OH™ groups and to
metal-oxygen pairs, respectively (Gao et al. 2013); strong
basic sites (y-type), responsible for desorption peaks at
higher temperatures, are instead associated with low-coor-
dination oxygen atoms (Gao et al. 2013). The TPD profile
of Cu/Zn/S presents only one peak with a maximum cor-
responding to 480 °C (Fig. 7.), which is indicative of the
presence of strong basic sites. On the contrary the other two
samples show contributions in a wider interval of tempera-
tures (80-500 °C), which point out the presence of sites in
the whole range of basic strength. The amount of adsorbed
CO,, estimated from the peak area after calibration of the
TCD response, was 20, 109, and 55 mmol/g for Cu/Zn/S, In/
Pd/S, and Fe/K/S, respectively.
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Fig.6 TPR profiles of the as-prepared catalysts: a Cu/Zn/S, b In/Pd/S, ¢ Fe/K/S
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Fig.7 CO,-TPD profiles of the as-prepared catalysts

Catalytic activity

The catalysts were tested in the CO, hydrogenation reac-
tion under the same reaction conditions, 250 °C, 20 bar,
H, to CO, molar ratio 4 to 1. The results are reported in
Figs. 8 and 9. The highest catalytic activity was shown by
the Cu/Zn/S catalyst, for which CO2 conversion reached
21.3% and STY was 175 mgCH,OH h™! gcat™'. The com-
parison with previous published results shows that kao-
linite as admixture did not enhance the yield of metha-
nol, see Table 3. The present STY value is comparable

0.040 4
0.035 \R_—Vﬁ
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0.005

0.000 '

T T T T T T
0 500 1000 1500 2000 2500 3000

Reaction time (min)

with that obtained by Mureddu et al. (158 mgCH;OH h!
gcat"), for a similar catalyst, tested in different reaction
conditions (30 bar) (Mureddu et al. 2019). Considering the
equilibrium CO, conversion by different reaction condi-
tions: 523 K 30 bar 3:1—23.07 mol% and 523 K 20 bar
4:1—23.33 mol% (Shen et al. 2000), our obtained STY
comparison, 158 and 175 mgCH;OH h™! gcat™!, accord-
ingly, has similar tendency. Cu/Zn/S catalyst showed high
activity during the whole reaction time (50 h) (see Fig. 8).
The obtained results could be explained by the presence
of strong basic sites in Cu/Zn/S. It is known that surface
basicity enhances CO, adsorption and promotes CO, con-
version, as well as it can increase methanol selectivity (Li
et al. 2019). This high activity can also be attributed to the
good dispersion of the tenorite and zinc oxide phases and
the small size of the nanoparticles.

In/Pd/S showed lower activity for methanol produc-
tion than Cu/Zn/S—the CO, conversion was 3.1%, and
the methanol yield (3 mgcyson h™! g, ") obtained was
extremely lower than that of Cu/Zn/S catalyst. In addition,
the In/Pd/S catalyst showed lower methanol selectivity as
it produced also 9% methane (see product distribution in
dry gaseous phase, Fig. 9). This can be attributed to the
lower reducibility of In** than Cu?* and the metal-support
interaction—for In/Pd/S catalyst the particles are larger
and distributed mainly on the surface of the SBA-15.

Fe/K/S catalyst showed the lowest activity (CO, conver-
sion 0.8%) in CO, hydrogenation reaction, the main prod-
uct obtained was methane (see Fig. 9). The CO, hydro-
genation reaction results of Fe/K supported on SBA-15
showed that the metal-support interaction affected the
properties of this catalyst, resulting in methane as the main
reaction product, similarly to Fischer—Tropsch synthesis
at temperatures below 250 °C (Toncdn-Leal et al. 2022).
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Fig.8 Catalytic activity: a total methanol amount obtained, b CO, conversion efficiency against reaction time
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Conclusions

Three different catalytic systems were synthesized using
mesoporous silica SBA-15 as a support material by co-
impregnation method: copper-based catalyst with zinc,
indium-based catalyst with palladium and iron-based
catalyst with potassium. The characterization showed
that main phases obtained were tenorite, palladinite,
indium oxide and hematite, respectively. [CP-AES results
showed that Cu/Zn catalytic system is the most appropri-
ate for loading on SBA-15 support, as practically all metal
amount calculated was loaded. Catalyst characterization
showed that the smallest nanoparticles, the good disper-
sion of metal oxide phases and the highest reducibility can
be obtained with Cu/Zn/S catalyst. CO,-TPD data showed
presence of strong basic sites for Cu/Zn/S. It resulted with
the highest methanol yield in CO, hydrogenation reaction,
0.035 g/h at 250 °C, 20 bar, H, to CO, molar ratio 4 to 1
using fixed-bed tubular micro-activity reactor.

Table 3 Comparison of catalysts studied in this work and previously
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ABSTRACT

Climate change is one of the biggest global challenges. As a result of human activity,
large amounts of greenhouse gases are released into the atmosphere, contributing to
global warming. Carbon dioxide (CO2) is a major greenhouse gas, therefore,
hydrogenation of CO; to value-added chemicals and liquid fuels is of great importance
for a sustainable future. It is well known that iron-based catalysts can demonstrate good
activity in the hydrogenation of CO,. However, catalysts need to be improved to
promote the formation of liquid hydrocarbons. In this study, a series of silica supported
iron catalysts promoted with potassium were prepared by impregnation method. The
samples were characterized by X-ray fluorescence spectroscopy, X-ray diffraction, and
N> adsorption-desorption analysis. Catalytic performance of K-0, K-2, and K-5 was
investigated for CO. hydrogenation in a fixed bed reactor operated at 300 degrees
Celsius and 20 bar. The reaction products were analysed by gas chromatography and
FT-IR spectroscopy. The results showed that promotion with potassium reduces the
selectivity of methane and reduces the amount of gas phase hydrocarbons. At the same
time promotion with potassium contributed to the formation of alcohols in the liquid
phase products. The highest methanol yield was obtained using the K-2 catalyst, while
the K-5 catalyst promoted the formation of both methanol and ethanol in the liquid
phase.

Keywords: CO2 hydrogenation, iron catalyst, potassium

INTRODUCTION

Climate change, caused by rising greenhouse gas emissions, is one of today's biggest
global challenges. Human activities release large amounts of greenhouse gases into the
atmosphere, which contribute to global warming [1]. Carbon dioxide (CO>) is a major
greenhouse gas, therefore, hydrogenation of CO; to value-added chemicals and liquid
fuels is of great importance for a sustainable future [2].

Direct CO hydrogenation to hydrocarbons can be achieved via modified Fischer-
Tropsch synthesis route [3]. This synthesis route is a combination of two reactions: the
reverse water gas shift (RWGS; Eqg. 1) and the Fischer-Tropsch synthesis (FTS; Eq. 2).

RWGS NCO; + NHz <> NCO + nH20 1)
FTS NCO + 2nH; <> (-CHz-)n + NH20 )
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Iron-based catalysts are capable of catalysing both FTS and RWGS reactions and thus
are preferred catalyst candidates for CO2 hydrogenation via modified Fischer-Tropsch
synthesis [4].

Compared to traditional FTS, hydrogenation of CO> requires more hydrogen. High H/C
ratio in turns promotes the formation of methane [5]. The use of a potassium promoter
can inhibit methane formation and promote the growth of the hydrocarbon chain [6].
Potassium is one of the most widely used promoters for FTS iron-based catalysts [7],
however, there are still some inconsistencies due to the fact that studies are performed
under different conditions or using different catalytic systems. Besides, it should be
noted that the effect of the potassium promoter depends not only on the loading of
potassium but also on the conversion of CO [8].

On the other hand, the effect of potassium on the CO2 hydrogenation have not been
extensively studied. In this study the effect of potassium on the catalytic performance of
silica-supported iron-based catalyst is investigated for direct CO. hydrogenation.

MATERIALS & METHODS

Iron-based catalysts used in the study were prepared by wet impregnation method on
SiO; support granules with a surface area of 261 m?g and pore volume 1.09 mL/g.

80 mL of 0.84 M aqueous solution of Fe nitrate was added to the SiO support (30 g),
and the mixture was left to stir for 5 h. Mixture was then filtered, and the granules were
dried in an oven at 110 °C for 2 h and then calcined at 550 °C for 5 h. The catalyst was
denoted as K-0. To obtain catalysts with K/Fe molar ratios 2/100 and 5/100, calculated
amounts of KNO3 were dissolved in ethanol and catalyst granules were immersed in
these solutions, the solvent was evaporated, and the granules were calcined at 550 °C
for 5 h. Catalysts were denoted as K-2, and K-5, respectively.

X-ray fluorescence (XRF) analysis was performed using Rigaku Supermini Wavelength
X-ray dispersive fluorescence spectrometer (WDXRFS) with a Rh X-ray tube to
determine iron concentration.

Nitrogen physisorption experiments were performed using surface area and pore size
analyser Nova 1200e (Quantachrome Instruments) to characterize the porosity of the
catalysts. The total pore volume was determined from the amount of nitrogen absorbed
at a relative pressure of 0.99. The average pore diameter and pore size distribution were
obtained by the Barrett-Joyner-Halenda (BJH) method.

The powder X-ray diffraction (XRD) patterns were obtained with a Bruker AXS
ADVANCE diffractometer using Cu-K, radiation to identify the phases of iron-based
catalysts.

CO2 hydrogenation tests were performed in a fixed-bed reactor. Before each
experiment, 0.7 g of catalyst was loaded in the reactor. The catalyst was reduced by H>
at 400 °C under atmospheric pressure for 4 h. Then the heating was stopped, and the
temperature naturally decreased to 250 °C. Subsequently, the pressure of reactor was
slowly increased up to 20 bar by feeding the reactant gases (H2:CO2:N. 3:1:1). Lastly,
the temperature of the reactor was elevated to 300 °C.
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The reaction effluent gases passed hot trap (120 °C) and cold trap (5 °C). After these
product collectors, the tail gas was analysed using a gas chromatograph (Shimadzu
Nexis GC-2030).

Ha, CH4, CO2, N2, and CO were separated using two Restek Porapak Q columns and a
Restek Molesieve 5A column and detected with a thermal conductivity detector (TCD).
C1 — Cs hydrocarbons in the gas phase were analysed on Restek Rt-Q-Bond column with
a flame ionization detector (FID).

Condensed products were analysed using a gas chromatograph (Shimadzu Nexis GC-
2030) with Restek Rtx®-5MS column and FID, and mass spectrometer (Shimadzu
GCMS-QP2020NX).

Fourier Transform Infrared (FTIR) spectra of condensed products were taken in mid-
infrared range of 650-4000 cm™ using PerkinElmer Spectrum 100 spectrometer fitted
with a diamond prism Universal Attenuated Total Reflectance Sampling accessory.

RESULTS & DISCUSSION

The textural properties of catalysts are summarized in Table 1. With increasing
potassium contents, the surface area and pore volume decreases while average pore
diameter slightly increases. These results could indicate that potassium might be
clogging the smaller pores.

Table 1. Texture properties of catalysts

Catalyst Surface Average pore | Mean pore | Pore volume,
area, m?/g diameter, nm diameter, nm cm/g

K-0 207 15.3 11.8 0.79

K-2 201 15.5 11.8 0.78

K-5 195 15.6 11.7 0.76

The crystallite structures of the samples before and after the CO2 hydrogenation reaction
were characterized by XRD as shown in Figure 1. The XRD patterns were compared
with the ICDD files. For all catalysts before the CO. hydrogenation reaction peaks
corresponding to hematite (a-Fe.Os; ICDD card no: 00-033-0664) can be observed. No
other phases corresponding to Fe or K species were detected in the diffractograms.

After the CO2 hydrogenation diffraction peaks corresponding to iron carbide (FesCo;
ICDD card no: 01-080-4102) and moissanite (a-SiC; ICDD card no: 01-072-9272) can
be observed. FesC; is reported to catalyse both FTS and RWGS reactions, besides its
activity towards FTS or RWGS is dependent on the CO> conversion level. At low CO;
conversions FesC, will catalyse RWGS while at high CO2 conversions it will be more
active towards FTS [9]. The role of a-SiC on CO hydrogenation is not previously
reported.



22 International Multidisciplinary Scientific GeoConference SGEM 2022

A ¢ Fe03 B F?sCz
¢ . *° L
; Ludde T P
& ﬂmg‘gﬁ?‘% il %@%&%&ﬁ%&ﬁ{&&gﬁ&§w
5
e
10 20 30 40 50 60 70 10 20 30 40 50 60 70

26, deg. 28, deg.

Figure 1. XRD patterns of catalysts before (A) and after (B) the CO2 hydrogenation
reaction

The effect of potassium promotion on the CO. hydrogenation was investigated at
T=300 °C, P=20 bar. Since the effect of the potassium promoter may vary depending on
the conversion level, data for the hydrocarbon selectivity were taken at a conversion of
10%.

Figure 2 shows the effect of potassium on the relative yields of gas phase hydrocarbons
evaluated by GC-MS/FID. As it can be seen, the relative yields of hydrocarbons
decreased with increasing loading of potassium. At the same time, the overall
proportion of CH4, CoHy, C3Hyx, and CsHx remained almost unchanged (Figure 3). Only
in the presence of K-2 catalyst the proportion of CHa in gas phase hydrocarbons slightly
decreased while the proportion of CsHx hydrocarbons slightly increased.
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Figure 2. Effect of potassium on the relative yields of gas phase hydrocarbons
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Figure 3. Effect of potassium on the gas phase hydrocarbons

Reaction condensed products consisted of water, methanol, ethanol, n-propanol, and
acetone (Figure 4). With the loading of potassium increasing, the selectivity of n-
propanol decreased, and the selectivity of acetone increased, whereas methanol and
ethanol showed parabola like dependency of potassium loading. The highest yield of
condensed products was observed for K-2 catalyst. The main product for K-0 and K-2
was methanol, whereas the main product for K-5 was acetone. Alcohols are primary
Fischer-Tropsch synthesis products, whereas ketones are secondary products. Results
indicate that potassium promotes the secondary reactions of 1-olefins leading to the
formation of ketones (acetone) through Wacker-Tsuji oxidation [10].
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Figure 4. The influence of potassium on the composition of the aqueous phase products,
resulting from FTIR and GC-MS/FID analysis
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CONCLUSION

Iron-based silica supported catalysts promoted with potassium were synthesised and
tested for CO2 hydrogenation at 300 °C and 20 bar. The addition of the potassium
promoter slightly reduced the surface area and pore volume of the catalyst, indicating
that the potassium precursor is located in the pores of the catalyst. XRD results
indicated the presence of a-Fe>O3 before the CO, hydrogenation and the presence of
FesC> and SiC after the CO2 hydrogenation.

CO:2 hydrogenation reaction product yields and composition of products was strongly
influenced by the potassium content. With increasing loading of potassium relative
yields of gas phase products (i.e. C1-C4 hydrocarbons) decreased. Potassium contributed
to the formation of oxygenates — methanol was the main aqueous phase product for K-0
and K-2 catalysts, while acetone was the main aqueous phase product for K-5. It can be
concluded that potassium promotes the secondary reactions of 1-olefins.

The best CO, hydrogenation performance was observed over K-2 catalyst. Using this
catalyst, it was possible to obtain the largest amount of condensed products with the
methanol content of 8.1 v/v%.
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Abstract. This study integrates an experimental evaluation of the CO» hydrogenation
performance of NiFe,O4 spinel ferrite catalysts with a comparative life cycle assessment of
their synthesis routes. Three synthesis methods were investigated: sono-chemical, sol-gel auto-
combustion, and reducing agent-assisted precipitation. The employed synthesis method
significantly influenced the phase purity, structural properties and catalytic performance of
NiFe;O4. Sono-chemical synthesis demonstrated strong pH sensitivity; higher pH reduced
crystallite size but increased phase impurities. Sol-gel auto-combustion yielded highly
heterogeneous samples. The reducing agent-assisted precipitation produced phase-pure
NiFe>O4 with a small crystallite size and high surface area, resulting in superior hydrogenation
activity. Life cycle assessment identified electricity consumption as the dominant contributor
to most of the impact categories. NiFe,Os-Prec (reducing agent-assisted precipitation)
exhibited the lowest environmental burden across the majority of analysed categories. Given
its high phase purity, superior hydrogenation activity and reduced ecological footprint,
NiFe>O4-Prec is identified as a promising candidate for sustainable e-LNG production.

Keywords: CO; hydrogenation, nickel ferrite catalysts, spinel, environmental impact

1. Introduction
The global energy landscape is undergoing a paradigm shift driven by the urgent need to

decarbonise hard-to-abate sectors, such as heavy industry, aviation and shipping. Maritime
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transport accounts for approximately 3% of global greenhouse gas (GHG) emissions [1].
Without additional measures to curb ship emissions, GHG emissions from the shipping sector
are projected to increase by up to 130% by 2050 [2]. The International Maritime Organisation’s
(IMO) updated Ship Energy Efficiency Plan, promoting energy efficiency and the uptake of
low- and zero-carbon fuels, targets net-zero emissions by 2050, with interim reductions of 20-
30% by 2030 and 70-80% by 2040 [3].
To meet the IMO’s ambitious net-zero targets, the production of e-fuels via Power-to-X
processes represents a critical strategic pathway. This approach integrates hydrogen derived
from water electrolysis with CO; captured from industrial effluents or directly from the air
[4,5]. Within this framework, CO»-based Fischer-Tropsch synthesis (CO2-FTS) emerges as a
key technology, coupling the reverse water-gas shift (RWGS) reaction (Eq. 1) with subsequent
Fischer-Tropsch synthesis (FTS) (Eq. 2) to yield synthetic hydrocarbons [6].

CO; + H; «+» H,0 + CO AH%9s = 41.2 kJ/mol (D

CO + 2H; — (-CHz-) + H20 AH%9s = -152 kJ/mol 2)
However, large-scale CO>-FTS commercialisation remains limited due to challenges in
conversion efficiency and product selectivity caused by kinetic and thermodynamic constraints
[7-9]. The key factors in advancing this technology are optimised reactor systems and highly
efficient, selective catalysts, capable of producing desired products at high yields with minimal
energy input [7].
Iron-based catalysts are widely used for their dual functionality in promoting both the RWGS
and FTS reactions. The integration of secondary metals with high activity for CO
hydrogenation into a spinel oxide lattice has emerged as a superior strategy for improving CO2-
FTS performance. 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 [10]. The spinel structure of
NiFe>O4 offers a unique synergistic effect where nickel promotes high hydrogenation activity
while iron species facilitate the necessary RWGS and carbon-carbon coupling essential for
FTS.
Catalyst's textural properties, morphology, phase purity, and particle size can influence the
catalytic performance. However, establishing definitive structure-activity relationships
remains challenging due to the complex reaction pathways, the many parallel and sequential
processes and structural evolution of catalysts [11,12]. Literature reports on particle size effects
are often contradictory: while some studies associate smaller nanoparticles with high CH4

selectivity [5,13,14], others observe a shift toward CO or increased methanation as particle size



increases [9,15]. These contrasting results may be attributed to the variations in CO»
hydrogenation conditions employed, the different catalytic systems used, and the diverse
catalyst synthesis approaches adopted.

Despite the availability of numerous synthesis techniques, ranging from high-temperature
solid-state reactions to various wet-chemical routes like co-precipitation, sol-gel and sono-
chemical synthesis, no universal approach exists. Each method presents inherent trade-offs
between crystallinity, particle size control and scalability [16,17]. While co-precipitation and
sol-gel synthesis are widely utilised for their accessibility, sono-chemical synthesis offers a
distant advantage in producing highly monodispersed nanoparticles with precise size
distribution [14,18]. Consequently, the choice of synthesis method remains critical, as it
directly affects the catalyst's phase purity, textural characteristics and overall performance in
practical catalytic and functional applications.

The primary objective of this study is to elucidate the synthesis-structure-performance
relationship of NiFe,O4 catalysts in CO2 hydrogenation. A reaction temperature of 320 °C was
chosen because it represents a “compromise point” in CO; hydrogenation over Fe-Ni catalysts,
striking a balance between activity, selectivity, and catalyst stability. While previous research
has often focused on optimising a single preparation route, this work provides a systematic
comparison of three distinct wet-chemical approaches: sono-chemical synthesis, sol-gel auto-
combustion and reducing agent-assisted precipitation. Furthermore, acknowledging the shift
toward holistic catalyst design, this study integrates a prospective Life Cycle Assessment
(LCA). This allows for a preliminary evaluation of the environmental trade-offs and health
impacts associated with each synthesis at the laboratory scale. By bridging the gap between
fundamental materials science, structural characterisation and environmental sustainability,
this research offers critical insights into the responsible development of spinel-based catalysts

for the green energy transition.

2. Experimental/Materials and methods

Iron(I1l) nitrate nonahydrate (Fe(NO3)3-9H>0), ammonium hydroxide (NH3-H>O) and citric
acid monohydrate (CsHgsO7-H20) were purchased from Thermo Fisher Scientific. Nickel(I)
nitrate hexahydrate (Ni(NO3)2:6H2O) was purchased from Alfa Aesar. Iron(III) chloride
hexahydrate (FeCl3-6H20), nickel chloride (NiClz) and sodium borohydride (NaBH4) were
purchased from Sigma-Aldrich. Ethanol and sodium hydroxide (NaOH) were purchased from
Lach-Ner. All chemicals were of reagent grade and used as received, without further

purification.



2.1. Preparation of nickel ferrite (NiFe204) nanoparticles
Nickel ferrite nanoparticles were synthesised via three different methods: sono-chemical,
sol-gel auto-combustion, and reducing agent-assisted precipitation. Schematic diagrams of the

synthesis processes are shown in Fig. 1.
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Fig. 1. Schematic diagram of the NiFe,Oj4 synthesis processes.

2.1.1. Sono-chemical synthesis
Fe(NO3)3-9H20 (0.016 mol) and Ni(NO3)2-6H20 (0.008 mol) were dissolved in 80 mL of
distilled water and ultrasonicated in an Elmasonic S30H ultrasonic bath at 60 °C for 20 min.

During ultra-sonication, NH3-H20 (30%) was added dropwise to adjust the pH value, and the



obtained suspension was further ultra-sonicated for 30 min. The precipitate was then rinsed
with distilled water until pH 7, filtered and dried at 80 °C for 8 h. The product was then ground
in a mortar to obtain a fine powder. The powder was calcined at 600 °C for 30 min in an air
atmosphere with a heating ramp of 5 °C min~!. Obtained nanoparticles were marked NiFe>O4-

sono-X, where X represents the reaction pH (X=8, X=9, X=10, X=11).

2.1.2. Sol-gel auto-combustion synthesis

Citric acid (0.024 mol), Fe(NO3)3-9H20 (0.016 mol) and Ni(NO3)2-6H20 (0.008 mol) were
dissolved in 80 mL of distilled water. Then, ethanol (0.048 mol) was added. The mixture was
continuously stirred at 80 °C for 30 min. Then the pH was adjusted to around 7 by dropwise
adding NH3-H20 (30%). The mixture was continuously stirred and kept at 80 °C until viscous
brown gel formation. The gel was heated at 220 °C for 30 min in an air atmosphere with a
heating ramp of 5 °C min™'. The obtained powder was then calcined at 600 °C for 30 min in an
air atmosphere with a heating ramp of 5 °C min!. The obtained nanoparticles were denoted as
NiFe>04-C-E.

Nanoparticles NiFe,O4-Citric were synthesised following the same procedure, except that

ethanol was not used.

2.1.3. Reducing agent-assisted precipitation synthesis

Four separate aqueous solutions were prepared by dissolving FeClz-6H>O (0.04 mol), NiCl»
(0.02 mol), NaBH4 (0.02 mol) and NaOH (0.05 mol), each in 25 mL of deionised water. Then,
FeCls solution was added to NiCl, solution, while NaBH4 solution was added to NaOH
solution. After mild stirring at room temperature for 10 minutes, the metal salt solution was
added to the solution of NaOH and NaBH4. The precipitation reaction occurred vigorously.
After 10 minutes of stirring, the precipitated particles were washed with deionised water by
centrifugation (6137 rpm, 10 min) several times while the pH was neutral. After washing, the
sample was dried at 40 °C in ambient air till no weight loss could be observed. The obtained

nanoparticles were denoted as NiFe,O4-Prec.

2.2. Characterisation

X-ray powder diffraction (XRPD) patterns were measured at ambient temperature on a AXS
D8 Advance (Bruker) diffractometer using Cu Ko radiation (A=0.1541 nm). The tube voltage
and current were set to 40 kV and 40 mA. The diffraction patterns were recorded using a

scanning speed of 5.0s/0.02° from 20° to 70° on the 20 scale. For phase identification, the



ICDD (The International Centre for Diffraction Data) database PDF-2/Release 2021 was used.
The phase composition of samples and crystallite sizes of the identified phases were determined
by Rietveld refinement using Profex software. For all the phases, crystal structure data were
obtained from COD (Crystallography Open Database): COD ID 9008693 for bunsenite (NiO),
9000139 for hematite (a-Fe>0O3) and 1006116 for trevorite (NiFe2Os).

Textural properties of the catalysts were determined by N> adsorption-desorption analysis using
Quantachrome Instruments Nova 1200 E-Series sorption analyser at -196 °C. Before the
measurements, the samples were degassed at 150 °C for 24 h. The specific surface area was
calculated by the Brunauer-Emmet-Teller (BET) method. Pore size distribution was
determined by the Barrett-Joyner-Halenda (BJH) method based on the adsorbed amount at
P/P¢=0.99.

Scanning electron microscopy (SEM) images were obtained using a Helios™ NanoLab 600
dual-beam microscope (FEI) operated at an accelerating voltage of 15 kV. The images were
acquired using the secondary electron (SE) signal collected by an Everhart-Thornley detector
(ETD).

2.3. CO2 hydrogenation over nickel ferrite nanoparticles

CO; hydrogenation tests were performed in a stainless steel fixed-bed reactor. Tests were
performed using the highest-purity NiFe>O4 sample obtained from each respective synthesis
method. A 0.1 g catalyst was diluted with quartz sand to a 2 mL volume and filled into the
reactor above a layer of quartz wool. The catalyst was reduced at 400 °C for 22 h in H» with a
flow rate of 50 mL/min at atmospheric pressure. Then the reactor was cooled to 280 °C, and
CO; (10 mL/min), H> (30 mL/min) and N> (10 mL/min) were continuously fed into the reactor
using separate mass flow controllers. N> was used as an internal standard. The pressure was
then gradually increased to 20 bar, and the temperature was gradually increased to 320 °C. The
condensable products were collected in a cold trap (5 °C, 20 bar). The reaction exit gases were
analysed on-line by a gas chromatograph (Shimadzu Nexis GC-2030). The conversion of CO,

and the selectivity of products were calculated according to the equations:

CO; conversion Xco, = %ﬁ:"“ -100% €8
CO selectivity Sco = 5o f}‘}’cugz — - 100% @)
Ca selectivity S¢, = COZC_—C(;Zt 100% 3)
Cs- selectivity Sca, = 100% — Sco — S¢, =S¢, — Se, — Se, 4)



were CO; in and COz out represent the molar flow rate of CO; at the reactor inlet and outlet;
COout represents the molar flow rate of CO at the reactor outlet; C,, ous represents the molar flow
rate of hydrocarbons with n=1-4 carbon atoms at the reactor outlet.

Condensed reaction products were analysed off-line by gas chromatography using Shimadzu
Nexis GC-2030 and Fourier Transform Infrared Spectroscopy (FTIR) using PerkinElmer
Spectrum 100. The acidity of condensed products was determined by the KOH titration
method.

The details of these procedures are reported in our previous study [19].

2.4. Life cycle assessment

2.4.1. Goal and scope definition

The objective of this assessment was to conduct a comparative LCA of three laboratory-scale
synthesis routes for NiFe»Oy catalysts to identify and quantify their respective environmental
burdens. A cradle-to-gate boundary was defined (Fig. 2), encompassing all stages from raw
material extraction to the final synthesis of the catalyst. The catalyst use phase, end-of-life

management, and transportation of precursors were excluded from the system boundaries.
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Fig. 2. System boundary for the LCA of the NiFe,O4 synthesis.

The functional unit was defined as the production of 1 kg of NiFe,O4 catalyst. Process
modelling was performed using openLCA v2.4.1 software integrated with the Ecoinvent 3.11
(cut-off) database. Impact assessment was carried out using the Environmental Footprint 3.1
(EF v.3.1) method. For chemical precursors not present in the Ecoinvent database (iron nitrate,
nickel nitrate and nickel chloride), proxy processes were developed based on stoichiometric
requirements and weight distribution data to ensure a comprehensive inventory.

From the EF v.3.1 method, the following midpoint impact categories were selected for detailed

analysis: acidification, climate change, ecotoxicity (freshwater), energy resources (non-



renewable), eutrophication (freshwater), eutrophication (marine), eutrophication (terrestrial),
human toxicity (carcinogenic), human toxicity (non-carcinogenic), ionising radiation (human
health), material resources (metals/minerals), particulate matter formation, photochemical
oxidant formation (human health), water use. Impact categories contributing less than 0.02

points to normalisation results were considered negligible and excluded.

2.4.2. Life Cycle Inventory

The foreground data for the sono-chemical, sol-gel auto-combustion, and reducing agent-
assisted precipitation synthesis methods were primary data obtained directly from laboratory-
scale experiments. To establish a robust inventory, specific assumptions were made regarding
waste streams: liquid effluents were modelled as discharged to the municipal sewage system,
gaseous emissions as released to the atmosphere, and solid residues as disposed of in landfill.
The energy consumption of the equipment used for the laboratory-scale syntheses is provided
in the Supplementary Information (Table S1). The corresponding inventories for each modelled

process are also included in the Supplementary Information (Tables S2—-S8).

3. Results and discussion

3.1. Catalyst characterisation

Table 1 shows the phase composition and crystallite sizes of the synthesised NiFe2O4
determined by the Rietveld refinement method. The XRPD diffractograms of synthesised
samples are included in the Supplementary information (Fig. S1). For the sonochemically
synthesised samples, the results indicated that crystallisation was sensitive to pH. As the pH
increased, the average crystallite size of NiFe2O4 decreased; however, this was accompanied
by arise in phase impurities. At higher pH, nucleation is enhanced. Since growth and nucleation
compete, the simultancous formation of numerous nuclei limits their individual growth,
resulting in smaller crystallite sizes [20]. At elevated pH, the accelerated precipitation of metal
hydroxides can disrupt the stoichiometric balance between cations due to their differing
precipitation kinetics, which often results in the formation of secondary impurity phases
alongside the spinel ferrite [21].

NiFe;04 samples synthesised via the sol-gel auto-combustion method had relatively larger
crystallite sizes compared to samples obtained via other methods. In the sol-gel auto-
combustion method, nanoparticle morphology, crystallite size, surface area, and phase
formation are dependent on the type of fuel used and the fuel-to-oxidant ratio [22]. The

synthesis method, employing both citric acid and ethanol as fuels, yielded a sample with



smaller crystallite sizes, although with lower phase purity, compared to the synthesis using
citric acid as the sole fuel.

The phase pure NiFe.O4 was obtained by reducing agent-assisted precipitation synthesis.

Table 1. Phase composition and crystallite size of the samples

Crystalline phase Crystallite size of  Crystallite size of Crystallite size

Sample
(Wt%) NiFe:04 (nm) Fe203 (nm) of NiO (nm)
NiFe;04-sono-8 NiFe;04:Fes03, 98:2 25.6+£0.4 76421 -
NiFe;04-sono-9 NiFe;04:Fes03, 94:6 20.5+0.3 70+6 -
NiFe;04-sono-10 NiFe;04:Fe,03, 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 -
NiFezO4ZF6203ZNiO,
NiFe,04-C-E 42.4+1.6 85.9+5.2 42.4+3.9
33:48:19
NiFezO4ZF€203ZNiO,
NiFe;04-Citric 73.3+1.1 143£16 50.9+5.6
76:18:6
NiFe>O4-Prec NiFe04, 100 12.0+0.3 - -

N> adsorption-desorption analysis was used to analyse the highest-purity NiFe,O4 sample
obtained from each respective synthesis method (NiFe2Os-sono-8, NiFe>Os-Citric, NiFexOs-
Prec). The analysed samples exhibited IUPAC type IV isotherms with a hysteresis loop (Fig.
3A), typical of mesoporous materials. NiFe>O4-sono-8 exhibited the isotherm with an H1
hysteresis loop, while NiFe;Os-Citric and NiFe;Os-Prec exhibited the isotherm with an H3
hysteresis loop. The H1 hysteresis loop is characteristic of materials with a narrow range of
uniform mesopores, whereas the type H3 hysteresis loop is observed in materials with non-
rigid aggregated particle structures that display varying geometries [23,24].

Fig. 3B compares the BJH pore size distribution curves of the analysed NiFe,O4 samples. BJH
pore size distribution of NiFe;O4-sono-8 and NiFe>Os-Citric each exhibited a single peak,
while BJH pore size distribution of NiFe>O4-Prec exhibited two peaks: one narrow peak centred
at approx. 3.9 nm and one broad peak in the range of 4.4 nm to 59 nm. The first peak can be
associated with the internal voids within particles, while the broad peak could be attributed to

pores located between the particles.
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Fig. 3. N> adsorption-desorption isotherms and BJH pore size distribution curves of

synthesised NiFe,Os4.

The textural properties derived from N> adsorption-desorption analysis are listed in Table 2.
The NiFe>O4-Prec sample showed the highest BET surface area among the tested materials.
The NiFe;04-sono-8 sample demonstrated the narrowest pore size distribution, as indicated by
the minimal difference between the average and mean pore diameters. In contrast, the NiFe,O4-
Citric sample displayed the lowest surface area and the broadest pore size distribution,

suggesting a high degree of textural heterogeneity.

Table 2. Textural properties of the samples

Catalyst Sger® (M%/g)  Viow® (em®g)  Daverage® (Nm) Dmean® (nm)
NiFe;04-sono-8 36.82 0.151 16.39 14.34
NiFe;04-Citric 5.20 0.029 22.15 3.85

NiFe,04-Prec 93.77 0.236 10.06 3.88

*BET surface area.
*Total pore volume.
*Average pore diameter.

*Mean pore diameter evaluated by the BJH desorption method.

Fig. 4 shows the SEM images of the highest-purity NiFe;O4 sample obtained from each
synthesis method. Both NiFe;O4-sono-8, prepared by sono-chemical synthesis, and

NiFe,04-Prec, prepared by reducing agent-assisted precipitation synthesis, consist of aggregate



structures of spherical particles, while NiFe>Os-Citric, prepared by the sol-gel auto-combustion

method, consists of particles adhered together due to agglomerate sintering.

Fig. 4. SEM image of NiFe;04-sono-8 (A), NiFe>0s-Citric (B) and NiFe>Os-Prec (C).

3.2. Catalytic performance

The CO»-FTS performance of the synthesised NiFe2O4 catalysts was evaluated at 320 °C, 20
bar, H2/CO» = 3. The reaction temperature of 320 °C was selected as an optimised “compromise
point” to balance CO> activation, hydrocarbon selectivity, and catalyst stability. According to
the literature, at this temperature, the carburization of iron into active Higg carbide (x-FesCs)
phase, crucial for hydrocarbon growth in FTS, is kinetically favoured [25]. At the same time,
the deactivation of y-FesC, by oxidation due to high H>O concentration is limited [26] and Ni
sintering and carbon deposition are minimised [27].

The CO; conversion and product selectivity after 48 h are shown in Table 3. The CO:
conversion over the synthesised NiFe)O4 catalysts ranged from 18.0% to 23.7%.
NiFe;04-Citric exhibited the highest conversion despite its inferior textural properties (lowest
surface area and high heterogeneity). According to the literature, CO> conversion to CO is
weakly influenced by catalyst particle size [29,30]. This suggests that the specific phase
composition and the resulting structural evolution during activation outweigh the impact of the
initial surface area. NiFe,O4-Citric, in addition to the NiFe;O4 phase, contained Fe;O3 and NiO
phases (Table 1). During H» activation, Fe2Os is readily reduced to magnetite (Fe3O4, the active
phase for RWGS) and metallic iron (a-Fe). Under CO; hydrogenation conditions, Hagg carbide
(x-FesC, the active phase for FTS) forms from Fe/Fe304[5,31,32]. In contrast, spinel NiFeO4
undergoes only partial reduction to a mixed system of metals, metal oxides, and NiFe
alloy/alloy carbides, which, together with the NiFe>O4 spinel phase, form the active catalytic
phases responsible for CO and hydrocarbon formation [33-35].

It is known that product selectivity is strongly affected by the catalyst's hydrogenation activity.

Additionally, product selectivity was found to be a function of the catalyst’s particle size and



phase composition. In the present study, CH4 was the dominant hydrocarbon product for all
catalysts, reflecting the high inherent hydrogenation activity of Ni-containing catalysts. Since
NiFe>O4-sono-8 and NiFe>Os-Prec catalysts are nearly identical in phase purity (Table 1),
differences in their catalytic performance can be attributed to particle size. NiFe2Os-Prec, the
catalyst with the smallest particle size, exhibited the highest CH4 selectivity, whereas NiFe2Os-
sono-8, with a particle size double that of the precipitated sample, showed higher CO and Cs-
selectivity. The observed differences in product selectivity might be because catalysts with
larger particle size can be carburised to a greater degree, while smaller particles are less prone
to carburization into y-FesC,, maintaining a larger proportion of phases that favour
hydrogenation over chain growth [28,29].

Although NiFe>O4-Citric exhibited the largest particle size, its selectivity profile diverged from
that of NiFe»O4-sono-8. The observed deviation can be attributed to differences in phase
composition, as NiFe,O4-Citric contained secondary phases Fe3O4 (18%) and NiO (6%). The
lower CO selectivity observed for the NiFe,O4-Citric is likely due to the presence of Fe2O3 as
a precursor to FTS active iron carbide phases. The enhanced FTS activity is evidenced by a
higher CO: conversion rate coupled with reduced CO selectivity. Conversely, the presence of
NiO introduces alternative reaction pathways: NiO-based catalysts are known to promote CO»
methanation at approximately 280 °C [30] and can cause hydrocracking or cleavage of -C-C-
bonds even at temperatures up to 340 °C [31] thus contributing to the formation of shorter-

chain products.

Table 3. Catalytic performance of NiFe,Os-based catalysts in CO, hydrogenation.

Catalyst Selectivity, %
CO: conversion (%)
(e[0] CHa4 C2-Cs Cs+
NiFe;04-sono-8 18.0 31.1 38.0 4.5 26.5
NiFe,04-Citric 23.7 20.9 41.9 3.8 334
NiFe;04-Prec 19.4 20.2 62.6 8.8 8.5

In CO» hydrogenation to hydrocarbons, both the RWGS and FTS reactions produce water; as
a result, the amount of aqueous phase exceeds the amount of hydrocarbons produced. Due to
the oxygenated compounds dissolved in the aqueous phase, the obtained CO>-FTS wastewater
is smelly, toxic and needs to be treated to minimise the environmental impact [5,32,33].

Alcohols are usually the dominant oxygenated products, while minor quantities of acids,



aldehydes, ketones and esters can also be produced [34]. The quantification of acids is crucial
in industrial processes because their corrosive nature can lead to equipment degradation [34].

Aqueous phase product selectivity over NiFe>Os-sono-8, NiFe;Os-Citric and NiFe>O4-Prec
catalysts is provided in Table 4. For all catalysts, methanol was the main oxygenate product.
The aqueous phase for NiFe,O4-Prec was the purest; the catalyst exhibited the lowest alcohol
selectivity compared to other catalysts. This catalyst was thus more selective toward
hydrocarbon formation. On the other hand, the aqueous phase for NiFe2O4-sono-8 contained
the highest amount of alcohols but the least amount of acids. Furthermore, the relatively high
ethanol yield and the presence of propanol suggest that NiFe,O4-sono-8 possesses a strong
capability for carbon chain growth, which is consistent with the conclusions from the gas phase
product analysis.

The increased methane selectivity, low yield of Cs+ products and suppressed oxygenate
formation indicate that NiFe,Os-Prec have the highest hydrogenation activity among the tested

catalysts. These properties make it a potential e-LNG catalyst.

Table 4. Aqueous phase product selectivity

Carboxylic Methanol  Ethanol  n-Propanol Acetone

Catalyst

acids (mmol/g) (mg/mL) (mg/mL) (mg/mL) (mg/mL)
NiFe,04-sono-8 0.08 4.72 0.76 0.1 0.1
NiFe,0s4-Citric 0.19 3.45 0.49 - -
NiFe;O4-Prec 0.13 2.41 0.40 - 0.1

3.2. Life cycle impact assessment

The environmental profiles of the NiFe>O4-sono-8, NiFe,O4-Citric and NiFe,Os-Prec synthesis
routes, characterised using the EF v.3.1 midpoint indicators, are presented in Figs. 5-7. It is
important to note that laboratory-scale data typically exhibit higher impacts compared to
commercial materials produced through optimised industrial-scale processes due to lower
material throughput and unoptimized energy efficiency.

NiFe;04-sono-8 (Fig. 5) and NiFe,O4-Citric (Fig. 6) exhibited similar environmental impacts,
with electricity consumption being the predominant contributor across most considered impact
categories. The exceptions were terrestrial eutrophication and depletion of material resources,
where the production of Fe(NOs); was the dominant contributor. In the NiFe;O4-sono-8

synthesis, waste emissions accounted for more than 10% of the impacts on freshwater



ecotoxicity and marine eutrophication, primarily due to wastewater containing nitrates and

ammonium.
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Fig. 5. NiFe204-sono-8 characterisation results.

In contrast, for the NiFe,O4-Citric synthesis, waste emissions contributed over 10% to marine
eutrophication, terrestrial eutrophication, and photochemical oxidant formation, and more than
5% to acidification and particulate matter formation. These effects are mainly attributed to the
release of carbon dioxide and nitrogen oxides during the thermal decomposition of nitrates and

citric acid.
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Fig. 6. NiFe»04-Citric characterisation results.

For the NiFe>O4-Prec synthesis process, electricity consumption was again the dominant factor,
contributing over 90% to almost all assessed impact categories (Fig. 7). In contrast to NiFe>O4-
sono-8 and NiFe,Os-Citric, precursors used in the NiFe>O4-Prec synthesis process (FeCls,
NiCly) showed a significantly lower ecological footprint compared to the nitrates used in the
other two synthesis routes. However, the NiFe2Os-Prec synthesis process showed a
disproportionate impact on freshwater ecotoxicity and carcinogenic human toxicity due to
wastewater containing sodium, borate, chloride, iron, and residual nickel ions. While inorganic
borates generally display low acute toxicity [35], the toxicity of sodium and chloride ions has

been proven in many studies [36-39].
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Fig. 7. NiFe2Os-Prec characterisation results.

To determine the relative significance of the impacts, the EF v.3.1 results were normalised
against the global reference (2010), representing the annual per capita environmental burden
(Fig. 8). The normalised results showed that all three synthesis routes have broadly comparable
overall environmental impacts. Non-renewable energy resources and freshwater eutrophication
were identified as the most critical environmental hotspots across all synthesis methods.
Among the processes evaluated, reducing agent-assisted precipitation generally demonstrated
the lowest impact across most categories. The exceptions were freshwater ecotoxicity, human

toxicity (carcinogenic), and ionising radiation, where NiFe>O4-Prec exhibited the highest



values among the analysed synthesis methods. The results indicate that with optimised energy
recovery and targeted wastewater treatment, the precipitation synthesis method offers the

highest potential for sustainable scaling.
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Fig. 8. Comparison of normalisation results for NiFe2O4-sono-8, NiFe;Os-Citric and

NiFe>O4-Prec synthesis processes.

4. Conclusions

In this study, NiFe;O4-based catalysts for CO, hydrogenation to hydrocarbons were
synthesised via sono-chemical, sol-gel auto-combustion, and reducing agent-assisted
precipitation methods. The highest-purity NiFe2O4 samples obtained from each respective
synthesis method were characterised and tested for CO>-FTS. The choice of synthesis route
was found to be a critical determinant of both the structural characteristics and resulting
catalytic performance. Reducing agent-assisted precipitation (NiFe204-Prec) proved to be the
most effective route for obtaining phase-pure NiFe;O4 with the highest BET surface area.
Sono-chemical synthesis demonstrated strong pH sensitivity, where higher pH reduced
crystallite size but increased phase impurities. Conversely, the sol-gel auto-combustion
synthesis yielded samples with a high degree of heterogeneity in terms of phase composition.
In the present study, CO2 conversion at 320 °C ranged from 18.0 to 23.7%. NiFe;O4-Citric,
despite its poor textural characteristics, showed slightly enhanced conversion and FTS activity,

likely due to the synergistic presence of secondary NiO and Fe>O3 phases. CH4 was the primary



gaseous phase hydrocarbon product across all catalysts, whereas aqueous phase analysis
identified methanol as the dominant oxygenate. The results indicated that a smaller particle
size promotes CH4 formation. NiFe,O4-Prec demonstrated the highest overall hydrogenation
activity, resulting in superior CHy yields and the highest aqueous phase purity (lowest
oxygenate content).

LCA identified electricity consumption as the primary driver of environmental impact across
most categories. NiFe,O4-Prec presented the lowest environmental burden in the majority of
categories. The superior structural properties, high hydrogenation activity, and relatively low
environmental footprint of NiFe,O4-Prec highlight its potential as an effective catalyst for

e-LNG production through CO; valorisation.
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ARTICLEINFO ABSTRACT

Keywords: This study investigates the influence of cobalt promotion, reaction temperature (280-320 °C) and catalyst
CO,-FTS pretreatment strategies on the COy hydrogenation performance of Fe-based catalysts. The cobalt-promoted
Hydrocarbons

catalyst precursors were subjected to three pretreatment routes: calcination in N followed by Ha activation,
calcination in air followed by H; activation, and direct reduction in Hy. Temperature studies revealed a trade-off
between activity and product quality: increasing temperature to 320 °C enhanced CO, conversion but shifted
product distribution toward thermodynamically favoured light hydrocarbons. For the unpromoted catalyst,
elevated temperatures increased overall hydrocarbon yield by altering the surface H/C ratio. Conversely, for the
stable cobalt-promoted catalysts, the reverse water-gas shift (RWGS) pathway remained dominant and stable
(>49% CO selectivity) across all temperatures. Crucially, the pre-treatment environment dictated the final
catalyst properties by controlling phase reduction and surface basicity. The uncalcined and N-calcined catalysts
reduced to a metallic a-Fe, generating moderate surface basicity, while air calcination resulted in an incom-
pletely reduced catalyst with strong basic sites. While air calcination maximised long-chain hydrocarbon
selectivity and suppressed oxygenate formation in the aqueous phase, N5 calcination provided the best balance of
high CO; conversion, low CO selectivity, and stable phase composition.

Sustainability
CO-, hydrogenation

1. Introduction

The continuous increase in anthropogenic greenhouse gas (GHG)
emissions has led to significant environmental and climatic impacts,
including global warming, ocean acidification, and biodiversity loss.
Carbon dioxide (CO3) is the dominant contributor, accounting for
approximately three-quarters of total global GHG emissions [1].
Consequently, mitigating CO, emissions represents one of the major
scientific and technological challenges of the 21st century.

Carbon Capture and Utilisation (CCU) has emerged as a key tech-
nology for reducing CO, emissions while simultaneously offering an
efficient use of resources and promoting economic growth [2]. CCU
consists of the chemical conversion of the recovered CO; into valuable
chemicals and fuels [3]. There are already industrial processes for the
direct conversion of CO; into single-carbon (C;) products. In addition,
direct CO, hydrogenation to longer-chain (Cy.) hydrocarbons via CO-

* Corresponding author.

based Fischer—Tropsch synthesis (CO2-FTS) is currently being actively
researched [4,5].

CO,-FTS consists of two reactions in series — initially, CO5 is reduced
to carbon monoxide (CO) through the reverse water gas shift reaction
(RWGS) (Eq. 1), then hydrocarbons are generated from CO through FTS
(Eq. 2).

CO; +H, & Hy0 + CO, AH 505 = 41.2 kJ /mol [¢))

CO+2H,—( — CH, — ) + H,0, AH%95 = — 152 kJ/mol ®)]

Iron-based catalysts are active for both reactions, with magnetite
(Fe304) serving as the active phase for the RWGS reaction and Hagg
carbide (y-FesCy) as the active phase for FTS [6]. Unmodified iron-based
catalysts typically exhibit low activity and high selectivity toward un-
desired by-products such as CO and methane (CHy4). The incorporation
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of cobalt has been shown to enhance hydrogenation activity and pro-
mote CO consumption, thereby shifting the RWGS equilibrium toward
higher CO2 conversion [7,8]. Several studies have demonstrated that
small amounts of cobalt can significantly improve Cs; selectivity while
reducing CO formation [9,10]. Excessive cobalt loading, however, can
increase methane formation and suppress long-chain hydrocarbon (Cs )
selectivity [11].

Catalyst performance in CO5-FTS is strongly influenced by the nature
of the active phase, particle size, crystal structure, and metal-support
interactions, all of which are determined by synthesis and pretreatment
conditions such as calcination and activation [12,13]. While the effects
of promoters and supports on iron-based CO, hydrogenation catalysts
have been widely investigated [14], there is a lack of systematic studies
on how synthesis routes and pretreatment strategies influence the per-
formance of cobalt-promoted Fe3O4 catalysts.

Iron-based catalysts are commonly activated using Hp, CO, or syn-
thesis gases [15,16], while cobalt-based catalysts are generally activated
in a Hy atmosphere [17]. Extensive research has examined the activation
of iron-based catalysts by syngas, which leads to the formation of active
iron carbide species that promote FTS reactions [18]. In contrast, cobalt-
based catalysts utilise metallic cobalt as the active phase instead of
carbide phases; consequently, H; reduction is employed as the standard
activation procedure [19]. The presence of a cobalt promoter enhances
Hy adsorption and dissociation, thereby modifying the reduction
behaviour of Fe3O4 [20]. These interactions suggest that Hy pretreat-
ment may be a rational and effective activation strategy for cobalt-
promoted Fe30y4 catalysts prior to CO,-FTS.

Calcination conditions are another critical parameter that influences
metal dispersion, oxidation state, and reducibility. These factors ulti-
mately affect the distribution of active species and reaction pathways
[21]. The literature on Fe catalysts for FTS and CO2 -FTS has largely
focused on calcination temperature, while the effect of calcination at-
mosphere (air, Ny, or Ar) remains comparatively underexplored. The
calcination conditions of catalysts determine the resulting oxide phases,
regulate the size and dispersion of metal particles, and consequently
influence reducibility, carburization, and FTS activity [22,23]. Few
studies have directly examined Fe-based catalysts calcined under
different atmospheres. Most existing research emphasises calcination
temperature, promoters, or reduction pretreatments rather than sys-
tematic comparisons of calcination atmospheres, highlighting a gap in
this area of catalyst preparation research. Few authors have studied the
influence of calcination atmosphere on CO hydrogenation. Akbari et al.
investigated the effects of air-calcination and argon-calcination on the
physicochemical properties and catalytic performance of Fe-Co/MgO
catalysts for FTS. They showed that calcination atmosphere affected
catalyst particle size and reducibility, leading to different FTS perfor-
mance, with air calcined catalyst demonstrating higher activity and CHy
selectivity [24]. Roknabadi et al. investigated the FTS performance of
Fe-Mn-Ce/y-Aly03 catalysts calcined under air or under nitrogen.
Although CO conversion was similar for both catalysts (24.04% vs
25.69%), product selectivity differed due to different phases formed
during catalyst pretreatment. The air calcined catalyst demonstrated
lower CO, selectivity and higher Cy, hydrocarbon selectivity [25]. Feyzi
et al. reported that iron-manganese catalyst calcined in air exhibited
higher CO conversion and C2-C4 selectivity than those calcined in ni-
trogen [26]. Despite its importance, the role of calcination atmosphere
has received limited attention in the context of iron-based CO2 hydro-
genation catalysts. Specifically, how different thermal pretreatments
dictate the activation behaviour, phase evolution, and overall CO2 hy-
drogenation performance of cobalt-promoted Fe-based systems remains
a critical knowledge gap.

To address this, the present study systematically evaluates the effect
of pretreatment on the performance of low-loading cobalt-promoted
Fe30y4 catalysts (Co:Fe = 5:100). The catalyst precursor (Co(NO3)y/
Fe304) was subjected to different pretreatment protocols: calcination in
N, followed by Hp activation, calcination in air followed by Hy
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activation, and direct reduction in Hy. In heterogeneous catalysis, it is
standard practice to perform calcination at temperatures exceeding both
the subsequent reduction and reaction conditions to lock thermal sta-
bility. Following this principle, an inert Ny calcination at 450 °C was
chosen to decompose the cobalt precursor while retaining the original
Fe304 support structure. Conversely, an air calcination at 550 °C was
applied to explicitly drive the reconstructive phase transition from
Fe304 to a-FezO3. All samples were reduced under Hy at 400 °C to
effectively reduce the oxidic precursors without inducing thermal sin-
tering. The catalytic performance was subsequently evaluated across a
critical temperature range (280-320 °C) to identify the optimal ther-
modynamic balance between CO, conversion and product selectivity,
including a detailed analysis of the often-overlooked aqueous phase
composition.

The novelty of this work lies in directly correlating these tailored
pretreatment procedures with the resulting characteristic evolution of
the catalyst, which in turn governs the catalytic performance and
product selectivity. Furthermore, the insights established in this study
will significantly impact future research by shifting the focus of catalyst
optimisation from complex, expensive chemical modifications toward
accessible thermal engineering. This work proves that the structural
stability and product selectivity of iron-based catalysts can be finely
tuned through simple alterations in thermal pretreatment.

2. Experimental/materials and methods

Iron(II, IIT) oxide (Fe304) nanopowder (catalogue number 637106)
and analytical grade cobalt(I) nitrate hexahydrate (Co(NO3)2,e6H20)
were purchased from Merck.

2.1. Catalyst synthesis and pretreatment

In order to evaluate the influence of the catalyst pretreatment pro-
cedure on CO, hydrogenation, a cobalt-promoted catalyst precursor was
prepared, divided into three parts (labelled as Co/Fe304, Co/Fe304-N
and Co/Fe304-A) and subjected to different pretreatments. Fe3O4 was
impregnated using an aqueous solution of Co(NO3),, with the concen-
tration of the impregnating solution calculated to ensure a Co to Fe
molar ratio of 5 to 100. After impregnation, the catalyst precursor was
dried in an oven at 80 °C for 5 h.

For each experiment, 0.5 g of catalyst precursor was used. Co/Fe3O4
was diluted with quartz sand to 2 mL and reduced in a H; flow of 50 mL/
min at 400 °C for 22 h with a heating rate of 3 °C/min. Co/Fe304-N was
diluted with quartz sand to 2 mL and calcined in a N flow of 50 mL/min
at 450 °C for 30 min with a heating rate of 3 °C/min, then the tem-
perature was decreased to 400 °C, and the catalyst was reduced in a Hy
flow of 50 mL/min at 400 °C for 22 h. Co/Fe304-A was diluted with
quartz sand to 2 mL and calcined in air in a muffle furnace at 550 °C for
30 min with a heating rate of 5 °C/min. After calcination, the powder
was transferred to the reactor, where it was reduced in a Hy flow of 50
mL/min at 400 °C for 22 h.

To better assess the effect of cobalt promotion, an unpromoted Fe3O4
was reduced in a H; flow of 50 mL/min at 400 °C for 22 h and used as a
benchmark catalyst.

2.2. COg hydrogenation

Following the reduction step, the reactor was cooled to 260 °C, and a
gas mixture comprising Hy (30 mL/min), CO2 (10 mL/min), and N2 (10
mL/min) was introduced using individual mass flow controllers. N was
used as an internal standard. The system pressure was then gradually
increased to 20 bar, and the temperature was raised to 280 °C. This
temperature was held for 24 h, after which it was increased to 300 °C for
an additional 24 h. Finally, the temperature was elevated to 320 °C and
maintained for a further 24 h. Gaseous products were analysed on-line
using a Shimadzu Nexis GC-2030 gas chromatograph, while
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condensable products were collected every 24 h from a cold trap held at
5 °C and 20 bar and analysed off-line. The CO5 conversion (Xcoz2) and
product selectivity (S) are calculated as:

_ COzin — CO20ut

P 0,
Xco, o 100% ®)
COut
Sco=——2% _ ¢100% “
© 7 €Oz — COz0u0
Cnaut
Se, = oM 9100% )
"~ €Ozt — COz0u0
Ses, = 100% — Sco —S¢, —Sec, — S, — Sc, ®)

where CO; i and CO3 oy are the molar flow rate of CO, at the reactor
inlet and outlet; COqy and C, oy are the molar flow rate of CO and
hydrocarbons with n carbon atoms at the reactor outlet, respectively.

Condensed products were analysed using gas chromatography (Shi-
madzu Nexis GC-2030). The acidity of the condensed phase was evalu-
ated by the KOH titration method. Comprehensive methodological
details are provided in our previous publication [27].

2.3. Catalyst characterisation

Thermal degradation studies were conducted using a thermogravi-
metric analyser (PerkinElmer STA 6000). Fe304, Co(NO3)206H,0 and
cobalt-promoted catalyst precursor (Co(NO3)2 on Fe304) were heated
from 30 to 600 °C at 10 °C/min under a pure nitrogen flow of 20 mL/
min, monitored by a mass-flow controller.

In order to understand the effect of the pre-treatment procedure,
catalysts after calcination in N and air, as well as after reduction in Hy,
were analysed by XRD and XPS. Before the analysis, quartz sand was
separated from the samples using a magnet.

X-ray powder diffraction (XRPD) patterns of catalysts were measured
at ambient temperature on a Bruker D8 Discover diffractometer using
copper radiation (Cu Ka) at the wavelength of 1.54180 A, equipped with
a LynxEye position-sensitive detector. The tube voltage and current
were set to 40 kV and 40 mA. The divergence slit was set at 0.6 mm, and
the antiscatter slit was set at 8.0 mm. The diffraction patterns were
recorded using a scanning speed of 3.0 s/0.02° from 10° to 70° on the 20
scale. For phase identification, the ICDD (The International Centre for
Diffraction Data) database PDF-2/Release 2021 was used. Crystallite
sizes were estimated using two complementary approaches. For the
Scherrer equation method, Koy stripping by was applied prior to anal-
ysis, and FWHM values were measured for 2-3 characteristic, well-
resolved diffraction peaks per phase, selected to avoid overlap with re-
flections from other phases, using DIFFRAC.EVA software. Crystallite
sizes were also obtained from Rietveld refinement performed in Profex,
using the BGMN algorithm.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out using a ThermoFisher ESCALAB Xi spectrometer. Prior to analysis, the
samples were affixed to a conductive adhesive tape to ensure stable
electrical contact. In order to minimise surface charging effects, a charge
neutralisation system was employed during measurements. The X-ray
source utilised an aluminum anode (Al Ka radiation, 1486 eV) with an
irradiation area of 650 x 100 pm. Instrument calibration was performed
using the characteristic photoelectron lines of Ag 3ds/2, Au 4f7,/5, and Cu
2p3/2, with binding energies of 368.2 eV, 83.9 eV, and 932.6 eV,
respectively.

The reducibility of the Fe304 and cobalt-promoted Fe3O4 pretreated
(unreduced) samples was analysed by Hy-TPR in an AutoChem-III 2930
tool (Micromeritics Instrument Corporation) equipped with an external
Cirrus™ 3 mass spectrometer (MKS Instruments). Prior to analysis, the
samples were kept at 110 °C for several hours in static air. For the
analysis, approx. 150 mg of the sample was placed in the sample tube
between two pieces of quartz wool. The sample was then dried by
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heating to 200 °C (heating rate 10 °C/min) for 1 h using He (Linde,
99.9996%) with a flow of 50 mL/min (STP), and then cooled to 35 °C.
Helium flow was changed to 50 mL/min (STP) flow of a 10 vol% Hy/Ar
mixture (Air Products, 99.99%), and the sample was heated to 800 °C
(heating rate 10 °C/min) for 0.5 h. Hydrogen consumption was moni-
tored by following the signal at m/z 2. Other signals were also recorded
(m/z 4,12, 16, 18, 28, 29, 32, and 44). The amount of H, consumed was
calculated based on the H; peak area. Calibration was performed using
the AutoChem IIT 2930 loop (0.5185 cm®) by performing five injections of
10 vol% Hy/Ar at 110 °C, with a He carrier flow of 50 mL/min (STP)
with an empty sample tube. The total amount of Hy consumed was ob-
tained from the sample's integrated profile area and the average peak
area of the five calibration injections at m/z 2.

The interaction of CO2 with the reduced Fe304 and cobalt-promoted
Fe304 was investigated by CO2-TPD. The samples were obtained as
described in Section 2.1 by reduction of the pretreated samples at 400 °C
(heating rate 3 °C/min) for 22 h using a Hy flow of 50 mL/min (STP).
The CO,-TPD experiment was performed in an AutoChem-III 2930 tool
(Micromeritics Instrument Corporation) equipped with a Cirrus™ 3 mass
spectrometer (MKS Instruments). The samples were kept dry at 110 °C
for several hours in static air before the analysis. For the CO,-TPD
analysis, about 120 mg of sample was placed into the sample tube be-
tween two pieces of quartz wool. The sample was treated in helium
(Linde, 99.9996%) using 50 mL/min (STP) at 200 °C, 10 °C/min, for 1 h,
and then cooled to 35 °C. A reduction step was then performed using 50
mL/min (STP) of a 10 vol% H2/Ar mixture (Air Products, 99.99%) from
35 to 400 °C, at 10 °C/min, and 0.5 h hold time, followed 0.5 h purge
under a helium flow of 50 mL/min (STP). The sample was then cooled to
35 °C and saturated with 50 mL/min of a gas mixture comprised by 40
mL/min (STP) of 5 vol% CO»/He (Woikoski, 99.99%) and 10 mL/min
(STP) of He. The saturated sample was flushed for 0.5 h with 50 mL/min
(STP) of He to remove weakly adsorbed CO,. Finally, the sample was
heated from 35 to 800 °C (heating rate 10 °C/min, hold time 0.5 h) using
50 mL/min (STP) of He. Desorption was monitored by following signals
at m/z 2, 12, 14, 16, 18, 22, 28, 29, 30, 32, and 44. Carbon dioxide
desorption was monitored by following MS signal at m/z 44. Since COy
mass spectrum contains a fragment at m/z 28, the MS signal at m/z 28
for carbon monoxide was assumed to be equivalent to the recorded MS
signal at m/z 28 minus the contribution of CO; to the MS signal at m/z
28. The contribution of CO; to m/z 28 was obtained by multiplying the
TPD recorded signal at m/z 44 by the ratio between the signals at m/z 28
and m/z 44 of CO, obtained from CO signal calibration. The calibration
of the CO; signals was performed between the CO,-TPD analyses using
the AutoChem-IIl 2930 instrument's loop (calibrated loop volume
0.5185 cm®) with five loop injections of 5 vol% COy/He at 110 °C, witha
He carrier flow of 50 mL/min (STP), and an empty sample tube. The
total amount of COy adsorbed was obtained using the sample's inte-
grated profile area and the average area of the five calibration injections
at m/z 44.

Carbon deposition on spent catalysts was quantified via combustion
analysis using a Euro Vector EA 3000 CHN analyser.

3. Results and discussion
3.1. Catalyst characterisation

The thermogravimetric curves of Fe304, Co(NO3),06H20 and cobalt-
promoted catalyst precursor (Co(NO3)2 on Fe3O4) are presented in
Fig. S1 in the Supplementary Information. Within the temperature range
of 30 to 600 °C, Fe3O4 exhibited minimal weight loss, indicating high
thermal stability. In contrast, Co(NO3)2e6H;0 underwent substantial
multi-step weight loss, with dehydration observed up to approximately
150 °C and nitrate decomposition occurring between 150 and 300 °C.
Cobalt-promoted catalyst precursor (Co(NOs); on Fe304) exhibited
weight loss between 150 and 200 °C, which is indicative of cobalt nitrate
decomposition. The results indicate that the selected temperature range
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of 400-550 °C for catalyst calcination and reduction is sufficient to fully catalysts are illustrated in Fig. 1. Although quartz sand was separated
decompose Co(NO3)s. from the catalysts before analysis, SiO (quartz, PDF 01-075-6052) was
The effect of the pretreatment procedure on catalyst phase compo- detected for some of the catalysts. Due to the Co concentration nearing

sition was investigated by XRD and XPS. X-ray diffractograms of the XRD detection limit, there were no peaks associated with Co
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Fig. 1. XRD patterns of catalysts before reduction (A); after reduction (B) and after CO, hydrogenation (C) and (D).
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detected in the catalysts.

a-Fe (Iron; PDF 01-071-4409) was detected in unpromoted Fe3O4
after reduction in Hj. Similarly, a-Fe was detected in Co/Fe304 after
reduction in Hy. (Fig. 1B).

For the Co/Fe304-N, the XRD patterns after calcination in N5 showed
Fe304 (magnetite; PDF 01-071-6336), from which o-Fe was formed after
the reduction in H,.

The XRD pattern of Co/Fe304-A after calcination in air showed
diffraction signals which can be associated with y-Fe,O3 (maghemite;
PDF 00-039-1346). However, since maghemite can be distinguished
from magnetite only by a few additional peaks, the possible presence of
Fe304 in the sample could not be ruled out. After reduction in Hy, the
diffraction pattern of Co/Fe304-A showed reflections attributed to
y-Fex03, a-Fex03 (hematite; PDF 01-086-0550) and o-Fe. As before, the
presence of Fe3O4 in the sample could not be ruled out.

Fe304 oxidation is known to proceed through metastable y-Fe;Os,
whose structure closely resembles the structure of Fe3O4. Thus, the
Fe304 to y-FexO3 transformation is primarily compositional [28]. In
contrast, the subsequent y-Fe;O3 to a-Fe,O3 conversion requires struc-
tural rearrangement and is strongly influenced by factors such as par-
ticle size and heteroatom incorporation [29]. Given the relatively short
calcination step of Co/Fe304-A (30 min at 550 °C), only y-Fe;O3 was
formed under these conditions, whereas the slower y-Fe;O3 to a-FepO3
transformation proceeded partially during the prolonged reduction (22
h at 400 °C).

XRD patterns of spent catalysts showed reflections attributed to
FesC, (Hagg carbide; PDF 04-006-5691). Additional diffraction signals
corresponding to y-Fe,Os were observed for the unpromoted Fe3O4
catalyst after CO, hydrogenation (Fig. 1C and D).

Crystallite sizes were calculated from XRD data using both the
Scherrer equation and Rietveld refinement (Table 1). During the Riet-
veld refinement, crystallite sizes for the Fe and Fe,Os phases in Co/
Fe304-A catalyst after reduction, as well as for the FesCy phase in all
catalysts after CO2 hydrogenation, were constrained to default values
and are therefore reported identically without standard uncertainties.
For the minor phases (Fe and Fe;03), this was due to their low weight

Table 1
Crystallite size calculated by Rietveld refinement and Scherrer formula.

Sample Detected Crystallite size Crystallite size
iron phases (Rietveld), nm (Scherrer Equation),
nm
Fes0s before Fes04 136 +7 63.8
reduction
bef
Co/Fes0s before Fe04 14247 66.4
reduction
Co/Fes04-N before FesO4 1737 + 6 76.2
reduction
Co/Fe304-A before v-Fes03 302 + 30 111.9
reduction Fe304 123+ 6 :
Fe30, after reduction Fe 89.1 £4.8 59.0
Co/Fes0s after Fe 75.5 + 2.7 55.0
reduction
Co/Fes04N after Fe 76.7 + 3.0 55.8
reduction
Fe 4247 33.6
C"r/e Z?gl"o: after -Fe,03 19.7 £ 0.5 225
o-Fe,0, 42,4+ 46.1
Fe304 after CO, v-Fe;03 16.2 + 0.7 23.0
hydrogenation FesCy 42.4% 49.9
Co/Fe30;, after CO,
hydrogenation FesCy 42.4% 47.6
Co/FesO,N after GO, FesCy 42,47 421
hydrogenation
F -A aft >
Co/FesOyA aftes GOy FesCy 42.4% 444
hydrogenation

* Calculated from peaks which correspond to both maghemite (Fe30,4) and
magnetite (y-Fe,03).
" Results constrained to default values.
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fractions. For the primary FesCy phase, constraining the size parameters
was necessary because its complex, heavily overlapping diffraction
pattern and low peak intensities prevented the stable refinement of peak
profile shapes.

Most of the crystallite sizes estimated using the Scherrer equation
were smaller than those obtained from Rietveld refinement. This
discrepancy arises because the Scherrer approach assumes that diffrac-
tion peak broadening originates exclusively from finite crystallite size
and does not account for macrostrain or other structural defects,
whereas Rietveld refinement considers the full diffraction pattern and
enables separation of different peak-broadening contributions [30,31].

After reduction in Hj, the unpromoted Fe3O4 catalyst exhibited the
largest crystallite size, whereas the phases detected in Co/Fe304-A had
the smallest crystallite sizes. This indicates that the prior calcination of
Co/Fe304-A in air has not induced significant sintering of the particles
before the reduction step. Furthermore, after CO, hydrogenation, the
crystallite size of FesCy was within the range of 49.9-42.1 nm (Scherrer
Equation), with the smallest values observed for calcined catalysts (Co/
Fe304-N and Co/Fe304-A). These results demonstrate that cobalt acts as
an effective structural stabiliser, preventing the agglomeration of the
iron phases during both the reduction and CO3 hydrogenation.

XPS analyses were performed to investigate catalyst surface
composition. The Fe 2p spectrum of unpromoted Fe3O4 catalyst after
reduction in Hy is shown in Fig. 2. The deconvolution of the Fe 2p3/
region showed simultaneous presence of Fe©®, Fe?* and Fe* species,
indicating the tendency of the catalyst surface to oxidise.

The obtained Fe 2p spectra of cobalt-promoted catalysts after calci-
nation and after reduction in Hy, and their deconvolution results are
shown in Fig. 3. Characterising the chemical states of Fe and Co via XPS
is challenging due to complex spectra and significant overlap between
the Fe 2p region (700-740 eV) and Co LMM Auger transitions (~713
eV), as well as the Co 2p region (770-815 eV) and Fe LMM Auger
transitions (~784 eV) [32]. Due to the low cobalt content in our cata-
lysts, the Co LMM Auger peak had a negligible effect on the Fe 2p region.
Conversely, the Co 2p region was obscured by Fe LMM Auger transition
and background noise, making it impossible to quantify Co or determine
its oxidation state.

The XPS spectra of Co/Fe304 and Co/Fe304-N (both, before and after
reduction) showed Fe 2p3,5 and Fe 2p; /2 doublet peaks at approximately
711 eV and 724-725 eV, respectively, consistent with mixed-valence
Fe?*/Fe3" states. A weak satellite at 716-719 eV in Co/Fe304 and Co/
Fe304-N (after calcination in N3) confirmed the presence of Fe?' and
Fe®* species. This suggests that Fe304 is likely the dominant oxide on the
surface.

In contrast, the doublet peaks attributed to Fe 2ps,, and Fe 2py /3
were shifted toward higher binding energies for the air-treated Co/
Fe304-A sample (both, before and after reduction), suggesting the
presence of Fe;Os. A satellite peak at 720.0 eV in Co/Fe304-A (after
reduction) confirmed the presence of Fe>* species.

The deconvolution of the Fe 2p3,, region revealed the coexistence of
Fe?* and Fe®* surface species for all samples. For Co/Fe304 and Co/
Fe304-N after reduction in Hy, an additional low-binding-energy
component corresponding to metallic Fe was detected. The XPS results
are generally consistent with the XRD findings; however, XPS results
also indicate that the surface of the samples is oxidised.

The Ha-TPR profiles (Fig. 4) and peak deconvolution curves (Fig. S2-
S5) demonstrate that despite a low cobalt loading (Co:Fe = 5:100), the
addition of the promoter significantly enhances the overall reducibility
of the iron catalysts through a hydrogen spillover effect [8]. For the
unpromoted Fe3O4, a minor low-temperature reduction peak at ~
380 °C was observed; this can be attributed to the reduction of a thin
surface passivation layer of Fe;O3 back to Fe3Og, resulting from the
oxidation of magnetite upon contact with ambient air [33]. This initial
step was followed by a broad, demanding high-temperature peak
extending to 800 °C, representing the bulk reduction of Fe3O4 through
FeO to metallic iron [34,35]. For cobalt-promoted catalysts, this high-
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Fig. 2. Fe 2p XPS spectrum of unpromoted Fe30, catalyst after reduction in H, and deconvolution of Fe 2p3,» peak.
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Fig. 3. Fe 2p XPS spectra and deconvolution of Fe 2p3,, peak of cobalt-promoted catalysts.

temperature reduction shifted noticeably to lower temperatures, as
easily reduced cobalt species dissociate H; into highly reactive atomic
hydrogen to facilitate iron reduction.

The specific pretreatment conditions dictated the initial phase
composition and these distinct low-temperature reduction events. The
uncalcined Co/Fe3O4 sample displayed early reduction shoulders
(~200-400 °C). The rise/peak at ~200 °C can be associated with ni-
trate decomposition. This is also confirmed by the TG profile of the
cobalt-promoted catalyst precursor (Co(NOs); on Fe3O4, Fig. S1).
Smaller peaks at 300-400 °C can be associated with the reduction of
highly dispersed cobalt [36]. Calcination of Co/Fe304-N in an inert No
atmosphere resulted in a broadened mid-temperature peak (~
400-450 °C); while this feature likely obscures the minor reduction of
any surface passivation layer formed during sample handling, its sig-
nificant broadening and shift to higher temperatures are indicative of
reduction of CoFe0y4 spinels or highly interacting Co-Fe solid solutions
formed via strong solid-state interactions. In contrast, the air-calcined
Co/Fe304-A exhibited a distinct peak near 450 °C, attributed to the

concurrent reduction of y-FepOs3 to Fe3O4 and the reduction of CoFezO4
spinels [37].

Evaluating the surface basicity of the prepared catalysts through
selective CO2 chemisorption is crucial, given that these basic sites are
known to govern the initial RWGS reaction and subsequently alter the
final product distribution [38]. The CO2-TPD and CO desorption profiles
(Fig. 5), interpreted alongside XRD findings, reveal that the catalyst's
surface acidity and the CO3 activation pathways are heavily dependent
on the final iron phase composition. The cobalt promotion and catalyst
pretreatment conditions profoundly altered the surface chemistry. For
the unpromoted Fe304, uncalcined Co/Fe3O4 and Nj-calcined Co/
Fe304-N, XRD confirmed complete reduction to metallic a-Fe. Corre-
spondingly, their CO2-TPD profiles are dominated by low-to-moderate
temperature desorption peaks (<250 °C), representing weak and me-
dium basic sites characteristic of fully reduced metallic surfaces.
Notably, even this small amount of cobalt (Co:Fe = 5:100) was sufficient
to subtly enhance the moderate basic sites (~ 180 °C) and consolidate
the CO dissociation peak around 450 °C, suggesting the promoter
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Fig. 4. H,-TPR profiles (from MS signal at m/z 2) of unreduced Fe3O,4 and
cobalt-promoted Fe3;04 samples. Profiles were offset vertically for clarity.

facilitates a more uniform active surface for CO, activation.

In contrast, the air-calcined Co/Fe304-A exhibited large high-
temperature CO2 and CO desorption peaks (500-700 °C). Since XRD
confirmed that the catalyst was only partially reduced, comprising
v-Fe303, o-FepO3 and a-Fe (Fig. 1 and Table 1), and considering the
negligible cobalt content, these intense high-temperature features can
be attributed to unreduced iron oxides rather than cobalt species. The
presence of these oxides creates highly localised, strong basic sites and
active metal-oxide interfaces that tightly bind and vigorously dissociate
CO3. The calcination atmosphere dictates the extent of iron reduction,
thereby dictating whether CO2 activation occurs via a purely metallic
surface or a highly active metal-oxide interfacial pathway.

The quantitative analysis of catalyst reducibility and surface basicity
is summarised in Table 2. For the unpromoted Fe304, uncalcined Co/
Fe304, and Ny-calcined Co/Fe3O4-N, the primary iron phase before
reduction is Fe3O4. The experimental values for these samples (17.1 to
18.4 mmol/g) closely align with these theoretical benchmarks, con-
firming deep, near-complete bulk reduction to metallic o-Fe at 800 °C.
The minor deviations, specifically the slightly higher consumption
observed for the unpromoted Fe30y, can be attributed to the reduction
of surface hydroxyl groups or residual moisture. In contrast, for the air-
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calcined sample, as revealed by XRD, the primary iron phase before
reduction is y-Fe303, which theoretically requires higher Hy consump-
tion for complete reduction. The experimentally obtained Hy con-
sumption value is lower than the theoretical, indicating incomplete
reduction of Co/Fe304-A. The CO; desorption capacities varied signifi-
cantly depending on the catalyst composition and pretreatment. The
unpromoted Fe3zO4 exhibited the lowest surface basicity. The introduc-
tion of cobalt in the uncalcined and Np-calcined samples generated a
moderate increase in basicity, whereas the air-calcined Co/Fe304-A
catalyst demonstrated an exceptionally high CO, desorption capacity of
115 pmol/g. This increase provides quantitative evidence for the for-
mation of highly localised, strong basic sites at the preserved metal-
oxide interfaces.

In order to assess how cobalt promotion and catalyst pretreatment
influence coke/carbon formation and deposition, all catalysts after CO2
hydrogenation were analysed using CHN elemental analysis (Table S1).
Results showed that the least amount of carbon was deposited on the
surface of the unpromoted catalyst (2.7 wt%). In contrast, cobalt-
promoted catalysts showed significantly higher carbon contents,
ranging from 7.0 to 7.7 wt%, with the highest value observed for Co/
Fe304-N. These results indicate that cobalt promotion increases the
carbon formation and deposition on the catalyst surface.

3.2. Catalytic performance: Effect of reaction temperature on product
distribution

For all catalysts, an increase in CO; conversion was observed with
the elevation of the reaction temperature. With increasing reaction
temperature from 280 °C to 320 °C, CO2 conversion rose by approxi-
mately 15.1% for unpromoted Fe3O4 and by 7.3-8.8% for cobalt-
promoted catalysts. Although CHN elemental analysis indicated coke/
carbon formation and deposition on the surface of cobalt-promoted

Table 2
H; consumption and CO, desorption capacities for the catalysts.

Sample H, consumption, mmol/gca, CO desorbed, pmol/gcac
Experimental Theoretical
Fe304 18.4 17.3 47
Co/Fe304 17.6 17.2 65
Co/Fe304-N 17.1 17.2 59
Co/Fe304-A 17.4 18.7 115
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Fig. 5. CO,-TPD profiles of reduced Fe304 and cobalt-promoted Fe;04 samples after CO, adsorption at 35 °C: desorbed CO, from MS signal at m/z 44 (A), desorbed
CO from adjusted MS signal at m/z 28 (B). Profiles were offset vertically for clarity.
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catalysts (Table S1), all evaluated catalysts exhibited good time on
stream stability across all tested temperatures (Fig. S6 — $9). No signif-
icant performance degradation was observed during the time on stream
analysis, indicating a strong resistance to thermal degradation under the
tested reaction conditions.

The reaction temperature affected the RWGS and FTS rates (and thus
product selectivity) differently for unpromoted and cobalt-promoted
catalysts (Fig. 6).

For unpromoted Fe30y4, with the elevation of the reaction tempera-
ture, CO selectivity decreased, while hydrocarbon selectivity increased
significantly (Fig. 6A). The observed decrease in CO selectivity at
elevated temperatures could be explained by secondary conversion of
initially formed CO with increasing temperature (increased FTS activ-
ity). Although total hydrocarbon selectivity, including Ca. fractions,
rose with increasing reaction temperature, the highest selectivity toward
Cs. hydrocarbons was observed at 300 °C. In contrast to conventional
FTS, CO, hydrogenation usually requires a higher Hy 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.

For cobalt-promoted catalysts, CO selectivity remained high (> 49%)
across all temperatures, indicating that the RWGS pathway is predom-
inant and relatively unaffected by changes in reaction temperature
compared to competing pathways leading to CH4 and Cy, hydrocarbons
(Fig. 6B - 6D).

CHj selectivity for Co/Fe304 and Co/Fe304-N increased as the tem-
perature rose from 280 °C to 300 °C, but decreased slightly at 320 °C. In
contrast, Co/Fe304-A showed a continuous increase in CHy selectivity,
reaching 16.0% at 320 °C. This indicates that at higher temperatures,
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CH,4 formation competes more effectively with FTS reactions, thereby
reducing the yield of long-chain hydrocarbons.

The most significant temperature-induced changes observed for
cobalt-promoted catalysts were associated with the formation of Ca-C4
and Cs; hydrocarbons. As the temperature rose, C»-C4 hydrocarbon
formation increased rapidly, while Cs; hydrocarbon selectivity
decreased. With increasing reaction temperature from 280 °C to 320 °C,
Cy-Cy4 selectivity increased by approximately 6.0% for Co/Fe304, 6.4%
for Co/Fe304-N, and 6.7% for Co/Fe304-A. The most pronounced
temperature-induced changes were observed for Cs; hydrocarbons.
Conversely, Cs, selectivity decreased significantly with temperature:
from 19.2% to 12.6% for Co/Fe304, from 33.6% to 22.5% for Co/Fe304-
N, and from 36.8% to 23.2% for Co/Fe304-A. The hydrocarbon distri-
bution in FTS reactions is described by the Anderson-Schulz-Flory
model, where the chain-growth probability () determines the product
chain lengths. Increasing the reaction temperature decreases a, thereby
reducing the probability of long-chain growth and shifting selectivity
toward shorter hydrocarbons. These shorter chain hydrocarbons are
thermodynamically favoured at higher temperatures [39].

Wang et al. [40] also investigated the CO; hydrogenation perfor-
mance of K-promoted Fe-Co bimetallic catalysts at 250 °C and 300 °C,
20 bar with Hy/COg ratio of 2. Similar to our study, they also observed
that the addition of cobalt improved selectivity toward hydrocarbons
(especially Cs;) compared to the K-promoted catalyst without cobalt.
With the elevation of reaction temperature from 250 °C to 300 °C, they
observed an increase in CO2 conversion from 10.2% to 33.7% for the
FeKy catalyst and from 17.2% to 46.8% for the cobalt-promoted
Fe12CoK; catalyst. At the same time, a sharp decrease in CO selectivity
was observed for both catalysts (from 67.7% to 10.6% for FeKy and from
25.8% to 4% for Fej2CoKy). However, the catalytic performance of
cobalt-promoted catalysts observed by Wang et al. differed from that of
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Fig. 6. The influence of reaction temperature on the catalytic performance of unpromoted (A) and cobalt-promoted Fe30,4 (B, C, D).
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cobalt-promoted catalysts in our study. Our cobalt-promoted catalysts
demonstrated a lower CO; conversion level and higher CO selectivity.
Besides, the CO selectivity for cobalt-promoted catalysts remained
almost unchanged across all tested temperatures. The observed

Fuel Processing Technology 288 (2026) 108467

differences might be related to catalyst Co loadings (Co:Fe = 5:100 in
our study vs 1:12 reported in [40]), the presence of K, as well as dif-
ferences in reaction conditions.

The process of CO; hydrogenation to hydrocarbons produces
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substantial wastewater. Water is produced via both the RWGS (Eq. 1)
and the FTS (Eq. 2) reactions. This wastewater contains various
oxygenated compounds, such as alcohols, acids, aldehydes, and ketones,
necessitating appropriate treatment. Limiting the formation of by-
products is essential, as these compounds reduce the selectivity of
target products and pose both environmental and economic challenges.
The water-soluble oxygenates represented less than 2% of total product
selectivity (Table 1S). For all catalysts, methanol was the main
oxygenate; other observed products were n-alcohols up to n-butanol and
acetone.

Fig. 7 demonstrates that increasing the reaction temperature pro-
duces similar trends in oxygenate selectivity across all catalysts studied.
As the temperature increased from 280 °C to 320 °C, the methanol
concentration decreased rapidly. The lowest methanol production (2.7
mg/mL) was observed at 320 °C for unpromoted Fe304. Among cobalt-
promoted catalysts, the lowest methanol production (6.4 mg/mL) was
observed at 320 °C for Co/Fe304-A. According to the literature, at
temperatures above 280 °C, the thermodynamics and equilibrium of
CO; hydrogenation favour CHy4 formation over methanol [41]. For all
catalysts studied, CH4 formation therefore competes more effectively
with both FTS reactions and methanol formation.

An increase in temperature from 280 °C to 320 °C resulted in a more
rapid rise in the concentration of Cy; alcohols in the aqueous phase.
Notably, n-butanol formation was observed with Co/Fe304-N at 280 °C,
whereas at 320 °C, n-butanol was detected in the aqueous phase for all
catalysts. Previous studies demonstrate that cobalt-containing iron cat-
alysts possess high activity for CO dissociation and C-C coupling. These
catalysts also promote hydrogenation steps, thereby enhancing the for-
mation of longer-chain oxygenated products at elevated temperatures.
This tandem mechanism contrasts with low-temperature methanol
pathways, which are less favourable under these conditions [42].

Acetone was present in the aqueous phase at all reaction tempera-
tures and for all catalysts examined. As with other Cy, oxygenates, its
concentrations in the aqueous phase increased with increasing temper-
ature. During CO, hydrogenation, acetone formation occurs as a sec-
ondary reaction. This process is feasible only when C3 intermediates are
generated within the system, and oxidising conditions exist [42].

3.3. Catalytic performance: Effect of catalyst pretreatment on product
distribution

Promoted iron-based catalysts experience multiple phase trans-
formations during both activation and the CO,-FTS reaction. Pretreat-
ment with various gases can alter the composition of Co and Fe phases
and, consequently, the catalytic activity during the target reaction.

The catalyst precursor was divided into three portions for different
pretreatments: direct Hy reduction (Co/Fe304), N> calcination followed
by Hz reduction (Co/Fe304-N), and air calcination followed by Ha
reduction (Co/Fe304-A). The influence of catalyst pretreatment on
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product distribution during CO, hydrogenation was assessed at 280 °C
(Fig. 8). At this temperature, Cy; product selectivity exceeds that
observed at 300 °C and 320 °C for all catalysts (Fig. 6).

None of the catalysts exhibited sufficiently strong CO; activation or
H, dissociation to promote deep hydrogenation pathways. The RWGS
reaction was the predominant pathway during CO, hydrogenation at
280 °C with these catalysts, as evidenced by CO selectivity up to 61%
observed with Co/Fe304. The H0 generated during the RWGS stage can
negatively impact the formation of the active iron carbide phase and
promote its oxidation back to FezO4 [43].

The catalytic performance data, evaluated alongside the XRD anal-
ysis of the spent catalysts, provide a clear mechanistic picture of how
cobalt promotion and pretreatment strategies govern product selectivity
during CO2 hydrogenation. The unpromoted Fe3O4 benchmark catalyst
showed the highest CO; conversion (16.5%) but exhibited high selec-
tivity toward light hydrocarbon fraction with minimal Cs; formation
(Fig. 8). The XRD pattern of spent Fe3O4 catalyst showed y-Fe;O3
alongside the active FesCp (Hagg carbide) phase, indicating water-
induced oxidation during the reaction. The oxidation of active carbi-
dic sites prematurely terminates C-C chain growth, thereby driving the
selectivity toward shorter hydrocarbons. In contrast, the XRD patterns of
spent cobalt-promoted catalysts showed only the active FesCy phase
with no detectable y-Fe;O3. Before CO, hydrogenation, reduced FezOy,
Co/Fe304, and Co/Fe304-N contained a-Fe as the main bulk crystalline
phase. This indicates that even at low loading, cobalt protects the FesCy
phase from water-induced oxidation. Consequently, cobalt promotion
suppressed CH4 formation and enhanced Cs ., hydrocarbon selectivity for
all cobalt-promoted catalysts. Ha-TPR analysis (Fig. 4) demonstrated
that the addition of cobalt improves bulk iron reducibility through the
hydrogen spillover effect.

Furthermore, the selected pretreatment strategy significantly influ-
enced the CO3 hydrogenation performance of cobalt-promoted catalysts.
While the uncalcined Co/Fe304 catalyst strongly favoured the RWGS
pathway, yielding the highest CO selectivity, calcination significantly
enhanced catalytic performance. Although the system remained within
the RWGS regime in the presence of calcined cobalt-promoted catalysts,
Ny-calcined Co/Fe304-N achieved the highest CO, conversion (16.1%)
and the lowest CO selectivity (49.5%) at 280 °C. Air-calcined Co/Fe304-
A demonstrated a marginally higher CO3 conversion (13.7%) compared
to uncalcined Co/Fe304 (12.7%). The CO selectivity of Co/Fe304-A was
similar to that of Co/Fe304-N, while its Cy; hydrocarbon selectivity
(40.4%) during the CO4 hydrogenation process was the highest among
all catalysts evaluated. Given that XRD detected metallic Fe as the sole
phase for unpromoted Fe304, uncalcined Co/Fe304 and Np-calcined Co/
Fe304-N prior to the CO,-FTS, it can be concluded that the catalytic
performance is strongly influenced by the formed cobalt phase and
resulting cobalt-iron interactions.

Fig. 6 demonstrates that the main difference between the uncalcined
(Co/Fe304) and calcined (Co/Fe304-N and Co/Fe304-A) cobalt-
promoted catalysts is their hydrocarbon selectivity, especially for Cs.
The specific Co phases present on the catalyst surface influenced the
degree of Cs, selectivity enhancement. Consequently, catalyst pre-
treatment plays a crucial role in determining the final product distri-
bution. The uncalcined Co/Fe304 exhibited the lowest Cs selectivity
among cobalt-promoted catalysts. For the preparation of all cobalt-
promoted Fe304 catalysts, Co(NO3), was employed as the precursor.
When Co(NO3)2 on Fe30y4 is subjected to a Hy atmosphere at 400 °C,
metallic Co is expected to be the predominant phase formed [44]. 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 [45]. Thus, the dominant cobalt
phase in the Co/Fe304 catalyst most likely is metallic Co, and the
observed low catalytic activity may be attributed to its susceptibility to
oxidation, especially when exposed to H2O, which reduces its activity.
This phenomenon could account for the reduced catalytic performance
of Co/Fe304 during hydrocarbon formation.
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The calcined catalysts Co/FesO4-N and Co/Fe304-A exhibited
enhanced selectivity for Cs; hydrocarbons, indicating that their sur-
faces, in addition to metallic Co, most likely contain other cobalt-based
compounds that contribute to this increased selectivity. Pretreatment of
Co/Fe304-N in a Ny atmosphere at 450 °C, followed by reduction in Hp,
likely leads to the formation of cobalt ferrite spinel (CoFe204) on the
surface, as metallic Co formation is restricted under N, conditions [38].

Given that Co/Fe304-A also exhibited high Cs selectivity, it is likely
that cobalt in this catalyst is also not present as metallic Co or as cobalt
oxides (CoxOy). Unlike Co/Fe304-N, this catalyst showed a significantly
lower content of oxygen-containing compounds in the aqueous phase,
which is most likely due to the formation of a cobalt ferrite phase
distinct from stoichiometric CoFe;04. XRD of the catalyst before
reduction indicated the presence of y-FeO3 and partially a-FezOs; it
appears that these phases exhibit a stronger synergistic effect with cobalt
than those observed for the other catalysts. According to a literature
study [46], nonstoichiometric cobalt ferrite (CoxFes xO4) can form when
an Fe3"-rich zone and Co?" are available.

We further assessed the distribution of aqueous-phase products
generated during CO, hydrogenation in the presence of the selected
catalysts at 280 °C (Fig. 9). Previous studies have identified iron car-
bides as the active phase in FTS for the production of various chemicals,
including alcohols. Furthermore, the incorporation of cobalt into iron-
based catalysts enhances catalytic performance in CO2 hydrogenation
and increases alcohol selectivity [47,48].

Analysis of the aqueous phase revealed that the formation of water-
soluble oxygenates was a minor reaction pathway for all tested catalysts,
accounting for 1.6% or less of the total product selectivity (Table S2).
The aqueous phase composition was dominated by short-chain alcohols
- primarily methanol, followed by ethanol. Despite the low overall
yields, the catalyst pretreatment procedures significantly influenced the
extent of oxygenate formation. The uncalcined Co/Fe304 catalyst
exhibited the highest oxygenate selectivity (1.6%), the largest total
quantity of oxygenates in aqueous phase (~28 mg/mL) and the highest
aqueous phase acidity (~0.53 mmol/g). This indicates that without a
thermal pretreatment step to drive robust Co-Fe structural integration,
the catalyst surface is more prone to early chain termination, releasing
intermediates as short-chain alcohols and organic acids. As discussed
previously, Co/Fe304 catalyst most likely contains metallic Co, which is
susceptible to oxidation. From the literature, it is known that cobalt
oxides can promote the formation of oxygenates. Co?*/Co®t oxide
phases preferentially promote associative formate intermediates under
hydrogenation conditions, in contrast to metallic phases that favour
dissociative C-O bond cleavage pathways [49]. Conversely, air calci-
nation strongly suppressed these oxygenate pathways. The Co/Fe304-A
catalyst yielded the lowest overall oxygenate selectivity (0.5%) and total
quantity of oxygenates in aqueous phase (~15 mg/mL).

The observed trends in aqueous phase oxygenate formation directly
correlate with the surface basicity identified via CO2-TPD. The
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uncalcined Co/Fe304 catalyst possesses moderate basic sites that permit
the premature desorption of oxygenated intermediates, resulting in the
highest yield of short-chain alcohols and acids. Similarly, the unpro-
moted Fe304 and Np-calcined Co/Fe304-N also possess moderate basic
sites and exhibit high selectivity toward water-soluble oxygenates (1.3%
and 1.2%, respectively). In contrast, the air-calcined Co/Fe304-A cata-
lyst, as established by CO,-TPD, possesses strong basic sites. These
localised sites bind oxygenated intermediates tightly, preventing their
early desorption and instead forcing their complete deoxygenation to
Ca; hydrocarbons.

4. Conclusions

The results demonstrate that the introduction of a minor amount of
cobalt (Co:Fe = 5:100) into iron-based catalysts fundamentally alters
their structural evolution, surface chemistry and catalytic behaviour
during CO; hydrogenation. Characterisation revealed that cobalt acts as
a highly effective structural stabiliser, preventing the agglomeration of
iron phases and maintaining smaller crystallite sizes both during
reduction and throughout the reaction. Furthermore, Hy-TPR analysis
confirmed that even at low loading, cobalt significantly enhances the
reducibility of the bulk iron.

Crucially, the pre-treatment environment dictates the final catalyst
properties. Uncalcined (Fe3O4 and Co/Fe304) and N-calcined (Co/
Fe304-N) catalysts reduced fully to metallic a-Fe, generating moderate
surface basicity. Air calcination resulted in an incompletely reduced
catalyst containing iron oxides (y-Fe2O3 and a-Fe03), which generated
highly localised, strong basic sites and active metal-oxide interfaces
capable of massive high-temperature CO dissociation.

The addition of minor amounts of cobalt fundamentally transforms
the catalyst's stability and product selectivity. Cobalt enhances bulk iron
reducibility through hydrogen spillover and hinders the water-induced
oxidation of the FesCy phase. Catalytically, these structural and chem-
ical modifications led to distinct reaction pathways. N; calcination fol-
lowed by Hz reduction yields the most balanced catalytic performance.
In comparison, air calcination promotes higher Cs. selectivity but re-
duces CO, conversion due to a more oxidised Fe>* rich surface. Direct Hy
reduction produces catalysts that are easily oxidised during reaction,
resulting in increased oxygenate and acid formation and decreased
selectivity for long-chain hydrocarbons. The results indicate that
increasing the reaction temperature enhances COz conversion while
shifting selectivity toward CHy, shorter hydrocarbons, and oxygenates.
Within the 280-300 °C range, reaction temperature exerts a stronger
influence on catalytic performance than the specific catalyst pretreat-
ment. While pretreatment defines the starting phase, temperature dic-
tates the thermodynamic boundaries and kinetic rates that ultimately
determine the product distribution and the specific types of oxygenates
formed.

These findings highlight that trace cobalt promotion, coupled with
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Fig. 9. The influence of pretreatment procedure on the aqueous phase product quantity and composition of minor oxygenate products (others) of unpromoted and

cobalt-promoted Fe30, at 280 °C.
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tailored calcination strategies, offers a powerful tool for steering cata-
lysts' CO, hydrogenation performance.

Funding

This research has been supported by the EU Recovery and Resilience
Facility within Project No 5.2.1.1.i.0/2/24/1/CFLA/003 “Implementa-
tion of consolidation and management changes at Riga Technical Uni-
versity, Liepaja University, Rezekne Academy of Technology, Latvian
Maritime Academy and Liepaja Maritime College for the progress to-
ward excellence in higher education, science and innovation” academic
career doctoral grant (ID 1092).

CRediT authorship contribution statement

Agija Stanke: Writing — review & editing, Writing — original draft,
Investigation, Funding acquisition, Formal analysis, Data curation,
Conceptualization. Agris Berzins: Writing — review & editing, Formal
analysis. Jorge A. Velasco: Writing — review & editing, Writing —
original draft, Investigation, Formal analysis, Data curation. Kristaps
Sarsuns: Writing — review & editing, Investigation, Formal analysis,
Data curation. Riikka L. Puurunen: Writing — review & editing, Su-
pervision. Kristine Lazdovica: Writing — review & editing, Writing —
original draft, Supervision, Investigation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

The Bioeconomy and Raw Materials research infrastructures at Aalto
University were used for the Hy-TPR and CO,-TPD experiments in this
study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fuproc.2026.108467.

References

[1] X. Du, M.N. Khan, G.C. Thakur, Machine learning in carbon capture, utilization,
storage, and transportation: a review of applications in greenhouse gas emissions
reduction, Processes 13 (2025), https://doi.org/10.3390/pr13041160.

E. Hanson, C. Nwakile, V.O. Hammed, Carbon capture, utilization, and storage
(CCUS) technologies: evaluating the effectiveness of advanced CCUS solutions for
reducing CO2 emissions, Results Surf. Interfaces 18 (2025), https://doi.org/
10.1016/j.rsurfi.2024.100381.

S. Saeidi, S. Najari, V. Hessel, K. Wilson, F.J. Keil, P. Concepcion, S.L. Suib, A.

E. Rodrigues, Recent advances in CO2 hydrogenation to value-added products —
current challenges and future directions, Prog. Energy Combust. Sci. 85 (2021)
100905, https://doi.org/10.1016/j.pecs.2021.100905.

C. Panzone, R. Philippe, A. Chappaz, P. Fongarland, A. Bengaouer, Power-to-Liquid
catalytic CO2 valorization into fuels and chemicals: Focus on the Fischer-Tropsch
route, J. CO:z Util. 38 (2020) 314-347, https://doi.org/10.1016/j.
jcou.2020.02.009.

M. Albrecht, U. Rodemerck, M. Schneider, M. Broring, D. Baabe, E.V. Kondratenko,
Unexpectedly efficient CO2 hydrogenation to higher hydrocarbons over non-doped
Fe203, Appl. Catal. B 204 (2017) 119-126, https://doi.org/10.1016/j.
apcatb.2016.11.017.

M. Tavares, G. Westphalen, J.M. Araujo Ribeiro de Almeida, P.N. Romano, E.

F. Sousa-Aguiar, Modified Fischer-Tropsch synthesis: a review of highly selective
catalysts for yielding olefins and higher hydrocarbons, Front. Nanotechnol. 4
(2022), https://doi.org/10.3389/fnano.2022.978358.

[2]

[31

[4]

[5

(61

12

71

[8

)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Fuel Processing Technology 288 (2026) 108467

J. Liang, J. Liu, L. Guo, W. Wang, C. Wang, W. Gao, X. Guo, Y. He, G. Yang,

S. Yasuda, B. Liang, N. Tsubaki, CO2 hydrogenation over Fe-CO bimetallic catalysts
with tunable selectivity through a graphene fencing approach, Nat. Commun. 15
(2024), https://doi.org/10.1038/s41467-024-44763-9.

F. Yuan, G. Zhang, J. Zhu, F. Ding, A. Zhang, C. Song, X. Guo, Boosting light olefin
selectivity in CO2 hydrogenation by adding CO to fe catalysts within close
proximity, Catal. Today 371 (2021) 142-149, https://doi.org/10.1016/j.
cattod.2020.07.072.

R. Satthawong, N. Koizumi, C. Song, P. Prasassarakich, Light olefin synthesis from
CO2 hydrogenation over k-promoted Fe-CO bimetallic catalysts, Catal. Today 251
(2015) 34-40, https://doi.org/10.1016/j.cattod.2015.01.011.

R. Satthawong, N. Koizumi, C. Song, P. Prasassarakich, Bimetallic Fe-Co catalysts
for CO2 hydrogenation to higher hydrocarbons, J. CO: Util. 3-4 (2013) 102-106,
https://doi.org/10.1016/j.jcou.2013.10.002.

L. Guo, Y. Cui, H. Li, Y. Fang, R. Prasert, J. Wu, G. Yang, Y. Yoneyama, N. Tsubaki,
Selective formation of linear-alpha olefins (LAOs) by CO2 hydrogenation over
bimetallic Fe/CO-Y catalyst, Catal. Commun. 130 (2019), https://doi.org/
10.1016/j.catcom.2019.105759.

J.X. Liu, P. Wang, W. Xu, E.J.M. Hensen, Particle size and crystal phase effects in
Fischer-Tropsch catalysts, Engineering 3 (2017) 467-476, https://doi.org/
10.1016/J.ENG.2017.04.012.

J. Zhu, S. Shaikhutdinov, B.R. Cuenya, Structure-reactivity relationships in CO2
hydrogenation to c2+ chemicals on Fe-based catalysts, Chem. Sci. (2024), https://
doi.org/10.1039/d4sc06376g.

Q. Wang, K. Hu, R. Gao, L. Zhang, L. Wang, C. Zhang, Hydrogenation of carbon
dioxide to value-added liquid fuels and aromatics over Fe-based catalysts based on
the Fischer-Tropsch synthesis route, Atmosphere (Basel) 13 (2022), https://doi.
org/10.3390/atmos13081238.

D.B. Bukur, X. Lang, Y. Ding, Pretreatment effect studies with a precipitated iron
Fischer-Tropsch catalyst in a slurry reactor, Appl. Catal. A Gen. 186 (1999)
255-275, https://doi.org/10.1016/50926-860X(99)00148-9.

T. Riedel, H. Schulz, G. Schaub, K.-W. Jun, J.-S. Hwang, K.-W. Lee,
Fischer-Tropsch on iron with H2/CO and H2/CO2 as synthesis gases: The episodes
of formation of the Fischer-Tropsch regime and construction of the catalyst, Top.
Catal. 26 (2003) 41-54, https://doi.org/10.1023/B:TOCA.0000012986.46680.28.
E. Patanou, N.E. Tsakoumis, R. Myrstad, E.A. Blekkan, The impact of sequential
H2-CO-H2 activation treatment on the structure and performance of cobalt based
catalysts for the Fischer-Tropsch synthesis, Appl. Catal. Gen. 549 (2018) 280-288,
https://doi.org/10.1016/j.apcata.2017.10.007.

E. Kraleva, H. Lund, J. Wei8, S. Bartling, H. Atia, Z. Cherkezova-Zheleva,

D. Paneva, S. Wohlrab, U. Armbruster, Effect of pretreatment conditions on a
benchmark iron catalyst for CO2 hydrogenation to light olefins, Appl. Catal. A Gen.
683 (2024), https://doi.org/10.1016/j.apcata.2024.119857.

1.C. ten Have, B.M. Weckhuysen, The active phase in cobalt-based Fischer-Tropsch
synthesis, Chem Catal. 1 (2021) 339-363, https://doi.org/10.1016/j.
checat.2021.05.011.

S. Yan, Y. Wang, G. Chen, W. Ma, Y. Chen, X. Wang, K. Zeng, Y. Yao, H. Sun,

H. Yang, H. Chen, Transition metal-promoted Fe-based catalysts for photothermal
catalytic CO2 hydrogenation, Catal. Sci. Technol. 15 (2025) 856-866, https://doi.
org/10.1039/D4CY01271B.

Y. Gao, W. Yi, J. Yang, K. Jiang, T. Yang, Z. Li, M. Zhang, Z. Liu, B. Wu, Effect of
calcination atmosphere on the performance of Cu/Al203 catalyst for the selective
hydrogenation of furfural to furfuryl alcohol, Molecules 29 (2024), https://doi.
org/10.3390/molecules29122753.

M. Zainul Anwar, R. Triandi Tjahjanto, U. Hasanah, Synthesis and activation study
of iron (Fe) based Fischer Tropsch (FT) catalyst using sol-gel method, J. Pure Appl.
Chem. Res. 8 (2019) 217-224, https://doi.org/10.21776/ub.
jpacr.2019.008.03.480.

M. Oschatz, T.W. van Deelen, J.L. Weber, W.S. Lamme, G. Wang, B. Goderis,

O. Verkinderen, A.I. Dugulan, K.P. de Jong, Effects of calcination and activation
conditions on ordered mesoporous carbon supported iron catalysts for production
of lower olefins from synthesis gas, Catal. Sci. Technol. 6 (2016) 8464-8473,
https://doi.org/10.1039/C6CY01251E

M. Akbari, A.A. Mirzaei, M. Arsalanfar, Microemulsion based synthesis of
promoted Fe-Co/MgO nanocatalyst: influence of calcination atmosphere on the
physicochemical properties, activity and light olefins selectivity for hydrogenation
of carbon monoxide, Mater. Chem. Phys. 249 (2020), https://doi.org/10.1016/j.
matchemphys.2020.123003.

R. Roknabadi, A.A. Mirzaei, H. Atashi, Assessment of composition and calcination
parameters in Fischer-Tropsch synthesis over Fe-Mn-Ce/y -Al;O3nanocatalyst, Oil
Gas Sci. Technol. Rev. IFP Energies Nouvelles 76 (2021), https://doi.org/10.2516/
0gst/2020089.

M. Feyzi, M. Irandoust, A.A. Mirzaei, Effects of promoters and calcination
conditions on the catalytic performance of iron-manganese catalysts for Fischer-
Tropsch synthesis, Fuel Process. Technol. 92 (2011) 1136-1143, https://doi.org/
10.1016/j.fuproc.2011.01.010.

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

F. Genuzio, A. Sala, T. Schmidt, D. Menzel, H.J. Freund, Phase transformations in
thin iron oxide films: Spectromicroscopic study of velocity and shape of the
reaction fronts, Surf. Sci. 648 (2016) 177-187, https://doi.org/10.1016/j.
susc.2015.11.016.

S.S. Pati, L. Herojit Singh, J.C. Mantilla Ochoa, E.M. Guimaraesa, M.J.A. Sales, J.A.
H. Coaquira, A.C. Oliveira, V.K. Garg, Facile approach to suppress y-Fe;O3 to


https://doi.org/10.1016/j.fuproc.2026.108467
https://doi.org/10.1016/j.fuproc.2026.108467
https://doi.org/10.3390/pr13041160
https://doi.org/10.1016/j.rsurfi.2024.100381
https://doi.org/10.1016/j.rsurfi.2024.100381
https://doi.org/10.1016/j.pecs.2021.100905
https://doi.org/10.1016/j.jcou.2020.02.009
https://doi.org/10.1016/j.jcou.2020.02.009
https://doi.org/10.1016/j.apcatb.2016.11.017
https://doi.org/10.1016/j.apcatb.2016.11.017
https://doi.org/10.3389/fnano.2022.978358
https://doi.org/10.1038/s41467-024-44763-9
https://doi.org/10.1016/j.cattod.2020.07.072
https://doi.org/10.1016/j.cattod.2020.07.072
https://doi.org/10.1016/j.cattod.2015.01.011
https://doi.org/10.1016/j.jcou.2013.10.002
https://doi.org/10.1016/j.catcom.2019.105759
https://doi.org/10.1016/j.catcom.2019.105759
https://doi.org/10.1016/J.ENG.2017.04.012
https://doi.org/10.1016/J.ENG.2017.04.012
https://doi.org/10.1039/d4sc06376g
https://doi.org/10.1039/d4sc06376g
https://doi.org/10.3390/atmos13081238
https://doi.org/10.3390/atmos13081238
https://doi.org/10.1016/S0926-860X(99)00148-9
https://doi.org/10.1023/B:TOCA.0000012986.46680.28
https://doi.org/10.1016/j.apcata.2017.10.007
https://doi.org/10.1016/j.apcata.2024.119857
https://doi.org/10.1016/j.checat.2021.05.011
https://doi.org/10.1016/j.checat.2021.05.011
https://doi.org/10.1039/D4CY01271B
https://doi.org/10.1039/D4CY01271B
https://doi.org/10.3390/molecules29122753
https://doi.org/10.3390/molecules29122753
https://doi.org/10.21776/ub.jpacr.2019.008.03.480
https://doi.org/10.21776/ub.jpacr.2019.008.03.480
https://doi.org/10.1039/C6CY01251E
https://doi.org/10.1016/j.matchemphys.2020.123003
https://doi.org/10.1016/j.matchemphys.2020.123003
https://doi.org/10.2516/ogst/2020089
https://doi.org/10.2516/ogst/2020089
https://doi.org/10.1016/j.fuproc.2011.01.010
https://doi.org/10.1016/j.fuproc.2011.01.010
https://doi.org/10.1016/j.fuel.2025.134399
https://doi.org/10.1016/j.susc.2015.11.016
https://doi.org/10.1016/j.susc.2015.11.016

A. Stanke et al.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[391

[40]

a-Fe,03 phase transition beyond 600 °C in Fe3O4 nanoparticles, Mater. Res.
Express 2 (2015), https://doi.org/10.1088/2053-1591/2/4,/045003.

L. Kumar, P. Kumar, A. Narayan, M. Kar, Rietveld analysis of XRD patterns of
different sizes of nanocrystalline cobalt ferrite, Int. Nano Lett. 3 (2013) 8, https://
doi.org/10.1186/2228-5326-3-8.

S.A. Hassanzadeh-Tabrizi, Precise calculation of crystallite size of nanomaterials: a
review, J. Alloys Compd. 968 (2023) 171914, https://doi.org/10.1016/j.
jallcom.2023.171914.

H. Liu, G. Wei, Z. Xu, P. Liu, Y. Li, Quantitative analysis of fe and co in co-
substituted magnetite using XPS: the application of non-linear least squares fitting
(NLLSF), Appl. Surf. Sci. 389 (2016) 438-446, https://doi.org/10.1016/].
apsusc.2016.07.146.

Y. Yuan, S. Huang, H. Wang, Y. Wang, J. Wang, J. Lv, Z. Li, X. Ma, Monodisperse
Nano-Fe304 on a-Al»O3 catalysts for Fischer-Tropsch synthesis to lower olefins:
promoter and size effects, ChemCatChem 9 (2017) 3144-3152, https://doi.org/
10.1002/cctc.201700792.

C.G. Visconti, M. Martinelli, L. Falbo, A. Infantes-Molina, L. Lietti, P. Forzatti,

G. laquaniello, E. Palo, B. Picutti, F. Brignoli, CO2 hydrogenation to lower olefins
on a high surface area k-promoted bulk fe-catalyst, Appl. Catal. B 200 (2017)
530-542, https://doi.org/10.1016/j.apcatb.2016.07.047.

R. Gao, X. Chen, C. Deng, L. Xu, L. Zhang, C. Zhang, K.W. Jun, T. Zhao, Y. Yang,
Selective synthesis of C2-C4 olefins via CO, hydrogenation over spinel-structured
Fe-CO bimetal catalysts, Int. J. Hydrogen Energy 146 (2025), https://doi.org/
10.1016/j.ijhydene.2025.06.198.

W. Zhang, P. Anguita, J. Diez-Ramirez, C. Descorme, J.L. Valverde, A. Giroir-
Fendler, Comparison of different metal doping effects on Co304 catalysts for the
total oxidation of toluene and propane, Catalysts 10 (2020) 865, https://doi.org/
10.3390/catal10080865.

P. Li, Z. Li, J. Cui, C. Geng, Y. Kang, C. Zhang, C. Yang, N-doped graphene/
CoFe204 catalysts for the selective catalytic reduction of NOx by NH3, RSC Adv. 9
(2019) 15791-15797, https://doi.org/10.1039/CIRA02456E.

L. Guo, Y. Cui, H. Li, Y. Fang, R. Prasert, J. Wu, G. Yang, Y. Yoneyama, N. Tsubaki,
Selective formation of linear-alpha olefins (LAOs) by CO2 hydrogenation over
bimetallic Fe/CO-Y catalyst, Catal. Commun. 130 (2019) 105759, https://doi.org/
10.1016/j.catcom.2019.105759.

J. Chen, C. Yang, Thermodynamic equilibrium analysis of product distribution in
the Fischer-Tropsch process under different operating conditions, ACS Omega 4
(2019) 22237-22244, hitps://doi.org/10.1021/acsomega.9b03707.

W. Wang, E. Toshcheva, A. Ramirez, G. Shterk, R. Ahmad, M. Caglayan, J.

L. Cerrillo, A. Dokania, G. Clancy, T.B. Shoinkhorova, N. Hijazi, L. Cavallo,

13

[41]

[42]

[43]

[44]

[45]

[46]

[471

[48]

[491

Fuel Processing Technology 288 (2026) 108467

J. Gascon, Bimetallic Fe-Co catalysts for the one step selective hydrogenation of
CO, to liquid hydrocarbons, Catal. Sci. Technol. 13 (2023) 1527-1540, https://doi.
0rg/10.1039/d2cy01880b.

N.S. Featherstone, E. van Steen, Meta-analysis of the thermo-catalytic
hydrogenation of CO,, Catal. Today 423 (2023), https://doi.org/10.1016/j.
cattod.2022.11.012.

G. Cui, Y. Lou, M. Zhou, Y. Li, G. Jiang, C. Xu, Review of mechanism investigations
and catalyst developments for CO, hydrogenation to alcohols, Catalysts 14 (2024),
https://doi.org/10.3390/catal14040232.

P. Thiine, P. Moodley, F. Scheijen, H. Fredriksson, R. Lancee, J. Kropf, J. Miller, J.
W.H. Niemantsverdriet, The effect of water on the stability of iron oxide and iron
carbide nanoparticles in hydrogen and syngas followed by in situ x-ray absorption
spectroscopy, J. Phys. Chem. C 116 (2012) 7367-7373, https://doi.org/10.1021/
jp210754k.

C. Ehrhardt, M. Gjikaj, W. Brockner, Thermal decomposition of cobalt nitrato
compounds: Preparation of anhydrous cobalt(IDnitrate and its characterisation by
infrared and raman spectra, Thermochim. Acta 432 (2005) 36-40, https://doi.org/
10.1016/j.tca.2005.04.010.

S. Waseem Ullah, D.F. khan, S. Burki, M.U. Khan, H. Yin, Modeling, simulations,
predictions, calculations and thermodynamic assessments of Cobalt-Ferric binary
alloys system using calphad method and pbine database, J. Heterocyclics (2020)
3-6, https://doi.org/10.33805/2639-6734-109.

J. Rodewald, J. Thien, T. Pohlmann, M. Hoppe, F. Timmer, F. Bertram, K. Kuepper,
J. Wollschlédger, Formation of ultrathin cobalt ferrite films by interdiffusion of
Fe304/Co0 bilayers, Phys. Rev. B 100 (2019) 155418, https://doi.org/10.1103/
PhysRevB.100.155418.

W. Wang, X. Guo, Y. Wang, S. Lin, X. Gao, J. Liang, J. Zhang, J. Xie, H. Jiang,

F. Cao, Y. Chen, G. Yang, T. Frauenheim, M. Wang, T. Xing, Y. Lu, Q. Liu, K.

S. Novoselov, N. Tsubaki, M. Wu, Transformation of CO2 to c2+ alcohols by
tailoring the oxygen bonding via Fe-based tandem catalyst, Nat. Commun. 16
(2025), https://doi.org/10.1038/541467-025-62727-5.

A. Kostyniuk, B. Likozar, State-of-the-art advancements in the thermocatalytic
conversion of CO2 into ethanol and higher alcohols: recent progress in catalyst
development and reaction mechanisms, Chem. Eng. J. 503 (2025), https://doi.org/
10.1016/j.cej.2024.158467.

K. Li, X. Li, L. Li, X. Chang, S. Wu, C. Yang, X. Song, Z.J. Zhao, J. Gong, Nature of
catalytic behavior of cobalt oxides for CO2 hydrogenation, JACS Au 3 (2023)
508-515, https://doi.org/10.1021/jacsau.2c00632.


https://doi.org/10.1088/2053-1591/2/4/045003
https://doi.org/10.1186/2228-5326-3-8
https://doi.org/10.1186/2228-5326-3-8
https://doi.org/10.1016/j.jallcom.2023.171914
https://doi.org/10.1016/j.jallcom.2023.171914
https://doi.org/10.1016/j.apsusc.2016.07.146
https://doi.org/10.1016/j.apsusc.2016.07.146
https://doi.org/10.1002/cctc.201700792
https://doi.org/10.1002/cctc.201700792
https://doi.org/10.1016/j.apcatb.2016.07.047
https://doi.org/10.1016/j.ijhydene.2025.06.198
https://doi.org/10.1016/j.ijhydene.2025.06.198
https://doi.org/10.3390/catal10080865
https://doi.org/10.3390/catal10080865
https://doi.org/10.1039/C9RA02456E
https://doi.org/10.1016/j.catcom.2019.105759
https://doi.org/10.1016/j.catcom.2019.105759
https://doi.org/10.1021/acsomega.9b03707
https://doi.org/10.1039/d2cy01880b
https://doi.org/10.1039/d2cy01880b
https://doi.org/10.1016/j.cattod.2022.11.012
https://doi.org/10.1016/j.cattod.2022.11.012
https://doi.org/10.3390/catal14040232
https://doi.org/10.1021/jp210754k
https://doi.org/10.1021/jp210754k
https://doi.org/10.1016/j.tca.2005.04.010
https://doi.org/10.1016/j.tca.2005.04.010
https://doi.org/10.33805/2639-6734-109
https://doi.org/10.1103/PhysRevB.100.155418
https://doi.org/10.1103/PhysRevB.100.155418
https://doi.org/10.1038/s41467-025-62727-5
https://doi.org/10.1016/j.cej.2024.158467
https://doi.org/10.1016/j.cej.2024.158467
https://doi.org/10.1021/jacsau.2c00632

Agija Stanke dzimusi 1989. gadd Riga. Rigas Celtniecibas koledza ieguvusi
restauratora kvalifikaciju (2011). Rigas Tehniskaja universitaté (RTU)
ieguvusi dabaszinatnu bakalaura (2019) un magistra (2021) gradu kimija.
Patlaban ir RTU Dabaszindtnu un tehnologijas fakultates Kimijas un
kimijas tehnologijas institUta pétniece. Zinatniskds intereses saistitas ar
oglekli saturosu izejvielu termokimisko parveidi augstvertigos produktos.

AgijaStanke wasbornin1989inRiga. She obtained aRestorer Qualification
(2011) from Riga Building College. She obtained a Bachelor's degree
(2019) and a Master's degree (2021) in Natural Sciences in Chemistry
from Riga Technical University (RTU). Currently, she is a researcher at
the Institute of Chemistry and Chemical Technology of the Faculty of
Natural Sciences and Technology of RTU. Her research interests focus on
the thermochemical transformation of carbon-containing raw materials
into high-value products.



	Evaluation of the Fischer-Tropsch synthesis product selectivity over iron-based silica-supported catalyst under mild temper...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Catalyst preparation
	2.2  Catalyst characterization
	2.3  Test of catalytic behavior
	2.4  Product analysis

	3  RESULTS AND DISCUSSION
	3.1  Catalyst characterization
	3.2  Effect of temperature on the catalytic activity and selectivity
	3.3  Effect of temperature on the compositions of hydrocarbons in the gas phase
	3.4  Effect of the temperature on the compositions of the liquid hydrocarbon phase
	3.5  Effect of temperature on the compositions of the waxes
	3.6  Effect of temperature on the aqueous phase products

	4  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES

	Fischer-Tropsch synthesis product selectivity over silica-supported iron-based catalyst: Effect of K/Fe ratio
	1 Introduction
	2 Materials and methods
	2.1 Preparation of catalysts
	2.2 Catalyst characterization
	2.3 Catalyst testing and product analysis

	3 Results and discussion
	3.1 Catalyst characterization
	3.2 Effect of K/Fe ratio on the FTS performance
	3.3 Effect of potassium on the composition of the liquid hydrocarbon phase products
	3.4 Effect of K/Fe ratio on the composition of waxes
	3.5 Effect of potassium on the aqueous phase products

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References

	Agglomeration of Fe/SBA-15 with clays for Fischer–Tropsch synthesis
	Introduction
	Materials and methods
	Catalyst preparation
	Catalyst characterization
	Test of catalytic behavior

	Results and Discussion
	Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References

	The structure–activity interactions of CuZn, InPd and FeK catalysts supported on mesoporous SBA-15 for carbon dioxide hydrogenation at low pressure
	Abstract
	Introduction
	Materials and methods
	Preparation of catalysts
	Characterization of catalysts
	Catalyst testing

	Results and discussion
	Elemental composition of catalysts
	Structural and phase composition characterization of catalysts
	Textural characterization
	Morphology of the catalysts
	Reducibility of catalysts
	Basicity of catalysts
	Catalytic activity

	Conclusions
	Acknowledgements 
	References

	Cobalt-promoted Fe3O4 catalysts for CO2 hydrogenation to C2+ hydrocarbons: Effect of pretreatment method and reaction tempe ...
	1 Introduction
	2 Experimental/materials and methods
	2.1 Catalyst synthesis and pretreatment
	2.2 CO2 hydrogenation
	2.3 Catalyst characterisation

	3 Results and discussion
	3.1 Catalyst characterisation
	3.2 Catalytic performance: Effect of reaction temperature on product distribution
	3.3 Catalytic performance: Effect of catalyst pretreatment on product distribution

	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	datalink8
	Acknowledgments
	Appendix A Supplementary data
	References




