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ITEPIAHYH

H mapovoa Adaktoptkn Atotpipn SompayateneTol TV avamtuén, youpaKTnpiopd Kot
UEAETN KOUVOTOUMV KOTOAVTIKGOV GUGTNUATOV TOV aPpOpovV 000 CNUAVTIKEG OlEPYOCIES Yo
a&lomoinon tov PLGKoD aepiov TPOS TapAY®YN agpiov cvuvbeong kol VYP®OV Kavcipwy. H
npoT depyacio agopd ™ Enpn oavapdpewon tov pebaviov (Dry Reforming of Methane,
DRM: CH4+ CO; «> 2CO + 2H,) n onoia £xet peletnBei extevdg omd TNV ETGTNUOVIKY KOWOTNTO,
AoV TPOGPEPEL OPKETA TAEOVEKTNIATA Y10 TV 0EL0TOINGT TOGO TOV PLGIKOV aEepiov, TAODGIOV GE
d10&eidio tov dvOpaxa, (Natural Gas rich in CO; (>30 vol%)), 660 kot tov Proogpiov (uiypo xvpiog
CH4/CO2) mpog mapaywyf agpiov ovuvleong (puiypo CO/H2 ~ 1). H devtepn Siepyacia agopd
ovvBeon Fischer-Tropsch, FTS ((2n + 1) H2 + n CO — ChH2n+2 + N H20) 1 omoia ypnoponoteitan
non oe Popnyavikn KAipoko vy Topoyoyn oavotepns ofiog Kot QUAKOTEPOV TPOG TO
ePPEALOV VYPAOV KOVGIH®V.

To mAéov onuavtikd peloveéKTa Tov Tapovctdletl 1 diepyacio DRM (AH® = + 247 kJ
mol?) vy evpsic epappoyy ot Propmyavic, YPNCLOTOIOVTAC YOUNAOD  KOGTOVG
ompopevoug kataivteg Ni, givot 1) un amodeKT AmeEVEPYOTOINGT TOV KATAAVTMV UE TO XPOVO
avtidpaongs, Kupimg Adym g evamdBeong “avlpaka” kot g ocHvinéng 1060 TV cOUATIOIOV
TOV VTOGTPAOUATOG OCO KOl GVTOV TOL HETAALOL (KLPIC M €vepyn OAGN) OTIS LYNMALS
Beppokpacicc avtidpaocng (T > 700 °C) mov omorrovvral. H dnuiovpyio dvOpaxa kotd v
depyacio DRM ogeiletar kupimg ot didomacn tov CHa oty empdveia tov petdiiov (CHa(Q)
+5 — C-s + 2H2(9)) ka1 oty avrtidpacn Boudouard (2CO(g) + s <> C-s + CO2(g)), 6mov “s”
opiletar to evepyd KEVIPO GTNV KATAAVTIKY| EMLPAVELQL.

Yy mapovoa gpyacio Exovv avomtuydel povopetordikoi (Ni) ko dpetaricod (Ni-
C0) KATAAVTEC EVOTOTIOEUEVOL GE EVKOAMG avaEipal uiktd vrooTpodpoto Ce1-xMxO2-5 (M = Zr*,
Pré*), ot omoiot emédeiéav onpovtikn peioon otn dnpovpyio GvOpoKe GTNV ETPAVELL TOV
oTEPEMY KATOATOV oe oyxéon pe ) ypnon CeOz wg vmooctpopo (Héxpt kor 120 @opég
pikpotepn evamofeon avOpoka). To onuaviikd ovtd amotéAecua ooMyel oe avEnon g
ot10fepOTNTOG TOV KOTOAVLTH pE TO YXpovo aviidpaong (> 50 h). T v kotovonon tov
pnyovicpot evarndeong tov dvBpaka katd v avtidpacn DRM, npaypatomrombnkay ta mo
KGto: (1) LEAETN TNG KIVNTIKNAG ONUIovpYiog Kot OTopUdKpuVeng Tov dvOpoKka amd TV ETQaveLa
Tov KaToAvTn, (i) Katavonon g tpoéievong (CHa 1/kar CO2) tov evepyod (active) avOpaka
0 omoiog odnyel oty mapoaywyn agpiov CO, dnmg kot Tov avevepyov (inactive) dvBpoka, o
omoiog 0dnyel oty amevepyomoinon tov kataAvtr, koi (i) Katavonon g enidpacns Tov
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gukivntov 0&VYGVOL TOL VITOGTPMOUOTOS GTNV ATOUAKPLVOT TOL dvBpaxa pog mapaywyr CO,
1N omoia e&aptdrol amdAVTA OO T YNUIKN GVGTOCT TOL VTOGTPMUATOS, TO 100G TOV PLETAAAOL,
T0 péyehog Kol T HOPPOAOYiD TV COUOTIOIMV TOV HETAAAOV, OT®G Kol NG Oeprokpaciog
avTidopoaong.

[a v enitevén tov Mo TAveo oTOY®V, GYESIUCTNKOV KOl EPUPUOCTNKAY Y10, TPMTN
QOpa £vag ONUOVTIKOS apliUog SUVOUIK®OV KOl 160TOTIK®V TEpoudtov, omng: Steady State
Isotopic Transient Kinetic Analysis (SSITKA, yprion ¥CO,), Transient Isothermal Reaction
(TIR) e xpron 02 xar *CO, Transient Isothermal Hydrogenation (TIH) ko1 Temperature
Programmed Oxidation (TPO) (xprion **CO kot *CO2). Ot teyvikéc HR-TEM, HAADF/STEM
kot SEM ypnowomombniav yio tn cvoyétion g nidpacns tov peyébonvg Tmv cmpatidiov
Kot TG popeoroyiag twv Ni kot Co otn dnuiovpyia tov ury evepyod avbpaxa. Exel Bpebei 6tin
evomofeon avOpaka péow CHa mpoywpel oty emoedvelr Ni kot Co, evd péow g
evepyomnoinong tov CO2 mpoywpei 1060 oto Ni kot CO 660 Kol 61N dETPAvELR HETAALOV-
VITOCTPOUOTOC LE TN GUUUETOYN kevay Bécewv olvyovov Tov vrootpouatos. H dnpovpyio
avOpaka elvar amdOlvTo GVVOEdENEVN Le T Beppokpacia TG avTidpaonc, OTmG emiong Kol e
™ XNUIKR 6VGTOOT TOL HeTAALOL kat Tov vrootpdpatoc (Ni 1 Ni-Co kot Ce/Zr 1) Ce/Pr).

O moAidmiokog pnyaviopdg mov dwmel v FTS og Propunyovikovg ompilopevovg
kataAvtec Co (SASOL, South Africa) arattei fabdid koTovomon, apov n uébodog cuvleong twv
katolvtov (my. péyeboc ocopotdiov Co, yMUKA TPOTOTOINGN TOL VTOGTPMUOTOG,
EVEPYOTOINGN TOV KATAAVTY), EMNPEALOVV CNUAVTIKA KOIPLES KIVNTIKEG TOPOUETPOVG KOL TN
o1afepOTNTO TOV KATAALTOV LE TO ¥pOvo avtidpacns. [1a 10 okomd avtd, oYeddoTnKay Kot
gpapuooTnKay, yioo Tpodt @opd, mepdupota SSITKA otovg 230 °C, odvtog dote va
VIOAOY10TOOV 08 GLVOTKeS avtidpaong: (1) N emeavelokn koAvyn (0) tov evepydyv CHx-s (Cy)
Kot ovTIoTpentd Tposponuéveov CO-S evdtdpecmv 100V g avtidpacng, (ii) o pécog ypdvog
Tapapovig Toug (terx kat tco (S7)) oy katadvticy empdveia, ko (i) o kvmtikdg puduode
TOFcha, itk (s71). O televtoioc voloyileTar pe PAcN T CLYKEVIPOOT TV EVEPYDY EVOIGUETWV
€100y ov 0dnyodv oty mapaywyn CHs (H2/CO = 2; 5 vol% CO). Iepduoato Suvopkng
1000epLOKPAGIOKNG KOl OEPLO-TTPOYPOUUATILOUEVNS VIPOYOVMOOTNG EYOVV GYEOOTEL Kot
epapuootel Ta omoia Exovv avadeitet: (1) v mapovoia evog Aydtepo evepyov gidovg CHx (Cp)
oL mapdyOnke katd v avtidpoaon FTS otovg 230 °C kot to omoio dev 0dnyel oty Tapaymyn
agpov CHs vd ovvBnkeg FTS. Avtibeta, 1o €idog avtd (Cp) vépoyovdvetar otovg 230 °C

(CO/H2 —» He — 50% H2/He (t)) mpog mapaywyn pedaviov, kot (ii) Tnv mapovcio dSapdpov un
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EVEPYWV EVOLAUECMV EOMV TOV TEPLEXOVY AVOPOKA T OTTO1C VOPOYOVMOVOVTOL TPOG TOPOLYMDYY|
uebaviov oe Ogpuokpacieg T > 230 °C (ypnon TPH). EmmAéov, 6tav 1 teyvikny SSITKA
ocuvovaotnke pe OAAeg eoaopotookomikés texvikég (SSITKA-DRIFTS), éywve spictdg o
TPOGOIOPIGHOC TG YNUKNG GVGTACTG KOl OOUNG TOV EVEPYDV EVOLAUECOV ELODV OAANL KO TOV
un evepydv €OV mov  onuovpyodvtal o ocvvinkeg FTS. Emiong, epapupoctnrov
GUUTANPOUOTIKES TEXVIKEG YOPOUKTNPIOUOD T®V gV AdY® KaToAvTtdv, Omwe: powder XRD, TPO,
H>-TPR kot HAADF/STEM yio tov vmoAoyiopd tov pécov peyébong tov copatidiov Co kot
TN UEAETN TNG HOPPOAOYIOG TOVG, OMMC Kol TV OEEWB00VAYMYIKAOV YOPUKINPICTIKOV TOL

VTOGTPAOLATOG.



ABSTRACT

The present Doctoral Thesis is referred to the development, characterization and in-
depth study of novel catalytic systems related with two major processes concerning the
utilization of Natural Gas (NG) towards the production of synthesis gas (CO/H2> gas mixture)
and liquid fuels. The first process is that of Dry Reforming of Methane, DRM (CH4 + CO2 <«
2CO + 2Hy), which has been extensively studied, especially by the research community, since it
offers several advantages for the catalytic utilization both of natural gas, rich in CO, (> 30
vol%) and biogas (mainly CH4/CO2 mixture) towards the production of synthesis gas (CO/H> ~
1). The second process is that of Fischer-Tropsch Synthesis, FTS ((2n + 1) H2 + n CO — CnHan+2
+ n H20), which is already used on industrial scale for the production of cleaner and more
environmentally friendly liquid fuels by using the synthesis gas as a feedstock.

The main disadvantage of DRM (AH° = + 247 kJ mol™?) for wide industrial applications
over low-cost Ni-based catalysts, is the non-acceptable extent of catalyst deactivation with time
on stream, mainly due to “carbon” deposition and sintering of both the support and active metal
particles at the high reaction T’s (> 700 °C) required. The carbon formed under DRM is mainly
the result of CH4 decomposition (CHs (g) — C-s + 2H2 (g)) on the metal surface and the
Boudouard reaction (2CO (g) <> C-s + CO2 (g)), where “s” refers to an active surface catalytic
site.

In the present work, Ni and bimetallic Ni-Co catalysts deposited on reducible Ce1-xMxOa-
5 (i.e. M = Zr**, Pr¥*) mixed metal oxides were developed, which were found to significantly
reduce carbon formation rate on the catalytic surface (ca. by a factor of 120), in comparison with
the case where CeO> support was used. This important result leads to the increase of catalyst
stability with time-on-stream (> 50 h). With aim of understanding the carbon deposition
mechanism under DRM reaction conditions, the following were performed: (i) kinetics studies
of carbon formation and removal, (ii) revealing the origin of carbon formation (CHs vs. CO>
activation route) towards active carbon species (CO gas product) and inactive carbon (catalyst
deactivation), and (iii) understanding the role of support lattice oxygen in removing carbon
towards CO formation (carbon gasification process), as a function of the chemical composition
of support, metal phase, the size and morphology of metal particles and the reaction temperature.

To achieve all the aforementioned goals, several transient isotopic and temperature-

programmed techniques alone or in combination were designed and conducted for the first time,
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namely: (i) Steady State Isotopic Transient Kinetic Analysis (SSITKA-MS/DRIFTS, use of
13C0y), (ii) Transient Isothermal Reaction (TIR) with the use of 80, and **CO, (iii) Transient
Isothermal Hydrogenation (TIH), and (iv) Temperature Programmed Oxidation (TPO) (use of
13C0O and *CO,). Moreover, HR-TEM, HAADF/STEM and SEM techniques were implemented
in order to correlate the effect of particle size and morphology of Ni and Co towards inactive
carbon deposition. It was found that carbon deposition via the CHs molecular route proceeds on
Ni and Co surfaces, while via the CO; activation route proceeds on both Ni and Co but also on
the metal-support interface via the participation of support’s oxygen vacant sites. The carbon
formation is found to strongly depend on reaction temperature, and the chemical composition
of both the metal and support (Ni or Ni-Co and Ce/Zr or Ce/Pr).

The complex mechanism underlying FTS over industrial Co-based catalysts (SASOL,
South Africa) seeks deep understanding, as the various preparation and aftertreatment methods
of the working catalyst (e.g., Co particle size, support modification, catalyst activation) strongly
affects important kinetic parameters and catalyst’s stability over reaction time. For the purpose
of the present work, SSITKA experiments were designed for the first time over Co-based
industrial catalysts for the in situ evaluation of (i) the surface coverage () of active CHx-s (C.)
and CO-s reversibly chemisorbed intermediates, (ii) the residence time tcux and tco (s7)
associated with the CHx-s and CO-s, respectively, and (iii) the TOFcha, itk (s2) (estimated based
on the concentration of active carbon-containing intermediates leading to CH4) for the
methanation reaction at 230 °C. Moreover, transient isothermal and temperature-programmed
hydrogenation experiments were performed to elucidate: (i) the presence of a less active CHy
species (Cp) formed during FTS (CO/Hy) at 230 °C, which does not lead to CH4 under FTS but
is readily hydrogenated at 230 °C to methane, and (ii) the presence of various kinds of refractory
carbon-containing inactive species towards hydrogenation to methane at T > 230 °C (use of
TPH). Furthermore, when SSITKA was combined with a spectroscopic technique (SSITKA-
DRIFTS), the chemical composition and the structure of the active reaction intermediates but
also of the inactive (spectator) ones were determined. Complementary characterization
techniques, such as powder XRD, TPO, H>-TPR and HAADF/STEM were used for estimating
the mean Co particle size and their morphology, as well as the redox characteristics for the

investigated supported metal catalysts.
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GHSV =30,000 h'%,
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over 5 wt.% Ni supported on (a) CeO2; (b) CeogPro.202-; (¢) CeosPros02-5; (d) Ceo.35Pro.6502-5
and (e) Ceo2ProsO2-s catalysts; Pcha = 0.2 bar, Pcoz = 0.2 bar, Pr= 1.0 bar; GHSV = 30,000 h2.
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Ni/Ce1xPrxO2-5 catalysts following 25 h of dry reforming at 750 °C.

Figure 4.26: SEM micrographs obtained on the fresh and spent (after 25 h on stream in DRM
at 750 °C) catalysts: (a) 5 wt.% Ni/CeOz, (b) 5 wt.% Ni/Ceo.8Pro.202-5, () 5 wt.% Ni/Ceo 5Pro50>-
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Figure 4.27: Powder X-ray diffractograms of fresh 5 wt.% Ni/CeO- (a) and aged (after 25 h in
dry reforming of methane at 750 °C) 5 wt.% Ni/CeO- catalyst (b).

Figure 4.28: Temperature-programmed oxidation (TPO) of “carbon” formed during dry
reforming of Y2CH, with 3CO, at 550 and 750 °C over 5 wt.% Ni/CeO; (a, b) and 5 wt.%
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Figure 4.29: Kr, 3CO and *CO, SSITKA response curves obtained after 2 h of dry reforming
of methane at 750 °C over (a) 5 wt.% Ni/CeO, and (b) 5 wt.% Ni/CeogPro20..5 catalysts.
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Figure 4.30: Kr, 3CO and 3CO, SSITKA response curves obtained after 2 h in dry reforming
of methane at 550 °C over 5 wt.% Ni/CeO; catalyst. SSITKA switches: 5% ?CO./5%
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Figure 4.31: The SSITKA formalism applied for the activation path of CO, towards the
formation of CO in the DRM reaction over the 5 wt.% Ni/Ce1xPrxO2.5 catalysts. “C”-s is the
pool of active carbon-containing species, CO-s is the pool of adsorbed CO, and CO3?-s is the
pool of non-active and reversibly adsorbed carbonate-type species on the Ce1xPrxO2.5 support.
Figure 4.32: Isothermal transient rates of hydrogen formation obtained at the switch He — 5%
12C0,/5% 2CHa/Ar/He (t) at 550 °C (a) and 750 °C (b) over the 5 wt.% Ni/Ce1xPrOz-s (X =
0.0, 0.2 and 0.8) catalysts; Wcat = 0.1 g mixed with 0.1 g SiC (550 °C) and Wca = 0.03 g mixed
with 0.17 g SiC (750 °C); Fr = 100 N mL min™.,

Figure 4.33: TEM image of Ni crystallite at the tip of carbon nanotubes showing detachment
of the Ni metal clusters from the CeO> support observed after 25 h of methane dry reforming
reaction at 750 °C.

Figure 5.1: Powder XRD pattern of the 3 wt.% Ni/Ceo.75Zr0.2502-5 (3 Ni EG) catalyst.

Figure 5.2: H2-TPR traces recorded over the (a) 3 wt.% Ni/Ceg.75Zr0.2502-5 catalyst and (b) the
Ceo.75Zr0.2502-5 support.

Figure 5.3: CH4 and CO- conversions and the H2/CO product gas ratio as a function of time on
stream (TOS) for the 3 wt.% Ni/Ceo.75Zr0.2502-5 catalyst at 750 °C. Feed gas composition: 44.2%
CHa, 44.2% CO;, balance N2; Weat = 50 mg; Fr = 56.5 NmL min™,

Figure 5.4: (a) Transient rates (umol g™ s*) of H,, CO and CO, formation as a function of time
obtained after the gas switch He — 20% CHa/He at 750 °C was made; (b) transient rates (umol
g s?) of Hz and CO formation as a function of time obtained after the gas switch He — 20%
CH4/20% CO2/He (DRM) at 750 °C was made. Fr = 100 NmL min; Weat = 25 mg.

Figure 5.5: (a) TPH trace and (b) TIH response curves (T = 600, 645, 670 and 700 °C) of the
“carbon” formed after 30-min treatment of the catalyst in 20% CHa4/He at 750 °C. Gas delivery
sequence (TPH): He (750 °C) — 20% CHa/ He (750 °C, 30 min) — He (750 °C, 10 min) —
cool in He flow to 100 °C — 20% Hz/He, TPH (100 to 750 °C, Fre = 50 NmL min™, p =30 °C
mint) — TIH at 750 °C for 10 min; (b) He (750 °C) — 20% CHa/He (750 °C, 30 min, Fr = 100
NmL min?t) — He (10 min) — cool in He flow to the lowest T (600 °C) — 20% H2/1% Kr/Ar
(10 min, Fr = 100 NmL min) — increase T to 750 °C and stay for 30 min — repeat the same
procedure for the next highest T; Wecat = 25 mg.

Figure 5.6: Temperature-programmed oxidation (TPO) of “carbon” formed during dry
reforming of methane (*3CO2/*?CHa4/He) at 750 °C. Gas delivery sequence: 5% C02/5%
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12CH4/He (750 °C, 30 min, Fr =50 NmL min) — He (750 °C, 10 min) cool in He flow to 100
°C — 10% Oz/He, TPO (100 to 750 °C, Fr = 50 NmL min™, p =30 °C mint); Wea = 50 mg.
Figure 5.7: Transient rates of 1°0, and %080 (umol g s1) formation as a function of time due
to the isotopic exchange of lattice 80 with 80 after treatment of the catalyst with 2% 802/He
for 10 min at 750 °C. Gas delivery sequence: He (750 °C) — 2% 80,/He (750 °C, 10 min); Weat
=25mg.

Figure 5.8: Transient concentration (mol%) response curves of C*0, C*0®0 and C'0,
obtained at 750 °C after (a) dry reforming of methane (20% CHa4/20% CO./He), (b) 20% CO2/He
gas treatment and (c) 1% CO/He gas treatment, following catalyst pre-treatment with 2%
180,/He (10 min) at 750 °C and He purge. Gas delivery sequence: He (750 °C) — 2% 80./He
(10 min) — He (5 min) — 20% CO2/20% CHa/He (t) or 20% CO./He (t) or 1% CO/He (t); Weat
=25 mg.

Figure 5.9: Transient dimensionless response curves of Kr, 13CO and *CO; obtained during
SSITKA at 750 °C after 30 min of dry reforming of methane. SSITKA gas switches: 5%
12C0,/5% 2CH4/He (30 min) — 5% 3C02/5% 2CH4/Kr/He (20 min) — 5% 2CO2/5%
12CH4/He (t); Weat = 50 mg; Fr =100 NmL min™.

Figure 5.10: Transient response curves of (a) dimensionless concentrations of Kr and *CO;
and (b) *2CO and *CO concentrations obtained at 750 °C following 30 min of dry reforming of
methane at 750 °C according to the following sequence of gas switches: 5% CO./5% CHai/He
(30 min) — He (5 min) — 5% 3CO/Kr/He (t). Weat = 50 mg; Fr = 100 NmL min™,

Figure 5.11: SEM images of spent 3 wt.% Ni/Ceo75Zr02502-5 catalyst focusing on carbon
structures.

Figure 5.12: XRD profiles of 3NiCo EG and 3NiCo HT powder samples. Red bars show the
peak positions of Ceo 75Zr0.2502-5 (PDF 28-0271), black bars of CeO2 (PDF 034-0394) and green
bars of ZrO, (PDF 01-089-6976).

Figure 5.13: HAADF/STEM micrograph with corresponding EDXS elemental mapping of
cobalt, nickel and their overlay on a fresh reduced 3NiCo EG catalyst prior to catalytic tests.
Figure 5.14: SAED pattern of a fresh reduced 3NiCo EG catalyst prior to catalytic tests.
Figure 5.15: HR-TEM micrograph on a fresh and reduced 3NiCo EG catalyst prior to catalytic
tests.

Figure 5.16: Transient rate of solid reduction by hydrogen (umol g* s*) as a function of time
at 750 °C over 3NiCo EG (a) and 3NiCo HT (b) catalysts. Wcat = 25 mg.
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Figure 5.17: Transient rates (umol g* s) of (A) Hz, (B) CO and (C) CO, formation as a
function of time obtained during methane decomposition (20% CHa4/He) at 750 °C over 3NiCo
EG (a), 3NiCo HT (b), CeZrO, EG (c) and CeZrO2 HT (d) solids. Weat = 25 mg.

Figure 5.18: Temperature programmed hydrogenation (TPH) traces of “carbon” to CHa
obtained following 30-min treatment in 20% CHa4/He at 750 °C over the 3NiCo EG (a) and
3NiCo HT (b) catalysts. Wcat = 25 mg.

Figure 5.19: Transient response curves of CH4 concentration at 645 °C (A) and 700 °C (B)
obtained during transient isothermal hydrogenation (TIH); (C) Total amount (umol g*) of
“carbon” formed after 30-min treatment of the catalyst in 20% CHa4/He at 750 °C. Wcat = 25 mg;
a: 3NiCo EG, b: 3NiCo HT.

Figure 5.20: Transient rates (umol g s1) of CO (A) and Hz (B) formation as a function of time
obtained during dry reforming of methane at 750 °C over 3NiCo EG (a) and 3NiCo HT (b)
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Figure 5.26: SSITKA dimensionless concentration response curves (Z) of Kr, **CO and *CO;
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catalyst. Weat = 50 mg; Fr = 100 NmL min™. SSITKA switches: 5% 2C02/5% ?>CHa/He (30
min) — 5% 3C02/5% ?CHa/He (3 min) — 5% ?C02/5% ?CHa/He (t).

Figure 5.27: CHs-conversion (%) as a function of time on stream (TOS) for the DRM at 750 °C
over the 3 NiCo EG (a) and 3NiCo HT (b) catalysts. Feed gas composition: 44.2% CHa, 44.2%
CO2, 11.5% N2; Weat = 50 mg; Fr = 56.5 NmL min ™.,

Figure 5.28: (A) CO2 conversion and (B) H2/CO gas product ratio as a function of time on
stream (TOS) obtained during DRM at 750 °C over the 3 NiCo EG (a) and 3NiCo HT (b)
catalysts. Feed gas composition: 44.2% CHgs, 44.2% CO», balance N2; Weat = 50 mg; Fr =56.5
NmL mint,
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(dotted red) impregnated with cobalt nitrate (Ref. [46]).
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Figure 6.4: Hydrogen temperature programmed reduction (H2-TPR) profile recorded over the
CY-C catalyst (Ref. [46]).

Figure 6.5: Transmission electron microscopy images (HAADF-TEM) with a schematic
distribution of Co crystallites over (a) CY-A and (b) CY-C solid catalysts (Ref. [46]).

Figure 6.6: Normalized concentration (Z) transient response curves of **CO and *3CH, obtained
during SSITKA (*2CO/H; (32 h) — BCO/H; (t)) at 230 °C on CY-A (a, ¢) and CY-C (b, d)
catalysts. Feed composition: 12CO = 5%, 3CO = 5%, H2 = 10%, 1% Kr, balance He. Total flow
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Figure 6.7: Schematic modelling of a single Cn (n > 2) surface intermediate [59].
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Chapter 1: Literature Review

Chapter 1: Literature Review

1.1.  State of the art — Syngas production

The overpopulation and growth of industrialization in earth planet requires high energy
demands, which are expected to be increased 57% by 2030 [1]. For several decades, the use of
coal and oil were the primary sources of energy. This energy production, based mainly on fossil
fuels, and the emissions of gaseous pollutants (i.e. CO2, NOx, CH4) associated with the use of
these energy sources with significant environmental impacts are concepts completely
interwoven [2,3]. Important impacts include the overheating of the earth and oceans due to the
retreated energy, melting of the ices and other extreme climate phenomena.

The most important and abundant greenhouse gas is water vapor with its concentration
to be controlled by the local climate (more in warm tropical seas but less at poles). As of the
report published in 2017 from the United States Environmental Protection Agency (EPA) and
the Greenhouse Gas Reporting Program (GHGRP), by 2015, CO, and CHas present in the
atmosphere (~ 82% and 10%) and contribute 75% of the total greenhouse gases (GHG), with
NOy and CFC'’s to follow (~ 5% and 3%). Although CH4 concentration in the atmosphere (~ 2
ppm) it is much less than CO> (~ 405 ppm), it is contributing about 20% on the global warming
[4]. CH4 and CO- emissions could come from natural (lakes, grass, etc.) and anthropogenic
(landfills, oil and gas processing, wastewater treatment, etc.) activities. Atmospheric CO>
content modelling was performed by Budzianowski et al. [5], which they expect that its
concentration will be increased and stabilised at ~ 610 ppm (~ 2 times than today). Carbon
dioxide as a waste by-product of fossil fuel combustion, should be prevented or reduced, thus,
new technologies to capture it for subsequent sequestration or convert it into valuable chemicals
should be developed.

Considering that, and in conjunction with both the expected depletion of oil and the
fluctuation of its price, it is necessary to find alternative energy sources (non-oil-based) that will
lead to the mitigation of GHG intensity [5]. In a positive manner, most of the countries have
been harmonized with laws (i.e. Europe 2020) that promote the reduction of GHG (especially
European and Asian), whereas some others (i.e. Turkey, Cyprus and Malta), they have increased

their emissions compared to 1990 (Fig. 1.1).
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Figure 1.1: Global mitigation on Greenhouse Gas Emissions.

Natural gas (NG), even though is a non-renewable fossil fuel, seems to be an alternative
promising solution, since: i) it can be converted into many valuable products, including liquid
fuels, by existing chemical and petrochemical industries [6], and ii) abundant deposits were
found around the world. As shown in Table 1.1, from the last report of the European Information
Administration (EIA) in 2013, findings in Eastern Mediterranean Region (30" world’s largest
reserves of NG), even though are small, ~ 40 Tscf compared to the nearby Mediterranean North
African reserves (ca. 239 Tscf), they might transform the geopolitical relationships between the
beneficiaries. Despite that there is not any infrastructure for the transportation of the NG in the
area, a conversion of it into more valuable chemicals (i.e. energy, fuels and chemicals), it will

be a financial miracle for the region.

Table 1.1: Natural Gas resources in the Eastern Mediterranean are, as of the EIA 2013 report
[7].
Country Estimated reserves Discovery date First volumes
(Trillion standard
cubic feet, Tscf)

Cyprus 7 2011 2018
Israel 33.42 1999-2013 2012-2016
Palestinian 1 2000 unknown
Territories
Egypt 30 2015 2017
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NG resources mainly consist of ~ 80% hydrocarbons (HC) (mostly CH4 and less C2Hs,
CsHg, CsH10) and ~ 15% CO», with the higher CO2/CHjs to be preferable for the production of
higher HC [8] and high-purity H.. In fact, discoveries of NG resources with CO2 content
exceeding even well above 30 vol% have been reported [9].

The concept of converting Natural Gas to Liquids (GTL) is not new, and it is considered
necessary because most of NG resources are far from industrial infrastructures, with the
transportation of it through pipelines not to be always possible [10]. Acknowledge that,
converting natural gas (methane) into more valuable products [11], as seen in Fig. 1.2 [12],
gained the attention of many scientists. Some of these routes lead to the direct production of
more valuable products via O2 or CO; usage as an oxidant [8,13,14], whereas others by an
indirect way via the intermediate production of syngas, a mixture of CO and Ha, by using Oo,
H20 or CO> [15,16]. Syngas (mixture of CO and H> gases) can be the feed stock in several
chemical and petrochemical companies in order to produce liquid fuels, methanol, olefins,
gasoline, etc. To a commercial scale, two methods have successfully been developed, namely
the Fischer-Tropsch [17] and the methanol synthesis [18], which are represented by Eq. (1.1)
and Eq. (1.2), respectively:

nCO+2nH, & (-CH,-), +nH,0, AHJ, =-150 kJ mol ™ (Eg. 1.1)

CO+2H, 2 CH,0H, AHj, =-90kJ mol™ (Eq. 1.2)

Noteworthy to be mentioned that both H> and CO can be used independently. On the
one hand, Hz can mainly be used for ammonia synthesis but also as an energy carrier in fuel
cells, for urea and heavy water production, etc. On the other hand, CO can be used in the

production of plastics, paints, acetic acids, etc [11].

Direct Indirect
Heat + +CHy ~ COH. Ammonia
C0O,. H,O o e
- 1:2
O 0, (1:2) Methanol
o H.0 CO.H Hydrocarbons
C,Hs 2 ) "0, H, ) )
CoHy o CH_']_ —> (1:3) — Acetic acid
Phosgene
CO,
o} . Oxo-alcohols
L ; Metal carbonyls
Formaldehyde (((1)‘.11511 ¢ yls
Syngas

Figure 1.2: From natural gas towards the production of more valuable chemicals [12].
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1.2.  Catalytic technologies to syngas production

Nowadays, on-going research on the catalytic reforming of methane, mainly derived
from natural gas or biogas towards the generation of syngas, it has gained the interest of industry
[19,20]. Efforts to commercialize high carbon dioxide content (>30 vol%) have traditionally
been unsuccessful due to high processing costs. However, increased demand for Natural Gas
(NG) can make development of high carbon dioxide content gas fields an attractive proposition
[9]. Monetisation of high carbon dioxide content NG becomes increasingly viable with higher
NG costs and, especially, as far as gas processors are concerned, if technology developments
can reduce gas processing costs. However, NG processing plants that produce very large
quantities of carbon dioxide will have to consider disposal of CO2 to underground storage, which
inevitably requires high pressure dense phase carbon dioxide, thus adds significant cost [9]. A
very attractive and alternative utilisation of CO-rich NG reserves is its catalytic chemical
transformation into synthesis gas (CH4 + CO2 — 2 CO + 2 Hy) to be used for the synthesis of
fuels (Gas to Liquid technology) and other important high-added value chemicals [21].

The current stationary use of biogas (50-75% CHa, 25-45% CO3, 2-7% H-0O, traces of
H>S, N2, NHs) production units (organic wastes from landfill sites; industrial, domestic or
commercial organic waste; agricultural waste materials) is the combined heat and power
generation, where the electricity produced via stationary internal combustion engines (ICEs)
can be fed into the public grid or used as an independent power supply for industrial and
commercial areas. One of the challenges of this biogas (fuel) utilisation is the increase in the
energy efficiency of ICE. Recent investigations [22] reported that syngas-fuelled engines with
direct injection system, is expected to have better power engine output. The latter makes future
efforts for the conversion of biogas into syngas with overall energy efficiency better than the
existing one a very challenging topic of investigation and technological interest. The successful
accomplishment of such an effort requires first the development of a robust catalytic system for
the conversion of biogas into an appropriate syngas composition for boosting the overall energy
efficiency of the operation of a biogas plant towards power/heat generation.

Reforming of methane into syngas contributes therefore indisputably to the large-scale
production of liquid fuels [23], and minimize greenhouse gas emissions. Notwithstanding, all
reforming of methane processes give high yield of syngas and appeal high conversion of
methane, but different reforming processes producing different H>/CO ratio (Fig. 1.3), which is

very important for syngas downstream exploitation towards different end products [24].
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Figure 1.3: Syngas (H2/CO) ratio derived from different reforming routes [21].

1.2.1. Steam Methane Reforming (SMR)

Steam Methane Reforming with H>O (Egs. (1.3) - (1.4)) is a well-established and
commercialized technology for syngas production (H2/CO ~ 3), where as a high endothermic
reaction, it is highly energy intensive. Heat and excess steam should be supplied in order to
produce higher yields of Hz. Due to this, the reforming reactor (reformer), which is loaded with
a metal based catalyst (e.g., Ni, Ru), is exposed to temperatures ~ 900 °C and pressures ~ 30 bar
[25].

CH,+H,0 =2 CO+3H,, AHJ, =206 kJ mol™ (Eq. 1.3)

CO+H,0=2C0,+H,, AHY, =-41kJ mol™ (Eqg. 1.4)

SMR is followed by downstream Water-Gas Shift (WGS) reaction (Eq. (1.4)), a slightly
exothermic reaction, where CO is converted into CO; and the H2O to H>. Due to the WGS, the
CO selectivity is very low and after further purification, the produced H: it can be used in fuel
cells and petroleum refining [26,27] but not for FT synthesis towards long chain HCs. The latter
is due to the fact that H> suppresses chain growth and decreases the selectivity to HCs [28].
Another drawback of SMR is the corrosion due to steam. Thus, desulphurization, which

increases the capital investment, is required.
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1.2.2. Dry Reforming of Methane (DRM)

Dry Reforming of Methane with CO2 (Eq. (1.5)) yields syngas (H2/CO) with a
theoretical molar ratio of unity. As a highly endothermic reaction, it therefore requires large
amounts of heat but it can operate at 1 atm total pressure. A modelling performed by Beguerba
et al. [26] explained at least five reactions, including several thermodynamically favourable side
reactions, which are due to carbon formation and deposition over the catalyst surface, such as
methane decomposition (Eqg. (1.6)), Boudouard reaction (Eq. (1.7)) and CO reduction by
hydrogen (Eqg. (1.8)) [29]. Methane decomposition (or dehydrogenation) is a highly endothermic
reaction, thus requiring large amounts of energy to proceed, whereas Boudouard reaction (CO

disproportionation) is considered highly exothermic and is therefore favourable at lower

temperatures.

CH,+CO, 2 2CO+2H,, AHJ, =247 kJ mol™ (Eq. 1.5)
CH,=2H,+C, AHj, =75kJ mol™ (Eq. 1.6)
2CO=CO,+C, AHy, =-171kJ mol™ (Eq. 1.7)
CO+H,2H,0+C, AHJ,=-131kJ mol™ (Eqg. 1.8)

The Reverse Water Gas Shift Reaction (RWGS) is also a side reaction of DRM, and is
responsible for the production of H20 and CO, with in parallel consumption of Hz according to
Eqg. (1.9). This reaction is usually the reason for obtaining a lower than unity H>/CO gas product
ratio. Moreover, the water formed is able to react with the carbon formed towards syngas
(H2/CO) according to Eqg. (1.10) (coke gasification). The carbon species originating from CHs
decomposition are more reactive and easily oxidized by CO; than those derived from the
Boudouard reaction. The SMR reaction (Eg. (1.11)) could also take place but with lower
reaction rates than the RWGS, and, therefore, due to both the RWGS and the SMR, the CO>

conversion appears always greater than that of CH4 in a DRM catalytic reaction system.

CO,+H,=CO+H,0, AHJ, =40kJ mol™ (Eq. 1.9)
C+H,0=2CO+H,, AHj,=131kJ mol™ (Eq. 1.10)
CH,+H,0=3H,+CO,, AHZ2,=206kJ mol™ (Eg. 1.11)
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The main advantage of DRM, where it considers two greenhouse gases (CH4 and CO3)
to produce syngas with a Ho/CO molar ratio close to unity, is the fact that appears very suitable
for the FT synthesis of fuels since the latter requires H2/CO close to unity for higher HCs
production [28]. Disadvantage of DRM is considered the fact that there is no suitable product
species in the reaction mixture for carbon gasification, as opposed to the case of SMR, and
carbon deposition on the catalytic surface takes place with high rates. Thus, the development of
active and stable catalysts (metal and support) with coke resistance and the adjustment of
process parameters (ca. temperature and flow rate) are considered essential for the near future

commercialization of the DRM process [30].

1.2.3. Partial Oxidation (POX)

Partial Oxidation of Methane (Eq. (1.12)), as opposed to DRM and SMR, is an
exothermic reaction and it can convert, via a catalytic route (CPOX) and non-catalytic route
(POX), methane to a Ho/CO (syngas) gas mixture with a ratio of ~ 2, after reacting with pure
oxygen [26,31] at ~ 1300 °C (POX) and ~ 850 °C (CPOX).

CH,+1/20, 2 CO+2H,, AHj, =-38kJ mol™ (Eq. 1.12)

CPOX over metal based catalysts (Pt, Rh, Ir, Pd, Ni, Co) requires less amount of thermal
energy and that is why it has attracted the interest of FTS (heavy HC) and chemical (methanol
and naphtha) synthesis related industries [32]. The advantages of POX are the high conversion
rates, the high selectivity and the short residence time used [10]. Despite that, the use of pure
oxygen increases the cost of the process, due to the requirement of a cryogenic oxygen
production unit (air separation), and presents safety related issues when CH4 reacts with Op,
with the danger of explosion to be possible [33]. Moreover, the high exotherm of reaction

induces active sites of the catalyst, thus making the process uncontrollable [34].

1.2.4. Autothermal Reforming of Methane (ATR)

Owing to the fact that DRM and SMR reactions are highly endothermic, they require
energy supported from the burning of substantial fraction of the natural gas, thus showing
inefficiency to the process. Autothermal Reforming of Methane is a combination of SMR, DRM
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and POX, resulting to a thermal neutrality (AH ~ 0.0 kJ mol™) and a Ho/CO ratio close to 1.0
for DRM/POX [35,36] and 2.5 for SMR/POX at ~ 1300 °C. This flexibility of the process makes
it attractive to industries [37]. Nevertheless, only few commercial sites exist today.

Wood et al. [35] in their review compare the main natural gas exploitation technologies
towards syngas production. The scale-up process, including reactor design and operating
conditions are greatly affected by catalyst performance. All the aforementioned reforming
technologies are of a catalytic nature (Table 1.2), with the research community to overwhelm
an extensive work, whether supported noble metals or non-noble transition metals were used.
More precisely, rhodium (Rh), ruthenium (Ru), platinum (Pt), palladium (Pd), Iridium (Ir),
Nickel (Ni) and Cobalt (Co) are known to be very active as reforming of methane metal catalysts
[38—43]. Bearing in mind that such catalysts need to assist in commercialization, noble metals,
such as Rh and Ru, even though are the most active and stable with less prone to deactivation,
are very expensive [44]. On the other hand, non-noble metals such as Ni and Co are preferred
due to their low cost, however, due to coke and carbon deposition reveal rapid deactivation [45].
The lower O/C and H/C ratio appear as the controllable parameters for the tendency towards
carbon deposition. In DRM with a ratio of CO2/CH4 = 1, the O/C equals to 1 and the H/C equals
to 2, as opposed to that of SMR, which is 1 and 6, respectively. In the case of POX, the O/C
equals to 1 and the H/C equals to 4 [46,47]. Considering that, it is obvious that DRM shows
higher tendency towards carbon formation among the other known reforming processes. In
particular, the most important topic is the inhibition of carbon deposition, which is being ranked
as: Ni>Co>Pd > Ir > Pt > Ru > Rh.
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Table 1.2: Syngas production from natural gas using different kinds of reforming reactions.

Reforming Reaction Benefits Drawbacks
Dry Reforming of Methane e ~100% Xcoz instead e Heat should be
(DRM) of releasing it into the supplied due to
atmosphere. endothermicity.
e Best syngas (~1) for e Coke formation on
long chain HC the catalyst.
production - FT
synthesis.
Steam Methane Reforming e Extensive e High air emissions.
(SMR) commercial experience. e Costlier than POX
e Lowest needs for and ATR.
additional energy. e CO recycle and H;
e Oxygen not required. excess removal.

e Optimum syngas
ratio (~3) for liquid fuels

production.
Partial Oxidation (POX) e Desulfurization of e Very high operating
feed stock not required. temperatures.
e Oxygen should be
supplied.
Autothermal Reforming e Lowest process e Limited commercial
(ATR) temperatures than POX. experience.
e Oxygen should be
supplied.

The active metals are usually dispersed as nanoparticles over promoted porous-ceramic
oxide supports, with the propensity over Ni catalysts, based on stability, to be: CeZrO, > CeO-
> ZrO2 > La,03 > TiO2 > Al20O3 [48]. By controlling the particle size and increasing the basicity
of catalysts, carbon deposition seems to be decreased. Passos et al. [47,48] found that the
inhibition of carbon deposition in terms of carbonaceous species removal from the active sites
can be promoted from the higher reducibility and oxygen storage/release availability of
catalysts. In general, a novel catalytic system should comply with high conversion, selectivity
and yield to the desired product. This can be achieved if the catalyst can operate at low
temperatures, low cost and reveals low coke formation, high-poisoning and mechanical
tolerance, with in parallel rapid reaction rate [49].

To conclude, even though Ni-based catalysts are mostly used because of their low cost,

the development of optimum catalyst compositions is completely related to the catalyst
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preparation method, the reforming method, and in particular the desired syngas ratio and its use.
Higher syngas (H2/CO) ratio, where H. is predominant, SMR should be used with the
appropriate catalyst to be carefully chosen based on the literature. ATR and POX are extensively
investigated for the production of liquid fuels, whereas syngas optimization is required. To
produce higher HCs, DRM has been gaining prominent research and industrial interest due to
the syngas generation with a H2/CO close to unity, and the fact that two greenhouse gases, CO>
and CHjs are used as raw materials. In any case, heterogeneous catalysis and its concept that
govern it should be followed in order to develop novel catalytic systems in the near future.

1.3.  Dry Reforming of Methane over supported metal catalysts

As previously mentioned, reforming of methane by CO: has received much attention
because of the suitable utilization of natural gas-rich CO2 (>30 vol%) and biogas towards the
production of a desired syngas ratio for the GTL technology (H2/CO ~ 1) and for the upgrading
of stationary gas engines (electricity production) towards better energy efficiencies by using

syngas than NG.

1.3.1. Thermodynamics of DRM

Dry Reforming of Methane by CO:z (Eq. (1.5)) is a reversible and highly endothermic
(AH® = + 247 kJ mol™) reaction. Thermodynamic equilibrium analysis at CH4/CO; ratio of 1
and constant pressure was simulated and reported by several scientific teams [50-52] by
minimizing the total Gibbs free energy (AG®) and maximizing the entropy (AS°) of reaction.
This analysis could be used for the identification of possible reactions occurring during DRM
and at which temperatures. As shown in Fig. 1.4, the equilibrium state for which AG® is negative
(spontaneous reaction) for the DRM occurs at T < 643 °C. This shows that DRM is favoured at
temperatures higher than 643 °C. As of the side reactions described previously (Egs. (1.6) -
(1.8)), which mainly contribute in carbon formation, CH4 decomposition (AH® = +75 kJ mol™?)
occurs in the 500 — 1000 °C range, while the Boudouard reaction (AH® = -171 kI mol™Y) at T <
700 °C. In the case of RWGS reaction, this takes place at T > 800 °C. In addition, a challenge is
to find the optimum DRM operating conditions with minimum carbon deposition and H,/CO

ratio close to unity.
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Figure 1.4: DRM and side reactions equilibrium in the 500-900 °C range [53].

Based on all the above mentioned thermodynamic considerations, it has been transpired
that carbon formation and deposition takes place in the range of 550 < T < 700 °C due to CH4
cracking and the Boudouard reaction, with temperatures over 1000 °C to be optimum with no
carbon formation. More precisely, Fig. 1.4 (T = 700 °C, AGchs ¢ < AGc _co2) and Fig. 1.5a
illustrate that using a lower CH4/CO: ratio and higher reaction temperatures could minimize
carbon formation. However, as shown in Fig. 1.5b, at lower temperatures the H2/CO ratio is
higher than 2, leading to the synthesis of short chain HCs (C1-Cs), and even though the CH4
conversion obtained is higher, it is not practical because the excess of CO> can reduce the Hy
yield and increase energy consumption. To produce long chain HCs, oxygenates and olefins via
FT synthesis, the H2/CO ratio should be close to unity. This can be achieved when the reaction
temperatures are higher than 800 °C and at the same time the CH4/CO ratio is 1, with CH4
conversions to be increased with increasing reaction temperature; however, it is not possible to
be greater than 99% [54]. It should be considered though that high reaction temperatures
required to overcome the endothermicity of DRM are responsible for metal sintering, which

cause severe catalyst deactivation.
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Figure 1.5: Carbon formation (mol/mol of TC, %) (a) and syngas (H2/CO) ratio (b) formation
on different CH4/CO; ratio obtained in the range of 550-1200 °C [55].

1.3.2. Catalytic performance studies

The main drawbacks of running DRM at high reaction temperatures are the carbon
deposition and the metal sintering. Thus, the development of novel catalytic systems of low cost
and high activity and stability at these high T’s becomes of paramount importance. Extensive
efforts have been devoted concerning the development of optimum catalyst compositions by
using different synthesis methods, calcination temperatures, various types of active metals,

supports and promoters, which are comprehensively listed below.

1.3.2.1.  Effect of active metal

Scientific publications in the field of catalytic DRM appeared for more than 30 years.
Usman et al. [55] have shown the influence of the chemical nature of active metals over different
supports, on the catalytic activity. The first investigations were concerning catalysts with noble
metals as active components (e.g. Rh, Ru, Pd, Ir, Au and Pt), which revealed higher activity and
stability and coke resistance under DRM conditions compared to other metals (e.g. Ni). Despite
their high cost, it has been found that over a-Al.O3 and MgAIOx supports, the impregnation of
5 wt.% of such noble metal can lead to more stable and coke resistant catalyst, with the trend to
be: Rh > Ru > Ir > Pd > Pt > Au [28]. In particular, all catalysts showed no carbon deposition
except Pd, whereas in terms of stability, Pd and Pt showed sintering of the metal particles due

to high temperatures. These results were explained both after using powder XRD and TEM
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measurements, which showed highly dispersed and smaller metal particles (1.5nm) that assist
the reduction of carbon and metal agglomeration and sintering [56].

In recent years, non-noble active metals (Ni, Co and Fe) gain more attention because of
their low-cost compared with noble metals, with Ni and Co to show also higher catalytic activity.
The former metals revealed 5 times more coke deposition while the latter showed almost 10
times more compared to Pd supported catalysts. The increasing of Ni content imparts larger
metal surface area, which imparts higher catalytic rates (in terms of CH4 conversion) in DRM
[57] by decreasing the primary crystallite size (ca. 25 nm), whereas catalysts with less than 10
mol % of Ni formed the lowest amount of carbon. In general, Ni-based catalysts show higher
catalytic activity than Co-based ones, and therefore they have been investigated more. This
higher catalytic activity can be explained as due to the smaller particle size and higher dispersion
(ca. 9.5%) achieved for Ni compared to Co [58,59].

Since carbon deposition is linked to catalyst deactivation, it could be overcome by the
development of non-noble metal catalysts with the addition of promoters (ca. very low loading
of noble metals) [60] or dopants (alkali or alkaline) [61], where metal will be highly dispersed
and the support will be suitable in terms of synergy [38,62].

1.3.2.2.  Effect of promoter

The addition of metal oxides or noble metals as promoters of Ni-based catalysts has been
found to improve catalyst’s performance. In particular, with the addition of 0.5% Rh as a
promoter of Ni/y-Al.Oz catalysts, higher activity and lower carbon deposition were achieved
[28,61], and this was explained as due to the formation of Rh-Ni clusters. Same behaviour was
detected with the addition of Pt, where Pt-Ni alloy was formed with enrich surface in Pt, thus
minimizing the metal particle size (10 nm) with increasing Pt content (0.4 wt.%) [63,64]. This
increase in catalytic activity, stability and minimization of carbon deposition were also observed
when non-noble (e.g. Co, Ce or Mo) or noble (e.g. Rh, Ru, Pd or Pt) metal was added as
promoter in different supports (a-Al203, ZrO2, MgO, SiO», TiO2 and CeZrO>), showing clearly
that bimetallic catalysts lead to better metal dispersion, smaller particle size and good synergy
between the metals [60,65-67] when compared to the monometallic ones.

The addition of Mo and W as promoters of 2 wt.% Ni/Al>O3 catalyst was found to
decrease carbon deposition compared to the unpromoted catalyst. Whereas increase to the

amount of the former leads to deactivation due to its low melting point (T = 795 °C), which
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spread the MoOs over the Ni metal particle. In case of the latter though, higher stability was
achieved due to its highest melting point (T = 1473 °C), which alter the solubility and
dissociation of carbon in metal [68]. When K was added as promoter of Co/Al>O3 catalyst, lower
conversions were achieved, but the ability to gasify the carbon and partially cover the metal
active sites for CH4 dehydrogenation was increased [69]. This was found to be a result of its
strong metal-support interactions due to the increment of the reducibility of metal particles. Y -
promoted catalysts showed superior catalytic activity with inhibition of carbon deposition due
to great metal-support interactions, small metal particles and resistance to sintering [70].
Addition of La over Ni/BaTiO3 catalyst showed low carbon deposition with high catalytic
activity and stability, a result of the highly dispersed active components and small metal particle
size formation.

Several scientists were reported the addition of CeO2 or CeO2-ZrO; as promoters of
Ni/Al,O3 catalyst, where prevention of NiAl2O4 and smaller metal particles formation [71,72]
increased the CO: dissociation, which leads to gasification of carbon species [73]. The
gasification (continuous removal) of these carbon species from the active sites and prevention
of their deposition is due to the superior oxygen transfer rate from the Ce and Ce-Zr mixed
oxides. Moreover, such catalysts exhibit high activity and stability because of their higher
reducibility and higher oxygen storage capacity, OSC [74].

Doping Ni/Mg-Al-O catalysts with Ce, long thermal stability of the basic sites was
achieved, leading to a great enhancement of CO2 chemisorption. This ability is translated to the
decrease of carbon deposition due to its gasification from dissociated oxygen and unsaturated
reaction intermediates, even though the selectivity and activity were not increased. By
increasing the Ce content (wt.%), even better results were obtained as illustrated via SEM
images, where filamentous carbon was observed over 1 wt.% of Ce but when 3 wt.% was added
on Ni/Mg-Al-O, no carbon formation was noticed [75]. Similar results were also reported on
several studies using other promoters (e.g. Sn, Co, Mn) over the Ni/MgO and Ni/Al,O3 catalysts,
where great catalytic activity, stability and coke resistance were obtained. Sn and Co owed their
highest catalytic activity and coke resistance to the high affinity for oxygen species, whereas
Mn with lower catalytic activity, resulted in catalyst agglomeration, leading to the formation of
large metal particles [76—78]. Superior results were reported when MgO was added as promoter
of the Ru/C (activated carbon) catalyst, where carbon deposition is limited due to the formation

of MgCOz and the removal of carbon species by the provision of oxygen species [79]. Addition
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of MgO or CeO; and La2Os over mesoporous materials (Ni/SBA-15) was also exhibited
excellent catalytic activity, stability and minimal carbon deposition and metal agglomeration
due to the formation of solid solution, basic active sites with strong CO2 adoption and small
metal particles [80].

1.3.2.3.  Effect of support

DRM’s high temperature conditions affect the SSA of metal oxides, which depends on
the properties of catalysts such as the melting point and phase transformation. Hence, it has been
raised that coke formation is influenced by the nature of support, which should be able to gasify
the carbon species for the prevention of carbon deposition and sintering [81].

Talkhoncheh and Haghighi [82] developed and investigated the effect of support over
Ni-based nanocatalysts (based on FESEM analysis) used for DRM. These catalytic materials,
including different supports, such as CeOz, Al203 and NH4NO3 (clinoptilolite), were prepared
by the wet impregnation method and characterized based on their physicochemical properties,
their activity and stability. Different techniques including: BET, XRD, FTIR, EDX and FESEM
were used for the physicochemical characterization. BET analysis illustrated that Ni/Al2Os
catalyst had the highest SSA (m?g) among the other two catalytic materials. Based on the XRD
and EDX results, the authors concluded that Ni was homogeneously dispersed over CeO and
Al>03, with the best NiO dispersion to be on Ni/CeO2 nanocatalyst. Regarding the activity and
stability tests for DRM, which were in harmony with physicochemical results, Ni species are
potential active sites providing to the Ni/Al.O3 catalyst the fastest and highest conversions at
850 °C (~ 95% CHa4 and COy) and vyields (~ 90% H, and CO), and in parallel demonstrated
stability for over 24 h [82]. Besides that, due to the high temperatures, alumina is unstable due
to its thermal deterioration and phase transformation to a-Al203 [83]. As of Ni/NH4NO3, even
though it is cheaper and demonstrated good activity, the generation of syngas and the H» and
CO yields obtained were low.

Previous studies over reducible metal oxides such as CeO> and TiO; revealed the redox
properties (ca. Ce**/Ce®"), the oxygen mobility and the high oxygen storage capacity, which
improves metal dispersion and resist sintering at high temperatures [84-88] as compared to
irreducible metal oxides (e.g. Al,03 and SiO). By modifying the CeO with ZrO, provides
better thermal stability, highest initial activity and better oxygen mobility for the CeO2-ZrO,

supported metal catalysts. These characteristics improve the DRM activity of the catalysts
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mainly due to the strong metal-support interactions by provision of oxygen from the support to
the metal. Highest catalytic activity and excellent thermal stability exhibited when 0.5 wt.% of
Pt, Rh or Ru was added over Ni/CeZr catalysts.

MgO-based catalysts, due to their high thermal stability (melting point, 2850 °C) and
SSA were extensively studied as supports of DRM catalysts [89-91]. More specific, 8 wt.% Ni
added to an MgO support showed the highest methane conversion among other loadings [92].
Noteworthy that Ni particles supported on MgO were found to be very small, preventing carbon
deposition due to the formation of solid solution (NiO-MgO) with limited available amount of
NiO for reduction [93]. Moreover, this stability was proved by XRD studies, where Ni®* was
incorporated into the MgO support lattice, thus leading to the formation of NiO-MgO. This high
stability though is not only related to the solid solution phase but also from the suppression of
water (WGS) and the high basicity of the catalyst [94]. The latter reduces carbon deposition due
to the enhancement of CO2 chemisorption. Solid-solutions based on ZrO, with MgO, CaO, TiOa,
Ta20s and NbO> showed high activity, great metal-support interactions with superior oxygen
vacant sites concentration and small metal particle size, which reduced coke formation and
deposition [95-99].

1.3.2.4.  Effect of calcination temperature

It has been found that loading and calcination temperature over non-noble metal
supported catalysts strongly affect the activity and stability of the catalyst. Specifically, changes
in calcination temperature (Tc) from 300 to 750 °C over Ni-based catalysts affect the particle
size of Ni, which increases by increasing Tc. The calcination of catalysts causes the NiO to
coalesce, creates inactive Ni sites, mould transformations, regulates the metal-support and
oxide-support interactions, as well as the solid state reactions of CH4 decomposition [100-102],
revealing in that way higher conversions.

Calcination of MgO-supported Co-based (4-48 wt.%) catalysts in the range of 500-700
°C resulted to the reconstruction of the metal oxide and O%* donating centres and to higher
catalytic activity, influencing in that way the basicity of the catalyst. It was found [103] that
suppression of sintering of MgO and thus of its increase of particle size occurred when the
catalyst was calcined at higher temperatures and for the highest Co loading used (48 wt.%).
Under these conditions, sintering and carbon deposition resulted in lower catalytic activity and

stability. Concerning Co-based catalysts over different supports, Tc strongly affects the
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chemical composition of the Co-oxide phase, from Co304 at 500 °C to C02AI04 and CoAl>04
at 1000 °C. The Co0304 phase due to its higher reducibility implies higher Co surface area,
resulting in lower deactivation during DRM. It was shown that deactivation on high Co loadings
(> 12 wt.%) is due to carbon formation, whereas on low loadings (~ 2 wt.%) is due to carbon
deposition (Tc = 500 °C) and metal oxidation (Tc = 1000 °C). By this, it is shown that there is
a Tc limit where the higher catalytic activity and stability is not always achieved with higher
Tc. In general, though, several studies confirmed that Tc ~ 800 °C and low metal loading lead
to more stable and active catalysts [104], whereas there is no direct relationship.

1.3.3. Deactivation of catalysts

Deactivation of a catalyst is expressed as loss of catalytic activity or the reaction rate. In
general, catalyst deactivation can be the result of chemical, mechanical and thermal reasons.
Chemical’s nature deactivation might be occurred due to poisoning, vapour formation and

reaction with the solid, whereas fouling is of a mechanical nature [105,106].

1.3.3.1.  Deactivation due to carbon deposition

The carbon formation on the DRM catalysts it can be in various forms with different
characteristics and reactivity, all largely related to the reaction temperature [107]. The carbon
may deposit as graphitic carbon (coke) growing as a film on the catalyst surface.

On Ni-based catalysts, the carbon is formed firstly on Ni particles, followed by carbon
nanotube growth with Ni at its tip, commonly referred as “whisker”, which is mechanically
strong and deactivates the catalyst. This deactivation leading to degradation and preventing the
regeneration of the catalyst is due to the creation of catalyst pellets that fracture and break apart.
Over Ni/Al;Os3 catalysts, three types of carbonaceous species are presented, namely: C,, Cp and
C,. It was found that the most active carbon (C,) leads to the formation of CO, as an active
reaction intermediate, while Cg and C, lead to the deactivation of the catalyst, with less reactivity
and ability for oxidation. Chen et al. [109] revealed these properties by performing temperature-
programmed hydrogenation (TPH) experiments over a Ni/MgO catalyst, as it can be seen in Fig.
1.6.
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Figure 1.6: Temperature programmed hydrogenation (TPH) over 3 wt.% Ni/MgO at different

contact times [109].

At low temperatures, an encapsulated film of CHx accumulated on the metal surface and
after its polymerization, block and deactivate the metal surface. At high temperatures, pyrolytic
coke formed due to thermal cracking of CHy, which encapsulates and deactivates the catalyst
particles, as it diffuses in the form of graphitic film across the metal particles. At these
temperatures, whisker carbon (amorphous polymeric graphite) also formed, firstly by diffusion
of carbon through metal crystals, then by nucleation and growth as a filament with the metal
presented at whisker’s tip. This type of carbon is responsible for the plugging of catalytic pores,
rather than the deactivation of it [108]. XPS studies over Ni-based catalyst on AlOs showed
three transition peaks which can be associated with -C-C-, -C-O-C- and CO?%. The former
describes the filamentous carbon (graphitic form), which leads to catalyst deactivation, with the

latter to be amorphous carbon which as more reactive can easily be gasified [109].

1.3.3.2.  Deactivation due to other reasons

The carbon formation and deposition is one of the main chemical reasons that causes
catalyst deactivation but not the only one. Degradation due to chemical, thermal, and mechanical
phenomena can be reversible, allowing the catalyst to be regenerated, whereas in some cases it
can be irreversible leading to catalyst deactivation. Of chemical nature reasons, transformations
of the metal or the support via solid state reaction(s) might be considered. Ordinarily, the

interaction of y-Al>Os support with Ni under steam environment, can form NiAl.O4 and remove
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Al (dealumination), leading the catalyst to an irreversibly loss of its crystallinity and activity.
Moreover, the redox ability of the catalysts is reversible but of high operating cost. Specifically,
for the high temperatures required for the endothermic reforming reactions, Ni catalysts can be
oxidized under oxidative conditions (Ni to NiO) and reduced under reductive conditions (NiO
to Ni).

Depending on the downstream process, the lower limit of impurities it differs, whereas
in any case, the lowest concentration of impurities is preferred (ppb level is desirable), to ensure
longer lifetime of catalyst. The main challenge is to remove them from the feed gas by
purification prior to the reaction. Sulphur compounds (~ 20 ppm), and specifically H.S (~ 4
ppm), are the most important impurities contained in the natural gas, which they can poison the
catalysts. Also, other impurities, such as moisture, inert N2 (~ 3 vol%), As and Hg (~ 14 ppm)
may be present in the feed gas stream. Even though some of the impurities are inert, present in
low amounts and have no detrimental effects, they might dilute the final syngas and form other
species such as NHsz and HCN in the reactor. Moreover, oxygenates in biogas or from the
methanol addition in the natural gas, for avoidance of hydrate formation might be considered.
Sulphur compounds removal can be achieved via the use of activated carbon, which adsorb and
oxidize HS into elemental sulphur and SO [110]. This process, which might be affected by
humidity and alkali-impregnation, allows activated carbon pore structure and its surface
characteristics (acidity) and N2 content to influence H>S breakthrough capacity and selectivity
towards elemental sulphur formation [111,112]. In particular, high humidity enhances water
adsorption and in assistant with alkali-impregnation with Na,COs, promotes dissociation and
removal of H>S. Micoli et al. [115] suggested the use of zeolite-based materials, which with
their basicity induce acid-base and redox reactions for the removal of H»S. Desulfurization can
also be achieved with biological processes, which are very effective and environmental friendly.
This includes the use of bio-filters, bio-trickling filters, bio-scrubbers and sulphide-oxidizing
bacteria [113-117].

1.3.4. Mechanistic studies

As mentioned in previous sections, deactivation is one of the main drawbacks of DRM
catalysts, thus it is essential to understand the mechanism of coke formation both from CO> and
CHjs reaction paths in order to develop novel catalytic materials in the near future. There are

three main models describing the reaction paths in DRM.
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The usual empirical power law model is simple and covers the kinetic rate of DRM in
wider range, based on the two reaction order parameters estimation (Eq. (1.13)) with respect to
reactants, whereas it does not consider the various catalytic surface reaction steps and the rate-
determining step (RDS) in order to estimate the reaction rate.

r= k[PCH4]m[Pcoz]n (Eq- 1-13)

Mark and Maier [121] suggested a more rigorous model which follows the Eley-Rideal
(E-R) mechanism, where CHg is adsorbed and decomposed on the metal sites towards adsorbed
carbon and hydrogen atomic species, with the carbon species to further react directly towards
CO, by the reactant CO3, as shown in Eq. (1.14) and Eq. (1.15), respectively. Few studies
support that CH4 adsorption should be considered as the RDS, providing trustful simulation over
experimental data, with Akpan et al. [122,123] to have further developed four different rate-
determining step models. Theoretically, both reactants (CO., and CH.) can be adsorbed or
directly reacting towards CO formation, whereby it is shown from other E-R simulations that
gaseous COg react with adsorbed CH4 [118].

_ [CH4 _S]

CH,(g)+S==“=CH,-s, K, = (Eq. 1.14)
PCHA[S]
CH, —5+CO,(g) =—2=2CO +2H, +5 (Eq. 1.15)

Several research groups have investigated both E-R and Langmuir-Hinshelwood-
Hougen-Watson (LHHW) models, and they concluded that in the operated DRM temperature
range, LHHW model fits in a more-realistic way the reaction kinetics of the experimental data.
In particular, CH4 adsorbs and decomposes (Egs. (1.16) — (1.22)) on the metallic sites towards
reactive adsorbed CHy (x = 0-3) and atomic hydrogen species, where the CHy species are further
oxidised towards CO(g) by oxygen species derived from the dissociation (Egs. (1.23) — (1.27))
of the reactant CO [119-122], which is firstly adsorbed on the catalytic surface [123]. When
methane decomposition rate is faster than the rate of carbon oxidation, there is carbon formation
and deposition on the catalyst [38,124]. It is noteworthy to be mentioned that the formation of
carbon is mainly occurred on the metallic sites, to the metal-support interface and 9aless to the
support itself [125].
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(@) CHa4 decomposition towards Hz on metallic sites

CH,(g)+s—>CH,-s (Eq. 1.16)
CH,-s+(4-x)s>CH, —s+(4—-x)H -s (Eq. 1.17)
CH,-s+x-s—>C-s+xH-s (Eq. 1.18)
2H-s—>H,(g)+2s (Eq. 1.19)
yC —s— (C)y (e.g. filamentous, graphite, whiskers) (Eq. 1.20)
C-s+0, > CO(g)+[ |, (Eq. 1.21)
C-s+0-5s—>CO(g)+s (Eq. 1.22)
where “-s” and “OL” represent unoccupied active sites and lattice oxygen on the support surface,

respectively. CO2 dissociation, as opposed to CH4 decomposition, occurs not only on metallic
sites but also on support’s sites. This is due to the fact that metal oxide supports, such as CeO2
and CeO2-ZrO> previously described have a large concentration of oxygen vacant sites (0-L),

where the CO> can be dissociated.

(b) CO:2 dissociation on metallic sites and metal-oxides supports

CO,(g)+2s(Ni) »CO—-s+0O-s (Eqg. 1.23)
CO,(g) +[ |, (support) - CO(g)+0, (Eq. 1.24)
CO-s+=CO(g)+s (Eq. 1.25)
CO-s+s=C—-s+0-s(Ni) (Eq. 1.26)
2CO0-s=C-s+CO,(g)+s(Ni) (Eq. 1.7)
zC —s —» (-C—)z (e.g. filamentous, graphite, whiskers) (Eq. 1.27)

Based on the LHHW model and focusing on the CHs decomposition and CO:
dissociation steps, the carbon species derived from Eq. (1.7) (Boudouard reaction) and
participating in Eq. (1.27) are considered as inactive carbon, which has filamentous, graphitic
and whisker form [125]. It should be clarified that the inactive carbon (zC-s or yC-s) does not
lead to the formation of CO, whereas the active carbon (C-s) can be gasified by O-s and O,

derived from the CO, dissociation towards the formation of CO.
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As a conclusion for the interesting reaction of DRM, kinetic modelling requires more
experimental data to be validated, where several side reactions affect and play an important role,
with the catalyst nature and temperature range contributing to the complexity of DRM’s network
and thus its simulation. It is essential to develop a novel catalytic system which will illustrate
high catalytic activity, long-time stability, inhibition of sintering and practically no carbon
accumulation. This could be achieved by carefully controlling several parameters, such as the
nature and loading of active metal, the chemical composition of promoter and support, and
catalyst activation, as described previously.

1.4.  Fischer-Tropsch synthesis on Co-based supported catalysts

The Fischer-Tropsch synthesis (FTS) is a heterogeneous non-reversible, exothermic and
complicated polymerization process (n (CO + 2H2) — (CHz2)n + nH20, AH® = -167 kJ mol™)
[126], which is widely commercialized after the pioneering work of Franz Fischer and Hans
Tropsch in the 1920°s and 1930’s. As such, FTS can be used for the production of a large variety
of chemicals and fuels (i.e. alcohols, aldehydes, paraffins and olefins) [127] by using the
synthesis gas (CO/H>) as a feedstock, which is derived from natural gas, coal or biomass, as
illustrated in Fig. 1.7. Depending on the desired products, FTS can be separated into two routes:
(i) the High Temperature FTS (300 — 350 °C) which is used for the production of gasoline and
linear low-molecular weight olefins, and (ii) the Low Temperature FTS (200 — 240 °C) for the
production of diesel and high molecular weight linear waxes [128]. Different FTS products
could be produced based on different important parameters, such as the catalyst composition,
the FTS reaction conditions (T, P) and other process parameters (i.e. reactor design, space
velocity) [129-132].
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Figure 1.7: Schematic representation of a FTS plant [133].

Alongside with the main FTS reaction, several other reactions occur, which are
responsible for the deactivation of the catalyst, mainly due to carbon formation (Egs. (1.28) -
(1.31)), such as: (i) the Water-Gas shift reaction (WGS) (Eg. (1.28)), (ii) the carbon deposition
via reduction of CO (Eg. (1.29)), (iii) the Boudouard reaction (Eg. (1.30)), and (iv) the metal
carbide formation (Eqg. (1.31), e.g. Co2C or FesC).

H,0+CO« CO,+H, (Eq. 1.28)
H,+CO—->C+H,0 (Eq. 1.29)
2CO - C+CO, (Eq. 1.30)
XM +C—->M,C (Eq. 1.31)

1.4.1 Catalytic performance studies
Many physical and chemical processes (i.e. diffusion, adsorption, desorption, reaction

and surface reconstruction) might influence the catalytic performance [134,135]. Although all
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group VIII metals display some activity under FTS conditions, Co- and Fe-based catalysts are
mainly used in commercial FTS scale, due to their high catalytic activity under FTS conditions,
but also due to their wide availability and low-cost, in comparison to noble metals (i.e. Ru, Rh
and Pt) [136-138]. Unpromoted Ru-based catalysts appear as the most active and stable
catalysts under FTS conditions, with high selectivity on waxes with high molecular weight,
whereas due to their high cost, they have been studied only on the academic level [139]. In the
case that higher HC’s (> Cs+) are desirable, then Co-based catalysts are predominant, whereas
Fe-based catalysts are mainly used for the production of olefins and oxygenates [140,141]. As
well described in the open literature, there is a linear correlation between the metal loading and
the kinetic rate of FTS reaction [142,143]. However, the metal-support interactions play an
important role in the catalytic chemistry, as they can affect the structure and electron density of
Co particles. For that reason, several supports have thoroughly studied (i.e. y-Al2O3z, TiO2, SiOy,
CeO2 and ZrOy) [144-147]. A great support shows high surface area (minimizes metal sintering)
and hydrothermal stability, like in the cases of mixed metal oxides [148,149], and can
significantly affect the FTS performance, due to its acidity and porosity [150], with the latter to
significantly affect Co dispersion, reducibility, activity, and selectivity under FTS conditions
[151]. Acidic supports could lead to olefin isomerization, lower chain growth, and higher
selectivity to lighter hydrocarbons. Last but not least, the preparation method of the catalyst
plays also an important role for the FTS reaction [148].

Fe-based catalysts, promoted with P and Cu, and supported over y-Al.Oz and SiOp,
exhibit structural stabilization leading to high activity, selectivity and higher activity for the
WGS reaction, mainly due to the presence of Fe-carbide as active phase and the formation of
Fe-oxides. The high activity towards the WGS reaction, even though decrease the FT catalytic
activity, thus the water should be removed, it is helpful for the utilisation of syngas with lower
than unity H./CO ratios (i.e. derived from coal or biomass), which ratios are flexibly
controllable. However, the WGS reaction results in low carbon efficiency due to the
consumption of CO towards CO>. The main advantage of Fe-based catalysts is their resistance
under H-T FTS conditions, and their selectivity for light olefins, linear alkane fuels, alkenes and
oxygenates, while in parallel exhibit low selectivity to methane and heavy wax formation [152].
Co-based catalysts supported over metal oxides, exhibit better stability, high activity and low
activity towards WGS (resistance to deactivation by water) due to the formation of cobalt

carbide (Co2C). Co metal is usually poorly dispersed over its support, thus, promoters such as

Michalis A. Vasiliades 24



Chapter 1: Literature Review

Pt, Ru and Re are used to inhibit catalyst deactivation due to carbon formation or oxidation. In
contrast with the Fe-based catalysts, the olefins on Co-based catalysts tend to get readsorbed,
increasing in this way the chain growth towards the formation of heavy HC’s [139]. However,
a major disadvantage of Co/y-Al>O3 catalysts is that Co is reducible only at high temperatures,
due to strong metal-support interactions, as opposed to Co/SiO2, where the interactions are weak
but is difficult to get high Co dispersion.

It is well known in the literature that in order to achieve high Co dispersion, and
consequently optimum FTS performance, the synthesis of carbon-supported Co catalysts is very
productive, due to the easier reducibility of the Co oxide species formed. Moreover, this kind of
support has the consequence of decreasing the metal-support interactions, due to the

hydrophobic characteristics and inertness of the graphitic surface [153,154].

1.4.2 Kinetic and Mechanistic studies

Due to the complexity of the FTS reaction mechanism, it is required to identify the key
initiator and its propagation for good understanding. According to the literature [155-157], after
the adsorption and dissociation of CO on the catalyst surface, the following three major reaction

mechanisms are considered to proceed under FTS conditions (Fig. 1.8):

(a) The carbene mechanism (carbide or alkyl mechanism)

The carbene mechanism, is one of the first FT reaction mechanism proposed by Fischer
and Tropsch in 1926 [158], where the initiation steps consist of (i) the adsorption of gaseous
reactant CO, (ii) its dissociation on the catalytic surface, (iii) its hydrogenation towards surface
carbide formation (-Cags) and H20O, and (iv) the hydrogenation (-Hags) of the surface carbides (-
Cads) towards the formation of the -CHags, and thereafter to -CHa a¢s and -CH3ads. The
methylene groups (-CHaags) are considered as the key intermediate (monomer), whereas the -
CHaags are considered as the chain growth initiator, where polymerization towards surface alkyl
species (R-CHa,ads-CHz a0s) takes place until their hydrogenation and release as a product (R-
CH2,ads-CHg3 ads) [159].

(b) The hydroxycarbene mechanism
The hydroxycarbene mechanism defines the mechanism where after CO adsorption on

the catalyst surface and its partial hydrogenation towards surface hydroxycarbene species
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(CHOHags), the chain growth proceeds via a condensation reaction of two CHOHags Species,
towards C2H3OH and water. The hydroxycarbene species is considered as the monomer, and the
whole mechanism illustrates the formation of alcohols via the hydrogenation, aldehydes via
desorption and hydrocarbons via the H-assisted elimination of the OH group [156].

(¢) The CO-insertion mechanism
As of its name, the CO-insertion mechanism [160] describes the insertion of COads
intermediate (key intermediate) into the metal-alkyl bond (M-CHz), where the resulting (M-
C2H30) surface acyl species is first hydrogenated to an alkyl chain (M-CzHs) and water, where
the alkyl chain is further grown [161]. This mechanism illustrates the formation of alcohols,
aldehydes and hydrocarbons, whereas there is not any experimental evidence describing it as
the key mechanism for HC’s formation under FTS conditions, where it was found that it could

be the key mechanism for oxygenates formation [162].

Carbene mechanism Hydroxycarbene mechanism CO-insertion mechanism
H,0
T CH,
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Figure 1.8: Schematic representation of the three basic FT reaction mechanisms [156].

1.4.3 Modelling on FT — SSITKA technique

The Steady State Isotopic Transient Kinetic Analysis (SSITKA) is a well-known and
established advanced technique that allows to obtain, in a molecular level, important
information over catalysed heterogeneous reactions [163], using either a continuous-stirred tank
reactor (CSTR) or a plug-flow reactor (PFR). FT synthesis has been largely investigated by
using the SSITKA technique for obtaining the concentration (surface coverage) and site
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reactivity of reaction intermediates that participate in the complex mechanistic pathway
described in the previous section [164]. Under steady-state reaction conditions and by
combining the transient technique (SSITKA), one is able to deeply investigate and estimate the
catalytic performance, the reaction order, the activation energy [135,165,166] but also the
concentration (mol/g) and surface coverage (6) of the active reaction intermediates, the surface
residence time and the intrinsic turnover frequency of reaction based on the measured active
only reaction intermediates (TOFk) [163]. Shannon and Goodwin [167] and recently
Efstathiou et al. [168] have well reviewed the SSITKA technique and its benefits over several
chemical reactions. The main advantage of the SSITKA technique is that it is applied under
isothermal and isobaric conditions and without changing the overall composition of reaction,
thus, the composition of the adsorbed phase does not change, and mechanistic studies can be
made in the most accurate way. Further on this issue are given in Chapter 2.

reaction adsorption pool system model transient responses and kinetic parameters
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Figure 1.9: Mechanistic models, transient responses, and kinetic parameters obtained by
SSITKA technique [167].
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A summary of the mechanistic models, based on the irreversible reaction, adsorption
(either reversible or irreversible) and pool system in the formalism of SSITKA technique can
be seen in Fig. 1.9 [42]. In all cases, the reactions presented in Fig. 1.9 are considered
irreversible, condition that allows one to obtain analytical solutions for the SSITKA response of
product P. In the case of a single pool system (Models 1 and 2), the intermediates are converted
towards products, thus, by using appropriate material balances, the intermediate accumulation
rate can be calculated as the difference between reactants and products. Moreover, the t and rate
constant (k) can be estimated, as well as the TOF of the active reaction intermediate based on
the product rate and its surface coverage, which is estimated from the amount of reaction
intermediates (N;j) and the overall active sites (Ns) [169]. It should be noted though, that in the
case that there is reversible adsorption (Models 2, 4 and 6), the rate constants should be included
in the calculations for the different parameters. In the cases of multiple in series pool systems
(Models 3 and 4), the output of the first intermediate pool acts as feed to the following
intermediate pool. The total T can be estimated from the summation of the individual t’s of each
pool. Models 5 and 6 show the multiple in parallel pool systems, where catalytic surface is not
homogeneous, having multiple sites or pathways to the same product, with different activity. In
both cases, the overall transient response, Fp (t) can be estimated, based on the fractional number
(xi) of the intermediates (N;) in the i pool. The total T can be calculated based on the summation
of the individual t’s of each pool multiplied by xi. Fig. 1.10 shows the differences in the SSITKA
F(t) response between the kinetic models. The differences become distinguished especially in
the logarithmic plot of the transient response (Fig. 1.10b), where the single pool model gives a

straight line of higher slope than the case of two-pools models [167].
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Figure 1.10: Comparison of the SSITKA transient response F(t) (a) and of the logarithmic

transient response (b) of single pool, two pools in series and two pools in parallel [167].
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A wide discussion and comparison of numerical methods considering reversible reaction
steps, and the Kkinetic parameters obtained could be found in Kao et al. [170]. In these cases,
several limitations come up. Firstly, the chromatographic effect should be considered, as the
reactants are adsorbed on the catalytic surface, leading to delay in the changes of the isotopic
composition in the gas phase, and this could create overestimation on the intrinsic kinetics of
reaction steps. This effect could be avoided by increasing the space velocity of the reactants
(increase flow and decrease the mass of catalyst) [171-173]. Secondly, the reversible adsorption
of the product might also occur under real SSITKA conditions, and this reveal a delay in the
transient responses [174]. The total t includes both the t of reaction intermediates but also the
one of the reversible adsorption, and this could be corrected via Eq. (1.32) as proposed by Biloen
et al. [175], where x is equal to 0.5 (empirical constant).

(Eq. 1.32)

Treal = Texp. — XT

real reac.

A relative problem of SSITKA technique, which, however, at the same time turning it
into its advantage, is that in some cases, is not possible to maintain steady-state reaction
conditions upon SSITKA (no change in the overall reaction rate), thus the estimation of the
intrinsic kinetic parameters becomes more challenging. This is the case of the isotopic
exchanges of Hx to D2 [174,176]. The former can provide information for the characterization
of the active surface, such as to evaluate the number of active sites participating during the
exchange. In the case of oxygen isotopic exchange, quantitative information of the lattice
oxygen diffusivity and the total oxygen storage capacity could be accomplished [177-179].

Many researchers have used effectively the SSITKA technique in order to reveal the
effects of different catalytic properties (i.e. active metal, support, promoter, particle size) and
operating conditions (i.e. space velocity, pre-treatment, activation, H» partial pressure,
temperature, H2/CO ratio) to the catalytic performance (activity, selectivity and stability) and
the reaction kinetics (t, k, TOF, 8, N) of the intermediates. Co- and Fe-based catalysts are the
most studied in FTS by using the SSITKA technique, whereas there are several studies in the
literature where noble metals were used for the SSITKA methanation reaction (i.e. Rh, Ru, Pt,
Pd). An extensive review is presented by Ledesma et al. [180].

At this point, it is worthy to mention that by SSITKA-Mass Spectrometry alone it is not
possible to investigate the whole mechanistic pathway of the FTS reaction due to the inability
to quantitatively follow the evolution of all the labelled hydrocarbon gaseous species during the
experiment. This is possible only by GC-Mass Spectrometry analysis as reported in detail
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elsewhere [160,176,181]. Furthermore, SSITKA studies in FTS should be performed at similar
pressures as those encountered in practice (25-35 bar). However, due to the proportional
consumption of isotope gas compared to the application at P = 1 bar, the requirements of more
complex analytical and flow-gas systems, and the drawback and difficulty in interpreting
correctly the Cy"-hydrocarbons transient responses due to retainment and readsorption
phenomena within the porous support system, high-pressure SSITKA studies on FT synthesis
are very limited. Additionally, similar results’ trend was reported for FT-SSITKA performed at
1 bar and 35 bar [182]. Thus, SSITKA technique for the FT synthesis is used at ~ 1 bar total
pressure, where methanation reaction predominates. It is important, however, to appreciate that
by studying even methanation reaction mechanism, the important active intermediates of CO-s
and CHx-s and those of inactive carbon (-CxHy) derived from —CHy can be well investigated in
order to understand how important catalyst design parameters and process reaction parameters
as well, influence these kinetic parameters (k, 6) and mechanism of methanation. It should be
stated at this point that CO-s and CHx-s intermediate species largely concern the chain-growth
of FTS, thus their investigation at ~ 1 bar pressure is of paramount importance for the design of
better FTS catalysts.

There are several publications regarding the investigation of FT (methanation) reaction
kinetics and mechanisms using both the experimental approach (CSTR/PFR reactor - SSTIKA
analysis) and the theoretical one, namely: density functional theory (DFT) [183-185], (ii)
isotopic tracing [186,187], and (iii) theoretical modelling of SSITKA [188-191].

A drawback of SSITKA-Mass Spectrometry technique is that it lacks determination of
the composition (structure) of the adsorbed active reaction intermediates. However, the latter
becomes feasible when SSITKA is combined with other suitable spectroscopic techniques, such
as FTIR spectroscopy, which is used for the direct investigation of the chemical composition of
the adsorbed active and inactive reaction intermediates [192]. Moreover, operando SSITKA-
MS-FTIR methodology, in a single [193-195] or dual-bed cell reactor (~ 300 mg) is a very
powerful tool that provides at the same time the structure and concentration of the active reaction
intermediates (red isotopic shift), and the structure of inactive ones (no isotopic shift) [196—
198]. The former could also be achieved by comparing the isotopic exchange transient rate
curves of the surface species derived from FTIR to those derived from the MS. The active
reaction intermediates are expected to reveal fast isotopic exchange, whereas spectator species

reveal slow or no isotopic exchange as discussed by Meunier et al. [199]. Goguet et al. [74]
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presented an operando SSITKA-DRIFTS set-up, where the single DRIFTS bed cell (Fig. 1.11)
is used as reactor to estimate quantitatively and qualitatively the reactivity of the adsorbed
surface intermediate species under reaction conditions. Ledesma et al. [180] presented an
extensive chronological compilation of studies carried out by coupling the SSITKA and FTIR
spectroscopic technique under FTS reaction conditions.

hermocouple well Infrared beam
transmission path

Reactor thru
bypass inlet -
1 ;-

=

f
Reacer ot —> °@ x _:_%nﬁg ﬁ

-
Liquid nitrogen
drip feed inlet

(b)

Figure 1.11: Schematic illustration of the DRIFT cell single bed reactor [200].

Microkinetic studies enhanced with SSITKA combined with in situ FTIR under
methanation conditions were presented by Bobin et al. [201], where further studies by other
groups [170,194,202] revealed important issues of the reaction mechanism, where different
adsorbed CO species (linear and bridged) bonded over the catalytic surface of different Ni and
Rh-based catalysts were probed. Furthermore, the CO activation mechanism, over the catalytic
surface, its H-assisted (no reactive H-C-O species), where CO is reversibly adsorbed and the
hydrogenation of CHy intermediate towards CHys is the rate-limiting step were probed [194,202].
Schweicher et al. [79] have presented SSITKA-DRIFTS experiments under FTS reaction

conditions, where formate (HCOO-) and methylene (-CH>) adsorbed species act as spectators.
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2.1. Fundamental physicochemical properties of supported metal catalysts

The selection of an appropriate solid catalyst, which is of great scientific, technological
and economic interest, in controlling the rate and selectivity of a chemical reaction at both the
laboratory and industrial scale, is one of the most difficult tasks in the field of heterogeneous
catalysis. In general, maximum reaction rate could be achieved when the chemical bonds
between the surface adsorbed intermediate complexes and the atoms (or group of atoms) of the
catalytic surface are neither strong enough nor too loose [1]. The most applied industrial-scale
catalysts are those of supported metals (active phase) over a porous metal oxide (support). The
active phase is the one mostly related to the catalytic activity, whereas the choice of the right
support is of paramount importance, as the latter should be resistant to high pressures,
temperatures, poisoning from impurities and should promote homogeneous dispersion of small
metal particles [2]. In addition, tuning (or engineering) the metal-support interface (metal-
support interactions, e.g. electronic nature) is now well understood how this could boost the
activity of a given catalytic reaction by providing different in nature catalytic sites with
significantly higher site reactivity, k (s) [3-5]. The structural and electronic properties of the
catalytic surface of a given solid, are, therefore, of a great interest and importance since they
both control the mechanism and kinetics of the catalytic reaction. The most important structural
properties of solid catalysts are their crystal structure, primary particles morphology, and the
local structure of their surface active sites. These properties are affected by the grid defects of
the bulk of the support (metal oxide) but also from the active phase (metal), as well as the
presence of foreign ions in the bulk and surface of the catalyst [6].

Over the past few years, there has been a fast growth in the number of published papers
towards the characterization of ceria-based supported metal catalysts, and the understanding of
how ceria as support affects the mechanism of different catalytic reactions, due to the influence
of oxygen storage and release (OSR) kinetics of ceria-based supports [7].

2.1.1. Bulk and surface structural defects

Defects in a crystal structure [8] could increase the free energy and the entropy of the

system, and these could be ionic or structural as presented in Table 2.1 [7].
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Table 2.1: Types of defects of a crystal structure [7].

Defects Physical Nature
lonic o Interstitial ions in positions that should not be reserved
J Contaminated ions
o Lattice ion impurities
o Bulk modifiers and dopants
o Oxygen vacant sites
Structural e Volume defects
o Planar defects
o Line defects
. Point defects (closed-packed crystal structure)
o Frenkel (in position movement of an atom)
o) Schottky (pair of vacant sites in the bulk due to absence of ion)

During this PhD thesis, it was necessary to understand the defects that are present on the
bulk of the metal oxides (e.g., CeO2 and doped-CeO, materials) and which are affected by the
nature of them and the partial pressure of oxygen. Such defects are categorized to: (a) genetic,
which are dependent to the nature of the metal oxide and not to the partial pressure of oxygen,
(b) intrinsic (sub-lattice oxygen) and (c) extrinsic (ion impurities), which are dependent both to
the partial pressure of oxygen and the nature of the metal oxide [6,9-11]. Figure 2.1 shows
surface defects which are related to metal oxides, such as empty spaces (vacancies), extra atoms
(adatoms), multiple layers (terraces), which in many cases differs by one atomic level (steps),

and if are not smoothly grown, lead to kinks.

; Adatom Ledge Adatom
Ledge Atom p v
Ledge Vacancy ___} A ~ ﬁu /] D
Terrace _ i ;
’ 4 J— Surface Atom
Surface Vacancy " [{A
ink Atom

Figure 2.1: Defects present in a surface of metal oxide [12].
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2.1.2. Crystal structures of CeO2 and doped-CeO2-x solids

The metal-oxide supports of CeO, and doped-ceria were used as supports of Ni and Co
metals (supported metal catalysts) in the present PhD thesis. CeO. based catalysts are used as
supports in several industrial catalytic processes, the most important one being the automotive
three-way catalysis [13-15]. On the other hand, these materials are of great interest at a research
level for several other applications (e.g., water-gas shift, reforming and oxidation reactions),
mainly due to their ability to be used as catalysts (redox potential that allows labile lattice
oxygen to be formed, creation of oxygen vacancies that could potentially act as new catalytic
sites), structural and electronic promoters, and to their electronic interaction (semiconductors)
with both the metal [16] and other small molecules (Hz, CO, O,) [17-21]. Furthermore, ceria it

is known for its following properties related to the catalytic effect [7,22-26]:

(i) influence on the dispersion of metals over the support,

(i) increase of the thermal stability of support,

(iii)  storage and release of oxygen,

(iv)  formation of surface and bulk oxygen vacancies (imperfections of crystal structure), and

(v) creation of active sites.

. Cet*

® O

O  Oueancy

b}co oo

Figure 2.2: Crystal structure of defective (oxygen vacancies) CeO; [27].

The crystal structure of CeO> (Fig. 2.2) is that of face centered cubic (fcc) of CaF> type-
structure [28], with a melting temperature, T = 2400 °C. In this fcc cubic structure, each Ce**
cation is coordinated by eight equivalent adjacent oxygen anions (O?), whereas each oxygen
anion is tetrahedrally coordinated with four Ce** cations [29]. It is noteworthy to be mentioned
that CeO; has the ability for storage and release oxygen under oxidized (Ce*") and reduced
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(Ce®") conditions, and in parallel, it keeps its CaF, structure even after the loss of lattice oxygen
to leave behind oxygen vacant sites. The stoichiometry of CeO; is only applied in theory. CeO>
shows several non-stoichiometric but stable phases, CeO2.x (x < 0.2) between CeO- (Ce*") and
Ce203 (Ce*"); under reduced conditions, an oxygen atom is removed and the two electrons left
behind are placed at the d-orbitals of two neighbor Ce** cations, thus transforming them to Ce3*
[30,31]. The formation of an oxygen vacancy in the crystal structure of CeO,.x leads to a
decrease in the Gibbs free energy of the system (AG®), due to the increase of the entropy (AS°),
which finally stabilizes the crystal structure [32].

-~ " at

Ceria unit cell Oxygen vacancy

(a) (b)

Figure 2.3: Crystal structure of CeO2 under (a) oxidized and (b) reduced conditions [33].
The chemistry behind the fast changes in the oxidation states of Ce** <> Ce** can be
assigned via Eq. (2.1) and as depicted in Fig. 2.3 [7,34].

2CeX, + 0} = 2Ce,, ++%Oz(g) (Eq. 2.1)

where, Ce* and Ce’ refer to Ce** and Ce®" at cation lattice point, respectively, O* refers to 0%
at anion lattice point and Vo refers to an oxygen vacant site formed after the release of O in the
gas phase.

The doped-ceria supports are of great interest due to their very important oxygen storage
capacity (OSC) and mobility properties, where as a result of this the increase of the catalytic
activity obtained through the insertion of smaller (Zr**) or larger (Pr®*) ions into the ceria lattice
structure. This phenomenon is attributed to the effect of each dopant on the surface and bulk
properties of CeO» [35-39], which can lead to three different crystal structures based on the
temperature and composition in CeO»..
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The insertion of larger than Ce** ions (e.g., Pr¥* = 1.226 A) into the CeO, (Ce** = 0.97
A) lattice (Ce1-xPr«O2-5, X < 50 mol%) leads to the increase of the oxygen vacant sites (more
structural defects), as shown by Eq. (2.2) [7,40]. More specific, for every two Pr3* cations that
substitute two Ce** cations, an oxygen vacant site is created in order to keep the charge balance
in the lattice [41,42]. The latter leads to an increase of the available labile O-s, thus towards the
increase of the OSC, the mobility of the oxygen, and better thermal stability of the catalyst. This
is due to the ability of both Ce and Pr oxides to easily change oxidative states (Pr¥* «» Pr** and
Ce* « Ce™) [43-45], and as a result of this, the observed increase of the lattice constant (due

to the larger ionic radius of Pr) seen by the powder X-ray diffraction technique [44].

0.8Ce0, +0.1M,0, — Ce,;M,,0, , + YV, (Eq. 2.2)

On the other hand, the insertion of smaller than Ce** cations (e.g., Zr** = 0.84 A) into
the CeO> lattice (CeO2-ZrO. solid solution), leads to the creation of labile oxygen due to
structural disorders [46—48]. In particular, there is a 50% increase in the Zr** solubility into the
CeO: lattice due to [49-51]: (i) the decrease of the lattice constant (smaller ionic radius of Zr*")
leading to a decrease of the Ce-O distance, (ii) increase of the lattice channel diameter (enhance

of oxygen diffusion), and (iii) increase of the structural defects.

2.2.  Chemical adsorption (chemisorption)

Chemical adsorption (AH%gs = 40 — 800 kJ mol™?) is the process during which gas
molecules impinging onto a catalytic surface are able to form chemical bonding [52] due to the
unsaturation of the catalytic surface atoms (available unpaired electrons or free orbital bonding
electrons). The latter simply arises by the missing neighbors over the first surface atomic layer,
in comparison with the atoms in the subsurface/bulk region. During chemisorption of one or
more reactants onto the catalytic surface, rearrangement of chemical bonds takes place, and the
products formed can desorb from the surface, not able (in most of the cases) to form stable
chemical bonding. As opposed to the physisorption (or physical adsorption) process, chemical
adsorption does not exceed the one surface monolayer. In the case that chemical adsorption
becomes an activated process, the energy demand needed for the creation of bonding between
the gas molecules and the surface is referred to as the activation energy of adsorption (Eags) [52].

In most cases, chemical adsorption is a non-activated process.

Michalis A. Vasiliades 49



Chapter 2: Theoretical Background

The amount of a gas molecules adsorbed onto the catalytic surface is driven by the Gibbs
free energy law (AG® = AH® — TASP), and considering the fact that irreversible and exothermic
reactions do take place, this is determined by (i) the nature, preparation method and pre-
treatment of the catalytic surface, and (ii) the nature, partial pressure and temperature of the gas
molecules [52,53].

2.2.1. Chemisorption of CO

CO is thermodynamically unstable with free energy of AG® =-60.6 kJ mol, and for that
reason, it can only dissociate at high temperatures [54]. It should be mentioned though that for
the dissociation of CO an electron should be transferred from the 56 (HOMO) to the 2n*
(LUMO), which leads to an increase of its energy and then to its instability, something that can
only take place when CO is chemisorbed on a catalytic surface and not in the gas phase. More
specific, a two-step model can lead to the latter due to the small difference in energy between
the Fermi metal level and the 2z* antibonding orbital of CO, which allows an electron transfer
from the metal (bonding orbitals) to the CO (2x*), followed by an electron back-donation from
the 56 of CO to the bonding orbitals of the metal [54,55], as schematically shown in Fig. 2.4.

S 21 s
X N
1l 1l 7

I 50
Figure 2.4: Electron transfer from the 5c to the 2z* orbitals of CO: gas phase state (left), and
adsorbed CO state (right).

The chemisorption of CO (molecularly or dissociatively) over supported catalysts
depends on the type of transition metal (i.e. Ni, Co, Ir, Cu, Ru, Rh, Pt, Pd), as extensively
reported in the literature [56-61]. More precisely, based on the periodic Table (Fig. 2.5), CO is
chemisorbed dissociatively (CO(g) + 2s — C-s + O-s) over transition metals in blue (e.g., Ni,
Co, Rh), whereas it is chemisorbed molecularly (CO(g) + s <> CO-s) over transition metals in
white (e.g., Ir, Pt, Cu, Au, AQ).
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Cr Mn Fe Co Ni Cu
Mo Tec Ru-—Rh—Pd Ag
W Re Os Ir Pt Au

Figure 2.5: CO chemisorption related to the nature of transition metal.

Molecular chemisorption of CO over a metal surface via carbon-metal chemical bonding
could be possible in three different ways, as shown in Fig. 2.6: (a) linear, (b) bridged, and (c)
gem-dicarbonyl (or twin) [62]. These chemical bonds can be identified by using the FTIR
(transmittance or DRIFTS technique) in the range of 2200-1850 cm [63].

©) ©
© ©
(© () Q) ©

Figure 2.6: CO chemisorption over a catalytic surface (a) linear, (b) bridged, and (c) gem-

dicarbonyl (or twin) type [64].

2.2.2. Chemisorption of Hz

The chemisorption of H2 over a catalytic metal surface is largely dissociatively (H2(g) +
2 s <> 2 H-s) and could be considered either activated or not based on the metal [65]. More
precisely, the small energy difference between the Fermi energy level of the metal and the 16*
(LUMO) of molecular Hz, allows an electron back-donation transfer from the metal to the H>
approaching the metal surface (in close to atomic distance) an in parallel there is an electron
transfer from the 16 (HOMO) of H> to the d orbitals of the metal. In this way, the H-H bond
becomes weak and a hydrogen-metal bond is made [66], as shown in Fig. 2.7 [64]. The
dissociative chemisorption of H2 and the binding energy of M-H formed over supported metal
catalysts depend on the type of transition metal (e.g., Ni, Cu, Ru, Rh, Pt, Pd) and support
composition, which all have well reported in the literature [65-69]. It is worthy to mention that
during hydrogen chemisorption over a reducible metal oxide-supported metal catalyst (e.g.
Pt/CeOy, Pt/La>03), it is very common to observe a spillover (surface diffusion) of chemisorbed
M-H from the metal surface to the metal-support interface and further to the support surface

even at room temperature [70,71], which leads to an overestimation of the metal surface
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(dispersion) during isothermal chemisorption and TPD studies. The rate of H-spillover was

reported to be reduced significantly after using a very low partial pressure of H> (e.g. <0.002

bar or 2000 ppm H>) and adsorption temperatures below 25°C [72,73].

LUMO

Fermi —
d-band D !
lo
HOMO

s-band

—

1s

Metal Chemisorbed H;

Figure 2.7: Electron transfer processes during Hz chemisorption.

2.2.3. Chemisorption of CO2

Gas-phase H;

The dissociation of CO over a metal oxide surface is thermodynamically favored, and

it could be done over (i) metal cation, (ii) oxygen anion, and (iii) oxygen vacant sites. Molecular

adsorption of CO> over metal oxides could be achieved under certain conditions and could lead

to the formation of (a) carbonate, (b) carboxylate, (c) acid carboxylate, (d) formate and (e)

carbonite adsorbed species as depicted in Fig 2.8 [74-76]. All these kinds of chemisorbed carbon
dioxide could be identified using the FTIR (or DRIFTS) technique in the range of 1000-1750

cm™ [77-79]. This molecular adsorption of CO; is mainly due to the interaction of CO, with O™

of the metal oxide surface, where there is electron transfer from the 2p, (HOMO) of O™ to the

2 (LUMO) of CO; [80,81].

% 0 i roow
C X C 0O O o O :
| A 0N 7 N/ S
0 6 o O O C C i b
| N || | | N/
M M M M M M M
unidentate bidentate bridged i acid .
carbonate carbonate carbonate carhoxyinte carboxylate formate

Figure 2.8: Molecular chemisorption of CO> over metal oxide surfaces [64].
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In the opposite side, the dissociative chemisorption derived from the interaction of CO>
with the metal cations leads to an electron transfer from the oxygen of CO: to a free orbital of
the metal oxide cation, which further leads to its dissociation and the formation of a bridged CO
and atomic oxygen. It should be mentioned that the atomic oxygen can make bonding either
with the metal of the surface or it can diffuse and fill in an oxygen vacant site in the mixed metal
oxides [80].

2.3.  Catalysts synthesis
2.3.1. Support synthesis via sol-gel (modified citrate) method

The sol-gel method is used to synthesize high purity powders, starting with the creation
of a solution, towards its transformation to a gel, at particularly low temperatures, leading to a
better control of stoichiometry homogenization [82]. As well described in the literature [83],
this particular synthesis method has drawn the attention of the research community mainly due
to its important advantages, such as: (a) the creation of a homogeneous solid solution from the
molecular point of view, (b) the creation of high surface meso- and micro-porous solids, and (c)
the high dispersion of dopants achieved in the case of doped-mixed metal oxides.

During the sol-gel method, the organic (or inorganic) metal precursors in the form of
metal alkoxides M(RO)x [84] are dissolved in water (or other organic diluents). Particularly, as
shown in Egs. (2.3) - (2.4), the metal alkoxides are hydrolysed (acidic, basic or neutral) followed
by several condensation reactions among the hydroxyl groups. The hydrolysis and condensation
steps still occur, while the aging (gel to drying) period is in progress. Both mechanisms occur
spontaneously, with several intermediate species present in solution, and these are sensitive on
several parameters, such as: amount and type of diluent, amount of acid or base, temperature

and time as reported by Hench and West [85].

M (RO), +xH,0 - M (OH), + xROH (Eq. 2.3)
2M(OH), - MO, + xH,0O (Eq. 2.4)
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0—0n

Figure 2.9: Citric acid structure (left) and metal-citric acid complex (right).

In the present PhD thesis, the modified citrate sol-gel method was used for the
preparation of mixed metal oxides, where citric acid (C.A., CeHgO7) was the complexing agent
[86]. It has been reported [87,88] that the proportion of complexing agent in relation to the metal
is very important for the final structural properties of the solid. In comparison with the traditional
sol-gel method, citrate sol-gel method takes less time and requires cheaper metal precursor
compounds (e.g., nitrate hydrate) [82], while it yields powders with high purity, surface area
and homogeneity [89,90]. Citric acid is described as a strong ligand, having in its molecular
structure three carboxyl groups (Fig. 2.9, left). Under acidic conditions (pH ~ 2) these carboxyl
groups can form complexes with free metal cations (M™, M = Ce**, Zr**, Pr®") in solution, and
prevent the precipitation of the metal ions from solution in the form of metal hydroxides [91-
93]. The complex of M-C.A. anion formed (Fig 2.9, right) can be transformed [94—96] towards

a metal oxide solid powder form (MxO2-5) as follows:

(1) Dehydration at 180 °C (Eg. (2.5)),

(i)  Dehydration of citric acid group at 240 °C followed by C.A. decomposition towards
carbonaceous species formation in the range of 240 — 460 °C (Eqg. (2.6)),

(ilf)  Carbonaceous metal species (MxO(COg)y) formation (350 — 550 °C), with in parallel
production of CO, CO; and H20, and

(iv)  Decomposition of the MxO(COs3)y (550 — 650 °C) to form MxO2..

M ™O(C;H,0;,), XH,0 = M™O(C,H,0,), + xH,0 (Eq. 2.5)

M™0O(CsH,0;), > M™O(C;H,0;,), +H,0 (Eq. 2.6)
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2.3.2. Supported metal catalysts synthesis - The wet impregnation method

The wet impregnation method was used to impregnate the active metal phase (Ni or
NiCo) onto the porous support (CeO-based materials) [83]. It is worth mentioning that H20
was used as diluent, since it diffuses faster than the precursor compound, leading to a gradient
concentration of the latter, longwise of the spherical support particle [83]. While heating, the
latter solution is evaporated and becomes more concentrated with the active metal ions to
precipitate and deposit over the surface within the pore system of support, leading to the
formation of metal salt particles or metal oxide-type of surface species. To achieve all the above
mentioned, several parameters should be considered, and these are related to: (i) the
impregnation temperature and time, (ii) the nature of precursor compound, (iii) the diluent and
any extra compounds (ligands), and (iv) the pH of the solution.

The pH value of solution during impregnation plays a very important role and controls
the interactions of the active “metal phase” with the surface of the metal oxide support,
especially in the case that the diluent is H20. The surface of the metal oxide support consists of
M** cations and OY" anions, thus, during impregnation of support with the aqueous metal-
containing solution, the support is covered with hydroxyl groups as the result of the interactions
of the H.O with M** and/or the OY" according to Eq. (2.7):

M—OH;#M—OH#M—OHLH* (Eq. 2.7)

Figure 2.10 illustrates that the support surface is charged, leading to the formation of an
electric double layer across the surface of a metal oxide support particle due to the interactions
with the agueous impregnation solution (Eqg. (2.7)), which all these are interconnected with the
point of zero charge (PZC) of the support metal oxide surface (acidic or basic) [97]. When the
pH value of the impregnated solution within the pore volume of support is equal to the PZC
value, the surface of the support reveals a neutral charge. For pH values (acid solution) lower
than the PZC (basic surface), the surface of the metal oxide support it has a positive charge,
whereas when the pH value is higher than the PZC, the surface of support has a negative charge.
Thus, ions appeared across the metal oxide surface particle are pushed to compensate the charge

of the surface in a way to create a neutralization of the system [98].
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Figure 2.10: Electric double layer of the surface support in contact with the metal impregnation
solution [64].

2.4.  Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

DRIFTS is well-applied technique in the field of heterogeneous catalysis which allows
the in situ characterization (qualitative and semi-quantitative) of the adsorbed species over a
catalytic surface by using the infrared (IR) radiation, in the wavenumber range of 4000 — 400
cm [99,100]. However, the DRIFTS technique has the following limitations among other IR

techniques (e.g., transmission mode) [101,102]:

(i) DRIFTS cell related

a. Relatively high cost

b. Temperature (< 900 °C)
(i)  Catalyst related

a. Porous or granular powder form

b. Low adsorption coefficient

C. High scattering of IR radiation (dark color sample to be diluted with inert KBr)
(i) Analysis related

a. Quantitative analysis of the absorbed spectrum is not recommended

b. Gas phase peaks should be subtracted and removed from the spectrum.

The advantage of the DRIFTS technique among the other IR-based techniques is that the
small amount of catalyst used in the DRIFTS cell, which acts as a reactor, does not require any
special treatment, and that the spectrum could be received in a very short time (<10 s) with the
least signal-to-noise (S/N) ratio [103]. As shown in Fig. 2.11, the IR radiation interacts with the

catalyst’s surface (diffuses within some pum’s depth in the solid sample bed) in a wide angle
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through an ellipsoid window, from which the reflected IR beam is collected from the ellipsoid
mirror and analyzed by the MCT detector.

The signal which is collected from the MCT detector is analysed, where the intensity of
the IR could be given in Kubelka-Munk (K-M) units on the basis of the corresponding theory
(Egs. (2.8) — (2.10)), which correlates the concentration of the adsorbed species (vibrators) and
the intensity. By using K-M units, one is able to compare more reliably adsorbed species
between different samples, not only qualitatively but also quantitatively, where these two
samples should be of a similar nature and granulation, in a way to have common scattering
coefficient (s) [104].

Focusing
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Figure 2.11: DRIFTS cell apparatus [105].

1- Rwo)’
KM _(1-Ree) _k (Eq. 2.8)
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k = 2.303ac (Eq. 2.9)
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ref .

On the basis of the K-M theory, R refers to the reflectivity of a solid with “infinite”
thickness, and is equal to the reflectance of a given sample with regards to the one of the
reference sample (inert to IR radiation, KBr), k is the absorbance coefficient of the solid sample

related to the given vibration within the molecular structure of adsorbed species, s is the
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scattering coefficient, o is the absorptivity of the chemical bond in that species, and c is the

concentration of that species in the solid sample.

2.5.  Steady State Isotopic Transient Kinetic Analysis — SSITKA
2.5.1. Introduction

SSITKA is an in situ technique, first proposed by Happel [106], Bennett [107,108] and
Biloen [109] based on Tamaru [110] inspiration, which provides in-depth information and
correlation between mechanistic and micro-kinetic parameters (i.e. surface concentration of
active species, rate constants of elementary reaction steps involving the active intermediates) of
a given heterogeneous catalytic reaction [94,95]. This detailed mechanistic/kinetic information
cannot be obtained in a more accurate way by using steady-state rate analysis data and
modeling. This is because of the further restrictions imposed during modeling of SSITKA data
(e.g., surface coverage of reaction intermediates, not measured by steady-state rate
measurements, significantly larger amount of data to be fitted in SSITKA compared to the
steady-state rate analysis approach, various features of the transient response curves in SSITKA
should be fitted, not the case with steady-state catalytic measurements).

During application of the SSITKA experiment, one is able to monitor on-line, under
steady state reaction conditions, the tracing of a mechanistic path of a reaction followed by the
reactants towards products formation over time, after switching (step change) the composition
of one of the reactant gases to its equivalent stable chemical isotope (e.g., the step gas switch
5% 12C0/10% Hz/He — 5% C0O/10% Ho/He). In this particular isotopic gas switch, the rate of
the overall surface catalytic reaction does not change, since the partial pressures of reactant
components, temperature and space velocity are kept unaffected [108]. Mainly, one records by
on line mass spectrometry (30-50 ms acquisition rate/cycle) the transient evolution of the
concentration of the isotopic labeled gaseous reactant and product species due to the transient
replacement of only the active non-labeled with labeled reaction intermediates. In this SSITKA
experiment, therefore, no information about the inactive species formed under the non-labeled
reactant feed treatment of the catalyst is obtained [111].

Based on the gas-phase transient isotopic response curves recorded and appropriate
material balances (see Section 2.6 and Chapter 3), it is able to determine several important
kinetic parameters under working catalyst reaction conditions, such as: (i) the concentration (Nj,
mol/g) and the surface coverage (8;) of the active reaction intermediates, (ii) the mean life time
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(i, s) of the active intermediates on the catalytic surface, and (iii) kinetic rate constants (ki) of
individual mechanistic reaction steps [112]. These SSITKA results can be highlighted and
correlated from results derived by the operando methodology using spectroscopic techniques
(e.g. DRIFTS and Raman) coupled with mass spectrometry, where it is able to determine the

chemical structure of the active and inactive (spectator) species [113].

2.5.2. Mathematical modelling of SSITKA

A nice approach to describe the SSITKA technique was first well described by Happel
et al. [90] and later reviewed by Shannon and Goodwin [114] and Efstathiou et al. [98]. In this
approach, a reversible catalytic heterogeneous reaction at steady-state (Fig. 2.12) is seen as a
series of pools, each pool representing an individual active reaction intermediate having a mean
life-time on the surface. Two consecutive pools are interconnected reversibly (micro- kinetic
reversibility) in order to meet the general case of a reversible reaction. Figure 2.12a shows the
series of pools of the active reaction intermediate species under steady-state reaction conditions
for the reaction R(g) <> P(g), where the concentration of each active species is named Ni;
(umol/g). Here we follow the reaction path of a given reactant R molecular species to its product
molecular species P. The kinetic rate of the reaction (rr, mol R s) at steady state is simply
estimated from a material balance for an open once-through reactor. At this condition, a surface
coverage (or concentration, N;) for each pool is established based on the governed kinetics,
which stays constant with time on stream.

Att =0, astep gas change (use of four way valve actuator, see Chapter 3) is performed,
where the feed stream with the non-isotopic R reactant gas changes to the equivalent isotopic
R* one, having kept the same chemical composition (partial pressures) and gas flow-rate [115].
In the case that product P is reversibly adsorbed on the same active sites, the surface coverage
of the various active intermediates (Fig. 2.12) includes that of adsorbed P. However, if the
product P is re-adsorbed on non-active surface sites, the estimation of the concentration of the
active reaction intermediates is overestimated. A typical example of this has been recently
demonstrated in the case of water-gas shift reaction over reducible metal oxides-supported Pt
catalysts [116].
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Figure 2.12: Isotopic distribution of active intermediate pools (n), under (a) steady state reaction

conditions, (b) after a step gas change in the isotopic composition of reactant R.

Figure 2.12b depicts the dynamics of replacement of the isotope in reactant R* in all
associated active intermediates that eventually lead to the formation of the product P* when a
non-ideal step change to the concentration of R* is made. The distribution of the isotope in each
individual active reaction intermediate species is related to the steady state kinetic rates (ri/r-i)
between the pools as depicted in Fig. 2.12b.

During the SSITKA switch, the transient response of P should be expected to decrease,
while that of P* to increase, until the new steady-state is reached (rp = rp+). At this point, the
total rate of product P at steady-state (r,>%, mol s%) should be equal to the sum of the transient
rates (at a given time) of P and P* (Eq. (2.11)). For a flow-type reactor, r,*° is given by Eq.
(2.12), where Fr (mol s) is the total molecular flow of the product gas mixture at the exit of

the reactor. A very similar expression to Eq. (2.12) applies for the rp (t).

r®=r,(t)+r.(t) (Eq.2.11)

=Ry’ (Eqg. 2.12)
Based on Egs. (2.11) - (2.12), it is able to calculate via Eq. (2.13) a normalized transient

response (Zp) curve, which at t = 0 (step change) is equal to Zp = 1.0, and at t—tss (new steady

state after the isotopic switch) is equal to Zp = 0.

Z,()= yy"f_f) (Eq.213)

p
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During the accurate execution of a SSITKA experiment, in terms of pressure,
temperature and flow surges, and in the absence of any kinetic isotopic effects, the transient
responses of Zp(t) and Zp+(t) should behave as mirror images, and are crossing each other at Z
= 0.5. Thus, Eq. (2.14) applies [112]:

Z,(t) +Z,.(t) =1.0 (Eq. 2.14)

Figure 2.13 shows the transient response curves Zp and Zp= of the products P and P*,
respectively, as developed during the SSITKA switch, whereas Z,(t) refers to the dimensionless
response curve of an inert gas (i.e. Kr) present in the non-isotopic feed gas stream. This Z(t)
response curve describes the hydrodynamics of the system from the chromatographic switching
valve through the tubing and the micro-reactor towards the MS detector [98].

An important kinetic parameter that the SSITKA technique can measure is the mean life
time (t, s) of all the active intermediate species present in the reaction path from the reactant to
the given product, and which can be estimated from the transient response curves Z; and Zp via
Eg. (2.15). In a way to examine whether or not the product P readsorbs on the catalyst surface,
SSITKA experiments using the same space velocity but different amount of catalyst could be
used [114]. In this case, it is possible to account for the readsorption of product P at the external
surface sites of the powder particles within the catalyst bed in the micro-reactor, but not within
the internal surface sites of the solid particles. This remains a problem in evaluating correctly
the concentration of active species leading to the product P if the latter readsorbs to a large

extent on non-active catalytic surface sites [116].

Z(t) 05

0 10 20 30 40 50 60 70
time (s)

Figure 2.13: Normalized transient response curves of the inert gas (I) and the products (P and
P*) derived from the SSITKA switch (R — R*).
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&

S.S

7. (5) = j[zp(t)—z, (t)]dt (Eq. 2.15)

0

The concentration of the active reaction intermediates, Np (mol g?) formed in the
reaction path of R towards P (Fig. 2.12) can be estimated using the appropriate material balance
and the normalized transient response curves of Z(t) and Zp(t), as shown in Eq. (2.16). It should
be pointed out that this estimation does not make use of any Kkinetic or mechanistic
information/modeling of reaction. Furthermore, mathematical simulation of the normalized
transient response curves of product P/P* (see Chapter 6) allows to estimate the concentration
of each individual active reaction intermediate [117]. The two important kinetic parameters N,

and 1, are related via Eq. (2.17).

*
s.s Iss

N, (molg) =EXe- [[7,()-2, ]t (Eq. 2.16)
R, =Ne (Eg. 2.17)
Tp

where, Rp (mols s?) refers to the kinetic reaction rate of P formation under steady-state reaction
conditions.

Michel Boudart [118] first proposed the term “turnover frequency, TOF” for the catalytic
rate, which refers the number of product molecules produced per unit time and per “site” on the
catalytic surface at a given temperature and partial pressures of reactants (Eq. 2.18). The “site”
here refers to the measured atoms on the whole catalytic surface per gram basis, where for a
metal surface this parameter is estimated from selective gas chemisorption measurements [ref].
This is usually referred as the number of catalytic cycles per unit time. Thus, TOF obviously
underestimates the real turnover frequency of the reaction since not all the exposed surface
atoms could participate in the reaction path, or in other words could accommodate active
reaction intermediates. The parameter TOFirk (larger than TOF), refers then to the TOF
estimated based on the number of active reaction intermediates measured during SSITKA [119]

according to Eq. (2.18):
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TOF,, = % (Eq. 2.18)

P

This TOFrk (s2) is therefore larger than that of TOF (based on the total surface atoms

exposed to the reaction mixture).

2.6. SSITKA Modeling of Methanation Reaction

Soong et al. [120] in their pioneering study of the causes of activity decline in the
methanation over Raney nickel catalyst have implemented the steady-state isotopic transient
kinetics analysis (SSITKA) technique. Based on the obtained SSITKA response curves, it was
inferred that the methanation proceeds via at least two parallel pathways and the relative
contribution of the two pathways changes with catalyst aging [120]. It was also concluded that
the gradual development of a less reactive carbonaceous overlayer alone is insufficient to
explain the observed experimental results and that aging affected the Ni metal catalytic surface
itself.

A Raney nickel aluminum-based catalyst (SSA: 60 m? g™) was used for the purposes of
their study, which was exposed for 320 h under hydrogen-lean syngas conditions (H2/CO = 10).
The authors considered that methanation proceeds via two carbon-derived surface CHy
intermediates with different rate constants (ka and ko, where ka < ky) as shown in Fig. 2.14,

leading to CH4 production but also to a slow buildup of graphite.

CO,q > CH, -3 CH, -5 C graph.
I
CHa(g) CHa(g)

Figure 2.14: Reaction methanation sequence over Raney nickel catalysts [120].

SSITKA-MS experiments were performed during the aging of the catalyst, where the
feed stream repeatedly changed from *2CO/H/Ar to *CO/H; at 210 °C. During the changes,
important kinetic and mechanistic information (k, 6) was obtained, where they concluded that
the general methanation mechanism (Fig. 2.14) was not the case.

From the 2CO to *CO switch, they observed the well-known chromatographic effect,
where the *2CO response lacks behind that of inert gas (Ar), which is due to the reversibly

adsorbed (*2CQaq). This behaviour led to the estimation of CO surface coverage (0), which was
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close to one monolayer and increased with aging [120]. Normalized responses (F) of the ?CH4
and CHg products are illustrated in Fig. 2.15. Two are the main features should be mentioned:
(i) in any case the sum of F*2CH, and F*3CH. should be equal to 1, and (ii) the two curves are
crossing each other at F = 0.5. It is worthy to mention that during aging, several SSITKA

switches were performed, with practically identical features.
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Figure 2.15: Normalized transient responses of CH4 [120].

Based on the above SSITKA experimental observations, Soong et al. [120] trying to put
certain demands on the reaction pathway(s), at first, they have considered a reaction pathway
with only one type of intermediate (I"*), and considering that all reactant and products contain
one carbon atom only, as shown in Eq. (2.19). Here, I"* is a carbon-derived surface adsorbed

intermediate species.

CO(g) > I = CH,(g) (Eq. 2.19)

After performing mathematical analysis and considering the appropriate initial condition
at t = 0 (is the time when the switch from 2CO/H; to *CO/H; performed) and that t > 0, they
concluded that both a partially and completely exchanged pool relax with a single relaxation
constant (t), which becomes distinguishable only experimentally. The latter led to the
conclusion that at least two pools of surface intermediates should participate in the reaction path

of methane formation (Fig. 2.16).
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Figure 2.16: Different mechanistic pathways of the two pool intermediates [120].

Figure 2.16 shows four different mechanistic models (two-pool model), with the case of
Model A to be two pools in series and in all other cases (Models B-D) the two pools are in
parallel and/or interconnected. As reported [120], Model A could not be the case explaining
their experimental results. In the cases of Models B-D, they illustrated that pool 1 and pool 2
are independent, and the combined relaxation is practically the sum of the two. To identify
which of the three remaining Models (B-D) best describe the observed SSITKA responses, they
expanded their mathematical analysis and compared it with the experimental data, considering
the relaxation time of the pools during several SSITKA gas switches. By following this analysis,
they concluded that Model B could not also simulate their experimental results. Thus, the next
step was to consider the two-pool scheme in parallel (rather than in series), such as Model C or
D, where analytical solutions of F(t) as a function of four adjustable parameters were derived.
For that reason, instead of Fig. 2.14 and the typical methanation reaction scheme, they
considered alternative reaction paths, as shown in Fig. 2.16C and D. This implies that CHy (t2),
a less reactive carbon, builds up with time, and that lining out is caused by a CHy-removal
reaction balancing the CHy-formation reaction, which equilibrates in about 120 h of aging (as
of catalytic experiments). Considering these possibilities and the transient SSITKA responses
obtained from which they calculated the lifetime of CHy that equilibrates at about 850 s, they
ruled out Model C (Fig 2.16 C) and concluded that Model D (Fig. 2.16 D) simulates better their
experimental data.

It should be mentioned at this point that the analytical solutions provided to the various
models depicted in Fig. 2.16 [120] consider that the SSITKA isotopic 2CO/**CO gas switch is

described by an ideal step function. Also, it is considered that that CO(g) gas pool exchanges
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very fast with CO-s, thus, an almost step change of CO-s is introduced in the pools of Models
A-D (Fig. 2.16).

In the present doctoral thesis work, methanation reaction over the Co-based SASOL
industrial catalysts (see Chapter 6) was modeled based on the work of Soong et al. [120], where
the reaction path reflected via the two-pool model (Fig. 2.16) was found to be supported by
SSITKA-DRIFTS experimental evidence. More precisely, two kinds of adsorbed CO-s (linear
bonded) were identified, and one bridged-type one. Each of the two linearly bonded CO-s
provides the CHyx (t1) and CHy (t2) active reaction intermediates. Evidence for this consideration
was recently provided in our laboratory, where Petallidou et al. [121] have investigated the
kinetics of hydrogenation of the various adsorbed CO-s formed on Co/y-Al;O3 by in situ
DRIFTS. It was concluded that the two linear adsorbed CO-s were significantly more active
than the bridged-type CO-s.
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3.1 Synthesis of catalysts support — Dry Reforming of Methane
3.1.1.  Ce1xMxO2-5 (M = Zr**, Pr¥*) mixed metal oxides

The Ce1-xMxO2-5 (x = 0.0, 0.2, 0.5, 0.65, 0.8, M = Zr**", Pr¥") mixed metal oxide supports
were synthesized using the citrate sol-gel method [1], where citric acid (CA) (Scharlau 99.5%)
in the ratio of M:CA = 1:1.5 was used as ligand. The metal precursors used were
Ce(NO3)3.6H20, Pr(NOz3)3.6H20 and ZrO(NOz)2.xH20 (Sigma-Aldrich 99%), where each of
them were dissolved in 50 ml of deionised water. For each solid composition, Ce precursor was
mixed with Pr or Zr salt precursor to form a 0.175 M metal ions solution. The pH of solution
was kept at the value of 2 after using HNOs3 (5 M), and subsequently the citric acid was added
to the solution. The solution was heated under continuous stirring at 70 °C for 4 h, and a solid
in the gel form was finally produced. The resulting material was dried at 120 °C for 17 h, where
a spongy material was received. Heating of the material in a furnace (ELF 11/6, Carbolite) from
room T to 400 °C in static air (2 °C mint) was then applied, where self-ignition took place at ~
350 °C. The material was kept at 400 °C for 30 min. After cooling of the sample to room T and
grinding, the resulting powder solid was calcined at 500 °C for 6 h (static air, 2 °C min™* from
room T to 500 °C) and then at 750 °C for additional 4 h.

3.1.2.  Ceo.15Zr0.2502-s mixed metal oxides

The Ceo.75Zr0.2502-5 solid support was prepared in collaboration with the group of Dr.
Albin Pintar (National Institute of Chemistry, Department of Environmental Sciences,
Ljubljana-Slovenia). The former solid support (CeO:ZrO, = 80:20 w/w) was prepared by the
ethylene glycol sol-gel method, coded EG. In particular, after 1 g of cerium (Ill) nitrate
hexahydrate (Fluka, p.a.) and zirconium (IV) oxynitrate hydrate (Sigma Aldrich, > 99% purity)
in the appropriate ratio were dissolved in 1 mL of ultrapure water and mixed with 1 mL of
propionic acid (Merck, > 99% purity) and 30 mL of ethylene glycol (EG) (Merck, > 99% purity).
The solution was transferred to a PTFE-clad autoclave and aged for 200 min at 180 °C. The
precipitated solid was separated from the solution by 15-min centrifugation at 9000 rpm, washed
with ultrapure water and ethanol and dried overnight in a laboratory drier at 70 °C. After drying,

the material was calcined for 4 h at 400 °C in air (heating ramp of 5 °C min),
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The Ceo.75Zr0.2502-5 (Ce/Zr = 2.87) solid support was prepared by two different methods.
During the hydrothermal method (coded HT), 4.04 g of Ce(NO3)3.6H20 (Fluka, p.a.) and 1.1 ¢
ZrO(NOz3)2.6H20 (Sigma Aldrich, > 99% purity) were dissolved in 100 ml of distilled water.
The solution was added drop-wise to 250 ml of 25% NHsOH (Merck, p.a.) under stirring. The
produced suspension was transferred to PTFE-lined autoclave and aged for 6 h at 120 °C. The
aged product was filtered, washed with distilled water and ethanol and dried overnight in a
laboratory drier at 70 °C.

During the ethylene glycol method (coded EG), 4.04 g of Ce(NO3)3.6H20 and 1.1 g of
ZrO(NOs3)2.6H20 were dissolved in 5 ml of ultrapure water and mixed with 5 ml of propionic
acid (Merck, > 99% purity) and 154 ml of ethylene glycol (Merck, > 99% purity). The solution
was transferred to PTFE-clad autoclave and aged for 200 min at 180 °C. The precipitated solid
was separated from the solution by 15-min centrifugation at 8950 rpm, washed with distilled
water and ethanol and dried overnight in a laboratory drier at 70 °C. After drying, the material

was calcined at 400 °C for 4 h in air with a heating ramp of 5 °C min™.

3.1.3. Activated y-Al20s - Fischer-Tropsch synthesis

In the present work, Sasol’s Germany Puralox SCCa y-alumina support was used as
described in the patent (JL 2000 EP 1 299 593 B1). Carbon-coated alumina supports with
different carbon layers were prepared via the chemical vapour polymerisation of acetone. More
precisely, 5-330 mL of acetone were vaporised by bubbling 600 mL min* of Arat room T.
The produced acetone vapour was passed over 70 g of Sasol’s activated y-Al2O3. The latter was
performed at 400 °C in a fluidized bed reactor, where carbon-coated supports were produced
with various carbon levels (0, 0.3, 1.5, 5.0, 8.1, 10 mol-%). Activation of the carbon-coated
supports was done with 2.5 ml min of air, increase of temperature to 250 °C (B = 1 °C min™),

and held for 10 min before cool-down at 25 °C.

3.2 Supported metal catalysts
3.2.1. 5% Ni/Ce1xMxOz2-5 (M = Zr**, Pr3*)

The 5% Ni-supported catalysts were prepared by using the wet impregnation method
with controlled pH (~ 9.5) via the use of NHj3 solution (25 vol%) until the evaporation of the
solvent [2,3]. 2.0 g of support were added in 100 mL of distilled water and the solid was
impregnated with a given amount of aqueous Ni(NOz)3.6H2O (Sigma-Aldrich, 99%) so as to
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yield a 5 wt.% Ni nominal loading. The aqueous solution was heated at 70 °C for 4 h until total
evaporation of water, and the resulting slurry was dried overnight and calcined in static air for
4 h at 750 °C. The fresh catalyst obtained, prior to any catalytic measurements was in situ
reduced in Hz (1 bar, 50 NmL min™) at 700 °C for 2 h.

3.2.2. 3 wt.% Ni/Ceo.75Zr0.2502-5 - EG

The Ceo.75Zr0.2502-5-EG supported nickel (3 wt.%) catalyst was prepared using the
homogeneous deposition-precipitation method [4]. 0.318 g of aqueous Ni(NO3)3.6H20 (Merck,
p.a.) was added in 100 mL of ultrapure water, where 2.1 g of CeZrO» powder support was mixed
with 1.68 g of urea (Merck, p.a.) so as to achieve a yield of 3 wt.% Ni nominal loading.

3.2.3. 3 wt.% NiCo/Ceo.75Zr0.2502-5 - EG/HT

A total amount of 3 wt.% cobalt and nickel metals (1.8 wt.% Co, 1.2 wt.% Ni) was
deposited over both supports in an identical manner, namely: 0.129 g of Ni(NO3)2.6H.0 (Merck,
p.a.), 0.193 g of Co(NO3)2.6H20 (Merck, p.a.), 2.1 g of CeZrO, powder and 1.68 g urea (Merck,
p.a.) were dispersed in 100 ml of distilled water. One drop of concentrated HNO3 was added in
order to decrease the initial pH value below 3. The suspension was heated in a slow and
controlled manner from room T to 90 °C and maintained under reflux for 22 h. Afterwards, the
suspension was filtered, washed with ethanol and water and dried overnight in air at 70 °C. The
catalysts were calcined at 750 °C for 4 h in air. For simplicity, the two prepared catalysts are
named 3NiCo HT and 3NiCo EG, repsectively, the supports of which were prepared by the
hydrothermal and ethylene glycol sol-gel methods. The fresh catalyst obtained, prior to any

catalytic measurements was in situ reduced in Hz (1 bar, 50 NmL min) at 700 °C for 2h.

3.24. 20 wt.% Co with platinum over uncoated and carbon-coated Sasol’s y-Al2O3 for
the Fischer-Tropsch Synthesis
The 20% Co with platinum (wt.% Co / wt.% Pt = 400) supported catalysts were prepared
by using the slurry phase impregnation method [5] of given amount of aqueous Co(NO3)3.6H20
(Sigma-Aldrich, 99%) over uncoated or carbon-coated alumina support [5]. The resulting slurry
was dried under vacuum and calcined in static air at 250 °C. Sequential impregnation and

calcination steps were performed in a way to get a 20 wt.% Co nominal loading. The fresh
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catalysts obtained, prior to any catalytic measurements were in situ reduced in Hz (1 bar, 50
NmL min™) at 425 °C.

3.3. Physicochemical characterization of catalysts

3.3.1. Specific surface area (BET), pore volume and mean pore size (BJH)

The specific surface area (SSA, m? g), pore volume (cm® g*) and mean pore diameter
(nm) of the solids (textural properties) were measured by the Brunauer, Emmett, and Teller
developed method (BET), in 1938 [6]. The BET method relies on the natural multilayer
adsorption of N2 (inert gas) on the surface of a solid at its boiling temperature (77 K). In the
present work, the Micromeritics Gemini 111 Surface Area and Pore Size Analyzer was used for
textural characterization of the solids following an in-situ degassing of samples at 300 °C for 4
h in N2 gas-flow, in order to remove any adsorbed atmospheric H.O and most of CO>. For the
SSA calculation, seven N2 partial pressures (P/P°) in the linear BET range of 0.05-0.35 were
applied. The BJH method was then used to estimate the total pore volume and the mean pore
diameter based on the adsorption/desorption isotherms, where 40 points in the P/P° range of 0.0-
1.0 were taken [7].

3.3.2.  Powder X-ray Diffraction (PXRD)

The powder X-ray Diffraction (PXRD) technique was applied after using a Shimadzu
6000 Series diffractometer with a CuKa (A = 1.5418 A) radiation source, in order to identify
crystallite phase(s) and estimate the mean volume size (dc, nm) of the primary crystallites of
support of a given solid powder catalyst (sieved to less than d, = 106 um) but also that of the
metal (Ni, Co) catalytic phase. Powder XRD diffractograms were recorded in the 2theta range
of 20-80° with a scan speed of 2° min*. The identification of the derived crystallite phases was
done by crosschecking diffractograms available in the JCPDS (Joint Committee on Powder
Diffraction Standards) library, but also from various publications with powder XRD results
similar to this work’s mixed metal oxides.

For the cubic structure pertaining to ceria or ceria-zirconia (pseudo cubic structure), the
lattice parameter (a, A) can be calculated by using Eq. (3.1) and the crystallite volume (V)
according to the Equation 3.2.
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a=d V2 +k2+ 12 (Eq. 3.1)

Vv=a (Eq. 3.2)

where, dn Is the distance between two successive atomic levels and h, k, and | are the Miller
indices. In the present case of cubic symmetry, a=dm\/§ was calculated by using the
crystallite face (111) of pure CeO:..

The Scherrer equation (Eqg. (3.3)) [8] was used to estimate the mean volume crystallite

size of the support metal-oxide single phase and that for the reduced Ni (dc, nm) and oxidized
cobalt (Co30a).

KA
pcosé

<d_ >= (Eq. 3.3)

where, A refers to the wavelength of the X-ray irradiation used, K is a constant (~ 0.9, for
spherical shape crystallites), which depends on the shape and size distribution of the crystallites,
B is the line broadening (rad) of the full width at half maximum (FWHM) intensity of the
diffractogram peak (B1/2), and 6 is the angle between the incident X-Ray beam and its reflectance
on the vertical plane.

According to Equation 3.4 and the particle size of Coz04, estimated via Eq. 3.3, the

particle size of metallic cobalt was estimated [9].
dg, =0.75d¢, 0, (Eq. 3.4)
The Co dispersion was calculated based on Equation 3.5.

D(%):[%%

]xlOO (Eq. 3.5)

Co

3.3.3.  Mass Spectrometry (MS)
Mass spectrometry, is a powerful instrumental technique based on Eugen Goldstein in
1886 (and Wilhelm Wien in 1897) [10,11] observation over canal rays in gas discharges under
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low pressure, which traveled away from the anode and through channels in a perforated cathode
and allows the on-line display and recording of transient responses. This technique separates
and detects, based on the mass to charge ratio (m/z), the positive ions derived from the collisions
of gas phase molecules, diffusing through a heated silica capillary tube and a leak diaphragm
(SV1 050, Balzers Instruments) in the ultra-vacuum ion chamber (~ 1x10° — 5x10” mbar; use
of an integrated diaphragmatic and turbomolecular pump), with an electron beam generated by
passing an electric current through a W metal filament.

A quadrupole mass spectrometer appears today as the most powerful instrumentation to
use in recording the change in composition of a gas stream with real time. It has the ability to
record 16 (m/z) / sec. In the case of recording 1 m/z only, an acquisition rate every 10 ms (100
data points / sec) is possible with a good S/N ratio. In the present work, an Omnistar Balzers
Quadstar 422 (1-200 amu) mass spectrometer coupled with a quadrupole mass filter (QMS),
and a secondary electron multiplier detector (SEM) was used, and several mass numbers (m/z)
vs time were able to be recorded and saved for further analysis (Quadstar 32-bit). Calibration of
the MS signals (1A) to concentrations (mol% or ppm) was performed using certified calibration
gas mixtures. Optimisation of the MS peak shape (flat-topped peak) and mass scale alignment
in the ion-source of the mass spectrometer was performed regularly by the provided software

(Quadstar 422, Omnistar™, Balzers Instruments).

3.3.4. Insitu Diffuse Reflectance Infrared Fourier Transform Spectroscopy (in situ
DRIFTS)

In situ DRIFTS used in catalytic science provides information for the chemical structure
of the different adsorbed species formed on the catalytic surface either under reaction conditions
or after chemisorption of the gas of interest [12]. In this specific application, of interest is the
adsorbed phase established under reaction conditions or chemisorption of a gas alone, and not
of the solid catalyst itself. This is accomplished after recording the DRIFT spectrum of the solid
under the inert gas atmosphere used in the reaction gas mixture or the chemisorption gas mixture
at the temperature of interest. The in-situ DRIFTS technique becomes even more powerful in
the field of investigation of heterogeneous catalytic mechanisms (gas/solid interactions), when
this is coupled with the SSITKA technique (see Ch. 2, Section 2.5). This combination allows
one to differentiate between adsorbed species formed under reaction conditions as being true

active reaction intermediates or simply inactive or spectator species [13,14]. This is based on
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the fact that only the active reaction intermediates during the SSITKA switch should provide a
red isotopic shift (due to the labeling of an atom in the group of atoms present in the adsorbed
species and which are responsible for the given IR vibrational modes. For example, an adsorbed
12CO-s on a metal surface when is replaced by 3CO-s, a red isotopic shift in the vs (C-O)
stretching vibrational mode of about 35 cm™ would take place [15]. However, this expected
behavior could be violated in certain cases, if the adsorbed reaction intermediate is not an active
one but it is reversibly chemisorbed on the catalyst surface. In this case the red isotopic shift
should also be observed and the interpretation then would be wrong. This scenario has been
recently well described [13] in the case of water-gas shift reaction, and reference to other
transient isotopic experiments needed to be designed and conducted in order to identify the true
active intermediate species was provided. Today’s progress in the design of FTIR instruments
allow the recording of an averaged IR spectrum with good S/N ratio every about 10 s (use of
MCT detector), thus this technique become so important in the field of transient catalysis and
Kinetics, in general, for gas-solid interactions.

During this PhD thesis work, a Perkin-Elmer Frontier FT-IR spectrometer (256 scans
per averaged spectrum recorded) with a resolution of 4 cm™, a scanning speed of 2 cm st (MCT
detector) and equipped with a high-temperature/high pressure temperature controllable DRIFTS
cell reactor (Harrick Scientific, Praying Mantis) with CaF2 windows was used. In all cases, a
fine powder catalyst (~ 80-100 mg, depending on the density of the solid and the packing) was
placed firmly into the ceramic cup of the DRIFTS cell reactor. Following its pre-treatment (e.g.
calcination or reduction), a background/reference spectrum of the solid catalyst was collected
under Ar flow at the temperature of interest, prior to any adsorption or reaction step. The
spectrum recorded under reaction or adsorption conditions was subtracted from the relevant
background spectrum. Thus, all the spectra presented in this PhD thesis work represent only the
adsorption phase of the solid under investigation. Noteworthy to be mentioned that the collected
DRIFT spectra (400 — 4000 cm™) were smoothed to remove possible high frequency noise and
further analyzed using Spectrum 10 for Windows software. Below, the necessary information
related to the pretreatment conditions applied for each of the catalytic systems investigated by
the DRIFTS technique (before DRIFT spectra were collected) is described.
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o Ni/Ce1.xMxO2-; catalytic system

The sample was first reduced (30% Hz/Ar) at 700 °C for 2 h and a reference spectrum
was then taken under Ar gas flow at 25 and 550 °C. DRIFT spectra were collected under 5%
CO/Ar at 25 °C or 550 °C for the investigation of the structure of adsorbed CO (e.g. linear,
bridged or gem-dicarbonyl) and the relative concentration of the kinds of adsorbed CO formed.

o Co-based FT catalytic system (SASOL)

In the case of FT catalyst sample, the latter was taken from the catalytic bed of the
passivated catalyst sample (1% O2/He gas mixture, 75 cc min* at 35 °C for 2 h), which was
previously used in the quartz micro-reactor for conducting SSITKA-MS, TIH and TPH
experiments. The sample in a very finely powder form was first diluted with KBr (KBr/sample:
5:1 w/w) before placed in the DRIFTS cell, reduced in situ at 450 °C for 2 h (50% H./He gas
mixture, 50 cc min') and then cooled in Ha/He gas flow to 230 °C. The DRIFTS cell was then
purged with Ar at 230 °C for 20 min, and a background spectrum was then recorded in Ar gas
flow. Averaged DRIFTS spectra with good S/N ratio were collected every 30 s. DRIFT spectra
were recorded before and after the SSITKA switch 5% 2C0O/10% Ha/Ar (230 °C, 2 h) — 5%
13C0O/10% Ha/Ar (5 min). It is noted that the KBr used was necessary in order to substantially
increase the energy reaching the MCT detector due to the large absorbance of IR by the “black™
color of FT solid catalyst.

Deconvolution and curve fitting procedures of IR spectra were performed considering
Gaussian peaks. Due to an inherent observed overlapping of the gaseous CO (Q branch, 2116
cm™) with the high-frequency linear adsorbed CO formed on the Ni and cobalt surface at the
conditions of the experiments, the following blank experiment was performed in order to
estimate the ratio of the band areas of the two gas-phase CO absorption bands (R and Q branches
of gas-phase CO), where this information was later used in the deconvolution procedure of the
CO-DRIFT spectra. A mixture of 5 vol% CO/Ar was passed through the DRIFTS cell containing
only KBr (dry powder) at 230 °C and the spectrum was recorded. The ratio of Area(R)/Area(Q)
was found to be 1.46, where R (centered at 2182 cm™) and Q (centered at 2116 cm™) are the IR
absorption branches of gas-phase CO. During the deconvolution procedure of the whole IR CO-
region (including gas-phase CO), the ratio of Area(R)/Area(Q), the position of maximum

absorbance and the FWHM of the two gaseous R and Q bands were kept constant.
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Isothermal hydrogenation (TIH) of adsorbed CO-s was performed following Fischer-
Tropsch reaction at 230 °C (5% CO/10% H./Ar) for 2 h, followed by an Ar purge (50 cc min™)
for 3 min, followed by a 5 vol% Ha/Ar gas treatment (100 mL min™). The TIH was followed by
a temperature hydrogenation (TPH) run at 300, 400, 500 and 600 °C, where after 1 min of
reaching the desired temperature a spectrum was recorded. In the case of TIH, spectra were

collected at various times in the Hz/Ar gas flow.

3.3.5.  Field Emission-Scanning Electron Microscopy (FE-SEM)

Scanning Electron Microscopy (SEM) is a very well-known technique widely used for
the morphological study of the secondary particles (agglomerates) of solid materials. Today’s
SEM instruments use a Field Emission (FE) gun, called a cold cathode field emitter, in order to
create the required electron beam, thus avoiding thermionic emitters for the generation of the
electron beam from the filament (e.g. W wire fashioned into a sharp point). In the case of FE-
SEM, the emission is reached by placing the filament in a huge electrical potential gradient.
Fresh or spent (after DRM or FT reaction) catalysts were investigated by depositing the sample
on a conductive carbon tape. The Supra 35 VP (20 kV) field emission scanning electron
microscope (Carl Zeiss), based on the National Institute of Chemistry in Slovenia, was used for
the FE-SEM measurements of this PhD thesis work.

3.3.6. High Resolution Transmission Electron Microscopy-Energy Dispersive X-Ray
Analysis (HRTEM-EDX) and High Angle Annular Dark Field-Scanning
Transmission Electron Microscopy (HAADF-STEM)

Transmission Electron Microscopy with atomic resolution coupled with EDX analysis
was used for the study of the morphology (3D structural information) and chemical composition
of the metal phase (Ni or Co) of the supported metal catalysts. Energy Dispersive X-Ray (EDX)
analysis was combined with the HRTEM for elemental chemical analysis in the case of Ni-Co
bimetallic supported catalysts in order to examine their homogeneity (solid solution). A JEOL
ARM 200 CF scanning transmission electron microscope, equipped with a cold field-emission
gun, probe spherical aberration corrector (CESCOR unit from CEQOS, Germany) and JEOL
Centurio EDXS system with 100 mm? SDD detector was used for these studies. Prior to analysis,
samples were ultrasonically dispersed in ethanol and deposited on a copper grid covered with

carbon  film. High-angle annular dark-field scanning transmission electron
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microscopy (HAADF-STEM) analysis was also performed. The latter provides direct
information on the local chemistry of nano-materials at the atomic scale. HAADF-STEM shows
atomic number contrast for high scattering angles of the electrons, owing to predominant
electron scattering at the potential of the nucleus similar to Rutherford scattering [16,17]. The
characterization of materials by STEM helps to identify microstructures and nanostructures
within a sample and to analyse defects in samples. HAADF STEM imaging is capable of
resolving atomic structures with better than 2 A lateral resolution.

The HRTEM-EDX analyses presented in this PhD thesis were performed during
collaboration with the Slovenian National Institute of Chemistry (Dr. Albin Pintar research
group). Also, for the FT catalysts investigated in this PhD thesis, HRTEM images were taken
from SASOL S.A.

3.3.7. X-Ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) was used for the identification of the
chemical composition of the surface (0-40 A from the top atomic layer of the surface) of the
solid catalysts and the oxidation state of elements of interest on the surface of solids [18]. XPS
analyses were carried out on a PHI-TFA XPS spectrometer (physical Electronics Inc.). Samples
were placed on a metallic sample holder and introduced in the ultra-high vacuum chamber of
the spectrometer (10°° mbar). The analyzed area was 0.4 mm in diameter, and the sample surface
was excited by X-ray radiation from a monochromatic Al source at 1486.6 eV. The survey wide-
energy spectra were taken over the energy range of 0 — 1400 eV with analyzer pass energy of
187 eV in order to perform surface elemental quantitative analysis. High-energy resolution XP
spectra were acquired with the energy analyzer operating at a resolution of ~ 0.6 eV and pass
energy of 29 eV. During data processing, the spectra were aligned by setting the C 1s peak at
284.8 eV. The accuracy of binding energies reported was 0.3 eV. Quantification of surface
composition (at.%) was performed from XP peak intensities taking into account relative
sensitivity factors provided by the instrument’s manufacturer. XP spectra were analyzed using
the Multipak software provided by the instrument (version 8.1, Physical Electronics Inc.). The
relative error of the calculated surface concentrations for the supported Ni catalysts investigated
iIs ~ 15%. The XPS work was carried out at the National Institute of Chemistry in Slovenia

during collaboration with the research group of Dr. Albin Pintar.
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3.4. Transient experiments for catalyst characterization

3.4.1. H2 Temperature-Programmed Desorption (H2-TPD)

The H>-TPD technique reveals important information related to the heterogeneity of a
metal catalytic surface in the case of supported metal catalysts [19,20]. For example, different
desorption peaks could be associated with different M-H binding states on the metal surface
simply due to the different exposed metal faces (e.g. (100) and (111)) or defects (kinks, corners)
on the surface of a metal nanoparticle. Also, metal adsorption sites at the metal-support interface
could give rise to different electron density on such metal sites, thus leading to different binding
energies than metal sites on the surface of the nanoparticle. After considering very carefully the
conditions of hydrogen selective chemisorption to avoid the well-known H spill-over effect [21]
(diffusion of atomic H from the metal to the support surface), it is possible to estimate good
values for the metal dispersion (%), and thus to obtain the mean metal crystallite (particle) size
(nm) based on an assumed particle’s geometry.

During the present PhD thesis work, the use of the following experimental protocol was
applied, and the TPD transient H signal from the micro-reactor was continuously recorded with
an on-line mass spectrometer (MS, Balzers, Omnistar 1-200 amu) at m/z = 2. A calibration gas
mixture of 0.3 vol% Hx/He was used to convert the hydrogen transient response signal into

concentration (mol%) vs time response curve.

H> (1 bar, 700 °C, 2 h) — He (50 mL min, 750 °C, 10 min) — cool-down in He flow (25 °C)
— He (10 min) — 0.3 vol% Ha/He (50 mL min, 25 °C, 30 min) — He (50 mL min’, 10 min)

— TPD run to 750 °C (B = 30 °C minl).

In particular, the following are noted. A 0.5-g sample of the supported 5 wt.% Ni catalyst
was introduced into the CSTR quartz micro-reactor [22] and first reduced in Hz (1 bar) at 700
°C for 2 h. The catalyst was then purged in He flow to 750 °C to remove any hydrogen that
might have been spilled over the support (until MS hydrogen signal reached the background
value in He), and then cooled in He flow to room temperature. Hydrogen chemisorption was
performed at room temperature using a 0.3 vol% H/He gas mixture for 30 min; these conditions
minimized hydrogen spillover. Following hydrogen chemisorption step, the catalyst sample was
purged in He for 10 min to remove hydrogen from the gas phase of the reactor and the gas lines.
The catalyst was then heated to 750 °C in He gas flow (50 NmL min) with a heating rate of
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30 °C min. Ni metal dispersion (D, %) was estimated from the H, desorption peaks associated
with desorbed H> up to 600 °C, and after assuming an Hz chemisorption stoichiometry of H/Ms=
1, where M = Ni. The Ni mean primary particle size, dni (nm), was estimated based on the
dispersion measurements (H.-TPD) and after applying the following Eqg. (3.6) [23]:

097

<d, >=——
D(%)

x100 (Eg. 3.6)

Ni

3.4.2. H2 Temperature-Programmed Reduction (Hz-TPR)

The H>-TPR technique applied over supported metal catalysts provides valuable
information related to the reduction of support lattice oxygen, thus the formation of oxygen
vacancies, the reduction of support’s lattice oxygen at the metal-support interface, and reduction
of the metal oxide (supported metal particles). Proper kinetic analysis could provide the
energetics of such reduction processes [24]. During the present application of H>-TPR over the
supported Ni and Co catalysts, the H> signal was continuously recorded via the mass
spectrometer (m/z = 2) and calibrated by a 2 vol% H»/He certified gas mixture. By calculating
the amount of H> consumption and subtracting that due to the full NiO reduction (theoretical
case), one can estimate a lower limit for the extent of CeO2-based support reduction.

A5 vol% Ha/Ar gas was used for the application of TPR over 0.1 g of ceria-based mixed
metal oxides (e.g. Ce** — Ce®") supported Ni (5 wt.%) and the following protocol was

performed:

10% O2/He (50 mL min, 500 °C, 20 min) — Ar (50 mL min, 500 °C) — cool-down in Ar

flow (50 mL min, 30 °C, 30 min) — 5% Hz/Ar (50 mL min™) — H2-TPR run to 750 °C (B =
10 °C min™).

For the FT catalysts (SASOL), H>-TPR was performed over 50 mg of sample, whereas
the H> consumption was measured after using a thermal conductivity detector (TCD), while

calibration was done by Ag.O powder reduction measurements.

Increase temperature in 20% O2/He flow (2500 mL min*, 250 °C, B = 1 °C mint) — 20% O/He
(10 min) — cool-down in 20% Oz/He (50 mL min, 30 °C, 30 min) — Ar (50 mL min?, 30

°C, 30 min) — 10% Hz/Ar (50 mL min™!) — H2-TPR run to 900 °C (B =10°C min™).
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3.4.3. Oxygen Storage Capacity measurements (OSC)

The oxygen storage capacity complete, OSCC (umol O gear®) of the Ce1-xMxO2-5 solid
supports was measured using the Ho/O> pulse injection technique [23], in a specific range of
temperatures (600 — 800 °C). The concentration (umol O gear) of reactive and readily available
oxygen species present in the solid (50 mg in powder form; < 106 pum in diameter) was estimated
based on the amount of O2 consumed during the re-oxidation step by successive oxygen pulses,
the number of which is dependent on the size of the pulse and the kinetics of oxygen storage
(surface/bulk diffusion) at the given temperature of treatment.

Increase Temperature under 20% O2/He (50 mL mint, Tosc (600-800 °C)) — 20% O2/He (Tosc,

1 h) — He (50 mL min*, Tosc, 15 min) — H2 pulses until no further Hz consumption — Oz

pulses until no further Oz consumption.

3.5. Catalytic performance studies
3.5.1. 5% Ni/Ce1xMxO2-5 (M = Zr**, Pré*) - Dry Reforming of Methane

Prior to any catalytic measurements, the solid was reduced in Hz (1 bar, 50 mL min) at
700 °C for 2 h. The reaction feed composition consisted of 20% CO2/20% CH4/60% He, the
total volume flow rate was 150 mL min*, and the amount of catalyst used was 0.3 g (catalyst
(0.15 g) + SiC (0.15 g); particle size 0.1 < dp < 0.3 mm), resulting in a GHSV of ~ 30,000 h**
(L/Lca/n). Internal and external mass transport effects were checked (see Section 3.5.4) and
found negligible, whereas heat mass transport effects (AT gradient) within the catalyst bed were
minimized due to the presence of SiC. Thus, reaction rates estimated and reported in this PhD
thesis work refer to intrinsic kinetic rates of the Dry Reforming of Methane reaction.

The outlet feed gas stream from the reactor was directed to a mass spectrometer
(Omnistar 1-300 amu, Balzer) for the on-line monitoring of CH4 (m/z = 15), H> (m/z = 2) and
C2He (M/z = 30), and to an infrared gas analyzer (Horiba, Model VA-3000) for CO and CO..
The catalytic performance of the Ni/Ce1.xMxO2-s solids was evaluated in the 550-750 °C range
based on the CO> (Xco2, %) and CH4 (XcH4, %) conversions, via the following Egs. (3.7) - (3.8):

Fin __ [out
X co, (%) = Mxmo (Eq. 3.7)
Co,
(R, —Fat)
X en, (%) = 2 <100 (Eq. 3.8)
CH,
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where, Fggz and FQ”HA are the molar flow rates (mols s™) of CO2 and CHjy at the reactor inlet,

respectively, and Fggz and Fg are the molar flow rates (mols s'1) of CO2 and CHj at the reactor

outlet, respectively. Calibration of the MS and infrared CO/CO; analyzer signals to
concentration (mol%) was performed using standard calibration gas mixtures diluted in He gas.
The H2 and CO product yield (%) was estimated using Egs. (3.9) - (3.10):

out

Yy, (%) ===2—x100 (Eq. 3.9)
CH,
Foo

T in
FCH4 + I:coz

where, F" and Foo' are the molar flow rates (mols s*) of Hz and CO at the reactor outlet,

respectively. Catalytic measurements were obtained according to the following protocol:

20% C02/20% CH4/60% He (150 mL min*, T (550-750 °C, 1 h) — 20% H2/He (750 °C) until
no methane was recorded in the MS — cool-down in 20% H»/He flow at the next T — switch

to the DRM feed gas stream.

A catalytic experiment using 0.15 g of pure powder SiC revealed no activity towards
the DRM at the experimental conditions applied. The stability performance of all 5 wt.% Ni/Ce;.-
xPrxO2-5 catalysts was examined at 550 and 750 °C for 25 h of continuous reaction (time-on-
stream, TOS) and for the 5 wt.% Ni/Ceo.gPro.202-s catalyst for 50 h on TOS.

3.5.2.  3wt.% Ni and NiCo supported on Ce1xZrxO2-5 - Dry Reforming of Methane
Catalytic tests were performed using a Microactivity Reference reactor system (MA-Ref
PID Eng&Tech, Spain) equipped with a tubular quartz reactor (i.d. = 10 mm). Reaction feed
stream was comprised of 25 mL min* CHg4, 25 mL min*t CO; and 6.5 mL min™* N (44.24 vol%
CHa, 44.24 vol% CO2, 11.52 vol% N2). The operating pressure was maintained at ~1.2 bar
during catalytic testing. The catalyst bed was comprised of 0.05-g solid, which was fixed
between two quartz wool flocks. A K-type thermocouple was positioned inside the catalyst bed

for temperature recording. The effluent gas stream from the reactor was fed through a heated
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capillary (1/8 in. at 200 °C) to the GC (Agilent Technologies, model 7890A) for a quantitative
and qualitative composition analysis. Prior to catalytic tests, the powdered catalyst sample was
reduced in situ in a 20% Hz/N, gas mixture (50 mL min) by heating from room T to 750 °C
with a 10 °C min'! ramp rate, followed by an isothermal step at 750 °C for 1 h. These catalytic
performance experiments were conducted in collaboration with the National Institute of

Chemistry in Slovenia (research group of Dr. Albin Pintar).

3.5.3.  Checking for mass transport resistances

A given amount of catalyst used in each catalytic performance experiment was placed
in a ceramic mortar for further reduction of its grain size by exerting gentle pressure. It was
then sieved, and the fraction of solid with grain particles size (dp) of less than 0.1 mm (100 um)
was used. This grain size of powder particles was found suitable for the minimization of internal
mass transport resistances according to the suggested experimental testing procedure reported
elsewhere [23]. More precisely, the absence of intraparticle (internal) concentration gradients
was verified by using two catalyst particle sizes, dp (mm). The first one was in the range 0.1 <
dp < 0.3 mm and the second particle size was made smaller than 0.1 mm. The reactant conversion
was estimated at a constant GHSV (constant volume flow rate). The obtainment of similar
conversions for the different sized particles verifies the absence of internal (diffusion) mass
transport resistances. The required amount of sieved sample was weighed in a microbalance
(ABS 80-4 with 0.0001 g accuracy, KERN & Sohn GmbH) and then loaded in the quartz CSTR
micro-reactor.

The absence of interparticle (external) concentration gradients (within the solid bed) was
also verified by the testing procedure described in Perego et al. [25]. The linear velocity through
the catalytic bed and the solid mass of catalyst sample were varied so as to keep the same gas
hourly space velocity (GHSV, h™). The obtainment of similar reactant conversions for the

different flow rates verifies the absence of external mass transport resistances.
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3.6. Characterization of deposited carbonaceous species in DRM — Use of transient

methods

3.6.1. Transient Isothermal Hydrogenation (TI1H) and Temperature - Programmed
Hydrogenation (TPH)

Kinetic features of the interaction of hydrogen with the “carbon” formed after 1 h of
DRM and estimation of its deposited amount (umol g*) were investigated as follows. The fresh
catalyst sample (catalyst (0.15 g) + SiC (0.15 g)) was first reduced in Hz (1 bar) at 700 °C for 2
h and then exposed to the DRM reaction feed stream for 1 h at 550 °C. The reactor was then
purged in He gas flow for 15 min, and the feed was then switched to 20% Hz/He (50 mL min™)
for 10 min to carry out a transient isothermal hydrogenation (TIH) of the “carbon” formed
during DRM. After the end of the 10-min TIH at 550 °C, the temperature was increased to 750
°C at the heating rate of p = 30 °C min™ to carry out a temperature-programmed hydrogenation
(TPH) experiment. The mass numbers m/z = 2, 15, 18 and 30 were used for Hz, CH4, H20 and
C2Hs. No ethane signal (m/z = 30) was recorded in all hydrogenation experiments conducted.
Quantification of the CH4 signal was made using a standard calibration gas (0.998% CHa/He).

TIH and TPH experiments were also performed over the Ni and NiCo/Ce1-xZrxO2 series
of catalysts, following 30-min treatment of the fresh catalyst sample (25 mg) with 20 vol%

CHa/He gas mixture at 750 °C. More precisely, the following protocol was applied:

H> (1 bar, 750 °C, 1h) — 20% CO2/20% CH4/60% He (100 mL min, 750 °C, 1h) — Purge in
He flow (50 mL min, 30 °C) — He (20 min) until Hz, CH4, CO and CO2 MS signals reached
their respective background values — 20% CHa/He (100 mL min, 750 °C, 30 min) — Purge
in He (50 cc mint, 750 °C, 10 min) until no CHa signal was recorded in the MS — cool-down

in He flow (50 mL min; Trin (600, 645, 670 and 700 °C)) — TIH run with 20% Hz/He at
T7iH (100 mL min™).
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In the case of TPH, the catalyst sample after the 30-min CH4/He treatment at 750 °C was

exposed to the following gas treatments:

20% CHa/He (100 mL min‘t, 750 °C, 30 min) — Purge in He flow (50 mL min*, 750 °C, 10
min) until no CHa signal was recorded in the MS — cool-down in He (50 mL min, 100 °C) —
20% Hy/He (100 mL min™) — TPH run to 750 °C (100 mL min, B = 10 °C min) — 20%
Ho/He (TIH) (100 mL min‘t, 10 min).

During the TIH and TPH characterization of “carbon” experimental procedures, CHs4
(m/z = 15) was continuously monitored in the mass spectrometer (MS) and quantification of the
“carbon” hydrogenated to methane was performed using a certified methane gas mixture (ca.
0.998% CHa/He). During the transient CH4 decomposition step, H> (m/z = 2), CO (m/z = 28)
and COz (m/z = 44) MS signals were continuously monitored and their conversion to mol%
composition was made using standard calibration gas mixtures: 2 vol% H/He, 2 vol% CO/He
and 985 ppm CO»/He, respectively. The signal contribution of CO2 (m/z = 44) to the m/z = 28
signal was considered in order to quantitatively estimate the concentration of CO (based on m/z
= 28).

3.6.2. Temperature-Programmed Oxidation (TPO)

The reactivity towards oxygen and the amount (umol g?) of the “carbon” formed after
1 h, 25 h and 50 h of dry reforming at 750 °C were investigated by TPO over a 0.3-g catalyst
sample bed without SiC or over a 0.15-g SiC and 0.15-g catalyst sample. The experimental

procedure was as follows:

20% CO2/20% CHa/He (100 mL min, 750 °C, t (1, 25 or 50 h)) — Purge in He flow (50 mL
min‘t, 750 °C, 20 min) — Increase T in He to 800 °C (50 mL min) until no CO,, CO, H; and
CHa signal were recorded in the MS — cool-down in He flow to 100 °C (100 mL min) — 10%

O2/He (100 mL min) — TPO run to 800 °C (100 mL min, B =30 °C min™).

The CO (m/z = 28) and CO2 (m/z = 44) signals in the MS were continuously monitored,
and their quantification was made using certified calibration gas mixtures (2 vol% CO and 945

ppm CO: in He diluent).

Michalis A. Vasiliades 89




Chapter 3: Experimental

3.6.3. TGA-Temperature-Programmed Oxidation (TPO) — CHNS

The amount of “carbon” accumulated on the surface of 5 wt.% Ni/Ce1.xPrxO2-s catalysts
after 25 h of dry reforming at 750 °C, while using 0.3 g of catalyst (no SiC, same reactor as that
used in TPO experiments) was also determined by means of CHNS elemental (Perkin Elmer,
model 2400 Series 1) and thermogravimetric analysis (TGA) (Perkin EImer, model STA 6000).
Prior to TGA, the sample was dried in situ in air flow (50 mL min™) at 80 °C for 30 min.
Subsequently, the sample temperature was increased maintaining the same gas flow rate to 900
°C with a heating rate of 10 °C min™. The TGA/TPO analyses were performed in collaboration

with the National Institute of Chemistry in Slovenia (research group of Dr. Albin Pintar).

3.7. Mechanistic studies - DRM
3.7.1. The Contribution of CO2 and CHa4 activation routes towards the formation of
inactive carbon
Temperature-programmed oxidation (TPO), following dry reforming of methane
reaction having labelled the carbon of CO; in the feed stream (**CH4/ 3CO./ He), has been
conducted in order to quantify the relative contribution of the CO, and CH4 activation routes
towards the formation of inactive “carbon” over the supported Ni and NiCo DRM catalysts (0.5

g sample) investigated. The experimental procedure was as follows:

5% 12C02/5% ?CHa/45% Ar/45% He (50 or 100 mL min, T (550 or 750 °C), 30 min) — purge
in He flow (50 mL min, 10 min) — increase T in He flow to 800 °C until background values
were reached for the CO and CO. MS signals — cool-down in He to 100 °C — 10% O>/He (50

mL min, 230 °C, 7 min) — TPO run to 800 °C (50 mL min, p =30 °C min™).

The mass numbers (m/z) 2 (H2), 28 (*2C0), 29 (*3*C0), 44 (*2C0O,) and 45 (**CO,) in the
mass spectrometer were continuously monitored. The amount (umol g?) of “carbon” derived
from the CO2 molecular species (CO. activation route) were estimated after integrating the
13CO- and ¥CO.-TPO traces, while that derived from the CH4 molecular species (CH4 activation
route) after integrating the 2CO- and '?CO,-TPO traces. It should be mentioned that the
“carbon” estimated by the TPO experiment includes both the inactive and active “carbon”
formed during DRM, the latter estimated by the SSITKA experiment (see Section 3.7.4) but for
the CO> activation route only.
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In order to further investigate the chemical steps responsible for the deposition of
inactive “carbon” during DRM reaction, the following experiment was conducted for the first

time, to our knowledge, over 0.5 g of catalyst:

5% 13CO/5% *2CH4/45% Ar/45% He (100 mL min, 750 °C, 30 min) — Purge in He flow (50
mL min’, 10 min) — increase T under He to 800 °C until background values were reached for
the CO and CO; MS signals — cool-down in He to 100 °C — 10% O/He (50 mL min, 230

°C, 7 min) — TPO run to 800 °C (50 mL min, B = 30 °C min™).

Analysis of the effluent gas stream in the MS during TPO was made in a similar manner
as mentioned in the previous Section 3.6.2. During the **CO/*CHa/Ar/He gas treatment, the
transient evolution of Hz (m/z = 2), 12CO (m/z = 28), 12CO, (m/z = 44) and 3CO, (m/z = 45)

were recorded continuously with mass spectrometry.

3.7.2.  Probing the participation of support lattice oxygen in the carbon path

The participation of support lattice oxygen in the carbon pathway of the DRM reaction
was probed after performing partial exchange of lattice %0 with 20 at 750 °C followed by
DRM. The formation of C*80(g) might be an indication of the participation of lattice ‘30 present
in the catalyst via the reaction of surface carbon, “C-s”, the latter derived from both the CH4 and

CO; activation routes, as also previously presented in Ch. 2, Section 2.2.

“C-s” + 180-L —» C¥80(g) + s + Vo (Eq. 3.11)

where, s is a catalytic site at the metal-support interface, the support or both, 0-_is a lattice
80 and Vo is an oxygen vacancy of support. However, the possibility of C%0,(g) (present in
the DRM feed stream) for an exchange of its oxygen(s) with surface 8O- forming C**00(g)
and C®0,(g) and the formation of C*80 by the following reaction steps (3.12) - (3.14) should

be examined:
C1%0%80(g) + C-s <> C%0(g) + C®0O(g) + s (Eq. 3.12)
C080(g) + C-s &> 2 C¥BO(g) +s (Eq. 3.13)
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Formation of C*®0(g) might also proceed via the dissociation of C*0*0(g) or C*®0,(g)
on an oxygen vacant site (\Vo) of support [26,27]:

C¥0'0(g) + Vo — C*®0(g) (or C*0O(g)) + *BO-L (or 0-1) (Eq. 3.14)

In order to correctly interpret the transient evolution of C*¥0(g) upon the switch to the
DRM reaction gas mixture (20%CH4/20%CO2/He) at 750 °C, the following gas switches after
the %0/*0 isotopic exchange at 750 °C were performed: (i) 20% CHa/He, (ii) 20% CO./He or
(iif) X% /He; x is the value of steady-state CO concentration formed under 20% CHa4/20%
CO2/He gas treatment of the catalyst. Based on several features of the transient response curves
of C180(g), C%0™0(g) and C*B0y(g), such as time delays, peak maximum appearance (tmax, S)
and its shape, and estimation of the amount of 80 (umol g*) incorporated in these species, it is
possible to justify whether part of C*®0(g) is produced, as will be illustrated in Chapters 4 and
5.

The NiCo/Ceo.75Zr0.2502-5 fresh catalyst samples (25 mg) were first reduced in 20%
Ha/He at 750 °C for 1 h and then purged in He flow until the Hz (m/z = 2), 10, (m/z = 32) and
180180 (m/z = 34) MS signals reached their respective background values. The catalyst was then
exposed to 2% 80,/1%Kr/He gas mixture at 750 °C for 10 min during which exchange of °O-
lattice oxygen of support and oxidation of Ni/NiO to Ni‘O with 0,(g) took place. The signals
of %0, (m/z = 32), *0'0 (m/z = 34), B0, (m/z = 36) and Kr (m/z = 84) were recorded
continuously with on line mass spectrometer (MS).

The amount of oxygen exchanged (umol %0 g*) was estimated from the 1°0,(g) and
180180(g) transient response curves (up to 10 min) after calibration of the m/z = 32 and 34
signals in the mass spectrometer and the use of appropriate material balances. The 10-min
treatment of the catalyst with 80,(g) was followed by a 10-min He purge at 750 °C before the
switch to each of the three gas streams (i)-(iii) indicated above.

Calibration of the C*0, (m/z = 48) and C'®0*0 (m/z = 46) MS signals was made based
on the natural abundance of 80 in a certified 54.3% CO./He gas mixture. Furthermore,
contributions of C!80, (m/z = 48) and C**00 (m/z = 46) to the m/z = 30 (C'®0) MS signals
were estimated using a standard C'°O,/He gas mixture and after considering the same
contribution of m/z = 44 to m/z = 28 (CO) for the m/z = 48 to m/z = 30 (C*®0,) and m/z = 46
to m/z = 30 (C*0*0). Calibration of the C'20 (m/z = 30) signal to concentration (mol%) was
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made after considering a standard C*®*O/He gas mixture (use of m/z = 28 signal) and assuming

similar sensitivities for the C'°0 (m/z = 28) and C*0 (m/z = 30) gases.

3.7.3.  Probing the gasification of carbon by CO2 (C-s + CO2 <> 2CO + )
In order to probe the formation of CO(g) via gasification of carbon (“C-s) by the CO>
reactant (reverse Boudouard reaction), the following gas switches were designed and performed

at 750 °C over a fresh 0.05-g catalyst sample:

5% 2C0,/5% 2CHa/45% Ar/45% He (100 mL min, 750 °C, 30 min) — Purge in He flow (50
mL min, 10 min) until background signals of *>)CO (m/z = 28), $3CO (m/z = 29) and *CO;
(m/z = 45) are obtained — 5% 13C0O2/1% Kr/Ar/He (100 mL min, 750 °C, t).

During the last gas switch, the ?CO, 3CO, *CO; and Kr signals were continuously
monitored by on line MS. Conversion of 2CO, *CO and '3CO. signals to concentrations
(mol %) was made by using certified gas mixtures (2 vol% ?CO/He, 10 vol% *3CO/Ar and 10
vol% ¥CO2/Ar). The amounts (umol g?) of ?CO and *CO obtained at the switch to 5%
13CO,/Kr/He were estimated using the concentration versus time response curves and the

appropriate material balances for a flow-reactor.

3.7.4. SSITKA studies — Tracing the carbon path of CO: activation

Steady-state isotopic transient kinetic analysis (SSITKA) experiments using **CO2 in
the DRM feed gas stream (5%*3CO2/5%'2CH4/45%Ar/45%He; 100 mL min) were conducted
over the fresh 5 wt.% Ni/Ce1xPrxO2-5 and 3 wt.% NiCo/Ceo.75Zr0.2502-5 catalyst samples at low
CHa conversions at 550 °C (lower than 15%, W¢s = 0.1 g) and at high CHa conversions at 750
°C (integral reaction conditions, Wear = 0.03 g), in order to trace the carbon path of the CO;

activation route. After 30 min and 2 h of DRM, the following SSITKA switches were performed:

5%*2C02/5%'?CHal45%Ar/45%He (100 mL min, 750 °C, 30 min) — 5%%C02/5% >CH4/2%
Kr/43% Ar/45% He (100 mL min, 750 °C, 10 min) — 5% 12C02/5% 2CH4/45% Ar/45%
He (100 mL min, 750 °C, 90 min) — 5%3C02/5%'CH4/2%Kr/43% Ar/45% He (100 mL

min, 750 °C, 10 min) — 5% *2C02/5% ?CHa/45% Ar/45% He (100 mL min, 750 °C, t)
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During the gas switch from the isotopic to the non-isotopic DRM feed gas stream, the
decay of 3CO (m/z = 29), *CO, (m/z = 45) and Kr (m/z = 84) signals were continuously
monitored by on line mass spectrometer. Quantification of the concentration of active carbon-
containing reaction intermediates over NiCo/Ceo.7Zro.2502, Nc (umol g™) present in the carbon
path from the CO> reactant to the CO gas product was estimated based on the following material
balance Eq. (3.15):

S.S
-1y I:T y13co

cat/ —
w

N, (mol g tjf[zmco (t) = Z,, (1) |t (Eq. 3.15)

where Fr is the total molar flow rate (mol s*) of the 33CO2/*?CH4/Kr/Ar/He feed gas stream and
y1sco (S.8.) is the mole fraction of **CO(g) formed at steady-state in the 3CO2/*2CHa/Kr/Ar/He
feed gas stream. Zisco and Zx. are the dimensionless concentrations of **CO(g) and Kr tracer
gas [28]; t = 0 is the time that the Kr signal at the switch ¥CO/*2CH4/Kr/Ar/He —
12C0O,/"*?CHa/Ar/He starts to decay, whereas t' is the final time at which the new steady-state
under the non-isotopic feed is obtained. It should be pointed out that Nc according to Eq. (3.15)
includes any adsorbed CO»-s that truly participates in the carbon-path of CO formation via the
CO: activation route.

According to the SSITKA theory and its interconnected pools formalism (see Ch. 2,
Section 2.5), it is expected that the gaseous CO: pool (reactant) forming first an active CO2-s
pool which feeds with “carbon” the following pools (in series) of active reaction intermediates,
responsible for the formation of CO(g) product, should produce a transient 3CO(g) response
upon the switch 3CO2/*?CH4 — 2CO,/*2CHa lagging behind that of **CO2(g). In the opposite
case, (e.g. Ni/Ce1xPr«O2-5), when the 13CO,(g) transient curve lags behind that of 3CO(g), this
difference is likely to be associated with the fact that another pool of reversibly adsorbed CO»-
s exists on the catalyst surface which does not participate in the formation of CO(g). The
concentration (umol g) of such inactive reversibly adsorbed CO, formed on the catalyst

surface under dry reforming can be estimated via the following material balance Eq. (3.16):

s.s i
-1 FT y13co

Ne (mol g.2) == j[zneo(t)—zncoz(t)}dt (Eq. 3.16)

0

where, Ziscoz is the dimensionless concentration of gaseous *CO..
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In the case of Ni/Ce1xPr«O2-5 catalysts, it is possible to estimate the amount (mol gear®)
of reversibly adsorbed CO, formed on the catalyst surface (e.g., COz - s1 (Ni) and/or CO3? - s2
(support)) under dry reforming, which is considered as spectator (inactive) species after using
the following relationship (Eqg. (3.17)):

F yfss (1_X13 t
™ Yisco, co, j[cho )2, (t)]dt (Eq. 3.17)

0

-1

cat) =
W

Nco, (Mol g

where, yfsco2 and Xiscoz are the mole fraction of *3CO in the isotopic feed gas stream and the
steady-state *CO- conversion, respectively. Zk; is the dimensionless concentration of Kr tracer
gas; s1 and sy represent catalytic sites on the nickel and metal oxide support surfaces,
respectively.

The average residence time of the active carbon-containing species (C-pool) present in
the CO- activation path to form CO, tc (s), is calculated as the area between the normalized
transient response curve of *CO(g) and that of *CO2(g) in the down-step SSITKA switch
13CO,/*2CH4/ArIKr/He — 2CO,/*2CH4/Ar/He, after using the following relationship (Eq.
(3.18)):

7. (s) :tj[zmco (0~ Zuge, (t)}dt (Eq. 3.18)

Based on the SSITKA theory and its formalism (see Ch. 2, Section 2.5), the specific
kinetic rate of reaction (mol gear® st) at steady-state is related to the TOFk (s?) by the

following relationship (Eg. (3.19)):
Rate(umol g™ s*) =TOF,, N, = N¢( % ) (Eq. 3.19)
C

where Nc is the concentration (umol gt) of active reaction intermediates found in the carbon-

path probed, and which is estimated according to Eq. (3.15).
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3.8. Mechanistic studies — Fischer-Tropsch (Methanation)
3.8.1. SSITKA studies — ¥CO/H2 gas switch
For the SSITKA experiments, FT (SASOL) catalyst was loaded into the quartz micro-

reactor and pre-treated as follows:

He (50 mL min, 27 °C, 15 min) — increase T in Hz flow to 425 °C (50 mL min, p = 1 °C min-

1y — H2 (425 °C, 10 h) — cool-down in Hz to 230 °C (30 min).

The Steady-State Isotopic Transient Kinetic Analysis (SSITKA) technique coupled with
mass spectrometry (SSITKA-MS) was used to follow the carbon-path of the FT reaction, mainly
for CH4 formation (C.’s and C3’s pathways were also followed in some cases), and which was
carried out at 230 °C and ~ 1.3 bar total pressure in the reactor according to the following

sequence of gas switches:

5% 2C0O/10% Ha/Ar (100 mL mint, 230 °C, 32 h) — 5% 3C0O/10% H2/1% Kr/Ar (100 mL

min, 230 °C, 7 min) — purge in Ar flow (100 mL min, 230 °C, 3 min).

The mass of the catalyst and the volume flow rate used were adjusted so as to keep the
CO conversion below 15% and minimize external mass transport resistances. The amount of
catalyst sample used was 0.4 g and 0.3 g for the CY-A and CY-C catalyst, respectively. After a
given time-on-stream, the SSITKA gas switch was performed and the mass numbers 15 (*2CHa),
17 (BCHya), 18 (H20), 29 (**CO) and 84 (Kr) were continuously monitored by MS. For the
accurate analysis of the *3CHys signal, the contribution to m/z = 17 of any additional H,O signal
than that due to the 2CO/H; reaction before the 3CO/H; gas switch was considered (e.g., likely
very small amount of water impurity in the gas lines of *2CO/H, and *CO/H; but of different
level). The *?CO/H; — 3CO/H2 SSITKA gas switch was repeated to check reproducibility of
SSITKA (true steady-state at the time period of gas switches) but also to record the transient
evolution of higher than methane hydrocarbons. The latter switch was made after the end of the
SSITKA experiment the focus of which was to record the 13CO(g) and **CHa(g) transients. The
signals m/z = 30 and m/z = 31 reflect largely both the formation of **C-ethane and *C-propane

hydrocarbons.
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The concentration (umol g?') of reversibly adsorbed CO-s and active CHy-s
intermediates (leading to CH4 formation) and their respective surface coverage, 6, were
estimated using the following Eqgs. (3.20) — (3.22):

f (1_ Xco) tss

F
Neo (Mol g;2) = y°°W [[Ze ()~ Zugy () ]t (Eq. 3.20)
0
CHx(mOI gcat CHA J.|: 13C0(t)_zl3CH4 (t):|dt (Eq 321)
0
6 = (i = CHx,CO) (Eq. 3.22)

Co,surf

where, Fr is the total molar flow rate (umol s); yco© is the mole fraction of CO in the feed; Xco
is the CO conversion (%); W is the mass of catalyst (g); yischa is the mole fraction of 3CH, at
the exit stream of the micro-reactor in the new steady-state obtained in 3CO/H; Z is the
dimensionless concentration of a given gas-phase species; tss is the time at which the new steady-
state is obtained under the 3CO/H2 gas mixture; Ncosurf is the total number of surface cobalt
atoms (umol g1) estimated on the basis of the dispersion value of Co metal.

It is important to mention that the CO conversion (Xco, %) used in Eq. 3.20 accounts
for the CO consumed to form the various carbon-containing gas products. If this is not accounted
for the calculated concentration of CO-s (Nco, umol g*) is overestimated. Also, Eq. (3.21)
considers that the exchange of *2CO-s with **CO(g) is much faster than the exchange kinetics
of 2CHy with ¥ CHy (transient response of 3CH.). The latter applies in the present work. It
should be noted here that most of the SSITKA work reported by other researchers made use of
a relationship for the estimation of CHx which was based on some empirical correlation about
the so called “chromatographic effect” between the *CO and *3CH, transients [29]. In the latter
case, the Ncux (umol gb) is underestimated compared to Eq. 3.17.

The surface residence times of CHx and CO were estimated using Egs. (3.23) and (3.24),

respectively:

Teo = T[Zm 1) —Zs, (t)]dt (Eq. 3.23)

tss
Toy = I[cho (0~ Zug,, (t)]dt (Eq. 3.24)

0
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The TOFcha, TOFco and TOFcha, itk (s72) Kinetic rates were estimated under steady-state
FT reaction conditions before the SSITKA switch (under *?CO/H; feed stream). The TOFcha
and TOFco were estimated based on the dispersion of Co (Egs. (3.27) — (3.28)), while the
TOFcHs, itk (Eg. 3.30) is based on the concentration of active reaction intermediates, namely
Nchx and Nco-s (umol g1) which are measured in the SSITKA experiment Egs. (3.18) — (3.21).
It should be noted at this point that a more accurate estimation in the concentration of the active
species, and thus active metal surface sites, which participate in the carbon-path of methane
formation would be the knowledge of the concentration of H-s (umol g*) or 64. This is a very
difficult task to accomplish experimentally. Given the quantities of active CHx-s and CO-s, and
those of inactive CHx-s (see Chapter 6), the 6y must be considered very small.

Egs. (3.25) and (3.26) allow the estimation of the steady-state rate of CO consumption

and CHa formation in units of pmol g* s,

leo = yc\fv—FT (Eq. 3.25)
E
o, = yc\';v—T (Eq. 3.26)
TOF,, = (Eq. 3.27)
Co,surf
Ien,
TOFCH4 = N = KO, Ot = Kesi Oy = (% )HCHX (Eq. 3.28)
Co,surf CHx
kK, =ké&, = (Eq. 3.29)
¢ TCHx
TOF. . —_ ot (E. 330)
iy Nerx + Neo
QCHX

AT Eg. 3.31
Tchx TOF,, (Eq )

Transient  Isothermal Hydrogenation (TIH) and Temperature-Programmed

Hydrogenation (TPH) experiments after the SSITKA gas switch were performed as follows:

BCO/H2/Kr/Ar (230 °C, 7 min) — Ar (3 min, 230 °C) — 50% Ha/Ar (50 mL min, 230 °C) —

TIH run (7 min) — TPH run to 600 °C (B = 10 °C minY).
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The concentration of inactive (spectator) adsorbed carbon-containing species formed
under *>CO/H: (FT reaction at 230 °C) for a given TOS, but not exchanged during the 3CO/H;
treatment, was estimated under the 50%H_/Ar gas treatment at 230 °C. Refractory carbonaceous
inactive species (CxHy-s) not hydrogenated at 230 °C were also measured during the TPH run
(up to 600 °C). The mass numbers 17 (**CHa), 15 (**CHa), 30 (C2He), 18 (H20) and 84 (Kr)

were continuously monitored by mass spectrometer for the above described TIH and TPH runs.

3.8.2. SSITKA studies — CO/D2 switch
The hydrogen-path of the FT reaction over the CY-A and CY-C catalysts was probed
via the SSITKA switch:

3.5% 2CO/7% Ha/Ar (100 mL mint, 230 °C, 32 h) — 3.5% 3CO/7% D2/1% Kr/Ar (100 mL

min, 230 °C, 7 min) — purge in Ar flow (100 mL min‘t, 230 °C, 3 min).

To account for possible exchange of H of —OH species on the catalyst surface with the
D2(g) during the SSITKA gas switch, the following switch was performed:

7% Ha/Ar (100 mL mint, 230 °C, 15 min) — 7% D2/1% Kr/Ar (100 mL min, 230 °C, 7 min)

— purge in Ar flow (100 mL min’, 230 °C, 3 min).

The quantity (umol HD gearl) of HD produced during the above described two
experiments over the CY-A and CY-C catalysts is estimated via the following Eg. (3.32).

F. Area
N,p = % (Eq. 3.32)
3.9. Experimental apparatus for catalyst testing and characterization and in situ

DRIFTS and operando studies
The home-made experimental apparatus used during this PhD thesis work is presented
in Figure 3.1. More specifically, the pressure regulators of each gas cylinder that feed the Mass
Flow Control valves (MFC, MKS Instruments, Model 1179 C) are set at ~ 4 bar outlet pressure.
The He or Ar carrier gas is purified by passing it through moisture and oxygen traps. For the

deliberate and accurate control of the flow of gases and the in-situ preparation of the gas
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mixtures, MFCs are regulated via readout channels (MKS Instruments, Model 247), after being
zeroed and calibrated.

Homogeneous mixing of gas flows delivered by the MFCs is accomplished in specially
designed very small volume (~ 3 mL) mixing chambers, which are situated inside of a hot box
(100 - 120 °C), where all the chromatographic switching valves are placed, in a way not to have
any condensation of water derived either as reactant or product from the reaction. For all the
stainless-steel tubing located downstream and upstream of that oven, heating tapes covered with
glass yarn tape are used to keep the temperature ~ 150 °C. In total, the apparatus is composed
of six chromatographic valves, four of which are four-ways (V1, V2, V4 and V6) and two are
six-way (V3, V5), and which are used for different gas switches required for a variety of

transient experiments designed and performed in the course of this PhD thesis work.

High Flow MKS
[2000¢¢/min]
<

A (50cc/min) Y g e e e o - ——— L

B (200cc/min

c (50cc/min)

E“D” MKS

In Series
In Paraller
Valve

as Y

Gas 1 ! I

SO
Gas 4,5 Gas3 To High

Gas 2 Flows

E (100ce/min)
F (50¢c¢/min)
G (200cc/min)
H {50cc/min)

Valves oven B
[}

Figure 3.1: Experimental apparatus used for the implementation of transient studies.

All the chromatographic valves are manually controlled except of V4 and V5, which are
controlled by pneumatic actuators for the accurate delivery of a “step gas-switch” response.
Valve V4 is used for the step gas switch between line A and line D gas mixtures prepared in

two different mixing chambers from the delivered gas flows via the MFCs. The V3

Michalis A. Vasiliades 100



Chapter 3: Experimental

chromatographic valve controls whether the gas mixture of line A, B or D will pass through or
by-pass the reactor. It is noteworthy that the length and volume of the gas line is kept the same
in the case of the “by-pass” direction, in a way to measure the “forcing function” (upon the step
gas switch) at the entrance of the catalytic bed placed in the CSTR micro-reactor.

Except of lines A and D, that were used for the preparation of gas mixtures, there are
another two lines (B and C) which are connected to eight different gases controlled by two five-
way ball valves that lead to chromatographic switching valves (V1 and V2). Line B is mainly
used for the preparation of gases used for the catalyst pre-treatment (H2 or O2) and lead to V2,
whereas line C is used for the recording of background (He or Ar) and gas sensitivities (low-
concentration certified gas mixtures) and which lead to the V1 valve.

The micro-reactor used is a continuous stirred-tank reactor (CSTR) type with ~ 3 mL
nominal volume, 30 mm length and 8 mm inner diameter. It is produced by quartz and it’s
consists from two pipes with 4 mm inner diameter and length 150 mm each, which serves as an
entry and exit of the gas to the catalytic cell [22,30]. The catalytic bed is placed into the micro-
reactor and held with quartz wool on the bottom, whereas a disk with several holes on the top
of the reactor simulates the CSTR behavior. The temperature of the solid is monitored by a K-
type thermocouple (0.5 mm) placed within a quartz tube, ~1 mm apart from the top of quartz
wool holding in place the catalyst bed (2-3 mm thick, dp < 100 um). A proportional integral
derivative (PID) temperature controller/programmer (Jumo dTRON 08.1 model) controls
heating of the micro-reactor. The total pressure inside the reactor for the volume flow rate and
the volume of catalytic bed used is in the 1.1-1.3 bar range. The micro-reactor is placed in a
small oven of cylindrical geometry (Thermocraft Inc.), which can reach temperatures up to ~
1200 °C by the aid of the (PID) temperature controller/programmer. All the gases are capable
of being guided through the V1 towards the QMS, which is controlled via an RS232 connection
with a computer for online control, saving and analysis of the transient response signals. Two
water saturators (part no. 3) connected in series with temperature and pressure control (parts 1
and 2) are used in the case that water is introduced in the reaction feed gas stream by producing
a gas flow of H.O/He (or Ar) of given composition in water, after passing through the saturators
the carrier gas via a high-flow MFC valve (see part 4).

In the case of in situ DRIFTS and operando experiments, the DRIFT cell serves as the
micro-reactor reactor (see Figure 3.2), where the MS is connected straight after the DRIFT cell

exit, allowing the on-line measurement at the same time of the transient response of the gas
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phase of the DRIFT cell upon different gas switches. A continuous flow of water through the
DRIFT cell, it achieved by using a peristaltic water pump, which prevents the overheating and
destruction of the cell. The DRIFT spectrum produced is saved and analyzed by using the

Spectrum software for windows as previously described.
Vent

Back-Pressure ¢
Regulator =

Isotope Gas R

_—
_ 4-way
—1 switching valve

Isotope Gas *R

8 DRIFTS

jb e + Cell
Mass Vent

Spectrometer

Figure 3.2: Experimental apparatus used for the operando SSITKA-DRIFTS studies [31].
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Chapter 4: Dry Reforming of Methane over CeixMxO2s (M=Zr*', Pr**)-
supported Ni catalysts

The dry reforming of methane (DRM) has not yet found large scale industrial
development and commercialization over supported Ni catalysts due to its main disadvantage,
that of non-acceptable catalyst stability (catalyst deactivation). Unfortunately, “carbon”
deposition and sintering of both the support and the active metal particles occur at high reaction
temperatures (ca. > 700 °C) which are required to attain high equilibrium conversions to syngas.
The formation of “carbon” originates mainly via methane decomposition (Eq. 4.1), where part
of it is associated with the active carbon pool that forms CO, and also via the Boudouard reaction
(Eqg. 4.2) [1,2].

CHs (g) +2s > CH3-s + H-s > .... > C-s + H-s (Eq. 4.1)
2 CO (g) - COx(g) + C-s (Eq. 4.2)

Part of the carbon in Eq. 4.2 could also be considered as active carbon (depending on
the relative rates of the forward and backward reaction steps in Eq. 4.2). The nature of inactive
“carbon” usually observed is that of graphite whiskers, carbon fibres and amorphous carbon
[1,2].

Supported nickel catalysts are commonly studied towards DRM because of their low
cost and large availability, but they are very prone to large quantities of “carbon’ deposition and
encapsulation of Ni particles. Much of the research effort recently devoted [1-4] is to finding
suitable supports of nickel metal among the class of metal oxides, which possess high oxygen
storage capacity (OSC) and high rates of surface/bulk lattice oxygen diffusion, which proved to
increase “carbon” formation resistance. Ceria-based, and in particular ceria-zirconia solid
solutions, have been reported to exhibit significant improvements in ‘“carbon” formation
reduction and catalyst’s stability compared to other non-reducible metal oxide supports (e.g. y-
AlO3, SiO) [5-11].

In spite of recent efforts to develop suitable CeO,-based supported Ni catalysts towards
sustainable DRM activity, fundamental understanding of the relative importance of each of the
“carbon” formation chemical routes as a function of support chemical composition (e.g. Ce/Zr

ratio, use of other than Zr**-dopant in doped ceria) has not yet been reported.
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In the present chapter, the following fundamental questions have been addressed after
designing and performing various kinds of transient isotopic experiments over ceria-based
supported Ni catalysts, for the first time to the best of our knowledge:

o Experimental evidence for the origin of inactive “carbon” (methane decomposition (Eq.

4.1) and Boudouard reaction (Eq. 4.2))

o Quantitative assessment of the effect of support chemical composition on the relative
contribution of the CH4 and CO activation routes towards “carbon” formation, and
o Influence of support chemical composition on the reactivity of the various kinds of

“carbon” formed towards hydrogen and oxygen.

For this purpose, transient hydrogenation and oxidation (isothermal and temperature-
programmed) coupled with the use of 3CO and **CO; isotope gases were performed. In situ
DRIFTS studies were also conducted to investigate the effect of support chemical composition
on the chemisorption of CO on the nickel surface, and a likely correlation with “carbon”

formation.

4.1. The effect of support composition in the origin and reactivity of carbon
4.1.1. Catalyst characterization

4.1.1.1. Surface texture and XRD studies of Ce1xMxQO2s (M=Zr**, Pr3*) solids

The BET specific surface area (SSA), specific pore volume (Vp) and mean pore diameter
(dp) of the three solid supports of Ni metal investigated are given in Table 4.1. The SSA of these
materials is in the 11-22 m?g* range with CeosZro20.-5 to exhibit the largest value (22 m?g ™),
where the mean pore diameter is found to be in the 5.5-11.5 nm range.

Powder X-ray diffractograms of the fresh 5 wt.% Ni supported on CeogZro202-5,
Ceo:5Zr0502.5 and CeogPro202-s after calcination (750 °C/4 h) followed by Ha reduction (700
°C/2 h) are given in Fig. 4.1. It appears that CeosZro202-5 and CeogPro.202-s formed a solid
solution of pseudo-cubic structure, whereas in the case of CeosZrosO25 the presence of the
tetragonal t’ phase cannot be excluded. In particular, the XRD pattern of 5 wt.% Ni/Ceo.8Zro.202-
5 shows diffraction peaks at 20 = 28.7, 33.2, 47.8, 56.7, 59.4 and 69.9 due to the presence of
Ceo.8Zr0.202-5 solid solution support (cubic) [12,13] and that of 5 wt.% Ni/Ceo5Zro502-5 Shows
diffraction peaks at 26 = 28.8, 33.4, 48.2, 57.2, 59.9 and 70.5°, which are shifted to lower 2theta
values compared to those corresponding to pure CeO> (20 = 28.7, 33.1, 47.5, 56.2, 59.2 and
69.7°) and the present CeogZro.202-5 solid support.
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Table 4.1: BET surface area (SSA, m? g 1), specific pore volume (Vp, cm® g 1), average pore
size (dp, nm), primary crystallite size (dc, nm), lattice constant (o, A) and Oxygen Storage
Capacity Complete (OSCC, umol g*) obtained over the Ceo sPro202 and Cej-xZrxOz2-s (X = 0.2
and 0.5) solids.

Sample SSA Vp dp dc a OSCC (umol g?)
(m?g?) (cmPg?) (nm) (hm) (A)  600°C 700°C 800°C
CeosPro20;  10.9 0.039 115 167 54457 502 660 950
(23.6)
(24.0)°
CeosZro202  22.0 0057 80 86 53896 227 590 720
CeosZrosOz  16.1 0031 55 7.3 53442 260 630 860

a After DRM reaction at 550 °C for 50 h; ® After DRM reaction at 750 °C for 50 h.

Intensity (a.u.)

(aJ\J\ iA i A

20 25 3'0 I315 4'0 45 50 55 60 65 7'0 75
20
Figure 4.1: Powder X-ray diffractograms of (a) 5 wt.% Ni/CeosZro20,5, (b) 5 wt.%

Ni/CeosZro502-5 and (c) 5 wt.% Ni/Ceo.sPro20>-5 solids following calcination of the fresh

samples in air (750 °C/4 h). Inset graph shows a magnification of the Ni (111) diffraction peak
(*) obtained for the 5 wt.% Ni/Ceo 5Zro50,-5 catalyst.

This result shows the contraction of the ceria crystal lattice, given the fact that the atomic
radius of Ce** (0.97 A) is larger than that of Zr** (0.84 A). This shift indicates that Zr** cations
have been incorporated into the CeO, fluorite structure, thus leading to the formation of a Ces-
xZrxO2-5 solid solution. The XRD pattern of Ceo.sPro.2O2-5 is only slightly shifted towards lower
2theta values from that corresponding to the Ceo.sZr0.202-5 solid. This result is explained based
on the fact that Ce** and Pr3* practically exhibit similar ionic radii (0.97 vs. 0.96 A (Pr**)) and
that Ceo.sPro.202-5 exhibits also larger reducibility than the CeggZro202-5 solid (Table 4.1, OSCC
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values and Fig. 4.2). The latter implies that Ce®* formed having a larger ionic radius than Ce**
will cause slight expansion of the crystal unit cell. It should be noted here that the crystal
structure of Ceo.sPro.2O2-5 is that of cubic [14,15].

Based on the Scherrer equation, and considering the FWHM of the diffraction line (111)
for metallic Ni [16], and that of (111) for cubic CeO: (Fig. 4.1), the primary crystallite size (dc,
nm) of Ni° and that of support phase were estimated and values are reported in Table 4.1 (support
phase) and Table 4.2 (Ni phase). It is seen that the 5 wt.% Ni/Ceo.gPro202-5 exhibits the largest
mean particle size for both the Ni® metal (27.7 nm) and the support phase (16.7 nm). The lattice
constant a (A) of the various support materials is also reported in Table 4.1. The obtained values
are consistent with the expansion and contraction effect caused by the substitution of Ce** by

Pr3* and Zr** ions mentioned above.

Table 4.2: H; desorption (umol g!) and Ni dispersion (D, %) obtained during H>-TPD
performed on fresh 5 wt.% Ni supported on CeogPro202.5 and Cei—xZrxO2-5 (x = 0.2, 0.5)

carriers.
Sample Twm (°C) H2 (umol g1)  Dni (%0) dni (Nnm)
5 wt.% Ni/Ceo.8Pro.202-5 96 3.8
262 0.8 35 27.7 (28.7)°
431 7.3 (33.5)°
562 2.8 (32.5)°
5 wt.% Ni/Ceo.8Zr0.202-5 80 3.5
146 5.7
211 4.2 6.5 14.9 (14.4)
433 9.1
551 4.9
5 wt.% Ni/Ceo5Zr0502-5 111 6.6
191 10.7 6.2 15.6 (14.8)?
318 1.3
472 7.5

apowder XRD on the fresh catalyst (see Fig. 4.3); ® powder XRD after DRM at T = 550 °C/50 h; ¢ powder XRD
after DRM at T = 750 °C/50 h.
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4.1.1.2. Oxygen Storage Capacity (OSC) measurements

The oxygen storage capacity complete, OSCC (umol O g?) of the three Ce1.xMxO2-5 (M
= Zr* and Pr¥*; x = 0.2 and 0.5) support materials estimated at 600, 700 and 800 °C is reported
in Table 4.1. At 600 °C, Ceo.sPro202-5exhibits a significantly larger OSCC compared to the other
two Ce-Zr-O solids; a value of 502 vs. 227-260 umol g* was obtained. At higher temperatures
(700-800 °C), Ceo.8Pro.202-5 exhibits larger OSCC compared to Ceo.sZro.202.5 (Ce/Zr = 4) but
similar (larger by only 5-10%) to the Ceo.5Zros025 (Ce/Zr = 1) solid (Table 4.1). On the other
hand, Fig. 4.2 illustrates that CeogPro.2O2-s has larger transient kinetic rates of lattice oxygen
release via hydrogen abstraction (hydrogen reduction of the lattice oxygen via the gas switch:
He — 0.5% H/Ar/He (T, t)) in the 600-800 °C range compared to the other two solid supports.
This result (Fig. 4.2) suggests a weaker bonding between metal cations and oxygen anions
present in the solid solution fluorite-type structure (Fig. 4.1) compared to the other two metal
oxide supports. The same conclusion is reached after H>-TIR performed at T = 800 °C.

He |- 0.5%H,/1%Kr/Ar/He He |- 0.5%H,/1%Kr/Ar/He
15 20
e — Ceq gZr.202 -— —Ceq.gZrp.202
7 -
< 124 ——Ceq,52r0,502 - 15 —— Ceq,52r,502
o ——Ceq gPrp 202 - ——Ceq gPrp 202
£ o £
2 T=600°C 2 404 T=700C
g . 2
© ©
& e (b)
c [ —
o 0 54
S 3 ]
Q Q
= =
-l T
Q Q
o 4 : x o . . -
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)

Figure 4.2: Transient isothermal reduction rates obtained over the Ceo.8Zro.202-5, Ceo5Zr0.502-5
and CeogPro.202-5 solid supports at 600 °C (a) and 700 °C (b) following the step gas switch: He
— 0.5% H2/1% Kr/Ar/He.

4.1.1.3. H2 temperature-programmed desorption (TPD) studies

Fig. 4.3 presents Ho-TPD traces obtained over the 5 wt.% Ni/CeogPro2025 (a) and 5
wt.% Ni/Ce;—xZrkO>-5 (x = 0.2, 0.5) catalysts (b and c) along with the traces obtained after
deconvolution (Fig. 4.3d, Gaussian peak shape) of the recorded H>-TPD over the 5 wt.%
Ni/Ceo.8Zro202-5 (Fig. 4.3b). This deconvolution procedure does not entail an accurate
estimation of the existing distribution of different Ni surfaces sites in each catalyst. It rather

provides an approximate comparison of the three supported Ni catalysts, on the basis of the
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binding strength between Nis and adsorbed H (Eni-1, kcal mol™). The peak maximum desorption
temperatures (Twm) and the amount of H, desorption (umol g %), estimated after deconvolution of
desorption traces recorded, are given in Table 4.2. The amount of H> desorbed (up to 600 °C)
was used to estimate the dispersion of Ni (D, %) and the mean Ni particle size (dni, nm). The
obtained results are reported in Table 4.2, where a good agreement between H, chemisorption

and powder XRD (Table 4.2, last column) is to be noted.
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Figure 4.3: Hx-TPD traces obtained over 5 wt.% Ni/CeosPro2025 (a) and 5 wt.%
Ni/Ce—xZrxO2-5 (x = 0.2, 0.5) catalysts (b)-(c). Deconvoluted Ho-TPD trace obtained over the 5
wt.% Ni/Ceo 8Zro202-s catalyst (d). Fue = 50 NmL min; B =30 °C min; W=0.5g.

According to the results of Fig. 4.3 and Table 4.2, it is rather clear that the support
chemical composition (Zr** vs Pr3* and Ce/Zr ratio) largely influences the heterogeneity of the
Ni surface (e.g. Eni-+ bond strength (via Twm), and the distribution of Nis hydrogen chemisorption
sites). The dispersion (Dni, %) of Ni metal was found to be 3.5, 6.5 and 6.2% for the 5 wt.% Ni
supported on Ceo.gPro.202-5, Ceo.sZro202-5 and CeosZros502-5, respectively, providing a mean Ni
particle size (dni, nm) of 27.7, 14.9 and 15.6 nm, respectively (Table 4.2). The 5 wt.%

Ni/Ceo.sPro202-5 solid has the lowest Ni dispersion (largest particle size) but it was found to be
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the most active catalyst towards DRM. Similar Ho-TPD traces have been reported for the 15
wt.% Ni/Ceo.12Zr0.8802, 5 Wt.% Ni/Ce1xZrxO2 and 5 wt.% Ni/Al,03-CaO solids [17,18], where
in all cases the high-T hydrogen desorption states were interpreted as due to strongly adsorbed
H arising from some electronic modifications of small Ni crystallites which interact intimately

with the support (formation of Ni?" sites).

4.1.1.4. Catalysts performance in DRM

Fig. 4.4 presents the conversion (%) of CH4 and CO> (a) and the H-yield (%) and H2/CO
gas product ratio (b) obtained after 1 h of dry reforming of methane in the 550-750 °C
temperature range over the 5 wt.% Ni/Ceo.sPro.202-s catalyst. It is noted that no C2Hs was formed
within the whole temperature range of 550-750 °C investigated. By increasing the reaction
temperature from 550 to 750 °C, the catalytic activity increases considerably according to the
endothermic nature of the reaction; Xcha4 increases from 14.3 to 71.5% with increasing reaction
T from 550 to 750 °C. It should be noted that the CO- conversion (%) is larger than that of CH4
in the temperature range of 550-750 °C. The H./CO gas product ratio (Fig. 4.4b) takes low
values in the 550-600 °C range (ca. 0.44-0.58) but significantly larger values (0.82-1.2, most

desirables ones for FT applications) at higher temperatures.
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Figure 4.4: Conversion (%) of CH4 and CO> (a) and Hz-yield (%) and H./CO gas product ratio
(b) obtained after 1 h of dry reforming of methane in the 550-750 °C range over the 5 wt.%
Ni/CeosPro20,-5 catalyst; GHSV = 30,000 h'.,

The conversion of CH4 (%) and CO2 (%), the H2 and CO product yields (%) and the
H2/CO gas product ratio obtained after 1 h of dry reforming over the other two 5 wt.%

Ni/Ce;-—xZrkO2-5 (x = 0.2, 0.5) catalytic systems are reported in Table 4.3. It is shown that doping
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of ceria with Pr3* at the level of 20 atom-% results in a significant improvement in all DRM
catalytic performance parameters when compared with the Zr**-doped ceria supports. In
particular, at 550 °C the Xcha (%) increases by a factor of 1.54 and the Xco2 (%) by a factor of
1.12. Also, the Hz and CO yields are increased by a factor of 1.24 and 1.16, respectively, and
the H2/CO gas product ratio is increased by a factor of 1.1. On the other hand, by increasing the
Zr**-content from 20 to 50 atom-%, a significant decrease in the catalytic performance is
observed. More specific, at 550 °C the XcHa4 (%), Xcoz (%), H2-yield, CO- yield and the Ho/CO
gas product ratio decrease by a factor of 3.0, 1.43, 1.96, 1.37, and 1.43, respectively.

Intrinsic kinetic rates of the DRM reaction (after 1 h on reaction stream, XcHa < 14%) in
terms of TOFcra (s1) were estimated. It was found that 5 wt.% Ni supported on Ceo.gPro.202-s
with Ni particles of ~ 28 nm exhibits 2.9 and 8.3 times larger TOFcHa compared to Ceo.8Zro.20o-
5 (TOFcH4 = 0.233 s!) and Ceo5Zr0502-5 (TOFcHa = 0.081 s carriers with smaller Ni particles
(~ 15 nm); TOFcHa = 0.675 s (5 wt.% Ni/Ceo5Pro202-s).

Dry reforming of methane conducted at 750 °C over the Ceo.sPro.202-5 support alone, and
using the same feed gas composition and GHSV as in the case of 5 wt.% Ni/Ceo.gPro202-5
catalyst, resulted in Xcoz2 = 0.2%, Xchs = 0.1%, and CO and H: product yields of 1.25% and
0.1%, respectively. Based on these results and those presented in Fig. 4.4 and Table 4.3, it
appears that the presence of Ni is essential, but Ni-support interactions likely influence the
activity and selectivity of the DRM reaction.

Figure 4.5 shows the conversion of CO- (%) and CH4 (%), and the Hz-yield (%) obtained
after 50 h of DRM reaction at 550 and 750 °C over the most active 5 wt.% Ni/CeogPro202-5
catalyst (Table 4.3). The CO2 and CH4 conversions and the Ho-yield at 550 °C appear extremely
stable over the period of 50-h on reaction stream. At 750 °C, a small drop (< 6%) is evident
resulting in a drop of Hz-yield by about 18%. XRD patterns recorded after 50 h of DRM at 550
and 750 °C over the 5 wt.% Ni/Ceo.gPro.202-5 catalyst reveal that the primary crystal size of both
the support and Ni metal phases are increased (Tables 5.1 and 5.2). Specifically, at 750 °C the
crystal size of support increases from 16.7 to 23.6 nm and that of Ni from 28.7 to 32.5 nm.
Furthermore, the Ceo gPro.202-5 support preserves its cubic crystal structure, where no diffraction
peaks related to NiO were detected. On the other hand, the amount of inactive “carbon” formed,

as will be shown next, is decreased with increasing reaction time (from 1 h to 50 h).
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Table 4.3: Conversion of CH4 and CO2 (%), Hz and CO yield (%) and H2/CO gas product ratio
obtained during Dry Reforming of Methane (T = 550-750 °C; 1 h on stream; GHSV = 30,000
ht) over 5 wt.% Ni/Ceo sPro20, and 5 wt.% Ni/Ce;—ZrkOa-s (x = 0.2, 0.5) catalysts. Pcha= 0.2
bar; Pco2= 0.2 bar; Phe = 0.6 bar.

Catalyst T (°C) XcHa (%) Xcoz (%) Yield H2 (%) Yield CO (%) H2/CO

Ni/CeosPro202 550 14.3 19.0 6.1 14.0 0.44
600 27.7 35.4 14.5 24.9 0.58
650 44.6 57.8 318 38.9 0.82
700 61.6 72.7 94.5 49.8 1.10
750 715 83.4 70.3 58.1 1.20
Ni/CeosZro202 550 9.3 17.0 4.9 12.1 0.40
600 25.7 32.7 13.0 22.9 0.57
650 41.5 48.0 26.1 34.6 0.75
700 55.7 65.8 38.9 45.2 0.86
750 67.9 77.2 51.7 54.6 0.95
Ni/CeosZrosO2 550 3.1 11.9 2.5 8.8 0.28
600 14.5 16.5 41 11.5 0.36
650 20.7 21.8 6.0 16.0 0.38
700 14.7 23.35 55 16.5 0.33
750 19.7 26.1 5.8 17.9 0.32

These above results suggest that the relatively small drop of H-yield (%) after 50 h of
dry reforming is due either to morphological/structural changes of the Ni and support phases
(partial loss of active catalytic sites on Ni and the Ni-support interface) or to the removal of
inactive “carbon” via hydrogenation. The latter is supported by transient isothermal

hydrogenation studies described in the following section.
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Figure 4.5: Stability test of the dry reforming of methane reaction in terms of CO, and CH4
conversion (%) and H-yield (%) performed at T = 550 and 750 °C over the 5 wt.%
Ni/CeosPro20; catalyst for 50 h on reaction stream; GHSV = 30,000 ht.

4.1.2. Characterisation of “carbon” formed during DRM by various transient

techniques

4.1.2.1. Transient isothermal hydrogenation (TIH)

Fig. 4.6a shows transient response curves of CH4 obtained during the 10-min isothermal
hydrogenation of the “carbon” formed after 1 h of dry methane reforming at 550 °C over the 5
wt.% Ni supported on CeggPro2025 (A), CeosZro202-5 (B) and CeosZros02-5 (C) carriers. The
CH4 peak maximum appears at tn=0.5, 0.5 and 1.9 min for the Ni/CeogPro.202-5, Ni/Ceo.8Zr0.20>-
s and Ni/CeosZros02-5 catalysts, respectively. For the Ni/CeosMo2025 (M = Zr** and Pre")
catalysts, the peak maximum appeared at lower hydrogenation times compared to the
Ni/Ceo5Zr0502-5 solid, result that suggests the formation of a more active kind of “carbon”. The
shape of the CHj4 trace for Ni/Ceo.sPro.202-5 probes for at least two kinds of “carbon” (Fig. 4.6a,
curve A). Figure 4.6b presents the trace of the TPH step performed following the TIH one. It is
seen that hydrogenation of all “carbon” formed after 1 h of dry reforming is completed at 700
°C, and the amount of “carbon” reacted during TPH is small compared to that reacted
isothermally at 550 °C. The amount (umol g?) of “carbon” estimated under the TIH and TPH
hydrogenation steps is found to be 233.0, 51.8 and 179.9 pmol g for the 5 wt.% Ni supported
on Ceo.8Pro202.5, CensZro202-5 and CeosZros02-5 carriers, respectively. The Ni/Ceo.gPro202-5
catalyst with the best catalytic activity (Table 4.3) has shown the largest amount of “carbon”
amongst the other two catalysts, and this result is discussed next in relation to the stability
performance of the Ni/Ceo.gPro0>-5 catalyst.
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Figure 4.6: (a) Transient response curves of CHs concentration obtained during isothermal
hydrogenation (TIH) of “carbon” formed after 1 h of dry reforming at 550 °C (GHSV = 30,000
h™) over 5 wt.% Ni supported on (A) CeosPro202, (B) Ceo.sZro202and (C) CeosZros0z carriers.
Gas delivery sequence: 20% CH4/20% COz/He (550 °C, 1 h) — He (550 °C, 15 min) — 20%
Ha/He (550 °C, t); (b) TPH following TIH over the 5 wt.% Ni/Ceo.sPro.2O- catalyst.

4.1.2.2. Temperature programmed oxidation (TPO)
Fig. 4.7 presents CO2 and CO temperature-programmed oxidation (TPO) of “carbon”
traces obtained over the 5 wt.% Ni/CeogPro.202-5 catalyst after 1 h or 50 h of dry reforming of

methane conducted at 750 °C.
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Figure 4.7: Transient response curves of CO2 and CO concentrations (mol%) obtained during
TPO of “carbon” formed after 1 h (a) and 50 h (b) of dry reforming of methane conducted at
750 °C (GHSV = 30,000 h) over a 5 wt.% Ni/CeosPro.0, catalyst. Gas delivery sequence:
DRM (750 °C, 1 h or 50 h) — He gas flow, increase T to 800 °C and stay until no CO/CO; are
measured in the MS — cool down in He gas flow to 100 °C — 10% Oa/He (50 NmL min?), T
is increased to 800 °C (B = 30 °C min™).
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As clearly shown in Fig. 4.7, after 1 h of reaction (curve a), at least three kinds of
“carbon” can be distinguished on the basis of the shape of the CO.-TPO trace. A main sharp
peak of CO- can be seen at ~ 600 °C with large shoulders in the rising and falling parts of the
peak. The oxidation of these “carbon” species starts at ~ 350 °C and almost ends when the
catalyst reaches the temperature of 800 °C. A large signal of CO is also formed, which starts at
600 °C and ends at ~ 780 °C (Fig. 4.7a). The amounts of CO, and CO produced were found to
be 4.9 and 3.4 mmol g, respectively. A similar TPO experiment performed after 50 h of dry
reforming at 750 °C provides a totally different trace of CO> (Fig. 4.7b) when compared to that
obtained after 1 h of reaction (Fig. 4.7a). A very small CO; peak centred at ~ 430 °C and a
significantly larger one centred at ~ 640 °C are discernible. Furthermore, only a very small trace
of CO was measured (not shown) as opposed to the case of 1 h on reaction stream. The amounts
of CO2 and CO were found to be 1.42 and 0.067 mmol g, respectively. The total amount of
“carbon” formed after 1 h and 50 h of reaction was found to be 99.72 and 17.5 mg C g (1.75
wt.%), respectively. Thus, this specific catalytic system does not progressively accumulate
“carbon” but a significant progressive decrease in “carbon’ formation with increasing reaction
time does take place. This important result will be discussed next in relation to the excellent

stability characteristics of this particular 5 wt.% Ni/CeggPro202.5 catalytic system.

4.1.2.3. Quantifying the origin of “carbon” formation (CH4 versus CO>)

Figs. 4.8 and 4.9 present 2CO, and '*CO; transient response curves recorded during
TPO of the “carbon” formed over the 5 wt.% Ni/Ceo5Zro502-5 and 5 wt.% Ni/Ceo.8Pro202-5
catalysts, respectively, after 30 min of dry reforming (5% *C0./5% >*CH4/He) at 550 and 750
°C. The different shapes in the obtained *3CO, and *2CO; response curves for the two catalysts
and their relative amounts (area under the response curve) are apparent. In the case of dry
reforming at 550 °C over the 5 wt.% Ni/CeosZrosOz-5, the 3CO; response exhibits two main
peaks centred at ~ 230 and ~ 380 °C with a shoulder at the rising part of the high-T peak (Fig.
4.8a). A largely different *CO.-TPO trace was obtained in the case of 5 wt.% Ni/CeosPro202-
5, Where only one *CO; peak centred at ~ 460 °C with a shoulder at the high-T side is obtained
(Fig. 4.9a). A similar behaviour is observed when dry reforming was performed at 750 °C (Figs.
4.8h, 4.9b).

The CO,-TPO response arises from the oxidation of *C-containing carbon species

formed via the 3CO, activation route, whereas that of 2CO,-TPO from the oxidation of 2C-

Michalis A. Vasiliades 116



Chapter 4: Dry Reforming of Methane over Ce1-xMxO2-s (M=Zr**, Pr3*)-supported Ni catalysts

containing carbon species formed via the 2CHj activation (decomposition) route. The *2CO--
TPO response curves shown in Figs. 4.8 and 4.9 are largely different in shape, position and
quantity, with the support composition to have a clear influence. In the case of 5 wt.%
Ni/CeosZro..02-5 catalyst, very similar 22CO.- and 3 CO.-TPO response curves to those observed

over the Ni/CeosPro202-5 are obtained.
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Figure 4.8: Temperature-programmed oxidation (TPO) to *?CO; and **CO of “carbon” formed
after 30 min of DRM at 550 °C (a) and 750 °C (b) over the 5 wt.% Ni/Ceo5Zro50> catalyst. Gas
delivery sequence: 5% 3C0O,/5% 2CH4/45% Ar/45% He (T, 30 min) — He (800 °C, 15 min)
— cool down in He flow to 100 °C — 10% O/He (50 NmL min®), T is increased to 800 °C
(TPO, B =30 °C mint); DRM reaction conditions: Fr = 100 NmL min*; W = 0.5 g.

He +10%0,/He He [—-10%0,/He
0.05 5
® 12,
@ ) “co, co,
J | 5%NilCe, Pr, O

= 004 5%NilCe, ,Pr, ,0 < ¢ ey
32 uco 08 022 o~
5 A 5 5 T=750°C
E T=550°C £ 3
(3 c
2 )
= =
S 0.02- o 24
s =
S 12 S
8 co, Q
S o001 5 14
o o

0.00 T T T T T 0 T T T T T

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 4.9: Temperature-programmed oxidation (TPO) to *?CO2 and *CO of “carbon” formed
after 30 min of DRM at 550 °C (a) and 750 °C (b) over the 5 wt.% Ni/Ceg.gPro20> catalyst. Gas
delivery sequence: 5% 3CO,/5% 2CH4/45% Ar/45% He (T, 30 min) — He (800 °C, 15 min)
— cool down in He flow to 100 °C — 10% O/He (50 NmL min®), T is increased to 800 °C
(TPO, B =30 °C mint); DRM reaction conditions: Fr = 100 NmL min™; W = 0.5 g.
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Table 4.4: 2CO, and 3CO, (umol g*) and 2CO/ 3CO, product gas ratio obtained during
temperature-programmed oxidation (TPO) to *2CO; and *3CO; of “carbon” formed after 1 h of
dry reforming using 5% 3C02/5% 2CH4/45% Ar/45% He at 550 and 750 °C over the 5 wt.%
Ni/CeogPro202 and 5 wt.% Ni/Cei—ZrxO>-5 (x = 0.2, 0.5) catalysts.

Catalyst T(C) 2CO2 13CO2 12C0O2/ BCO2  Total “carbon”
(nmol g)  (umol g*) (umol g)

Ni/Ceo.8Pro.202 550 2.4 8.6 0.29 11 (0.01)2
750 494.2 464.1 1.06 958.3 (1.15)

Ni/CeosZro20z 550 48 11.9 0.40 16.7 (0.02)
750 504.5 473.2 1.07 977.7 (1.17)

Ni/Ceo0.5Zro502 550 3.7 24.4 0.15 28.1 (0.03)
750 2.4 8.2 0.29 10.6 (0.01)

2 values in parentheses provides the equivalent wt.% carbon (gc / Qeat).

Table 4.4 reports the amounts (umol g?) of 12CO, and 3CO; and the 2CO2/**CO, molar
ratio obtained during TPO of the “carbon” formed after dry reforming at 550 and 750 °C over
the three catalysts investigated. It is seen that in the case of CeosPro202.5 and CeggZro202-5
carriers, after increasing the reaction temperature from 550 to 750 °C, the amounts of 12CO; and
13CO, formed are increased significantly. In fact, for the Ni/CeosPro202-s, the total “carbon”
formed was increased 87 times, whereas for the CeosZros02.5 carrier a decrease in “carbon”
formation with increasing reaction temperature is noticed. It should be noted, however, that
Ni/Ceo5Zro502-5 presents significantly lower activity than the other two catalysts (Table 4.3). At
750 °C, 5 wt.% Ni supported on CegsZro2025 or CeggPro202.5 forms practically the same
amount of “carbon”, whereas at 550 °C the 5 wt.% Ni/Ceo5Zro502-5 exhibits the largest amount
of “carbon”, whereas the 5 wt.% Ni/CeogPro202-5 the lowest one (Table 4.4). The ratio
12C0,/*3CO; obtained (TPO experiments) describes in a quantitative manner the contribution of
each reactant molecule (CHas vs. CO2) to the formation of “carbon’ during dry reforming of
methane. This ratio is found to increase significantly with reaction temperature (ca. 550 to 750
°C) for all three catalysts (Table 4.4).
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4.1.2.4. Probing the extent of Boudouard reaction in the presence of CH4 towards
“carbon” formation
Fig. 4.10a presents the transient isothermal evolution of H, 12CO, 2CO, and *CO;
gaseous species obtained at the switch He — 5% 3C0O/5% 2CHa/Ar/He (750 °C, t) over the 5
wt.% Ni/CeogPro.2O> catalyst.
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Figure 4.10: (a) Transient response curves of H, 1?CO, *CO, 2CO, and *CO; obtained at 750
°C during the gas switch: He (100 NmL min, 750 °C) — 5% 3C0O/5% >CH4/45% Ar/45% He
(100 NmL min, 750 °C, t); (b) Transient response curves of >CO, *CO, 2CO; and *CO;
obtained during TPO (10% O2/He, 50 NmL mint) following (a) over the 5 wt.% Ni/Ceo sPro..02
catalyst. Gas delivery sequence: 5% 3CO/5% 2CHa/45% Ar/45% He (750 °C, 30 min) — He
(800 °C, 15 min) — cool down in He flow to 100 °C — 10% O/He (50 NmL min?), T is
increased to 800 °C (TPO, p=30°C mint); W=05g.

It is clearly seen that large H2 and *2CO transient formation rates but small 2CO, and
13CO; ones are obtained over the period of 30-min on reaction stream. A sharp increase in the
rate of formation of the respective gas is noted at the gas switch. The Hz and *2CO transient
response curves pass through a maximum after about 2 min on reaction stream, with the 2CO
response to present a slow decay and the Hz response a larger one. On the other hand, the *2CO;
and 3CO; transient response curves after the first sharp increase at the gas switch show a second
rate maximum at a larger time (~ 6 min).

The large formation rate of H; is the result of CH4 decomposition on the Ni° surface,
which diminishes with time on stream due to the accumulation of “carbon”. This catalytic
reaction process occurs in the presence of 3CO(g). The formation of **COy is the result of the

Boudouard reaction when 2CO is co-fed in the reactor with 2CHa, and which takes place on
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the Ni surface at the same time with the ‘>CH4 decomposition. The formation of *2CO is the
result of the reaction of Y>*CHa with 3CO, (dry reforming of methane), the latter formed via the
Boudouard reaction of 13CO(g), whereas the formation of 12CO; is the result of the latter reaction
with 2CO(g). The large similarity in the shape of the transient rate responses of 2CO, and 1*CO.
is noted. The amounts of Hp, 2CO, ?CO, and ®CO, formed during the 30-min
13CO/*2CHa/Ar/He gas treatment of the catalyst were found to be 12.22, 4.34, 0.03 and 0.035
mmol g, respectively.

Fig. 4.10b presents the transient evolution of 2CO, 3CO, ?CO, and *CO, gaseous
species recorded during TPO following the 30-min *CO/*>CH4/Ar/He gas treatment of the
catalyst (Fig. 4.10a). The formation of all gaseous species except ?CO starts at ~ 350 °C,
whereas that of ?CO at ~ 560 °C. The formation of the various isotopic *3CO and *CO, gases
is the result of the oxidation of “carbon” formed after 3CO/*?CHJ/Ar/He treatment of the
catalyst at 750 °C (Fig. 4.10a). The appearance of: (i) multiple peaks, (ii) shoulders, and (iii)
sharp increases in the rates of oxidation within a small temperature range probe for more than
one kind of “carbon”, and likely complex kinetics of “carbon” oxidation. Of interest is the strong
similarity in the shape and position of the 2CO, and 3CO; traces (Fig. 4.10b) as observed in
the transient formation rates of the same species shown in Fig. 4.10a. The amounts of *2COx,
13C0O,, 2CO and 3CO obtained (after all signals reached their respective background value in
the MS at 800 °C, Fig. 4.10b) were found to be 1.38, 2.62, 0.20 and 0.86 mmol g, respectively.

The analysis of the ?C-material balance for the experiments described in Figs. 4.10a and
4.10b is as follows. The amount of *2C originated from the ?CHy fed in the reactor, and which
had reacted during the’>CO/*>CH4/Ar/He gas treatment (Fig. 4.10a), must be equal to the sum
of the amounts of 2CO and *?CO (Fig. 4.10a) and that of *2C-depositon on the catalyst surface
(Fig. 4.10b). This material balance does not account for any CO or 2CH,4 chemisorbed on the
catalyst surface (e.g. stable carbonates at 750 °C). The *CH4 which was reacted must be equal
to half the amount of Hz formed (one mol of *2C (ex. 2CH4) corresponds to two mols of Hy).
Based on the quantities provided above, it is shown that the '2C-material balance is satisfied
within 5%. This result agrees very well with the fact that no reversibly adsorbed CH4 on the
catalyst surface is expected at 750 °C, and that the concentration of stable carbonates on the

support at 750 °C should be considered very small.
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Figure 4.11: (a) Transient response curves of H, 12CO, *CO, 2CO; and 3CO; obtained at 750
°C during the gas switch: He (100 NmL min, 750 °C) — 5% 3CO/5% *2CHa4/45% Ar/45% He
(100 NmL min, 750 °C, t); (b) Transient response curves of >CO, *CO, 2CO; and *CO;
obtained during TPO (10% O/He, 50 NmL min*) following (a) over the CeosPro.0- carrier
alone. Gas delivery sequence: 5% 3CO/5% 2CHa4/45% Ar/45% He (750 °C, 30 min) — He (800
°C, 15 min) — cool down in He flow to 100 °C — 10% Oa/He (50 NmL mint), T is increased
to 800 °C (TPO, § = 30 °C min'): W = 0.5 g.

Similar experiments to those reported in Figs. 4.10a and 4.10b were performed on the
Ceo.8Pro202 support alone. The results obtained are shown in Figs. 4.11a and 4.11b. It is
illustrated that the support alone does promote the CH4 decomposition and Boudouard reactions
but to a small extent according to the following quantities obtained. In the case of
13CO/*2CHa4/Ar/He gas treatment at 750 °C (Fig. 4.11a), the amounts of H, *2CO, 2CO; and
13CO, formed were found to be 310.0, 55.7, 14.0 and 73.0 umol g%, respectively. It should be
noted: (i) the significantly larger amount of 3CO. derived from the Boudouard reaction (Fig.
4.11b), and likely from the reduction of support %0 by **CO, when compared to the amount of
12C0O,, and (ii) the lower amount of *2CO (dry reforming of 2CH, with 13CO; and *2C0O2) when
compared to that of 1*CO,. Of interest is the largely different transient response of H, formation
(two peak rate maxima) and the very short time during which *2CO is formed (Fig. 4.11a), when
these parameters are compared to those observed in the case of supported Ni catalyst (Fig.
4.10a). For the TPO experiment (Fig. 4.11b), the amounts of ?CO,, *CO,, *CO and *CO
obtained were found to be 30.0, 78.0, 15.4 and 1.7 pmol g%, respectively.
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4.1.3. Insitu DRIFTS-CO chemisorption studies

Fig. 4.12A presents a DRIFT spectrum in the 2250-1800 cm™ range recorded at 25 °C
after 30-min treatment of the 5 wt.% Ni/Ceos5Zr0502-5 catalyst in 5% CO/Ar gas mixture. After
deconvolution and curve fitting procedures, IR bands (Fig. 4.12A, broken line) centered at 2175,
2122, 2102 and 2061 cm™ appear. The first two IR bands are due to gas-phase CO, whereas the
IR bands recorded at 2102 and 2061 cm™ are assigned to linear carbonyl species on reduced
nickel [19,20].

a: 5% NilCe, Pr, .0, Rhitn) a: 5% Ni/Ce Pr, O,
b: 5% NilCe, Zr, O, 0.001 \  b:5%NilCe, Zr, 0,
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Figure 4.12: (A) DRIFT spectrum recorded in the 2250-1800 cm™ range over the 5 wt.%
Ni/Ceo.5Zro50- catalyst after 30-min treatment in 5% CO/Ar gas at 25 °C; IR bands obtained
after deconvolution are also shown. IR bands of adsorbed CO obtained in the 2200-1800 cm™
range after deconvolution of the spectra recorded at 25 °C after 30-min treatment in 5% CO/Ar
gas at 25 °C (B) and 550 °C (C) for the 5 wt.% Ni supported on Ceo.gPro.20- (a), Ceo.5Zro502 (b)

and Ceo.8Zro.202 (C) carriers.

Fig. 4.12B shows comparative IR bands of adsorbed CO recorded on the 5 wt.% Ni
supported on Ceo gPro.202-5 (a), CeosZros02-5 (b) and Ceg.sZro202-5 (C) carriers in the 2200-1800
cm range after deconvolution and curve fitting of the original DRIFT spectra recorded at 25
°C, after 30-min treatment in 5% CO/Ar gas. In the case of Ni/Ceo.8Zro.202-5 and Ni/Ceo gPro.20--
5 catalysts, only one linearly adsorbed CO is observed at 2092 and 2102 cm™, respectively,
whereas for the latter catalyst two additional bridged adsorbed carbon monoxide, COg (IR bands
at 1858 and 1843 cm™) [21] are obtained.

Fig. 4.12C shows IR bands of adsorbed CO obtained after deconvolution and curve
fitting of the original DRIFT spectra recorded after 30-min treatment in 5% CO/Ar gas at 550
°C over the same three catalysts. All catalysts exhibit only one IR band corresponding to CO
adsorbed on Ni°. In the case of Ni/Ceo.gPro202-5 (most active in dry reforming, Table 4.3), the

IR band recorded at 2103 cm™ is shifted towards slightly lower wavenumbers when Pr3* is
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replaced by Zr*". This behaviour could be associated with the lowering of the Ni-CO binding
energy and at the same time the strengthening of the C-O bonding in the adsorbed Ni-CO
species. On the other hand, such red shift in the CO adsorption band is also the result of the
lowering in surface coverage of CO. Therefore, it could be stated that the surface concentration
of adsorbed CO on Ni° at 550 °C is largely influenced by the support chemical composition.
Ni/Ceo.sPro.202-5 with the best catalytic activity (Fig. 4.4) was found to present the largest surface
coverage of linearly bonded CO, whereas Ni/Ceo5Zro502-5 with the worst catalytic activity the

smallest one.

4.1.4. [Estimation of inactive “carbon” formed during RWGS reaction

Fig. 4.13 presents TPO traces of CO and CO; following 1 h of reverse water-gas shift
(RWGS) reaction conducted at 750 °C (20% CO2/7% H2/He) over the fresh 5 wt.% Ni supported
on CeoPro202 (Fig. 4.13a) and CeosZro02 (Fig. 4.13b) catalysts. For the above-mentioned
feed gas composition used, the amount of “carbon” formed is considered to be larger than that
formed due to the RWGS in the applied dry reforming of methane (DRM) reaction conditions,
since the maximum possible CO2 and H> feed concentrations were considered. The catalyst pre-
treatment and TPO conditions used were exactly the same as those used in the DRM reaction
(see Section 4.2). The equivalent amounts of “carbon” formed (CO+CQO2) were found to be
practically similar, 57.4 and 61.8 umol C gear* or 0.69 and 0.74 mg C gea! in the case of
Ni/Ceo.sPro202 and Ni/ CeosZro.20-, respectively. Of interest is the fact that after comparing the
TPO traces obtained following DRM (1 h/750 °C) over the same catalytic systems (Fig. 4.7a)
with the present ones of RWGS (Fig. 4.13), the reactivity of “carbon” towards oxygen is
completely different. In the case of RWGS reaction most of the accumulated “carbon” is
oxidized to CO, whereas in the case of DRM the kinetics of oxidation leads to about equal
amounts of CO and CO: (Fig. 4.7a). Furthermore, in the case of RWGS the oxidation of
“carbon” to CO starts at low temperatures (ca. 100 °C), whereas in the case of DRM at much
higher temperatures (ca. 600 °C). These results suggest that RWGS and DRM reactions lead to

different structures of “carbon”.
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Figure 4.13: Transient concentration response curves of CO and CO. obtained during TPO of
“carbon” formed after 1 h of reverse water-gas shift (RWGS) reaction performed at 750 °C.
Reaction feed gas composition: 20% CO2/7% Hz/He; Wea = 0.3 g; GHSV = 30,000 ht,

4.1.,5. SEM studies of fresh and spent catalysts

The obtained scanning electron microscopy (SEM) images of the morphology of the
fresh and spent (after 1 h of DRM at 750 °C) 5 wt.% Ni/Ceo.sPro.20O- catalysts are presented in
Figs. 4.14 and 4.15, respectively (various magnifications are provided). The fresh catalyst
support consists of irregular aggregates with a wide distribution of macro- and nano-porosity
(Fig. 4.14 a-d). The presence of whisker-type carbon nanofibers is clearly envisioned in Fig.
4.15 b-d for the spent catalyst. Carbon nanofibers of lengths larger than 1 um and 10-40 nm in
width (Fig. 4.15 d) are observed. It should also be noted that the shape of the support aggregates
does not seem to have changed after 1 h of dry reforming of methane at 750 °C. This information
supports the number of different CO and CO; peaks obtained in the TPO of “carbon” formed
after DRM.
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Figure 4.15: SEM micrographs of the spent 5 wt.% Ni/Ceo.gPro20..5 catalyst (after 1 h of dry
reforming of methane at 750 °C; 20% CH4/20% CO./He; GHSV = 30,000 h%).
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4.1.6. Discussion
(@)  Catalytic performance of Ni/Ce1.xMxQO2-5 (M=Zr**, Pr3*)

The catalytic dry reforming of methane performance results reported in Fig. 4.4 and
Table 4.3 illustrate that introduction of Zr* and Pr* in the ceria fluorite structure has a large
influence on the activity of supported Ni in terms of CH4 and CO> conversion but also on the
product selectivity in terms of the H2/CO gas product ratio in the 550-750 °C range. At 550 °C,
when Ni particles of ~ 28 nm in size are deposited on Ceo.gPro202.5, the TOFcH4 estimated is
0.675 s, which is significantly larger than the corresponding values of 0.233 and 0.081 s*
obtained when smaller Ni particles (~ 15 nm) are deposited on Ceo.8Zro202 and Ceps5Zros02
carriers. In order to understand this support effect and the activity order obtained (Table 4.3),
the influence of “carbon” formation (origin and extent) on the dry reforming reaction rate as a
function of support composition must be examined. Other side reactions such as the reverse
water-gas shift (RWGS) and methanation of CO should also be considered in order to correctly
assess the performance of the present catalytic systems.

The catalytic performance and the amount of inactive “carbon” formed towards the
RWGS (20% CO,/7% Ha/He; GHSV = 30,000 h') and the CO methanation reaction (2.5%
CO/7.5% Ha/He) at 750 °C were evaluated over the 5 wt.% Ni/Ce.8Zro202-5 and 5 wt.%
Ni/CeosPro202-5 solids. It was found that the Xco2 (%) for the RWGS was 21% and 22% for the
Ni/Ceo8Zro202.5 and Ni/CeosPro202-5, respectively, whereas the Xco for the methanation
reaction was less than 2% after 1 h on reaction stream. The amount of inactive “carbon” formed
after 1 h of RWGS was found to be significantly lower (~ 0.7 mg/gcat) than that formed in DRM
(99.7 mg gearl) for both catalysts. On the basis of these results and since the most active
Ni/CeosPro202-5 catalyst exhibits a larger Ho/CO ratio than the Ni/Ceo.sZro.202-5 at 750 °C (Table
4.3), it is clear that the RWGS reaction alone cannot explain the differences obtained in the
activity and product selectivity between these two particular catalytic systems (Table 4.3).

The fact that the H>/CO gas product ratio in most of the experimental conditions used is
lower than one, and the Xco2 (%) is larger than that of Xcna (%) (Table 4.3), the RWGS reaction
does proceed to some extent in all three catalytic systems. This is in general agreement with
literature reports for other CeO-based- and Ce1xZrxO2z-supported Ni for feed gas compositions
similar to or different than that used in this work [5-10]. In the case of Ni/CeogPro.202.5 catalyst,
values slightly higher than unity for the H2/CO ratio were obtained (Table 4.3). The latter result

must be due to other side reactions such as the CH4 decomposition, where the produced atomic
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C is not recombined with atomic O to form CO(g) but instead it is transformed to inactive
“carbon”. It should be noted that the kinetic rates of DRM and Boudouard reactions also adjust
the H2/CO gas ratio.

The activity performance and stability behaviour of the present 5 wt.% Ni/Ceo.gPro.202-
catalyst compares favourably with that of 15 wt.% Ni/ZrO (80 wt.%) - CeO, the support of
which was prepared by the sol-gel method [6]. After using a feed gas composition of 16.7%
CH4/16.7% CO2/N2 at 800 °C, an initial CH4 conversion of ~ 70% was reported which dropped
to the value of ~ 50% after 3 h on reaction stream. Furthermore, the same catalytic system
presented about 180 mg gear* of “carbon” after 3 h on reaction stream at 700 °C to be compared
with 17.8 mg/gcat obtained in the present 5 wt.% Ni/CeogPro.2O> catalyst after 50 h of reaction
at 750 °C (Fig. 4.7). On the other hand, Roh et al. [9] reported a remarkable activity (>95%
conversion in COz and CH4) at 800 °C (33.3% CHs4, CH4/CO2 = 1) over a 15 wt.%
Ni/Ceo.8Zro.202 catalyst with only 0.1 wt.% “carbon” deposition after 20 h on stream. In the
same work, after using a support composition of Ce/Zr = 1, a significant drop of reforming
activity was observed as in the present work (Table 4.3), but not in the work reported by
Kambolis et al. [7] over ceria-zirconia (prepared by co-precipitation) supported Ni (5 wt.% Ni).

The amount of “carbon” formed after 1 h of DRM at the lowest T of 550 °C was found
to be the largest for the most active Ni/Ceo.sPro.2O2 catalyst when compared to the other
catalysts. However, caution should be drawn in deriving a meaningful relationship of “carbon”
deposition with catalyst activity for the following reasons. First, the titration of “carbon” via
transient isothermal or temperature-programmed hydrogenation or oxidation experiments
always provide the total “carbon” formed in dry reforming of methane reaction conditions. This
amount should be considered to consist of the active carbon (found in the reaction path of CO
formation) and the inactive (spectator) “carbon”. The first one is only estimated via the SSITKA
technique as reported by Efstathiou et al. [22] over y-Al>O3- and YSZ-supported Rh catalysts,
and by Bobin et al. [23] over Ni/Lnx (CeosZros)1-xO2 (Ln = Pr, Sm) catalysts. Secondly, the
number of active catalytic sites blocked by the inactive “carbon” cannot be necessarily related
to the quantity of “carbon” formed since the structure of inactive “carbon”, its location (catalytic
vs non-catalytic sites) and binding mode on the catalytic surface should be also considered.
Bobin et al. [23] have shown that the amount of the active carbon pool which participates in dry
reforming over supported Ni and Ni-Ru was very small, in agreement to the present work (see
Section 4.8.6).
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Dry reforming of methane over Ce1.xyM'M?,0, — supported Ni catalysts (M* and M?
are rare earth metals) with supports possessing high OSC (umol O g*) was reported [8—10]. The
high activity of these catalytic systems was related with the participation of support’s oxygen
vacancies towards dissociation of CO». The lattice oxygen thus formed diffuses towards the Ni
surface, where it reacts with “carbon” formed via CH4 decomposition on the Ni surface to form

CO according to the following reaction step (Eqg. 4.3):

O-Ce" -0+Ni—-C > 0-Ce* —(a/e”)+ Ni+CO(g) (Eq. 4.3)

Similarly, the large concentration of labile oxygen in such reducible support materials
facilitates reaction with “inactive” carbon towards CO and/or CO2, thus contributing to the
reduction of catalyst deactivation. In the present work, no clear correlation was found between
the OSCC quantity and catalyst’s activity. Ni/CeogPro202 with the largest kinetic rate of DRM
reaction in the 550-750 °C range provides larger OSCC (Table 4.1) and rates of removal of labile
oxygen (Fig. 4.2). However, the support of the least active Ni/CeosZros0, catalyst presents
larger OSCC and transient reduction rates compared to those of Ni/Ceo.sZro.2O2 (Table 4.1, Fig.
4.2).

The CH4 decomposition in the absence of CO> but in the presence of CO can take place
rapidly (sharp increase in the reaction rate) leading to H> and surface “carbon” according to the
results shown in Fig. 4.10a. The rate of CH4 decomposition might change with reaction time as
“carbon” accumulates on the catalyst surface. In fact, DRM over Ni/CeogPro.20> at 750 °C for
50 h on stream (Fig. 4.6) resulted in a lower H2/CO gas product ratio (ca. 1.03) compared to the
value of 1.2 obtained after 1 h on stream (Table 4.3). A similar result was reported on Ni/CeO;
and Ni/ZrO,-CeO catalytic systems (16.7% CHa; CH4/CO2= 1; T = 800 °C) [6]. Furthermore,
after 50 h of DRM the H»-yield is reduced by ~ 18%, not consistent with the reduction in CH4
conversion (Fig. 4.5). It is suggested that hydrogenation of “carbon” does take place at 750 °C
during DRM and this is very likely the reason for the significant reduction of accumulated
“carbon” after 1 h of reaction. This route of “carbon” removal finds strong support by the TIH
results shown in Fig. 4.6.

Wang et al. [10] have concluded that CO desorption from Ni(111) during DRM reaction
is highly energetic based on density function theoretical (DFT) calculations. This implies that

an increased accumulation of surface CO can hinder its yield and selectivity and accelerate
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deactivation of Ni catalysts due to “carbon” deposition via the Boudouard reaction. This
conclusion is in line with the present DRIFTS-CO chemisorption studies performed at 550 °C
(Fig. 4.12C), and the transient hydrogenation of “carbon” formed at 550 °C under dry reforming
(Fig. 4.6), where Ni/Ceo.8Pro.20>-5 exhibits the largest concentration of adsorbed CO and at the
same time the largest amount of “carbon” deposition. Certainly, the activity and selectivity
issues cannot be related only to the chemical bonding of CO. In fact, linear adsorbed CO on
Ni/Ceo.sPro202-5 shows similar binding strength as that observed in the other two supported Ni
catalysts (Fig. 4.12C). It should be also noted that Ni/Ceo sPro.2O>-; catalyst is the only one which
favours the formation of bridged-type adsorbed CO at room T. The latter is likely to be reactive
towards the Boudouard reaction under DRM (550-750 °C).

The so far general consensus that a monotonic dependence of Ni particle size on the dry
reforming reaction and “carbon” deposition rates does exist over supported Ni catalysts should
be rather considered as premature yet. Such correlations require systematic investigations of all
the possible Ni and support parameters that would influence the kinetics of DRM and that of
inactive “carbon” formation. In fact, Sokolov et al. [24] have reported initial TOFcHa rates as a
function of Ni particle size for the Ni/La>O3-ZrO, catalytic system, where it was shown that
higher TOF rates were obtained on larger Ni particles, result that was explained on the basis that
CHjs activation on the Ni surface was not the rate-limiting step. Instead, oxycarbonate species
(e.g. La20,COs) formed at the Ni-support interface react slowly (RDS) with C-s formed on Ni
(via CH4 decomposition) to form CO(g) and restore the support CO. chemisorption sites. Such
a mechanism was first proposed by Verykios and his co-workers [4,25] over Ni/La,O3. One of
the important kinetic parameters in this bi-functional mechanism is the concentration of catalytic
sites along the Ni-support interface, fact that makes more appropriate the estimation of intrinsic
kinetic rates in terms of mols cm™ st and not in terms of TOF (s%) (based on the metal surface),
as recently reported for the WGS reaction on Pt supported on similar Ce1.xMxOz2-5 (M = Zr*",
Ti*, La3") carriers [13,26].

(b)  Quantification of the origin of “carbon” deposition — Effect of support composition

As the main focus on the development of robust supported Ni catalysts for future
industrial applications of the dry reforming of methane is the minimisation (or elimination if
possible) of “carbon” formation at temperatures preferentially lower than 800 °C, a good

understanding of its origin (CH4 vs CO. activation routes) should be greatly appreciated. In
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particular, it is imperative to understand how this is influenced by important parameters, such
as the support chemical composition, Ni particle size, feed composition, T, GHSV (h') and
various surface physico-chemical properties (e.g. acidity/basicity, support oxygen mobility, Ni
surface morphology). In this PhD thesis work, the support chemical composition and reaction
temperature effects have been investigated.

Table 4.4 indicates that the relative contribution of the CH4 and CO, molecular routes to
“carbon” formation under the applied experimental conditions is largely influenced by the
support chemical composition and reaction temperature. In all three support chemical
compositions and at the lowest reaction temperature of 550 °C investigated, the source of
“carbon” is largely related to the CO activation route. On the other hand, at the highest
temperature of 750 °C, CHs activation contributes to a similar extent but in the case of
Ni/Ceo5Zr0502-5. In order to understand the role of support on the origin of “carbon” formation,
it is necessary to understand first fundamental issues about the mechanism of “carbon”
formation via the CH4 and CO; activation routes. It is imperative to know whether the support
provides catalytic sites for “carbon” formation and how these influences the kinetics of net
“carbon” formation on the supported Ni catalyst. The mechanistic elementary reaction steps,
described in Ch. 1, to produce H> and CO over the present catalytic systems are supported by
the transient isotopic results (Fig. 4.10) and others previously reported [4,10,23,24], but also on
theoretical studies [27].

The reaction steps of CH4 dissociation and H. formation on Ni, are strongly supported
by the transient isotopic and TPO results presented in Figs. 4.8-4.11, where fast decomposition
of methane on the Ni surface to produce H. and (-C-)y is evidenced. According to the results of
Fig. 4.11, Ceo.8Pro202.5 alone promotes only to a small extent CH4 decomposition with different
kinetics (compare H> transient response curves in Figs. 4.10a and 4.11a). In fact, the amount of
H, formed after 30-min treatment in 3CO/*2CHJ/Ar/He over the Ni/CeogPro 2025 catalyst was
39.4 times larger than that formed in the case of support alone. On the other hand, the amount
of 12C formed on the support alone via methane decomposition (Fig. 4.11b) was found to be
only 2.9% of that measured on the supported Ni (Fig. 4.10b). A very low amount of “carbon”
was also reported on ceria [28] after CH4 decomposition, where the obtained TPO traces of CO
and CO2 were very similar to those reported in this work (Fig. 4.11b). Based on the above

discussion, “carbon” formation via the CHs activation route practically occurs only on Ni
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surface sites. However, participation of active sites of support (e.g. O™) at the Ni-support
interface cannot be excluded.

It has been reported [8,29-32] that Ni and CeO,-based metal oxides with significant
concentration of oxygen vacancies (0/e’) can dissociate CO> according to the mechanistic
elementary reaction steps described in Chapter 1. The reaction step that describes the well-
known Boudouard reaction (Eq. 4.2) along with the chemical steps of CO; dissociation on Ni
and Ce1.xMxO».s support become responsible for the formation of inactive “carbon”, the extent
of which mainly depends on the kinetics of its formation in various structural forms. By
controlling the kinetic rate of the Boudouard reaction through not only the dissociation step of
CO-s but also the removal step of C-s by reaction with adsorbed O-s (towards CO and COy),
minimisation of the accumulation of “‘carbon’ can be achieved. The backward reaction step (Eq.
1.26) completes the catalytic cycle of DRM by forming CO from the O derived from the CO;
(Eqg. 1.23) and the C derived from CHs (Eq. 1.18). The C-s is considered as the active carbon
species found in the mechanism of DRM, and this should be distinguished from the inactive
carbon given in Egs. 1.20 and 1.27.

It has been reported [33,34] that CO dissociation involves ensembles of Ni atoms as
active sites, the number of which is in the range 4 to 6. The density of these ensembles increases
with increasing metal particle size [35]. On the other hand, studies on single nickel crystals
suggest that more open Ni surfaces are most active for CH4 dissociation, while close-packed
nickel surfaces are the least active [36]. More open metal surfaces can be obtained by decreasing
the Ni particle size. These observations for CO dissociation and CH4 decomposition over Ni
surfaces could be offered to partly explain the transient isotopic results shown in Figs. 4.8 and
4.9 and reported in Table 4.4. It is considered that the present supported Ni catalysts exhibit
different Ni particle surface morphologies according to the Ho-TPD traces (Fig. 4.3) and the H>
chemisorption results reported in Table 4.2, which suggest the existence of different
distributions of Ni surface sites. In fact, the larger Ni particles observed in Ni/Ceo.gPro.20-
catalyst (~ 32 nm) led to a significantly larger amount of “carbon” after 1 h of reforming at 550
°C (Fig. 4.7) when compared to the smaller Ni particles (~ 15 nm) present in the other two
catalysts. On the other hand, when dry reforming was performed with lower reactant
concentrations (5% 3C0,/5% CHa/Ar/He, Figs. 4.8 and 4.9), the amounts of “carbon” derived

from the CO2 and CHg were very similar for Ni/Ceo.gPro.202 and Ni/Ceo.sZr0.202 having different
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Ni particle sizes (~ 32 vs 15 nm). Furthermore, a significantly lower amount of “carbon” was
found in the case of Ni/Ceo5Zro502 having a mean Ni particle size of ~ 15 nm.

The influence of support composition on the kinds of “carbon” formed in DRM is
illustrated in Figs. 4.8 and 4.9. After dry reforming at 550 and 750 °C over the Ni/Ceo.5Zro.502-
5 catalyst (Fig. 4.8), the kinds of “carbon” derived from CO2 and CH4 activation are clearly
different (compare *CO; vs 12CO, TPO traces) as opposed to the case of Ni/CeosPro202-5 (Fig.
4.9). The latter result is in harmony with that obtained in the *CO/*2CHJ/Ar/He isotopic
experiment (Fig. 4.10b), where the pairs of 1?CO,/*3CO. and 2CO/**CO traces were very similar
in shape (similar kinetics of “carbon” oxidation). The comparison of the TPO traces shown in
Figs. 4.9b and 4.10b (Ni/Ceo.sPro.20.-5) appear very important since they illustrate that the kinds
of “carbon” formed are different when an equivalent concentration of CO: is replaced by CO.
It is suggested that the surface catalytic sites (nature and location) for CO; activation might be
different than those of CO activation. This in turn can lead to the formation of different kinds of
“carbon” (Egs. 1.26-1.27 and Eq. 1.7). The absence of CO in the TPO trace following DRM
(Fig. 4.9b) as opposed to the case of 3CO/*2CHa/Ar/He treatment (Fig. 4.10b) should be noted.

The net rate of “carbon” accumulation during DRM is determined by the kinetics of its
formation on Ni and the kinetics of its removal via the backward rates of the reversible steps
Eq. 1.26 and Eq. 1.7. The Ce1-xMxO2-5 (M = Zr**, Pr*) supports possess a significant amount of
labile oxygen (umol O g) and oxygen vacancies as reported in Table 4.1, with Ceg gPro202-5 to
possess significantly larger reduction rates of surface lattice oxygen (weaker M-O-M bonding)
than the other two supports (Fig. 4.2). Such labile oxygen species at least at the metal-support
interface reacts with carbon to form CO/CO: [37]. The “carbon” removal requires the
continuous provision of oxygen from the support. This can only be accomplished if the oxygen
vacancy (0/e") created is offered for CO> dissociation according to the elementary step Eq. 1.24
[23,38,39].

SEM studies (Fig. 4.15) over the spent (after 1 h of DRM reaction) 5 wt.%
Ni/CeosPro202-5 catalyst clearly elucidate the formation of different morphologies of whisker-
type carbon nanofibers. This information supports the number of different CO and CO; peaks
obtained in the TPO of “carbon” formed after DRM reaction.

Figure 4.16 attempts to present in a pictorial form the main mechanistic steps of the dry

reforming of methane over the present Ni/Ce1.xMxO2-s (M = Zr, Pr) catalysts in the 550-750 °C
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range according to the results of the present work and what has been discussed in the previous
paragraphs.

Activation of CO» proceeds on the Ni-support interface or in the nearby region with
support labile oxygen to facilitate removal of C-s (on Ni), the latter formed by the activation of
methane. This work also supports the view that the rate-determining step (RDS) of the present
DRM may not be that of CO; dissociation but rather one found in the CH4 activation route based
on the relative amounts of “carbon” formed (Table 4.4). This important mechanistic point finds
support from the SSITKA work on the dry reforming of methane over various supported Ni
catalysts [38].

® Ni r1<<ry; r;<<(rgtrs)
[ support
Figure 4.16: Representation of the main chemical reaction steps of the CH4 and CO; activation

routes on the 5 wt.% Ni/Ceo.sPro20..5 catalyst towards dry reforming of methane for syngas
(CO/Hz2) production.

The following conclusions can be derived for the DRM over the present 5wt.% Ni/Ce1-

«MxOz-5 (M: Zr**, Pr3*; x = 0.2, 0.5 (Zr*")) catalytic systems:

M 5 wt.% Ni supported on Ceo.gPro202.s was found to be a promising “coke” resistant
active catalytic material towards dry reforming of methane in the 750-800 °C range.
Using a feed composition of 20% CH4/20% COz/He, an initial hydrogen yield of 70%
and a Ho/CO ratio of 1.2 were obtained at a GHSV of 30,000 h™*. After 50 h of continuous
reaction, Hz-yield decreased by ~ 18% and the amount of inactive “carbon” was 17.5 mg
gl or 1.75 wt.%. The preparation method, the pretreatment conditions before reaction,
and the Ce/Pr ratio remain important parameters to be investigated in order to improve
its catalytic performance. In the following Section 4.8, the effects of the latter important
parameter are presented.
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(i)  The relative contribution of the CH4 and CO; activation routes towards the formation of
inactive “carbon” on the catalyst surface depends strongly on the reaction temperature
and support chemical composition. At 750 °C, methane and carbon dioxide contributes
equally, whereas at 550 °C the contribution of CO> becomes more important. This
information largely facilitates future design improvements on the “coking” resistance of
this particular 5 wt.% Ni/Ceo.sPro202.5 catalyst. Improvements in the dry reforming at
750 °C should focus on the reduction rate of “carbon” formation originating from both
the CH4 and CO- activation routes.

(ilf)  The participation of lattice oxygen of Ceo gPro.202-s support of Ni seems to play a role in
reducing the “coke” formation under dry reforming reaction conditions. An
improvement in the rate of oxygen transfer from the support towards the Ni-support
interface is more important than the increase of oxygen storage capacity itself (OSCC).

(iv)  Dissociation of CO, derived via CH4 and CO2 (Boudouard reaction) is an important
origin for the formation of inactive “carbon” on the catalyst surface. The reactivity of
this “carbon” towards oxygen appears different over the Ni/CeogPro 2025 compared to
the Ni/Ce1xZrxO2-5 catalysts. This leads to the conclusion that Ni surface sites offered
for CO chemisorption are different in the case of CO2 and CHj4 activation routes. In fact,
CHs activation is suggested to occur practically only on the supported Ni surface,
whereas CO; activation is suggested to proceed not only on the Ni surface but also with
the participation of oxygen vacant sites at the Ni-support interface.

4.2. Performance and characterization studies of active and inactive carbon over

Ni/Ce1-xPrxO2-5 catalysts

4.2.1. Catalyst characterization

An in-depth investigation of the oxygen vacancy effect in other than Zr**-doped CeO-
supports for nickel in the DRM reaction appears to be very limited. In particular, in the case of
praseodymium (Pr), one of the multivalent elements used for introduction (doping) into the ceria
matrix, an excellent OSC behaviour [40-42], DRM activity and stability [29,43] were reported.
Recently, CeqoPro102-supported Ir catalysts have been reported to be highly efficient DRM
catalysts after tuning the Ir-support interactions by adopting different preparation techniques
[44]. In spite of the efforts to develop suitable CeO,-doped supported Ni catalysts towards
sustainable DRM activity, fundamental understanding of the relative importance of each of the
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“carbon” formation chemical routes (CH4 decomposition and Boudouard reaction) over these
catalysts has only recently been reported [43] for the 5 wt.% Ni/Ce1-xMxO2.5 (M = Zr, Pr) and
previously for Ni/SiOz [45], Ni/Al>03-CaO [18] and Ni/La2Oz [46] catalytic systems after using
13CH, or 13CO; isotope gas coupled with temperature-programmed oxidation (TPO) and other
transient experiments.

The present Section 4.8 addresses the catalytic performance of Ce1xPrxO2-s-supported
Ni (5 wt.%) in the dry reforming of CH4 (550-750 °C), where for the first time the effects of
Pr/Ce atom ratio on the following parameters are investigated:

(i) the concentration of active carbon formed via the CO- activation route,

(i) the concentration and structure/morphology of inactive carbon and its reactivity towards
oxygen,

(iii)  the relative contribution of the CH4 and CO2 activation routes to the total “carbon”
formation, and

(iv)  the TOFITK (s) based on the active intermediates.

For this purpose, steady-state isotopic transient Kinetic analysis (SSITKA), temperature-
programmed oxidation (TPO) after DRM (use of 2CO; or *CO;), powder XRD, HRTEM-
EDXS, SEM and TGA-TPO techniques were employed.

4.2.1.1. Surface texture and powder XRD studies

The specific surface area (SSA), pore volume (Vp) and the mean pore diameter (dp) for
the solid supports investigated are given in Table 4.5. The SSA of the materials is in the 5-12
m? g’ range with CeO> exhibiting the largest value (12 m? gt). As Pr-dopant is introduced into
the CeO- lattice, the SSA slightly drops but after a high loading of Pr-dopant (80 atom-%) is
used the SSA drops by a factor of 2.4. The mean pore diameter and pore volume are found to
be in the 9-22 nm and 0.033-0.072 cm?® g* range, respectively. The d, shows an increase in the
20-65 atom-% Pr composition range, whereas further increase to 80 atom-% provides no

additional change.

Michalis A. Vasiliades 135



Chapter 4: Dry Reforming of Methane over Ce1-xMxO2-s (M=Zr**, Pr3*)-supported Ni catalysts

Table 4.5: BET surface area (SSA, m? g 1), specific pore volume (Vp, cm® g 1), average pore
size (dp, nm), primary crystallite size (dc, nm) and lattice constant (o, A) obtained over
Ce1-xPr:O2-5 (x = 0.0, 0.2, 0.5, 0.65, 0.8) solids. The mean crystallite size of NiO (dnio, nm) for
the corresponding supported nickel catalysts is also reported.

Solid Support  SSA (m?g?1) Vp(cmig?l) dp(nm) dc(nm) A(A)  dnio (nm)

CeO2 12 0.033 9.1 35 5.4252 35
Ceo.8Pro.202 11 0.039 11.5 24 5.4265 33
Ceo5Pros02 10 0.072 16.7 18 5.4587 30

Ce0.35Pro0.6502 9 0.056 22.4 24 5.4755 31
Ceo.2Pro.s02 5 0.035 22.3 29 5.4835 34

X-ray diffractograms of the fresh 5 wt.% Ni/Ce1xPr«O25 (x = 0.0-0.8) solids, after
calcination at 750 °C for 4 h, are given in Fig. 4.17. As the Pr-dopant concentration increases,
diffraction peaks related to the pure CeO: of fluorite-type cubic structure are slightly shifted
towards lower 2theta values, and the lattice parameter, o (A), also slightly increases (see Table
4.5). As Pr-dopant concentration increases from 20 to 80 atom-%, the lattice parameter shows
an increase by ~1%. On the other hand, at the level of 20 atom-% Pr doping of CeOy, the lattice
parameter increases only marginally (ca. ~0.02%). These results agree very well with the work
of Somacescu et al. [47] and Ahn et al. [42] except that lattice expansion was only 0.09% for all
Pr concentrations (10-90 atom-%) used by the former research group. This small discrepancy
might have to do with the relative proportion of Pr¥*/Pr** and Ce**/Ce*" in the doped-CeO; solid
solution, the former replacing Ce**, after considering also the differences in the ionic radii of
Pré* (1.266 A), Ce** (0.97 A), Pr** (1.1A) and Ce®* (1.28 A) [48]. The relative abundance of
Pr3*/Pr* and Ce**/Ce®" is expected to depend on the Pr-loading, the synthesis and the calcination
pretreatment conditions applied. The diffraction peaks at 37.2 and 43.2° shown in Fig. 4.17
correspond to the (111) and (200) crystal faces of the NiO crystal phase, according to the Joint
Committee on Powder Diffraction Standards (JCPDS) card no. 04-0835.
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Figure 4.17: Powder X-ray diffractograms of (a) 5 wt.% Ni/CeO>, (b) 5 wt.% Ni/CeogPro.20-,
(c) 5 wt.% Ni/CeosPros02, (d) 5 wt.% Ni/Ceo3sProssO2 and (e) 5 wt.% Ni/Ceo2Pro.8O> fresh
catalysts after calcination in 20% Oz/He at 750 °C for 4 h. Inset graph shows a magnification of
the NiO (200) diffraction peak (*) related to the 5 wt.% Ni/Ceq sPros02-5 solid.

The XRD results are in agreement with TEM/EDXS studies reported below and the work
of Somacescu et al. [47] for the series of Ce1.xPrxO.5 solids (x = 0.0, 0.1, 0.5, 0.9) prepared by
the self-assembly method assisted by surfactants and hydrothermal treatment, and with the work
of Ahn et al. [42] who investigated the role of Pr in the formation and migration of oxygen
vacancies in Pr-doped ceria (Ce1.xPrxO2; x = 0.0-0.5) prepared by the glycine nitrate process. A
similar slight shift of 20 to lower values with increasing Pr content is noticed (Fig. 4.17) due to
the larger ionic radius of Pr* (1.266 A) in relation to the Ce** cation (0.97 A) [30]. The primary
crystallite size of NiO (dnio, nm) and that of Ce1.xPrxO2-s support (dc, nm) were estimated and
reported in Table 4.5. All catalysts exhibit similar NiO particle sizes (~ 30-35 nm) and support

primary crystal size (29-35 nm).

4.2.1.2. TEM-EDXS studies

Figs. 4.18a and 4.18b show TEM micrographs of fresh 5 wt.% Ni/CeO, and 5 wt.%
Ni/Ceo2Prog02-5 catalysts, respectively. Both catalyst supports are comprised of polydisperse
agglomerated polyhedral primary crystallites in the 30-50 nm in size range. This size
corresponds closely to that of CeO. and Ceo2ProsO2-s5 crystallites estimated from powder XRD

(Table 4.5).
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=100 nm =100 nm

Figure 4.18: TEM (left-hand side) and HAADF/STEM micrographs (right-hand side) with
corresponding EDXS elemental mapping for (a) 5 wt.% Ni/CeO- and (b) 5 wt.% Ni/Ceo.2ProgO».

5 catalysts.

Ce Pr

EDXS elemental mapping of Ce and Pr in both Ni/CeosPros02-5 and Ni/Ceo2Prog02-5
catalysts shows a very homogeneous distribution of these elements, suggesting the formation of
a single-phase homogeneous solid solution, which is in very good agreement with the powder
XRD results (Fig. 4.17). It is noted that the presence of ultra-high vacuum and electron beam
flux likely caused reduction of NiO to Ni during TEM-EDX analysis. EDXS mapping analysis
revealed Ni particles in the 5 wt.% Ni/CeO- solid in the range between 30 and 100 nm in size
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and which resemble cubo-octahedra in shape. Very similar Ni particle size and shape were also
seen in the 5 wt.% Ni/CeosPros02-5 and 5 wt.% Ni/Ceo2Pro 025 solids (Fig. 4.19b). TEM and
SAED analyses revealed that Ni cubo-octahedral (metallic Ni crystallized in cubic Fm3m space
group) predominantly expose groups [100] and [111] terminating crystal planes. Some of the Ni
particles were confirmed as polysynthetic twin crystals, sharing the [111] twin plane, which acts
as a boundary between the individual Ni crystallites (Fig. 4.19b, c). As a result, the visualized
Ni particles comprise of smaller primary crystallites in agreement with their size estimation
based on the powder XRD and H> chemisorption studies. The clear formation of “carbon”
layers/patches in several areas of the Ni particle’s surface in the spent catalyst should be noted

(Fig. 4.19b).
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Figure 4.19: () TEM micrograph of nickel particle formed in the 5 wt.% Ni/Ceo2ProgO2
catalyst, where polysynthetic twin crystals are clearly visible as brighter and darker areas; (b)
STEM micrograph of the same nickel particle with the highlighted twin crystal boundary, where
carbon layers are also clearly shown; (c) a model of polysynthetic cubo-octahedral twin crystal.

4.2.1.3. H2 temperature-programmed desorption (TPD) studies

Fig. 4.20 presents Ho-TPD traces obtained over the 5 wt.% Ni supported on CeO: (Fig.
4.20a), CeosPros02-5 (Fig. 4.20b) and Ceo2ProsO2-s (Fig. 4.20c) carriers. The total amount of
hydrogen desorbed and the associated Ni dispersion (Dni, %) are reported in Table 4.6 along

with the peak maximum desorption temperatures (Twm, °C) observed.
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Table 4.6: H2 desorption (umol g*), Ni dispersion (Dni, %) and Ni mean particle size (dni, nm)
obtained from H,-TPD performed on the fresh 5 wt.% Ni/Ce1xPrxO2-5 (X = 0.0, 0.2, 0.5, 0.65,
0.8) catalysts. Tm (°C) is the temperature at which maximum H. desorption rate occurs.

Catalysts

5 wt.% Ni/CeO2
5 wt.% Ni/Ceo.sPro.202
5 wt.% Ni/CeosPros02
5 wt.% Ni/Ceo.35Pro.6502
5 wt.% Ni/Ceo.2ProsO2

Twm (°C) H2 (umol g') Dni (%) dnio (Nm)
62, 138, 232, 327 131 3.0 31.4
64, 143, 202, 368 10.0 2.8 34.4
80, 218, 255, 360 13.5 3.2 30.5
86, 214, 297 12.7 3.0 32.6
86, 167, 298 15.9 3.7 26.2

The good agreement between H> chemisorption (mean Ni particle size (dni), Table 4.6)

and powder XRD (mean NiO particle size, Table 4.5) is noted. According to the results of Fig.

4.20 and Table 4.6, the Pr/(CePr) % composition in support has largely influenced the

heterogeneity of the Ni surface (e.g. Eni-n bond strength (Twm)) and the distribution of Nis

hydrogen chemisorption sites. On the other hand, Ni dispersion and mean particle size remain

practically similar (small variations of less than 12%) except for Ni/Ceo2Pro.8O25 (~ 15-25%

variation). In particular, the dispersion of Ni was found to be in the 2.8-3.7% range and the

estimated Ni particle size in the 26-34 nm range. Ni/Ceo2ProsO25 shows the highest Ni

dispersion (smallest particle size), whereas Ni/CeogPro.202-5 the lowest one (largest particle

size). The latter catalyst shows significantly higher activity but larger quantities of inactive

“carbon” than the Ni/Ceg.2ProgO2-5 one.
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Figure 4.20: Ho-TPD traces obtained over the 5 wt.% Ni/Ce1.xPr«O2-5 (x = 0, 0.5, 0.8) catalysts.
Fre=50 N mL min™ He; p =30 °C min; W =0.5 g.
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As Pr-dopant is progressively added in the ceria lattice (e.g. from 0 to 20 and 80
atom-%), the low-temperature (< 150 °C) desorbing states (umol H g?) of chemisorbed
hydrogen (lower binding energy) decrease in amount, whereas those at T > 150 °C increase. At
least three main desorption states might be present in all three catalysts. H>-TPD traces, similar
to those of Fig. 4.20, have been reported for the 15 wt.% Ni/Ceo.12Zr0.8802 [49], 5 wt.% Ni/Ce.
xZrxO2 [17,43], 5 wt.% Ni/Ceo.gPro202 [43] and 5 wt.% Ni/Al>03-Ca0 [18] solids.

4.2.1.4. Catalytic performance studies

Fig. 4.21 reports on the catalytic performance of 5 wt.% Ni/Ce1.xPrxO25 solids towards
dry reforming of methane in the 550-750 °C range after 30 min on reaction stream, in terms of
CHya conversion (XcH4, %) and Hz-yield (%) (Fig. 4.21A), CO- conversion (Xco2, %) and CO-
yield (%) (Fig. 4.21B), and H2/CO gas product ratio (Fig. 4.21C). It should be noted that no

C2Hs was formed within the temperature range of 550-750 °C.
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Figure 4.21: (A) CHs-conversion (%) and H: yield (%), (B) CO2-conversion (%) and CO vyield
(%) and (C) H2/CO gas product ratio obtained after 30 min in dry reforming of methane in the
550-750 °C range over 5 wt.% Ni supported on (a) CeO2; (b) CeosPro202-5; (c) CeosPros02-5;
(d) Ceo.35Pro.e502-5 and (e) Ceo.2ProsO2-5 carriers; Pcha = 0.2 bar, Pco2 = 0.2 bar, Pt = 1.0 bar;
GHSV =30,000 h%,

By increasing the reaction temperature from 550 to 750 °C the catalytic activity increases
considerably according to the endothermic nature of the reaction. For example, in the case of
Ni/CeO2, XcHa increases from 12.0 to 80.3%. In all catalytic systems, the CO-conversion (%)
is found to be larger than that of CHas-conversion (%) in the temperature range of 550-750 °C.
The H2/CO gas product ratio takes low values in the 550-600 °C range (ca. 0.3-0.58) for all
catalytic systems, but significantly larger values (0.72-1.05) at 700 and 750 °C except for the 5
wt.% Ni/Ceo.2Pros02-5 solid (H2/CO = 0.62-0.75). Dry reforming of CHa at 750 °C over the Ce;.
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xPrxO2-5 supports alone showed very small catalytic activity. In particular, Ceo.gPro.202-5 resulted
in Xcoz2=0.2%, XcHs= 0.1% and CO- and H-yields of 1.25 and 0.1%, respectively.

The effect of Pr-dopant on the stability (25 h on stream) of 5 wt.% Ni/Ce1.xPrxO2-5 solids
at 750 °C is shown in Fig. 4.22. A monotonic %-drop in activity with increasing Pr-dopant
concentration in the 50-80 atom-% range is obtained; 6.5-16.5% for CH4 conversion and 4.0-
8.5% for CO2 conversion. On the other hand, the undoped and 20 atom-% Pr-doped ceria
showed similar activity drop (3 and 5% for CH4 conversion; 1.5 and 2.5% for CO- conversion,
respectively).
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Figure 4.22: Stability test (25 h) in the dry reforming of methane reaction performed at 750 °C
in terms of CO2-conversion (%) (A), CHs-conversion (%) (B) and H2/CO gas-product ratio (C)
over 5 wt.% Ni supported on (a) CeOz2; (b) CeosPro.202-5; (¢) CeosPros02-5; (d) Ceo.35Pro.6502-5
and (e) Ceo2Prog02-5 catalysts; Pcha = 0.2 bar, Pcoz = 0.2 bar, Pr= 1.0 bar; GHSV = 30,000 h™*.

An increasing concentration of Pr-dopant in the ceria matrix causes a continuous
decrease of CHa- and CO2-conversion (%) but also of Ho/CO gas product ratio, after 0.5 h or 25
h of DRM at 750 °C (Fig. 4.23). In particular, CHs-conversion, CO.-conversion and Hz2/CO gas
product ratio are lower by 37.5, 224 and 32.4%, respectively, when Ni/CeO, and
Ni/Ceo.2ProsO2-5 solids are compared after 0.5 h of reaction. This monotonic loss of activity with
increasing Pr-dopant concentration in the Ce1.xPrxO2.5 support is not due to the accumulation of
inactive “carbon” since the latter shows a remarkable decrease with increasing concentration

of Pr-dopant in the support, as shown in the following section.
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Figure 4.23: Effect of Pr atom-% composition (Pr/(CePr) x 100) on (a) CHas-conversion (%),
(b) CO2-conversion (%) and (c) H2/CO gas-product ratio obtained after 0.5 h (A ) and 25 h (e)
of dry reforming of methane at 750 °C over 5 wt.% Ni/Ce1xPrxO»-5 catalysts (x = 0, 0.2, 0.5,
0.65 and 0.8); GHSV = 30,000 ht.

4.2.2. Characterization of “carbon” formed during DRM by various transient

techniques

4.2.2.1. Temperature programmed oxidation (TPO)

Fig. 4.24 presents CO and CO traces of temperature-programmed oxidation (TPO) of
“carbon” experiments conducted over the 5 wt.% Ni/Ce1xPrxO2-5 (x = 0.0, 0.2 and 0.5) catalysts
after 25 h of DRM at 750 °C. The amount of “carbon” formed and the rate (proportional to the
gas phase concentration) vs. temperature profiles are strongly influenced by the Pr-dopant
concentration in the support. A notably different feature of TPO trace is observed in the case of
5 wt.% Ni/CeO2 when compared to the other two catalysts compositions. The sharp increase in
the rate of “carbon” oxidation to CO2, which occurs at ~ 760 °C, and the trace of CO starting at
temperatures higher than ~ 760 °C for the case of Ni/CeOz, absent in the case of Ni/Ce1-xPrxOo>.
5 catalysts (x = 0.2 and 0.5), should be noted.

These TPO traces probe for various kinds of “carbon” with different distribution based
on the temperature at which maximum oxidation rate occurs. The kinetics of oxidation of these
kinds of “carbon” is apparently influenced by the Pr-dopant in the support, where low Pr-dopant
loadings result in a kind of “carbon” more easily oxidized compared to that obtained with larger
Pr-dopant loadings (e.g. 80 atom-%). Table 4.7 reports the total amount of “carbon” (umol C g
L and wt.% C) measured by TPO after 25 h of DRM over the series of 5 wt.% Ni/Ce1.xPrxOz-s
catalysts. A remarkable reduction in “carbon” deposition is obtained when ceria is doped with
80 atom-% Pr, namely 19.6 wt.% C for Ni/CeO> to be compared with 0.07 wt.% C for the
Ni/Ceo.2Pros02-5 catalyst (280 times smaller).
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Figure 4.24: Transient response curves of CO2 and CO obtained during TPO of “carbon”
formed after 25 h of dry reforming of methane at 750 °C (GHSV = 30,000 h') over the 5 wt.%
Ni/Ce1xPrkO2-5 (x = 0.0, 0.2, 0.5) catalysts. Gas delivery sequence: DRM (750 °C, 25 h) — He,
increase T to 800 °C until no CO and CO: are measured in the MS — cool down in He flow to

300 °C — T is increased to 800 °C (B = 30 °C minl).

Table 4.7: Temperature-programmed oxidation (TPO) of “carbon” (CO and CO> formation,
umol gt) formed after 25 h of DRM at 750 °C over the 5 wt.% Ni/Ce;xPr«O>s (x = 0.0, 0.2,
0.5, 0.8) catalysts. The amount of “carbon” (wt.%) measured by TGA-TPO is also reported.

Catalysts CO (umol g?) CO; (umol g) “Carbon” (umol g)® “Carbon” (wt.%)
TGA-TPOP

5 wt.% Ni/CeO; 4.627 11,727 16,354 (19.6)° 37.7

5wt.% -d 182 182.2 (0.22) 29.9
Ni/CeosPro.20:

5wt.% - 64.5 64.5 (0.08) 0.90
Ni/CeosProsOz

5Wt.% ; 5.83 58.3 (0.07) 0.15

Ni/Ceo.zpro,soz
& DRM reaction conditions: catalytic bed = 0.15 g catalyst + 0.15 g SiC; total flow rate = 150 N mL min.
b: DRM reaction conditions: catalytic bed = 0.3 g catalyst, no SiC; total flow rate = 150 N mL min-’.

¢ wt.% “carbon”; %: no CO is observed.

The remarkable support effect in the reduction of the rate of “carbon” deposition due to
the Pri*-doped ceria support in the DRM over the 5 wt.% Ni/Ce1.xPrxO2-; catalysts was also
investigated at higher CH4 and CO> conversions than those reported in Fig. 4.22A and B after
using 0.3 g of catalyst (no SiC was used) and a flow rate of 150 NmL min‘*; after 25 h of dry

reforming, CHs-conversions 55-87% and CO-conversions 70-92% were obtained.
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The amount of “carbon” accumulated was also measured by TGA-TPO and CHNS
analyses techniques and results are presented in Fig. 4.25 (different GHSV was used).
According to the TGA analysis of 5 wt.% Ni/CeO., this had accumulated 37.7 wt.% carbon.

However, when Pr-dopant was introduced into the ceria lattice at the level of 20, 50, 65
and 80 atom-%, the amount of carbon decreased to 29.9, 0.9, 13.2 and 0.1 wt.%, respectively.
It appears that the extent of “carbon’ accumulation is influenced significantly by the CHs- and
CO2-conversion levels, which in turn these are determined by the GHSV (h!) used. Moreover,
no mass decrease at temperatures of ~ 300 °C was observed that could be attributed to the
presence of encapsulating carbon on the surface of spent solids [50]. The temperature range
where carbon oxidation took place suggests that the accumulated carbon on the catalyst surface
is predominantly in the form of filaments. Slight increase of mass observed in the case of
catalysts based on Pr-rich supports (5 wt.% Ni/Ceo.2Pro.8O2, 5 wt.% Ni/CeosProsO2 and 5 wt.%
Ni/Ceo.35Pr0.6502) during the TGA-TPO analysis in the 300-450 °C range might be attributed to

the oxidation of Ni particles.
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Figure 4.25: TGA-TPO relative weight-% vs temperature profiles for the spent 5 wt.%
Ni/Ce1xPrxO2-5 catalysts following 25 h of dry reforming at 750 °C.

4.2.2.2. Scanning Electron Microscopy (SEM) studies

SEM micrographs of fresh and spent (after 25 h of DRM at 750 °C) samples of the series
of Ni/Ce1-xPrxO2-5 catalysts are illustrated in Fig. 4.26 a-e. The supports of all five fresh catalysts
consist of particles in the 50-150 nm range in size, which are agglomerated into larger porous
structures. In the case of spent Ni/CeosProsO2-s and Ni/Ceo2ProsO2-s catalysts (Fig. 4.26¢ and
e), hardly any carbon filaments could be observed, due to its very low amount. On the other
hand, in the other spent catalysts, the amount of carbon deposits was significantly larger, result

that was confirmed by SEM analyses, where numerous carbon filaments were observed.
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Figure 4.26: SEM micrographs obtained on the fresh and spent (after 25 h on stream in DRM
at 750 °C) catalysts: (a) 5 wt.% Ni/CeO>, (b) 5 wt.% Ni/Ceo.gPro202-3, (€) 5 wt.% Ni/Ceo 5Pros0.-
5, (d) 5 wt.% Ni/Ceo.35Pr0.6502-5 and (e) 5 wt.% Ni/Ceo2ProgO2-5.

Graphitic carbon has also been identified on the spent 5 wt.% Ni/CeO; catalyst by XRD

as shown in Fig. 4.27b (arrow).
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Figure 4.27: Powder X-ray diffractograms of fresh 5 wt.% Ni/CeO- (a) and aged (after 25 h in
dry reforming of methane at 750 °C) 5 wt.% Ni/CeO; catalyst (b).

4.2.2.3. Quantifying the origin of carbon formation (CH4 versus CO: activation route)
Fig. 4.28 presents 2CO; and 3CO, transient response curves recorded during TPO of
the “carbon” formed over the 5 wt.% Ni/Ce1-xPrxO2-5 (X = 0.0 and 0.8) catalysts after 30 min of
dry reforming (5% 3C02/5% 2CHa/He) at 550 and 750 °C. The different shape and position in
the obtained *CO. and *2CO; response curves for the two catalysts and their relative amounts
(area under the TPO traces) are apparent. In the case of DRM performed at 550 °C over the
Ni/CeO; catalyst, both 3CO, and *2CO traces exhibit a main peak centred at ~ 545 °C (Fig.
4.28a) and a shoulder at the falling part of it (~ 620 °C). On the other hand, in the case of
Ni/Ceo2ProsO2-5 catalyst, both 3CO, and 2CO, traces consist only of one symmetrical peak
centred at ~ 575 °C (Fig. 4.28c). A similar behaviour is also observed when the DRM was
performed at 750 °C (Fig. 4.28d) but a slightly different behaviour is seen in the case of Ni/CeO>
(Fig. 4.28b). For the latter catalyst, maximum oxidation rate occurs at ~ 630 °C, which is higher
than that occurred after DRM at 550 °C (Fig. 4.28a). In the case of Ni/Ceg2ProgO2-5, the rate
maximum occurred at the same temperature (Figs. 4.28¢c, d). These results imply that Pr3*-
dopant in the doped-ceria support likely influences the type of “carbon” deposited as a function
of DRM reaction temperature. The **CO,-TPO traces arise from the oxidation of *3C-containing
“carbon” formed via the *CO activation route, whereas those of ?CO, from the oxidation of

12C-containing “carbon” formed via the *2CH, decomposition route.
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Figure 4.28: Temperature-programmed oxidation (TPO) of “carbon” formed during dry
reforming of Y2CH, with ¥CO, at 550 and 750 °C over 5 wt.% Ni/CeO; (a, b) and 5 wt.%
Ni/Ceo2Pros02-5 (C, d) catalysts. Gas delivery sequence: 5% 3C0,/5% >CHa/Ar/He (T, 30 min,
Fr=100 N mL min™) - He (750 °C, 10 min) — cool in He flow to 100 °C — 10% O./He, TPO
(Fr=50 N mL min, B =30 °C min); W = 0.2 g (fresh catalyst).

Table 4.8 reports the amounts (umol g and wt.% C) of 2CO,, $3CO; and total “carbon”,
the 2C0O,/*3CO ratio and the %-contribution of the CO; activation route to the total “carbon”
deposition after DRM reaction at 550 and 750 °C over the undoped and 80 atom-% doped ceria
supported Ni catalysts. At the lowest T of 550 °C, after increasing the Pr¥*-dopant concentration
from zero (Ni/CeO3) to 80 atom-% (Ni/Ceo.2Prog02-5), the deposited “carbon” is found to largely
decrease to a very low value (0.06 wt.% or 60 mg gearl). In contrast, the Pri*-dopant
concentration affects only to a small extent the %-contribution of the CO, activation route to
“carbon” deposition (ca. 50.9% for Ni/Ceo.2ProsO2-5 and 54% for Ni/CeO2 at 750 °C). For these
particular catalytic systems, it is clear that the CO- activation route becomes to a large extent
dominant for the deposition of inactive “carbon” at 550 °C. However, at 750 °C the inactive

“carbon” derived from the CH4 decomposition route becomes equally important. In fact, it was
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recently reported [43] that part of the CO formed in the dry reforming of methane over the 5
wt.% Ni/CeosPro202-5 catalyst leads to the formation of inactive carbon via the Boudouard

reaction.

Table 4.8: 12CO; and 13CO; (umol g?t) and 2CO2/"3CO. product ratio obtained during
temperature-programmed oxidation (TPO) of “carbon” formed after 30 min of dry reforming
(5% 3CO2/5% 2CH4/45% Ar/45% He) at 550 and 750 °C over the 5 wt.% Ni/CeO2 and 5 wt.%
Ni/Ceo2Pros02-5 catalysts. DRM reaction conditions: Fr= 100 N mL min™; Weat = 0.2 g (no SiC
as dilution was used).

Catalysts T(C) 12CO: BCO2  2C0O2/"CO: Total C
(pmol g*)  (pmol g) (nmol g*)
5 wt.% Ni/CeO2 550 593.6 1139.6  0.52(65.7)7  1733.2 (2.08)°
750 948.8 1158.3  0.87 (54.0)  2143.1(2.57)
5 wt.% Ni/Ceo2ProsO2 550 75.9 114.5 0.66 (60.1)  190.4 (0.23)
750 153.7 159.1 0.96 (50.9)  312.8(0.38)

a: 0p-contribution of the CO, activation route to the total “carbon” derived from both CH4 and CO; activation routes;
®: number in parentheses denotes wt.% carbon.

4.2.3. SSITKA — Mechanistic Studies

4.2.3.1. Measurement of active carbon derived from the CO2 activation route

Fig. 4.29 shows transient response curves (in terms of a dimensionless Z concentration
function) for Kr (tracer gas), 1*CO and 3CO; during the SSITKA switch: 2CH4/*2CO2/Ar/He
(2 h) — ’CH4/**CO2/Ar/Kr/He (20 min) — ?CH4/*2CO,/Ar/He (t) at 750 °C over the most
active 5 wt.% Ni/CeO; (Fig. 4.29a) and the least active 5 wt.% Ni/Ceo2Pros02-5 (Fig. 4.29b)
catalysts, as previously shown and discussed. It is seen that the *>*CO response curve lags behind
that of 3CO, for both catalysts, and the latter response lags behind that of Kr tracer gas
(characteristic response for a non-adsorbing and non-reacting gas). The exchange of the active
“carbon” pool lasts about 90 s and 40 s for the Ni/CeO> (Fig. 4.29a) and Ni/Ceo.2Prog02.5 (Fig.
4.29Db) catalyst, respectively.
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Figure 4.29: Kr, 3CO and ¥CO, SSITKA response curves obtained after 2 h of dry reforming
of methane at 750 °C over (a) 5 wt.% Ni/CeO2 and (b) 5 wt.% Ni/CeogPro20.-5 catalysts.
SSITKA switches: 5% 12C02/5% 2CHa/Ar/He (2 h) — 5% 3C0,/5% 2CH4/2% Kr/Ar/He (20
min) — 5% 2C0,/5% 2CHa/Ar/He (t); Weat (200 mg) = 30 mg diluted with 170 mg SiC; Fr =
100 N mL min™.

After applying the appropriate material balance equation (see Chapter 3, Section 3.7.4),
the amount of active carbon can be estimated and values are reported in Table 4.9 for Ni/CeOy,
Ni/Ceo.8Pro.202-5 and Ni/Ceo2ProsO2-5 catalysts. The equivalent number of surface monolayers
of active carbon based on the Ni surface (Table 4.6, Dni (%)), and after assuming C/Nis=1, is
also reported in Table 4.9. As Pr¥*-dopant increases from zero (undoped ceria) to 80 atom-%,
the active “carbon” concentration decreases. More precisely, values of 87.7 (6. = 3.4), 2.0 (0c =
0.07) and 16.7 pmol/g (6 = 0.56) are obtained for the Ni/CeO2, Ni/CeogPro202-5 and
Ni/Ceo.2ProgO2-5 catalyst, respectively. It should be noted that these values correspond to integral
reactor performance conditions (CO: conversions in the 16-62% range).

Similar SSITKA experiments to those shown in Fig. 4.29 were also performed at T =
550 °C and the obtained results are reported in Table 4.9. These SSITKA measurements
correspond to truly kinetic conditions (CO, and CH4 conversions lower than 15%) as opposed
to the case at 750 °C. It is observed that practically the same behaviour in the concentration of
active carbon with increasing Pr-dopant loading is obtained as in the case of DRM at 750 °C. In
particular, the active carbon is 3.7 umol g for Ni/CeO,, which is significantly reduced to 0.72
and 0.87 umol g* in the Ni/Ceo gPro202-s and Ni/Ceo.2ProsO2-5 catalysts, respectively.

The influence of reactant conversion on the concentration of active C-pool was also
investigated at 550 °C. Fig. 4.30 shows SSITKA transient response curves for Kr, **CO and
13CO, obtained over the 5 wt.% Ni/CeO; at 550 °C for CO- and CHa-conversion levels of 55

Michalis A. Vasiliades 150



Chapter 4: Dry Reforming of Methane over Ce1-xMxO2-s (M=Zr**, Pr3*)-supported Ni catalysts

and 40%, respectively, after 2 h of DRM. The active carbon (Nc) formed is ~ 2 umol g* to be

compared to the value of 3.7 umol g* obtained at low conversions (Table 4.9).

I 5% '2C0,/5%'*CH JAr/He
1.0

T =550°C

0.8
5% Ni/CeO,

0.6+ - Xco = 55%
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Figure 4.30: Kr, 3CO and 3CO, SSITKA response curves obtained after 2 h in dry reforming
of methane at 550 °C over 5 wt.% Ni/CeO; catalyst. SSITKA switches: 5% ?CO./5%
12CHy/Ar/He (2 h) — 5% 3C02/5% 2CH4/2% Kr/Ar/He (20 min) — 5% 2CO2/5%
L2CH4/Ar/He (t); Weat = 0.25 g; Fr =50 NmL mint; Xcpa = 40%; Xcoz = 55%.

4.2.3.2. Measurement of inactive adsorbed CO> derived from the CO:2 activation route

The amount (Ncoz, umol gt) of reversibly adsorbed CO- formed on the catalyst surface
after 2 h of DRM and which does not participate in the formation of CO is estimated via the
appropriate material balance (see Chapter 3, Section 3.7.4) and reported in Table 4.9. As
opposed to the case of the active “carbon” pool (Figure 4.31), the progressive increase of Pr3*-
dopant loading in catalyst’s support composition causes also a progressive increase in the
amount of reversibly adsorbed CO> at 750 °C. This is found to be 54.7 (6 = 2.3), 86.8 (6 = 3.6)
and 114.0 umol/g (6 = 4.05) for the Ni/CeO2, Ni/CeogPro202-5 and Ni/Ceo2ProgO.-5 catalyst,
respectively. It is very important to point out that the size of this reversibly adsorbed CO2 pool
is larger than one monolayer of Ni surface. On the other hand, the size of the active C-pool that
leads to CO is lower than one monolayer except for the case of Ni/CeOz (6c = 3.4).

Similar SSITKA experiments to those shown in Fig. 4.29 were also performed at 550
°C. These SSITKA measurements correspond to truly kinetic conditions (CO2 and CHa
conversions lower than 15%) as opposed to the case at 750 °C. It is observed that practically the
same behaviour in the concentration of reversibly adsorbed CO. formed at 550 °C with
increasing Pr-dopant loading is obtained as in the case of DRM at 750 °C. The reversibly

adsorbed CO, is 38.0 umol g* for the Ni/CeO, and increases to 57.6 umol g* for the
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Ni/Ceo2Prog02-5 catalyst. A slightly lower value was estimated for the Ni/Ceo gPro.20.-5 catalyst
(35.9 umol g).

Table 4.9: Steady-state concentration (umol g or 0) of active “carbon” (Nc) and reversibly
adsorbed CO2 (Ncoz, pmol g or 0) measured by SSITKA after 2 h of dry reforming (5%
CHa/5% CO2/He) at 550 and 750 °C.

Catalyst T (°C) Nc Ncoz tc  TOF®Ok Rate  Xco2 Xchs

(nmol g?) (pmolg?)  (s) (s (wmolgh)® (%) (%)

5 wt.% Ni/CeO; 550 3.7(0.15)* 38.0(1.5)* 0.60 1.7 6.30 140 9.0
750 87.7(3.40) 547(23) 174 - 62.4 53.7

5 wt.% Ni/CeosPro,0, 550 0.72(0.025) 35.9(1.45) 0.11 9.1 6.55 115 84
750 2.0(0.07) 86.8(3.6) 0.06 - 36.0 32.0

5wt.% Ni/CeoProsO; 550 0.87(0.03) 57.6(21) 020 5.0 435 58 4.1
750 16.7 (0.56) 114.0 (4.05) 0.78 1.3 158 14.7

& number in parentheses represents the equivalent surface coverage (0) based on Nis (Table 4.6).

b: Rate of CO formation via the CO, activation route.

CO;%-s Co(g)
CO, (g) > “C’-s >| CO-s

““C-s” : active reaction intermediates before CO-s in the
C-path of CO, reaction route
CO,% - s: carbonate-type non active species

Figure 4.31: The SSITKA formalism applied for the activation path of CO, towards the
formation of CO in the DRM reaction over the 5 wt.% Ni/Ce1.xPr«O2-5 catalysts. “C”-s is the
pool of active carbon-containing species, CO-s is the pool of adsorbed CO, and COs%-s is the

pool of non-active and reversibly adsorbed carbonate-type species on the Ce1xPrxO-.5 support.

The influence of reactant conversion on the concentration of reversibly adsorbed CO>
was also investigated at 550 °C. Based on the SSITKA results shown in Fig. 4.30 (CO2- and
CHa-conversion levels of 55 and 40%, respectively, after 2 h of DRM), the amount of reversibly

adsorbed CO2 is 10.7 pmol g'* compared to 38.0 pmol g™ measured at low reactant conversion
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(see Table 4.9). This is rather reasonable since the higher the partial pressure of CO2 (g) (the
lower the CO> conversion achieved) the higher the concentration of the reversibly adsorbed

carbonate-type species that is formed.

4.2.3.3. Measurement of mean life time (z, s) of active carbon derived from the CO2
activation route

Table 4.9 reports the mean-life time (tc, s) of all the active carbon-containing reaction
intermediates found in the CO; activation path (e.g. “C”-s and CO-s, Figure 4.31) and how this
kinetic parameter is influenced by the reaction temperature and Pr3* concentration in the Pr3*-
doped ceria supported Ni catalysts. Also, TOF itk (s) values (TOF itk = 1/tc) are reported (Table
4.9) which correspond to differential conditions at T = 550 °C and for the Ni/Ceo.2Pro.sO2-5
catalyst also at 750 °C. This TOFit« (s) corresponds to the rate of formation of CO via the CO>
activation route. It is clearly illustrated that Ni/Ceo gPro.2O02-5 sShows a TOF Tk value about 5 times
larger than that estimated on the Ni/CeO, where both catalysts show similar catalytic activity
when this is expressed per gram of catalyst basis (see Fig. 4.22). In the case of Ni/Ceo.gPro.20--
5 catalyst, the TOFk at 750 °C is smaller by a factor of ~ 3.8 when compared to the value
estimated at 550 °C. This result can be understood after considering that the TOFtk might be
seen as the product of Nc and k. The latter parameter represents the site reactivity of the active
carbon species associated with the rate-limiting step found in the CO; activation path (Figure
4.31) at a given reaction temperature. It appears that k has a lower value at 750 °C as opposed
to 550 °C likely due to a change in the chemical structure of the active carbon species and/or to
a change in the structure of the adsorbed phase, considering that Nc (associated with the rate-
limiting step) is still larger at 750 than 550 °C. The importance of these TOF Tk measurements

is discussed below.

4.2.3.4. Initial transient rate behaviour of CO and Hz gas formation

Fig. 4.32 presents the transient evolution of the rate of hydrogen formation (umol Hz g°
1 s1) after the feed is switched from He to the non-isotopic ?CO2/*?CH4/Ar/He feed gas
composition over the fresh 5 wt.% Ni/Ce1.xPr«O25 (X = 0, 0.2 and 0.8) catalysts at 550 °C (Fig.
4.32a) and 750 °C (Fig. 4.32b). Upon the switch to the reaction mixture, the rate of reaction at
550 °C sharply increases and passes through a maximum at time t ~ 15 s, where quickly (after

~ 2 min on stream) reaches a steady-state value (Fig. 4.32a). Of interest is the fact that the

Michalis A. Vasiliades 153



Chapter 4: Dry Reforming of Methane over Ce1-xMxO2-s (M=Zr**, Pr3*)-supported Ni catalysts

overshoot observed falls with the increase in Pr-dopant concentration as shown in Fig. 4.32a.
As the reaction temperature increases to 750 °C (Fig. 4.32b), no overshoot in the rate of H»
formation is observed. In particular, Ni/CeO2 and Ni/CeogPro202-; catalysts rapidly (after ~ 1
min) take a steady-state reaction rate value, which decreases only slightly for longer times on
stream and for larger reactant concentrations in the feed stream (see Fig. 4.21). The
Ni/Ceo.2Pro.802-5 shows a small decay in the first 10-min of the transient (Fig. 4.32b) which is

consistent also to the stability behaviour shown in Fig. 4.22.

He |- 5%'2C0,/5%°CH /ArHe He |-» 5% '2C0,/5% “CH /Ar/He
15 120
% NilCeO, 5% Ni/CeO,
- (a) %
w104 | gy, NilCe, ,Pr, ,0, . . - 80
o 8" 0. T =550°C =] 5% Ni/Ce, Pr..O
— — 0.8° 02728
<] 3]
= £ :
3’;‘ 5 5% Ni/Ce, ,Pr, ,0, . 3; 40 5% Ni/Ce ,Pry O,
2 & (b)
= b=
© ) 0
4 o T=750°C
0 , , . 0 , ; ; :
0 2 4 6 8 10 0 2 4 6 8 10
Time (min) Time (min)

Figure 4.32: Isothermal transient rates of hydrogen formation obtained at the switch He — 5%
12C0,/5% *2CHa/Ar/He (t) at 550 °C (a) and 750 °C (b) over the 5 wt.% Ni/Ce1xPrO2-s (X =
0.0, 0.2 and 0.8) catalysts; Wcat = 0.1 g mixed with 0.1 g SiC (550 °C) and Wca = 0.03 g mixed
with 0.17 g SiC (750 °C); Fr = 100 N mL min‘.,

4.2.4. Discussion
(@) Catalytic performance of Ni/CeO2 and Ni/Ce1-xPrxOz2-5 solids
o Ni/CeOz2 catalyst

One of the earliest investigations [10] on the use of ceria as promoter of Ni for the dry
reforming of methane has examined y-Al,O3, CeO> and x wt.% CeO»2-Al>03 (x = 1-10 wt.%) as
supports of 5 wt.% Ni. It was concluded that ceria produced strong metal-support interactions
after calcination and H: reduction at 500 °C, which reduced the catalytic activity and carbon
formation with respect to Ni/y-Al>Os. On the other hand, when 1-5 wt.% CeO, was deposited
onto the alumina support, this had a positive effect on the activity, stability and suppression of
carbon deposition for the Ni/CeO2-Al,O3 catalytic system. The stability and significant
resistance to coking exhibited by the ceria-promoted nickel catalysts were attributed to the

oxidative properties of CeOz along with the higher dispersions of Ni. The amount of “carbon”
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deposited on Ni/y-Al203, Ni/1 wt.% CeO2-Al203 and Ni/CeO; solids was 20.8, 3.4 and 0.9 wt.%,
respectively, after 2 h of dry reforming (50% CHa, CH4/CO,= 1) at 700 °C.

Asami et al. [51] in a later publication aimed at developing an excellent catalyst for dry
reforming of methane by examining the possibility of using CeO: as support of Ni, Co and Fe.
A 5.3 wt.% Ni/CeO; (Ni dispersion of ~ 2.8%) was found to be the most effective catalyst (95%
CHjs-conversion, H2/CO ~ 1.0 and high stability after 50 h on reaction stream at 850 °C; 50%
CH4/50% CO2; W/F = 1 g h mol) with negligible carbon deposition. However, at 700 °C rapid
deactivation of the catalyst occurred in agreement also to previous studies [52]. After using an
equimolar feed gas composition, the amount of “carbon” deposited after 24 h of reaction at 700
°C was 2 wt.%, which was the lowest among the other investigated supported Ni catalysts
(support: SiO2, MgO, La>03). Kumar et al. [53] have investigated CeO»-ZrO> and ceria-doped
ZrO- supported Ni (5 wt.%) in an effort to evaluate how the catalytic activity of dry reforming
and “carbon” formation are influenced by the support preparation method. The use of surfactant
(CTAB) was one of the support synthesis methods used, which intended to lead to a reduction
of support’s particle size into such an extent that it can become comparable to the Ni metal
particle size, thus enabling strong metal-support interactions. A 5 wt.% Ni/CeO, (CTAB)
showed decreasing conversions up to 5 h on reaction stream (40% CO2/40% CH4/20% N) at
700 °C, an Hz-selectivity of ~70% and ~ 1.1 wt.% “carbon” deposition, after only 3 h on reaction
stream.

Very recent works have investigated CeO2 and ZrO-CeO; as supports of Ni for the dry
reforming of methane [54,55]. Kim et al. [54] have investigated a 10 wt.% Ni/CeO; (11.7 SSA,
m? g'1) at 750 °C. A CHg-conversion of 55%, a H,/CO ratio of 0.73 and a very stable activity up
to 10 h on stream (50% CH4/50% CO2) were reported. Deposited carbon in the shape of
filamentous rods was also reported [54]. The H2/CO gas ratio measured in the present 5 wt.%
Ni/CeO; catalyst is larger (close to unity) compared to the value of 0.73 reported [54]. The
deviation of H,/CO ratio from unity is discussed below. Ay and Uner [55] have investigated the
dry reforming of methane over a 8 wt.% Ni/CeO: catalyst the support of which was prepared by
the calcination of Ce(C2H30.)3-1.5H,0 at 700 °C and using the same feed gas composition (20%
CHa4/20% CO-/Ar) and hydrogen reduction temperature (ca. 700 °C) as in the present work. A
very similar catalytic behaviour to that reported in Fig. 4.22 was observed [55] after 5 h on
stream with respect to the level of reactant conversions and H./CO ratio. However, an initial

deactivation of about 20% (up to 5 h on stream) was seen [55], opposite to that observed in the
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present work (Fig. 4.22B). Similar TGA-TPO studies to those performed in the present work
were also conducted [55], where 20.7 wt.% “carbon” was measured after 5 h on reaction stream
as opposed to the present 5 wt.% Ni/CeO> catalyst, where an amount of 19.6-37.7 wt.% C was
found but after a much longer duration (25 h) on reaction stream (Wca/F = 0.001- 0.002 g
min/cm?3); it is noted that no Wca/F data were reported in [55]. The mild deactivation observed
in the 8 wt.% Ni/CeO, catalyst [55] was proposed to be the result of strong metal-support
interactions occurred after hydrogen reduction at 700 °C, where Ni particles were covered by a
thin layer of ceria reduced support species (CeOx). The latter was evidenced by HRTEM and
the inability for hydrogen chemisorption [55].

The high stability of the present 5 wt.% Ni/CeO> catalyst is in harmony with the
practically unchanged particle size of Ni in the fresh and spent catalysts as determined by XRD
and the fact that catalyst’s reduction in H> at 700 °C caused no suppression in hydrogen
chemisorption. TEM-EDX analysis and mapping of several catalyst samples was performed on
nickel grains for the 5 wt.% Ni/Ceo.2ProgO> catalyst (Fig. 4.18b). Over none of the imaged nickel
grains EDX responses at characteristic positions of the | shell transitions (Ce at 4.83 and 5.26
keV, Pr at 5.02 and 5.49 keV) or m shell transitions (Ce at 883 eV and Pr at 929 eV) could be
confirmed. As a result, no covering or decoration of Ni grains with Ce or Pr occurred over the
catalysts tested.

A very interesting work concerning changes in morphology induced by strong metal-
support interactions on Ni/CeO2 during Hz reduction and DRM at 750 °C was reported by
Gonzalez-DelaCruz et al. [56]. The authors have used in situ XAS analysis where under dry
reforming the Ni K-edge X-ray absorption spectrum parameters obtained (after fitting analysis)
suggested changes in the size and morphology of nickel particles. In particular, the authors
suggested that reduced ceria surface allowed the formation of new Ni particles spreading on the
partially reduced ceria support, which could account for a lower value in the mean Ni
coordination number, resulting in some kind of strong metal-support interactions responsible
for catalyst’s stability at 750 °C. This morphological change, however, was not stable after
cooling of the sample in H> flow to room T.

The stability of Ni-based catalysts in the dry reforming with deposition of significant
amounts of “carbon” in the form of filaments, as in the present case (Fig. 4.25), depends on the
position of the Ni particles [55,57]. The latter may either stay at the top of the filament or might

be enclosed within the filament leading to a loss of active nickel surface, thus to the catalyst
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deactivation. In the present 5 wt.% Ni/CeO. catalyst, Ni crystallites at the tip of carbon
nanotubes were seen after 25 h of DRM according to HRTEM images (Fig. 4.33), which show
detachment of the metal particles from the CeO, support. It should be noted that filamentous
carbon formation was significantly influenced by the Ni particle size and occurred mostly over

Ni particles larger than 7 nm for the Ni-alumina aerogel catalysts [58].

Figure 4.33: TEM image of Ni crystallite at the tip of carbon nanotubes showing detachment
of the Ni metal clusters from the CeO> support observed after 25 h of methane dry reforming
reaction at 750 °C.

Based on the above offered discussion, the present 5 wt.% Ni/CeO; catalyst, synthesized,
calcined and reduced according to the procedures mentioned in Ch. 3 (Section 3.1.1 and 3.2.1),
appears very competitive compared to other ceria-supported Ni catalysts evaluated for dry
reforming at 750 °C. The large amount of “coke” deposited is the only severe problem faced in
this catalytic system for practical applications, where tuning of the Pr-dopant loading in the
ceria matrix could very likely provide an excellent catalytic system highly resistant to coking

for dry reforming of methane (at least in the 700-750 °C range) as discussed below.

o Ni/Ce1-xPrxO2-5 catalysts

Only very recently [29] Pr-doped CeO- (in the presence of Hf-dopant) was investigated
as support of nickel (10 wt.% Ni) for the development of a durable and active DRM catalyst in
the 600-900 °C range. The doped-ceria support was synthesised using the EDTA-citrate method,

whereas Ni was deposited via the solvothermal method. The fresh Ni/Ceo.ssHf0.25Pr0102-5
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catalyst was calcined at 450 °C and reduced in hydrogen at 700 °C for 2 h before reaction. A
nickel mean particle size of 10-15 nm was reported [29]. The catalyst was tested at 800 °C using
a feed composition of CH4:CO2 = 2:1 and a GHSV of 23,000 h, where an extremely stable
catalytic performance after 150 h on reaction stream was reported in terms of CHs-conversion
(~ 55%), CO2-conversion (~ 96%) and H./CO ratio (~ 0.75). Characterisation of the spent
catalyst by HRTEM revealed no “carbon” formation after 150 h on reaction stream. On the other
hand, Ni/CegssHf0.3502-5 exhibited reduced catalytic activity and H-selectivity and a large
decrease in Xca, Xcoz and H2/CO performance parameters.

The above described catalytic performance of Pr-doped CeO,-HfO> supported Ni
catalyst appears different to the one obtained in the present work (5 wt.% Ni supported on Pr-
doped CeQ>). In particular, the progressive introduction of Pré* into the ceria lattice resulted in
the progressive reduction in all catalytic performance parameters (XcHs, Xco2, H2/CO) as
illustrated in Figs. 4.21 and 4.23, as opposed to the Pr-doped CeO,-HfO> catalyst [29]. On the
other hand, the long-term stability of Ni/CeO. in DRM at 750 °C was only slightly reduced
when Pr¥* was introduced into the ceria lattice (Fig. 4.22), result which is similar to the one
obtained with the Pr-doped CeO2-HfO- supported Ni catalytic system [29].

(b)  Understanding the Ni/Ce1-xPrxO2-s DRM catalytic performance

In order to fundamentally understand the catalytic performance of the present  Ni/Ce;-
xPrxO2-5 solids (Figs. 4.21 and 4.22), the initial reaction rate (Fig. 4.32) and the SSITKA (Figs.
4.29, 4.30 and Table 4.9) results become important. According to the reaction rate results (Fig.
4.32), the rates of hydrogen formation over Ni/CeO2, Ni/CeogPro202.5 and Ni/Ceo.2Pro.8O2-5
catalysts after 2 h on reaction stream at 550 °C were found to be 6.4, 6.3 and 4.0 umol Ho gt s~
! respectively. Considering the fact that the Ho/CO ratio over these catalysts was found to be
0.60, 0.69 and 0.65, respectively, then the CO formation rates are 10.7, 9.1 and 6.2 umol CO g
1 51, respectively. On the basis of the TOFitk (s) and the concentration of active carbon-
containing intermediates, Nc, which are estimated independently by SSITKA (Table 4.9), the
rate of CO formation via the CO; activation route (Rcorcoz, pmol gt s1) can be estimated by
using the appropriate material balance. For the Ni/CeO2, Ni/Ceo.gPro.202-5 and Ni/Ceo2Pro g0z
catalysts, this rate was found to be 6.30, 6.55, and 4.35, umol g s, respectively (Table 4.9).
Based on the Xcha (%) (Table 4.9), the rate of CO formation via the CH4 activation route

(Rcorcha, pmol gt s1) can also be estimated (via a material balance) and this is found to be 3.07,

Michalis A. Vasiliades 158



Chapter 4: Dry Reforming of Methane over Ce1-xMxO2-s (M=Zr**, Pr3*)-supported Ni catalysts

2.87 and 1.4 umol CO g s, respectively, for the Ni/CeO,, Ni/Ceo sPro.202-5 and Ni/Ceg 2Pro.sOs-
s catalysts. Considering the fact that the kinetic rate of CO formation under steady-state reaction
conditions (Rcoot, Fig. 4.32) must be the sum of the rate of CO formation via the CO> activation
route (measured by SSITKA) and that via the CH4 activation route (measured independently),
one should remark that the carbon material balance is within 4-12%.

The SSITKA analysis revealed that the site reactivity (TOFitk, ), a unique parameter
estimated only by the SSITKA technique, follows the order TOFtk (Ceo.8Pro.202-5) > TOFTk
(Ceo.2Prog02-5) > TOFTk (CeO2), whereas the activity order (Rixn per mass of catalyst) is as
follows: Rixn (CeO2) = Rrxn (Ceo.8Pro202-5) > Rixn (Ceo.2ProsO2-5). This important result strongly
suggests that tuning of the DRM activity of the 5 wt.% Ni/CegsPro202-5 solid could be
performed by an increase in the number density of active sites (sites geart) Which possess larger
site reactivity (TOFirk, s™) than that of Ni/CeO, and Ni/Ceo2ProsO2-5 catalytic systems. The
nature of these active catalytic sites is discussed below.

Regarding the extent of “carbon” deposition, the effect of Pr present in the crystal lattice
of ceria support is remarkable. According to the results of Table 4.7 and Figs. 4.24 and 4.26,
after 25 h of DRM at 750 °C and using a Wca/F of 10° g min/cm?, the amount of “carbon”
accumulated on the Ni/CeogPro2025, Ni/CeosPros02s and Ni/Ceo2ProgO2-5 catalysts,
respectively, drops by a factor of ~ 90, 245 and 280 with respect to Ni/CeO3; an amount of only
70 mg C gear* was found for the latter catalyst. When Wca/F was doubled, or equivalently the
GHSV was decreased to half, the Ni/Ceo2ProgO2-s catalyst also caused reduction by a factor of
~ 250 in the amount of “carbon” formed compared to the Ni/CeO> catalyst. Based on these
results, it is clear that reduction in the activity and H2/CO product gas ratio observed over the
Ni/Ce1-xPrxO2-5 (x = 0.2-0.8) catalysts compared to Ni/CeO- (see Figs 4.21, 4.22 and Table 4.7)
cannot be ascribed to the formation of an increased amount of inactive “carbon”. In particular,
as Pr-dopant concentration increases from 0 to 20 atom-%, the “carbon” formation rate is largely
decreased and only a small decease in CH4 and CO> conversions and in the H2/CO product gas
ratio are observed. However, further progressive increase of Pr-dopant concentration to 80
atom-% leads to a significant drop in all the three catalytic performance parameters, and to a
lesser extent in the amount of “carbon” deposition.

The main elementary reaction steps of the DRM over the present 5 wt.% Ni/Ceo.gPro.20o-
5 catalytic system were previously reported [43] (use of other than SSITKA transient isotopic

experiments). The presence of oxygen vacant sites in the Ce1-xPrxO2-5 support was suggested as
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a potential active site for the dissociation of CO2 to CO(g) and re-oxidation of the reduced

support surface (CO: activation route):

CO,(g) +o—s(support) —» CO(g) + O —s(support lattice oxygen) (Eq. 4.4)

On the other hand, Hartwig et al. [48] in a recent elegant work have investigated the
temperature-dependent oxygen vacancy formation, oxygen release and lattice rearrangement of
Ce1xPrxO2.5 (X = 0.2-0.6) thin films. They reported that, after increasing the Pr-dopant loading,
a decreasing O desorption temperature and an increasing CO2 desorption temperature were
observed. Furthermore, O.-TPD and XRD results agreed in that by increasing Pr-dopant loading
OSC and lattice spacing increase; the latter has also been verified in the present work for a wider
Pr-dopant concentration range; x = 0.2-0.8 (see Table 4.5 and Fig. 4.17). The O>-TPD and CO»-
TPD investigations of Hartwig et al. [48] can be offered to explain the significant reduction in
the rate of “carbon” formation on Ni/Ce1.xPrxO2-5 (X = 0.2-0.8) due to an increased oxygen
mobility in the Ce1-xPrxO2-s matrix, which favours “carbon” oxidation to CO(g). This important
elementary reaction step is found in the CO; activation path and it is recognized for some time
now as the main contributor to the control of the rate of “carbon” formation in doped-CeO2
supported Ni catalysts [23,29,31,38,50,53,59]. What was not reported so far is the participation
of oxygen vacancies in the Ce1.xPrxO2-s solids, not only in the dissociation of CO step but also
in the formation of adsorbed “carbonate-type” species reversibly interacting with gaseous CO>
under dry reforming conditions (Figure 4.31). This type of “carbonate” is considered as inactive
species, which could block active sites of the CO; activation path. The CO: stored reversibly on
the catalyst surface (Nco2, Table 4.9) could justify the drop in activity of the Ni/Ce1-xPrxO2-5 (X
= 0.2-0.8) catalysts. At 750 °C, where the latter effect is significant (see Figs. 4.22, 4.23 and
4.32b), the amount of this “COz-pool” shown in Figure 4.31 is increased by a factor of 1.58 and
2.1, respectively, when Ni/CeO2 is compared to Ni/Ceo.gPro202-5 and Ni/Ceo.2Pro.802.5 catalysts.
At the same time, the H> formation rate is decreased by a factor of ~ 1.1 and 2.2, respectively.
A similar comparison can be also made at 550 °C, where the size of the “CO2-pool” increases
by a factor of 1.52 and the H> formation rate decreases by a factor of 2.2, when Ni/CeO: is
compared to Ni/Ceo2ProgO2.5. The fact that the size of the “COz-pool” after 2 h of DRM may
depend on the concentration of gas phase CO», then strict comparison should be made at similar
Xcoz conversions; see DRM at 550 °C (Table 4.9).
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In a recent work [42], the role of multivalent Pr in the formation and migration of oxygen
vacancy in Ce1xPrxO2-5 (x = 0.0-0.5) solids was investigated. The following conclusions are
important and relevant to the results of the present work. First, Pr®* and Pr** are incorporated as
majority and minority ions, respectively, where Pr3* plays a key role in the generation of oxygen
vacancies during the replacement of Ce** with Pr®*. Second, addition of Pr* causes a local
distortion near the oxygen vacancy due to the mismatch between Pr3* and Ce** and the bond
length between each species with oxygen. Third, the role of the atomic level of the electronic
states of the incorporated elements (Ce**/Ce®*" and Pr3*/Pr**) can tune the oxygen mobility and
the concentration and stability of oxygen vacant sites.

In another investigation of the Ce1xPrkO2s (x =0, 0.1, 0.5 and 0.9) solids [47], it was
demonstrated that the stated Ce-Pr-O solid compositions consisted of a single fluorite solid
solution phase without the formation of additional Ce- or Pr-based oxides (secondary phases).
XPS results revealed a rather good agreement between nominal (bulk) and surface
stoichiometries, and only a slight tendency toward segregation of the lower concentration cation
(Pr in Ceo.9Pro.102-5 and Ce in Ceo.1Pro.902-5) from the bulk to the surface. When these materials
were tested for CH4 oxidation, maximum catalytic activity was observed for the CeosPros02-5
solid.

The above offered discussion on the Ce1-xPr«O2-s solid solution used as support of 5 wt.%
Ni in the present work tends to suggest that the opposite trend in the rate of “carbon” formation
and that of DRM (CO: activation path) might be partially due to the influence of Pr-doping on
the strength of associative CO2 chemisorption and on its dissociative counterpart onto oxygen
vacant sites, the latter being adjacent to anionic oxygen and metal cationic (Ce3*, Ce**, Pr** and
Pr#*) sites. This could result in the adjustment of available active oxygen vacant sites and likely
adjacent ones for CO> dissociation.

The catalytic performance and the amount of inactive “carbon” formed towards the
RWGS (20% CO2/7% Hz/He; GHSV = 30,000 h1) at 750°C were evaluated over the 5 wt.%
Ni/CeosPro202-5 solid [43]. It was found that the Xcoo (%) for the RWGS was 22% for the
Ni/CeosPro202-5, where the Xcoz (%) to CH4 was less than 0.1%. The amount of inactive
“carbon” formed after 1 h of RWGS was found to be significantly lower (~ 0.7 mg gear’) than
that formed after 1 h of DRM. Also, the Xco (%) of methanation reaction (2.5% CO/7.5%
H2/He) at 750 °C was less than 2% after 1 h of DRM. On the basis of these results, since the
most active Ni/Ceg.gPro202-5 in the series of Ni/Ce1xPrxO2-5 (x = 0.2-0.8) solids exhibits a larger
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H>/CO ratio than the catalysts with larger Pr-dopant loadings, it is clear that differences in the
RWGS behaviour alone cannot explain the different activity and product selectivity for these
catalytic systems. The fact that the Ho/CO ratio in most of the experimental conditions used is
lower than one, and the Xco2 (%) is larger than that of Xcna (%) (Fig. 4.21), the RWGS reaction
does proceed to some extent in all catalytic systems, in general agreement with literature reports
[10,29,60].

(©) SSITKA - Kinetic and mechanistic studies

The SSITKA results presented in Figs. 4.29 and 4.30 and Table 4.9 should be
appreciated in relation with the discussion offered in the previous section. A SSITKA analysis
of the dry reforming of CH4 at high temperatures (e.g. 750 °C) was attempted for the first time
over ceria-based supported Ni, aiming at an accurate quantification of important kinetic
parameters, such as the surface concentration (umol g or 0) of active “carbon-containing”
reaction intermediates formed in the CO> activation path leading to the formation of CO, the
life-time of such intermediates (tc, s) and the TOFitk (s™). Furthermore, the presence of a pool
of inactive adsorbed CO2 which reversibly interacts with the catalyst surface was identified. The
nature of the active carbon pool “C”-s shown in Figure 4.31 can be discussed on the basis of
the Nc quantity (Table 4.9) and the TEM-EDXS results. In the case of Ni/CeO2, DRM at 750
°C for 2 h resulted in an equivalent amount of 6¢c = 3.4 (based on the Ni surface). The fact that
the CO-s pool appeared in Figure 4.31 must be considered very small (6co-s << 1), it can be
concluded that the nature of active carbon cannot be in the atomic state on the Ni surface but
either as small 3-D clusters or thin films of likely few atomic layers on the surface of Ni particles.
The latter is evidenced by the HRTEM images shown in Fig. 4.19a, b. The carbon in the thin
films deposited on selected areas of the Ni surface may not all be regarded as active carbon.

Another possible explanation for the nature of active “carbon” and its concentration level
exceeding the value of one Nis monolayer (Ni/CeO3) could arise from the work of Verykios and
his co-workers [46,55,56] over the Ni/La2Os catalytic system. SSITKA work provided evidence
that La20.COs active species were formed during dry reforming of methane leading to CO(g)
via several decomposition pathways by the assistance of adsorbed H-s and C-s species on Ni
and/or Ni-lanthanum interface [46]. The presence of such oxy-carbonate species on the present
Ni/Ce1xPrxO2-5 catalysts cannot be excluded. Sokolov et al. [24] have reported initial TOFcHa

rates as a function of Ni particle size for the Ni/La,03-ZrO; catalytic system. It was shown that
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higher TOF rates were obtained on the larger Ni particles, result that was related to the presence
of La,O>COs at the Ni-support interface, which react slowly (RDS) with C-s formed on Ni (via
CHas decomposition), leading to CO(g) and restoration of support’s CO2 chemisorption sites.
Bobin et al. [23] investigated supported Ni on similar carriers as in the present work
(Lnx (CeosZros)1xO2; Ln = Pr, Sm) in one of the few SSITKA works reported for DRM over
supported Ni catalysts. One of the important results found was that the reaction rate of surface
carbonates towards CH4 was significantly lower than that of CH4 or CO> dissociation. This result
could be related to the present findings, that a pool of carbonate-type adsorbed species reversibly
interacting with gaseous CO> should be considered as spectator(s). Other important conclusions
from the same SSITKA work [23] (4% CO2, CH4/CO = 1), similar to the one conducted in the

present work, are as follows:

o CHa activation proceeds independently of CO; activation;

. CO2 does not interact with -CHy derived from CH4 decomposition (no transfer of 3C
derived from BCOz into 2CHy);

o fast rate of CO dissociation on support sites and high surface oxygen mobility providing

fast oxygen transfer from support sites to Ni sites (CH4 activation);

o negligible surface coverage of active “carbon”;

o irreversible CHa interaction and reversible CO: interaction with the catalyst surface;

o rate of catalyst re-oxidation by CO> largely exceeds that of its reduction by CHya;

o reactive oxygen species of support at the Ni-support interface are apparently bound with

pairs of Ce** and Pre*.

The “carbon” and SSITKA measurements of the present work (Tables 4.7 and 4.9) and
other transient isotopic work performed on the 5 wt.% Ni/Ceo.sPro202-5 catalyst [43] support the
above conclusions (a), (c), (e) and (g).

The dependence of TOF itk (s) on support chemical composition that provides the true
site reactivity for each supported Ni surface can be utilised to tailor the activity of DRM on this
specific catalytic system. Detailed information acquired from HRTEM investigations on the
surface structure of Ni particles could lead to a desired correlation between TOFrk (s) and Ni
structure (e.g. density of exposed facets). It is rather clear that the TOF Tk (s™) behaviour on the

present supported Ni catalysts cannot be correlated with the Ni particle size but rather with the
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specific Ni surface structure (e.g. ratio of different crystallographic faces) for similar in size Ni
particles. This important issue should be a subject of future investigation.

Sadykov et al. [38] have reported on important mechanistic issues of dry reforming on
the Pt/Ce-Zr-Pr-O catalytic system via mathematical modelling of the non-isotopic transient
response curves of Ha, CO, CO2 and CHa, similar to those of H, formation rate depicted in Fig.
4.32. It was shown that the character and shape of response curves is mainly defined by the rates
of carbonates formation and consumption, the rate of oxygen diffusion from the support
surface/subsurface to the Pt-support interface, and the interaction of CO> with vacant sites on
the Pt surface. In analogy to their findings and those of this work, a first attempt to explain the
transient features of the H, formation rate at 550 °C in the first 2 min (Fig. 4.32a) is as follows.
Due to the likely higher oxygen mobility in Ceo2ProsO2-s than Ceo.sPro.202-5 or CeO2 support,
the rate of “carbon” oxidation to CO(g) and “carbon” deposition by CH4 decomposition appears
faster. This feature explains the absence of an overshoot in the rate of H, formation. As the
reforming temperature increases to 750 °C, slight differences are only observed in the shape of
the initial H> formation rates (Fig. 4.32b), suggesting that surface coverages for important

reaction intermediates and vacant sites may change only to a small extent.

The following conclusions can be derived from the results of the present Section 4.2:

(1) 5 wt.% Ni supported on Ce1xPrxO2-5 carrier was found to be a very promising “coke”
resistant active catalytic material towards dry reforming of methane in the 700-750 °C
range. The increase in the concentration of inactive chemisorbed CO2 on support sites
with increasing Pr-dopant loading in the ceria matrix was found to correlate with the
activity drop.

(i)  The catalytic activity order on a mass basis over the investigated series of 5 wt.% Ni/Ce;-
xPrxO2-5 solids of similar Ni particle size does not correlate with the activity order in
terms of TOF itk (s). In particular, 5 wt.% Ni/CeO, with the largest catalytic activity
(umol Hz gt s%) exhibits about five times lower TOF itk (s) at 550 °C than the 5 wt.%
Ni/Ceo.8Pro202-5 catalyst, which has a similar activity per gram basis. This result is
related to the larger Oc/tc ratio associated with the TOF of the catalytic cycle measured
at reaction conditions.

(ili)  The concentration of active “carbon” formed under dry reforming strongly depends on

the Pr-dopant concentration in the ceria matrix and the reaction temperature. The former
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is crucial since it regulates the mobility and concentration of lattice support oxygen near
the Ni-support interface, thus leading eventually to gaseous CO. Also, Pr-dopant
regulates the concentration of surface support oxygen vacancies, largely responsible for
the dissociation of CO2 to form CO(g) and atomic O (re-oxidation of the reduced

support).

(iv)  Introduction of Pr-dopant into the ceria support matrix at the level of 20 atom-%
drastically reduces the rate of “carbon” deposition compared to the Ni/CeO> catalyst,
while keeping high activity and product selectivity similar to those obtained by Ni/CeO:..

(v) Inactive carbon of filamentous and graphitic nature is largely formed in the Ni/CeO>
catalyst after 25 h of dry reforming at 750 °C (20% CHa; CH4/CO2 = 1) as deduced by
SEM and XRD. Islands/patches of carbon in several areas on the Ni particle’s surface
were also identified by HAADF/STEM.
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Chapter 5: Dry Reforming of Methane over Ce1xZrx0:2s— supported Ni
and NiCo bimetallic catalysts

Supported transition metals, such as Co and especially Ni [1-3], represent a viable and
economically acceptable alternative to be used as DRM suitable catalysts with high activity,
selectivity and long-term stability with time on stream (TOS). However, supported transition
metal catalysts suffer from fast and extensive accumulation of “carbon” over their surface and
consequently deactivation or excessive pressure drop across the catalytic bed. Catalyst
durability can be improved with efficient suppression of “carbon” deposition, which can be
achieved by tuning various design parameters, such as the use of chemical promoters (e.g. Mg,
K or Ca) [4-6] and suitable metal oxide supports having an appropriate concentration of oxygen
vacant sites [7-11]. For the latter design parameter, nickel is dispersed over metal oxides
possessing high oxygen mobility [7,8,10] as reported in the previous Chapter 4. Recent research
investigations on NiCo/Ce1.xZrkO2-s catalysts examined in the DRM reaction has notably
demonstrated that “carbon” deposition could be prevented over timescales lasting several
hundred hours, in a way to be doable for commercialization [12].

Fundamental insights into the reaction mechanism of DRM over supported metal
catalysts have been recently reviewed [2]. One of the slow elementary reaction steps from the
dissociation of adsorbed CHa-s to the formation of CHx-s and CHxO-s intermediates on the metal
surface is the rate-limiting step. The nature of active sites for CO2 chemisorption and
dissociation into CO-s and O-s depends on the nature of the metal and metal oxide support [2].
Oxygen vacancies seem to play a vital role for the reduction of CO2 to CO [13] over reducible
metal oxide supports as illustrated in the previous Chapter 4. Bobin et al. [14] have investigated
essential mechanistic steps of DRM over doped ceria-zirconia-supported metals (NiRu, Pt)
using transient kinetic methods (TAP, SSITKA). They concluded that an easy dissociation of
CO2 on reduced sites of support followed by a fast oxygen transfer along the surface/domain
boundaries to metal sites does occur; CHx-s derived from methane react to form CO and Ho,
where strongly bound carbonates were found to be spectator species. In a recent work regarding
the effect of Ni particle size on the rates of important elementary reaction steps of DRM on
Ni/Al203 [15], it was concluded that the increase of O-s (derived from the dissociation of CO»)
per active site on the Ni surface may enhance oxidation of CHx-s to CHxO-s and in turn its

decomposition to CO and H». Thus, oxidation of CHx-s than their further dissociation to surface
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carbon whiskers is considered as a key step for the development of a “carbon”-free DRM
catalytic system.

In the present chapter, important fundamental questions regarding the influence of the
support synthesis method, and the use of Co-promoter of Ni activity (NiCo bimetallic phase) on
the carbon-path of dry reforming of methane performed over 3 wt.% Ni (or NiCo)/Ce1-xZrxO2-5
catalysts are addressed with meticulously designed SSITKA and other transient isotopic

experiments. In particular, the following are addressed:

o How does Co metal in the NiCo bimetallic phase influence the extent of CO, or CH4
contribution to the “carbon” deposition pathways?

o Does lattice oxygen of Ce1-xZrxO2-s-supported Ni (3 wt.%) or NiCo (3 wt.%) catalyst
participate in the DRM reaction?

o Does the “carbon” formed via CH4 decomposition alone differ from that formed during
DRM reaction?

. Does CO: participate in the gasification of “carbon” to produce CO and how this route

is influenced by the presence of Co and Ce/Zr ratio?

5.1. 3 wt.% Ni/Ceo.75Zr0.2502 catalyst (3Ni EG code)

5.1.1. Powder XRD and H2-TPR characterization

Powder X-ray diffraction analysis results of the 3 wt.% Ni/Ceq.75Zr0.2502-5 catalyst are
presented in Fig. 5.1. The recorded diffraction pattern agrees very well with that of CeZrO: solid
solution (JCPDS 00-28-0271). A shift of diffraction maxima toward higher 2theta values
compared to pure CeO (JCPDS 00-34-0394), and reduction of the unit cell size/volume were
observed, which strongly suggest isomorphous substitution of the larger Ce** ions (0.97 A) with
smaller Zr** ions (0.86 A) and formation of a Ceo 75Zr02502-5 solid solution. Using the Scherrer
equation, an average primary crystallite size of support was estimated at 6.0 nm with the
Ceo.75Zr0.2502-5 unit cell size (a, nm) at 0.533 nm. No diffraction lines belonging to Ni-containing
phases were observed due to the low Ni loading in the analyzed catalyst sample.

Based on the H>-TPD measurements, an average Ni particle size was calculated, dni =
9.8 nm, and a nickel metal dispersion, Dni (%) = 10.3. The specific surface area, total specific
pore volume and average pore diameter of the 3 wt.% Ni/Ceo.75Zr0.2502-5 catalyst were found to

be: 57.0 m? g%, 0.183 cm® g%, and 12.8 nm, respectively.
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Figure 5.2: Powder XRD pattern of the 3 wt.% Ni/Ceo.75Zr0.2502-5 (3 Ni EG) catalyst.

Figure 5.2 presents hydrogen TPR traces recorded over the 3 wt.% Ni/Ceo.75Zr0.2502-5
catalyst and its Ceo.75Zr0.2502-5 support alone. Reduction of Ni/Ceo.75Zr0.2502-5 Starts at ~ 100 °C
and exhibits a low-temperature shoulder and two intense reduction peaks at 266 and 320 °C,
which decay slowly as the reduction temperature approaches the final value of 750 °C. In the
low-temperature range, reduction of NiO and surface Ceg.75Zro25025 occur, whereas bulk
reduction of support takes place at temperatures above 550 °C [16]. By considering the chemical
composition of the catalyst and assuming complete NiO reduction, the amount of reducible
lattice oxygen was estimated to be 955 pmol O g, which corresponds to 43% reduction of Ce

(Ce** — Ce®") present in the Ceo.75Zr0.2502 solid support and 7.8% of its total theoretical oxygen

content (fully oxidized).
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Figure 5.2: H2-TPR traces recorded over the (a) 3 wt.% Ni/Ceg.75Zr0.2502-5 catalyst and (b) the

Ceo.75Zr0.2502-5 support.

5.1.2. Catalytic DRM performance of 3 wt.% Ni/Ceo.75Zr0.2502-5
Fig. 5.3 presents CHs-conversion (%), CO2-conversion (%) and Ho/CO gas product ratio
data as a function of time on stream (TOS) for the DRM performed at 750 °C over the 3 wt.%
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Ni/Ceo.75Zr0.2502-5 catalyst. A large drop (~ 40 %-units) in both the CO, and CH4 conversion is
evident during the first 5 h of reaction, which reflects also that of H,/CO ratio. On the other
hand, a slow regeneration of the catalyst activity is evident after ~ 5 h of dry reforming and for
the course of reaction followed up to 20 h.
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Figure 5.3: CH4 and CO- conversions and the H2/CO product gas ratio as a function of time on
stream (TOS) for the 3 wt.% Ni/Ceo.75Zr0.2502-5 catalyst at 750 °C. Feed gas composition: 44.2%
CHa, 44.2% COg, balance N2; Weat = 50 mg; Fr = 56.5 NmL min™.

As reported elsewhere [1], this behavior (Fig. 5.3) is likely to be due to the partial
oxidation of Ni surface by spilled over support lattice oxygen, resulting in the observed
substantial deactivation. During the course of reaction, sintering of Ni particles reduces the Ni-
support interface per gram of nickel, thus the amount of oxygen (per gram of Ni) reaching the
interface. This in turn causes the decrease in the fraction of oxidized nickel [1], which manifests
itself as a slow regeneration of catalytic activity. The participation of inactive “carbon” in the
catalytic behavior shown in Fig. 5.3 during reaction might also be important. High rates of
“carbon” deposition on the nickel surface at the initial states of reaction could progressively be
balanced by the rates of diffusion of “carbon” towards the metal-support interface and the rates
of “carbon” gasification by labile oxygen of support towards CO formation. Sukonket et al. [10]
have investigated a 5 wt.% Ni/CeosZro.40- catalyst towards dry reforming of methane at 800 °C
(CH4/CO2/N2 = 40/40/20) and for long-term TOS (150 h). A very similar CH4-conversion vs.
TOS profile to that shown in Fig. 5.3 was reported [10], where minimum conversion was
obtained after ~ 22 h on stream but with a lower %-drop in activity compared to the initial one,
when this behavior is compared to that of the present catalyst (750 °C, similar feed composition).
Even though the authors did not discuss this feature in the obtained activity profile, it is worth

mentioning that one of the authors’ main conclusions is that both surface active Ni sites and
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lattice oxygen defects (oxygen vacancies) have to be present in the right proportion for each
nickel site in order to participate effectively in the dry reforming of methane reaction [10]. These
results are in harmony with the results of the present work (see following Sections) which
illustrate the importance of oxygen vacancies, the latter being inherent constituents of support’s
composition but also formed by the reaction of very mobile lattice oxygen with “carbon”
produced mainly by CHg dissociation.

The H2/CO gas product ratio during the whole 20-h run takes values lower than unity
(0.5-0.75), mainly as the result of the reverse water-gas shift reaction [4,7]. An amount of 0.3

wt.% C (carbon) was estimated after 20 h in dry reforming.

5.1.3. Transient evolution rates of CH4/He and CH4/CO2/He (DRM) reactions

Fig. 5.4a shows the transient evolution of Hz, CO and CO: gas products rates obtained
after the switch He — 20% CHa/He (t) at 750 °C was made over the 25-mg fresh and reduced 3
wt.% Ni/Ceo.75Zr0.2502-5 catalyst sample. It is clearly seen that within a very short time (90 s) the
methane decomposition rate drops to a very small value due to “carbon” deposition, whereas
the main reaction products are CO and Hy; only a very small amount of CO: is formed. The
CHa/He reaction was left for 30 min, after which no gaseous product was seen. The amounts of
H2, CO and CO; formed during this 30-min CH4/He treatment of the catalyst were found to be
7000, 4100 and 5.5 pmol g2, respectively, providing a H2/CO ratio of ~ 1.7. Of interest is the
fact that all three gaseous products evolve at the same time but their maximum rates appear at
slightly different times, tmax = 5.5, 7.0 and 9.0 s for the CO2, CO and Hy, respectively. The
amount of “carbon” deposited during the 30-min CHas/He treatment of the catalyst and its
reactivity towards hydrogen and oxygen are presented in the next Section. The equivalent
amount of “O” in the CO formed can be compared to the total amount of “O” present in the
catalyst’s support in its fully oxidized state. The latter is found to be ~ 12.5 mmol gsyp™.
Therefore, the amount of “O” reacted off by CHa is about 32.9% of the maximum available
lattice oxygen in the Ceo.75Zr0.2502-5 Support.

A similar experiment with the support alone (25 mg) resulted in largely different shapes
for the H2, CO and CO- transient responses (not shown) corresponding also to smaller quantities,
namely: 1050, 960 and 120 umol g* for Hz, CO and CO, respectively. In particular, the
maximum rate of CO formation appeared at tmax = 7.5 s with a value of 14 umol g* s, which

was slowly decreasing towards the value of ~ 12 pmol g s after 90 s on reaction stream.

Michalis A. Vasiliades 173



Chapter 5: Dry Reforming of Methane over Ni and NiCo supported on Ce1.xZrxO2-5

He | > 20%CH /He He | > 20%CH,/20% CO,/He
300 800
= (@) - (b)
= - H
2
k. . 2 600
o 2004 2 o
E ?E, co
400
e c° i
@ 100 2
2 €0,(x300) <
© 2! © J
5 S 200
0 . , 0 ; ;
0 30 60 90 0 30 60 90
Time (s) Time (s)

Figure 5.4: (a) Transient rates (umol g™ s*) of H, CO and CO, formation as a function of time
obtained after the gas switch He — 20% CHa/He at 750 °C was made; (b) transient rates (umol
g!s?) of H; and CO formation as a function of time obtained after the gas switch He — 20%
CH4/20% CO2/He (DRM) at 750 °C was made. Fr = 100 NmL min™t; Weat = 25 mg.

Fig. 5.4b presents the transient evolution of the H> and CO formation rates after the step
gas switch He — 20% CHa4/20% CO2/He at 750 °C was made over a fresh and reduced 25-mg
catalyst sample. A totally different transient evolution in the rate of H> product formation is seen
compared to the case of CH4/He reaction (Fig. 5.4a). Upon the switch to the DRM reaction gas
mixture, the rate of CO formation slowly increases (within the 90-s interval time) and reaches
the value of ~ 580 umol CO g st after 90 s on reaction stream. On the other hand, the transient
H> rate response shows a clear delay (t ~ 5 s) in its appearance with respect to that of CO and
reaches the value of 610 umol Hz gt s after 90 s (Fig. 5.4b). At this very short time of reaction,
the H2/CO gas product ratio obtained is 1.05. The time delay in the appearance of H2 response
with respect to that of CO (Fig. 5.4b) is strictly governed by the relative Kkinetic rates of CH4
dissociation, CO and H> formation on an initially reduced nickel surface that progressively
accumulates “carbon” species, and likely gets partly oxidized by support’s highly mobile lattice

oxygen.

5.1.4. Characterisation of “carbon” formed during CHs/He and DRM reactions
5.1.4.1. Temperature-programmed hydrogenation (TPH) and transient isothermal
hydrogenation (TIH) after CH4/He reaction
Fig. 5.5a presents the TPH trace obtained after the 30-min treatment of the catalyst by
20% CHa/He at 750 °C (Fig. 5.4a). It is seen that hydrogenation of the “carbon” formed towards
CHjs starts at ~ 500 °C and produces a rather symmetrical peak (Tm = 634 °C), which is not
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completed as the catalyst reaches the maximum T of 750 °C. The amount of “carbon” formed
was found to be 687 umol g*. Fig. 5.5b shows transient response curves of CH obtained during
isothermal hydrogenation at 600, 645, 670 and 700 °C of the “carbon” formed after CHs/He
treatment at 750 °C (Fig. 5.4a). The maximum in the rate of CH4 appears at tmax= 0.2, 0.35, 0.37
and 0.45 min for the hydrogenation temperatures of 600, 645, 670 and 700 °C, respectively. It
is clearly observed that the rate of “carbon” hydrogenation increases significantly as the
temperature increases from 645 to 670 °C. At higher temperatures (ca. 700 °C), the increase in
the rate is small. Moreover, it is seen that the shape of the CH4 trace changes significantly with
increasing hydrogenation temperature. At the lowest temperatures of 600 and 645 °C, there is a
small but sharp peak at the first initial state of the transient (~ 1 min), followed by a long tail
out to 10-min of hydrogenation time. This feature could imply that there might be a small
amount of an active “carbon” and a second kind of a less active one. As the temperature
increases, the first small peak becomes a spike, whereas the long tail takes exponential decay
behaviour with increasing time in Ha/He. The latter result is in harmony with the TPH trace
behavior depicted in Fig. 5.5a. The amount of “carbon” reacted off under the 10-min TIH
treatment was found to be 80, 125, 450 and 420 pmol g* for the 600, 645, 670 and 700 °C

hydrogenation temperatures, respectively.
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Figure 5.5: (a) TPH trace and (b) TIH response curves (T = 600, 645, 670 and 700 °C) of the
“carbon” formed after 30-min treatment of the catalyst in 20% CHa4/He at 750 °C. Gas delivery
sequence (TPH): He (750 °C) — 20% CHa/ He (750 °C, 30 min) — He (750 °C, 10 min) —
cool in He flow to 100 °C — 20% Ha/He, TPH (100 to 750 °C, Frxe = 50 NmL min, =30 °C
mint) — TIH at 750 °C for 10 min; (b) He (750 °C) — 20% CHa/He (750 °C, 30 min, Fr = 100
NmL min) — He (10 min) — cool in He flow to the lowest T (600 °C) — 20% H2/1% Kr/Ar
(10 min, Fr = 100 NmL min*) — increase T to 750 °C and stay for 30 min — repeat the same

procedure for the next highest T; Wcat = 25 mg.
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5.1.4.2. Quantifying the origin of inactive “carbon” deposition (CH4 versus CO2
activation routes)

Figure 5.6 presents transient 2CO, and *3CO, formation rates recorded during TPO of
the “carbon” formed after 30 min of dry reforming at 750 °C having labeled the carbon dioxide
in the feed stream (use of *CO,). The ¥*CO, response arises from the oxidation of *C-
containing “carbon” formed via the *CO; activation route, whereas that of ?CO, from the
oxidation of *2C-containing “carbon” formed via the ?CH4 decomposition route. It is clearly
seen that the shapes of 13CO;, and >CO- response curves and their relative amounts (area under
the response curve) are largely similar. In the case of 13CO; response, two main peaks centred
at ~ 350 and ~ 640 °C are observed, whereas in the case of 12CO; response, a shoulder at the
low-T side of the main peak (~ 640 °C) is obtained. The total amount of “carbon” reacted off is
~ 1470 umol g%, where 710 umol g correspond to **C-containing “carbon” and 760 umol g
to '?C-containing “carbon”, resulting in a '2CO,/CO; ratio of 1.07. Therefore, the two
activation routes of CHs and CO> contribute to an about similar extent in the formation of

“carbon”.

4000

3000

2000
uCOZ

10004  ®co,

Concentration (ppm)

0

200 400 600 750
Temperature (°C)

Figure 5.6: Temperature-programmed oxidation (TPO) of “carbon” formed during dry
reforming of methane (*3CO2/*?CHa4/He) at 750 °C. Gas delivery sequence: 5% 3C02/5%
12CH4/He (750 °C, 30 min, Fr =50 NmL min™) — He (750 °C, 10 min) cool in He flow to 100
°C — 10% Oz/He, TPO (100 to 750 °C, Fr = 50 NmL min, p =30 °C mint); Wea = 50 mg.

As will be illustrated in the next Section, the amount of active “carbon” leading to the
formation of CO via the CO> activation route is very small, thus the “carbon” measured in the
TPO experiments (Fig. 5.6) corresponds practically to inactive “carbon” (spectator species)

deposited during DRM. It is clear that in the absence of carbon isotopic effects, the TPO trace
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of “carbon” oxidation to CO2 having not labeled with *3C the CO2 present in the DRM feed gas

stream would be the sum of 12CO, and 3CO transients (Fig. 5.6).

5.1.5. Probing the participation of support lattice oxygen in DRM

The 10-min treatment of the catalyst in the 2% 802/He gas mixture at 750 °C results in
~ 10.0 mmol *°0 g™ of exchangeable labile oxygen as shown in Fig. 5.7. The main features of
the obtained oxygen isotopic response curves are typical of an *0/*80 exchange process over
ceria-based reducible metal oxides [14], where the appearance of peak maximum in the rate of
180180 formation is due not only to the initial oxygen exchange capacity of the solid but also to
the slow rate of bulk oxygen diffusion in the crystal structure of the Ceo.75Zr0.2502-5 Support
towards the surface. The latter process takes over after the °0/*30 exchange of the first few

oxygen monolayers from the top of the surface of Ceg.75Zr9.2502-.
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Figure 5.7: Transient rates of °0, and °0%0 (umol g* s1) formation as a function of time due

to the isotopic exchange of lattice %0 with 80 after treatment of the catalyst with 2% 80,/He

for 10 min at 750 °C. Gas delivery sequence: He (750 °C) — 2% 80,/He (750 °C, 10 min); Wea

=25 mg.

Fig. 5.8a shows transient concentration response curves of C!80, C'°00 and C'0,
recorded after the switch He — 20% CH4/20% CO2/He (t) was made at 750 °C following a 10-
min 80, catalyst pre-treatment (see Fig. 5.7). Three important features of this experiment
should be noted. First, the transient rate of C'®0 formation lags behind that of C*0®0 and
C!80,, where a time delay of ~13 s is noted between the first appearance of C'80 and that of
180-labelled carbon dioxides. Second, all transients finish after ~ 4 min in DRM, and third, the
amount of C*80 formed is larger than that of C*0*80 or C*®0,. More precisely, 5600, 2100 and
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1800 umol 80 g* of equivalent 20 is found in the C'®0, C*%0®0 and C*0, gas products,
respectively (Fig. 5.8a). The amount of 0 appeared in the '#0- labelled CO is ~ 56% of the
amount of 180 stored in the solid before the switch to the DRM reaction stream (Fig. 5.7).

The formation of $80-labelled CO;’s during the CH4/CO2/He gas switch (Fig. 5.8a) on a
pre-covered catalyst surface by 30 might reasonably be considered as the result of exchange of
C%0; with surface 0 (mainly of Ceo.75Zr0.2502-5 support), according to the reaction steps (Egs.
5.1-5.2), but also to the reversibility of the Boudouard reaction (Eq. 5.3):

C*0"0(g)+* 0 -s— C*0"0(g)+° 0O -5 (Eq.5.1)
C*0"0(g)+* 0 -s > C"*0"0(g)+° O -s (Eq. 5.2)
2C*0(g) +s «> C*0,(g)+C -5 (Eq. 5.3)
He |-> 20% CH,/20% CO,/He He |- 20%CO,/He He |-» 1%CO/He
(a) 0% (b) { (c)
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Figure 5.8: Transient concentration (mol%) response curves of C'80, C®0*0 and C0,
obtained at 750 °C after (a) dry reforming of methane (20% CH4/20% CO./He), (b) 20% CO2/He
gas treatment and (c) 1% CO/He gas treatment, following catalyst pre-treatment with 2%
180,/He (10 min) at 750 °C and He purge. Gas delivery sequence: He (750 °C) — 2% 80./He
(10 min) — He (5 min) — 20% CO2/20% CHa/He (t) or 20% CO./He (t) or 1% CO/He (t); Weat
=25 mg.

Fig. 5.8b presents the transient evolution of 80-labelled CO,’s during the step-gas
switch He — 20% COa2/He instead that of He — 20% CH4/20% CO2/He (Fig. 5.8a) over the
same catalyst sample and under the same experimental conditions (e.g. mass of catalyst, flow
rate, catalyst pre-treatment conditions). It is clearly seen that similar in size transient response
curves of both C*0*0 and C0, are obtained compared to those in Fig. 5.8a. However,
differences in their transient kinetics of formation (shape and position of the transient curve)

appear. For example, in the case of C1®0!80 formation, tmax (time of peak maximum appearance)
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equals to 33.0 s under the 20% CO»/He treatment (Fig. 5.8b), as opposed to 19.0 s under the
CH4/CO2/He (DRM) treatment (Fig. 5.8a). The equivalent amount of 80 in the C'*0*0 and
C!80; is found to be 2400 and 1980 umol g?, respectively. As shown in Fig. 5.8b, a small
amount of C*80 is formed (50 umol g!) immediately upon the switch (tmax = 17 ), as opposed
to the C80 transient response recorded in DRM (tmax = 28 s), which has a different shape
(compare Figs. 5.8a and b).

To further investigate the appearance of C®0 transient at the DRM switch (Fig. 5.8a),
the 1% CO/He gas switch after 1°0/*80 exchange and He purge was made (Fig. 5.8c). The 1%
CO composition used was based on the fact that this was the composition of CO formed after
10 min of DRM at 750 °C (20% CHa/20% COa/He). As shown in Fig. 5.8c, a large C*®0
response is observed which lasts for ~ 200 s. In particular, the C'80 response shows a delay of
6 s for its appearance with respect to the 80-isotopic CO;’s transient responses and a peak
maximum at tmax = 21 s; an equivalent amount of 4000 pmol 80 g was estimated. Smaller and
faster responses of C1®0*0 and C*0, are seen with respect to Fig. 5b. On the other hand, the
C1%080 and C!80, response curves present peak maxima at tmax = 5.5 and 5.0 s and provided
540 and 180 umol 80 g, respectively. The significance of these results and their contribution
in explaining the C*80 transient obtained under dry reforming (Fig. 5.8a) will be discussed next.

To provide further evidence for the participation of lattice oxygen of support to the CO
formation at the switch He — 20% CHa4/He (Fig. 5.4a), the same gas switch was performed on
the $80-pretreated catalyst (see Fig. 5.7). A large C*0 transient at the switch He — 20% CHa/He
was observed (not presented) with peak maximum at tmax = 7 s and similar in shape to that of
C!%0 (Fig. 5.4a). The equivalent amount of 80 associated with this C'80 response was found
to be 345 pmol g,

5.1.6. SSITKA - Quantifying the active carbon present in the CO: reaction path

Fig. 5.9 shows dimensionless concentration transient response curves of Kr (inert gas),
13CO and 3CO; obtained during the last SSITKA switch at 750 °C according to the following
gas delivery sequence: 2CO,/*?CHs/He (30 min) — ¥CO2/*?CH4/Kr/He (20 min) —
12C0O,/*2CHa/He (1).
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Figure 5.9: Transient dimensionless response curves of Kr, *CO and *CO, obtained during
SSITKA at 750 °C after 30 min of dry reforming of methane. SSITKA gas switches: 5%
12C0,/5% 2CHs/He (30 min) — 5% 3C02/5% 2CH4/Kr/He (20 min) — 5% 2CO2/5%
12CH4/He (t); Weat = 50 mg; Fr = 100 NmL min,

It is clearly seen that the *CO; response curve lags behind that of 3CO, whereas the
latter response follows very closely that of Kr tracer gas. Similar responses with same features
were seen also during SSITKA switches after 2 h of DRM reaction. After using the appropriate
material balance (see Ch. 3, Eg. 3.16), the concentration of active “carbon” (Nc) formed in the
carbon-path of CO- activation route to form CO(g) is found to be ~ 0.3 umol g%, or an equivalent
Oc ~ 0.006 (0.6%). The latter quantity is based on the Ni exposed surface area which was
estimated to be 52.4 umol Nis g™*. The difference in the area between the *CO; and *CO-
SSITKA response curves shown in Fig. 5.9 is proportional to the concentration of a pool of
reversibly adsorbed carbon dioxide (e.g. carbonate-type), which does not lead to the formation
of CO (inactive species). This is found to be Ncoz ~ 0.9 umol g*. The Nco2 quantity in terms of
surface coverage, 0 (based on Nis) is found to be 6co2 ~ 0.017 or 1.7%, to be compared with that
of Nc = 0.6%. The site of adsorption for this reversibly adsorbed CO> is most likely to be the
support, given the high T of 750 °C. In the case that 6co2 were larger than one, then definitely
part of this is formed on the support. The same amount of Nc but a larger Ncoz (1.8 pmol g?)
were found after 2 h of dry reforming. It should be noted that due to the high activity of the
Ni/Ceo.75Zr0.2502-5 catalyst at the examined DRM reaction conditions, the accuracy in recording
the SSITKA transients (Fig. 5.9) required high conversions of CH4 and CO2 (75-90%).
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5.1.7. Probing the gasification of “carbon” by CO2

The gasification of “carbon” formed during DRM at 750 °C by CO> (or the reversibility
of Boudouard reaction) was investigated by the experiment described in Ch. 3, Section 3.7.3
and the results obtained are shown in Fig. 5.10. The transient evolution of 13CO,(g) at the switch
5% 3C02/1% Kr/He, following DRM for 30 min and a 5-min He purge, is shown in Fig. 5.10a.
It is clearly seen that the *3CO; response lags behind that of Kr inert gas. This behaviour
illustrates that 3CO; interacts with the catalyst surface by replacing reversibly adsorbed carbon
dioxide (e.g. carbonate-type formed under DRM) and reacting with adsorbed intermediates
formed under the preceded DRM reaction. After using the appropriate material balance (see Ch.

3, Eq. 3.17), the amount of ¥*CO, consumed (Fig. 5.10a) is found to be 610 umol g™.
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Figure 5.10: Transient response curves of (a) dimensionless concentrations of Kr and *CO;
and (b) *2CO and *CO concentrations obtained at 750 °C following 30 min of dry reforming of
methane at 750 °C according to the following sequence of gas switches: 5% CO./5% CHai/He
(30 min) — He (5 min) — 5% *3CO,/Kr/He (t). Weat = 50 mg; Fr = 100 NmL min™,

During the 3CO./Kr/He gas switch, 2CO and *CO gases are also obtained and their
transients are shown in Fig. 5.10b. The quantities of CO and **CO formed during the 60-s
transient (Fig. 5.10b) are 67 and 575 umol g*, respectively. The main surface interactions of
13CO, that might have been occurred during this transient experiment are the “‘?C-s” gasification
by $3CO; (Eq. 5.4) and the dissociation of **CO, (Eq. 5.5) on Ni and/or on the oxygen vacant
sites of support, as discussed below. In the reaction step described by Eq. 5.5, s is an empty site
on the Ni surface, Vo is an oxygen vacant site on the Ceo.75Zr0.2502-5 support surface, and O- is

a surface support lattice oxygen.

"2 C -5+ CO,(g) - CO(g)+*CO(g) +s (Eq. 5.4)
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BCO,(g)+s (or V,) - CO(g)+0~s (or O,) (Eq. 5.5)

According to the SSITKA results and those of the previous paragraph the 67 pmol *2CO
g measured correspond to inactive “*?C-s” formed on the surface of the catalyst (see Eq. 5.4)
after 30 min of DRM at 750 °C. It is also concluded that during DRM, empty surface catalytic
sites are available for CO; dissociation since the *CO formation is larger than that of *2CO.
However, the rate of CO> dissociation starts to drop and eventually ceases. This is due to

“carbon” deposition via the reverse reaction of step (EQ. 5.4) and/or to the depletion of V, sites.

5.1.8. Discussion
(@) Does lattice oxygen participate in the catalytic cycle of DRM reaction?

One of the main issues discussed in the literature about ceria-based supported Ni
catalysts, which show significantly reduced “carbon” accumulation compared to SiO2 or Al,O3
supported Ni catalysts, is that lattice oxygen of support participates in the removal of “carbon”,
the latter being formed by CH4 dissociation and the Boudouard reaction [17,18]. However, these
studies did not provide clear evidence for this. In the present work, the investigation of the
transient kinetics of CHa4/He reaction over a pre-reduced catalyst surface (Fig. 5.4a) shows a
large formation of CO, equivalent to 4.1 mmol O g or 32.8% of the available oxygen in the
Ceo.75Zr0.2502 support. Even though in the case that one assumes that Ni was in its fully oxidized
state (NiO), this would account for only 0.51 mmol O g?. It is, therefore, illustrated that
“carbon” derived from CH4 decomposition (in the absence of CO>), as dictated by the large
formation of Hz (Fig. 5.4a), reacts by surface lattice oxygen of the Ceo.75Zr0.2502-5 support to
form CO(g), according to the Eq. 5.6:

“C-g” + 180'L_> ClBO(g) +5+ VO (Eq 56)

Furthermore, based on the amount of lattice oxygen reacted off, it is shown that a
significant amount of sub-surface lattice oxygen is able to participate in this reaction step by
diffusing from the bulk of the solid support particles towards the surface. In this transient
methane decomposition experiment, the lattice oxygen removed cannot be replaced since there
is no oxygen source fed in the catalytic reactor. On the other hand, during dry reforming (Fig.
5.4b), a sustainable reaction rate is obtained. This result is due to the fact that oxygen from the
CO. reactant molecule is able to provide in the catalytic cycle the necessary steps for re-filling
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the pool of surface and bulk lattice oxygen that participates in the formation of CO, as discussed
above.

According to the reaction step given in Eq. 5.5, there are two possible active sites for
CO. dissociation. The first one is the oxygen vacant site (Vo) of support, where lattice oxygen
and CO(g) are formed. The second site is that of Ni, forming surface Ni-O species. “Carbon”
formed on the Ni surface, following CH4 decomposition, is able to react with support lattice
oxygen as illustrated in Fig. 5.4a. However, the participation of oxygen species formed on the
Ni surface, following CO: dissociation, cannot be excluded.

Strong evidence for the participation of support lattice oxygen in the removal of
“carbon” towards CO formation during dry reforming arises from the transient isotopic
experiments reported in Fig. 5.8a-c. The clear formation of 5.6 mmol C*0 g under DRM
reaction conditions and only ~ 0.35 mmol C*®0 g under 20% CHa/He reaction conditions
leaves no doubts that “carbon” derived from CH4 decomposition on the partially oxidized nickel
surface and in the presence of CO2 (dry reforming) reacts with 80-lattice oxygen of support to
form C80(qg).

(b)  Does COz participate in the gasification of “carbon” to produce CO?

The transient isotopic experiment using *CO; following dry reforming presented in Fig.
5.10, and the SSITKA experiment presented in Fig. 5.9, reveal that the CO»-activation path
passes through reaction steps (Eq. 5.4) and (Eq. 5.5), where “C-s” derived from CHgs
decomposition on the Ni surface can also react with CO> (carbon gasification) in parallel to its
reaction with lattice oxygen of Ceo.75Zr0.2502-5 support to form CO(g), as discussed in part ().

The amount of inactive “carbon” accumulated on the catalyst surface after 30 min of dry
reforming at 750 °C was found to be 1470 umol “C” g* (Fig. 5.6). On the other hand, only 70
pmol “C” g? of this “carbon” (~ 4.8%) were able to react under 5% CO2/He flow to give CO
(Fig. 5.8b). Based on these results, it might be suggested that the rate of “carbon” removal by
the CO; gasification step (Eq. 5.4) is lower than that by lattice oxygen (Eq. 5.6) for the present
catalytic system and reaction conditions.

The above offered discussion aims to stress the fact that there are at least two routes that
control the concentration of deposited “carbon” on the catalyst surface under given DRM
reaction conditions. In the present work, “carbon” growth on the catalyst surface was examined

by SEM analysis and obtained micrographs are presented in Fig. 5.11. These SEM results
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confirm the presence of carbon filaments as well as of Ni carbide (indirect evidence) as carrier
of surface carbon towards extrusion processes, the latter well documented in the methane

reforming literature [2].

Figure 5.11: SEM images of spent 3 wt.% Ni/Ceo.75Zr02502-5 catalyst focusing on carbon

structures.

It is obvious that the rate of accumulation of inactive “carbon” reflects the positive net
rate of its formation. As discussed in the following part (e) of this Discussion section, it may
depend also on the rate of its reaction with gaseous hydrogen. In the present work, the removal
of “carbon” is significantly enhanced by the presence of a large pool of labile lattice oxygen
present in the Ceo.75Zr0.2502-5 support, and to a lesser extent by the alternative route of CO>

gasification (reverse Boudouard reaction).

(©) SSITKA studies

The SSITKA experiments presented in Fig. 5.9 and the relevant Section 5.1.6, illustrate
that the CO, reactant molecule passes through a very small (0.3 umol g?, 6c = 0.6%)
concentration of active carbon that forms CO(g). This CO; activation route consists of two
reaction steps (Eg. 5.4) and (Eqg. 5.5). Considering the fact that measurable chemisorbed CO-s
is not likely to be found at 750 °C, the active carbon pool estimated from SSITKA should then
only relate to the reversible Boudouard reaction (Eq. 5.4). It is mentioned here that active carbon
is also formed via the activation route of CH4 decomposition, which was not investigated in the
present work by similar SSITKA experiments (use of 3 CHa). As reported by Bobin et al. [14],
the concentration of such active carbon is also low.

The other important result derived from the SSITKA experiment (Fig. 5.9) is the
formation of reversibly adsorbed CO> on the catalyst surface, likely in the form of carbonate(s),
the concentration of which was found to increase with increasing TOS (from 30 min to 2 h), as
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opposed to the case of active carbon. The fact that the structure of an adsorbed carbonate species
is associated with one lattice oxygen, where the latter appears to be an active species that reacts
with “carbon”, the accumulation of strongly bound carbonates at 750 °C could partly explain
the catalyst deactivation observed within the first 5 h of DRM (Fig. 5.3). However, this
scenario should be excluded since it is difficult to reasonably explain the regeneration of these
sites after 5 h of TOS during reaction. It should be noted, however, that a good correlation
between the concentration of carbonate-type inactive species and the activity of 5 wt.% Ni/Ce1-
xPrxO2-5 catalysts (x = 0.0 — 0.8) was found and reported in Ch. 4 for short TOS. Furthermore,
the small size of the inactive pool of adsorbed carbon dioxide (6co2 ~ 2%) tends to conclude
that the build-up of inactive “carbon” derived from CHjy activation and CO dissociation (Fig.
5.6, 760 umol g or # = 14.5) should remain as one of the likely causes of the observed
deactivation of the 3 wt.% Ni/ Ceo.75Zr0.2502-5 during the first 5 h of reaction (Fig. 5.3).

(d)  Which reactant (CO2 or CHa4) contributes to inactive “carbon” deposition?

The temperature-programmed oxidation experiment (Fig. 5.6), following 30 min of
DRM at 750 °C and after labeling the CO- reactant (*3C-carbon dioxide), illustrates that the rates
of inactive “carbon” deposition (main type of inactive “carbon”, Tm ~ 620 °C) via the CH4 and
CO; activation routes are very similar. The fact that the traces of the transient rate of “'?C-
carbon” and “*3C-carbon” oxidation to CO2 are almost identical also implies a very similar
“carbon” structure. As already reported in previous Chapter 4, over the 5 wt.% Ni/Ce1.xMxO2-5
(M = Pr3*, Zr*") catalysts and after using the same experimental methodology to that reported
in Fig. 5.6, the support chemical composition and reaction temperature can influence the %-
contribution of CH4 and CO» to the amount of deposited inactive “carbon” (graphitic and
whiskers). It should be emphasized that the only reaction step that leads to “carbon” deposition
via the CO; activation route (Eq. 5.3 and Eq. 5.5) is that of the dissociation of adsorbed CO-s
(mainly on the Ni surface) [7,8]:

CO-s+s«<>C-s+0-s (Eq. 5.7)

It appears, therefore, that formation of inactive “carbon” whiskers after DRM at 750 °C
(SEM studies, Fig. 5.11) over the present catalyst proceeds with similar rates for the CH4 and

CO. carbon sources. Given the fact that important energy barrier differences occur in the DRM
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pathways on Ni (111) [19], the results of Fig. 5.6 may suggest that the rate-limiting step for the

inactive “carbon” formation is the transformation of atomic carbon to a whisker-type “carbon”.

(e) Reactivity of “carbon” towards H>

The TPH (Fig. 5.5a) and TIH (Fig. 5.5b) experiments performed after “carbon”
deposition via the CH4 activation route only (in the absence of COz) on the pre-reduced
Ni/Ceo.75Zr0.2502-5 catalytic surface are very informative. They clearly show that there is a
threshold temperature between 645-670 °C at which the inactive “carbon” formed upon CH4
decomposition at 750 °C (Fig. 5.4a) leads to a high reaction rate towards methane formation
(Fig. 5.5b). This result might imply that CO and CO: hydrogenation reactions towards CH4 and
H>O products could take place at T > 670 °C. Equilibrium analysis of these two reactions at 1
atm total pressure and using a feed composition of CO/H> = 1/3 and CO/H> = 1/4 without inert
gas, resulted in a very small but not zero CH4 composition (mol%) in the reaction gas mixture
at equilibrium. Furthermore, experimental results of the rate of methane formation during
CO2/H2 and CO/H: reactions conducted over the 5 wt.% Ni/CeosPro202-5 catalyst at 750 °C
were reported in Ch. 4. Indeed, the methane composition was very low in agreement with the
thermodynamic considerations.

It is speculated whether the increase by ~ 35% in CH4 conversion between 5 and 20 h
on TOS (Fig. 5.3) is partly due to the progressive increase in the rate of carbon removal by the
H> gas product due to the increase of its surface coverage, 6n, with TOS. The latter could arise
from the increase in the concentration of empty Ni sites with TOS and the decrease in Eact of H2
dissociation and/or increase of Eact of CO and/or CH4 dissociation with the progressive removal

of accumulated “carbon” on the Ni surface.

The following conclusions can be derived from the results of Section 5.1:

(i) A 3 wt.% Ni supported on Ceo.75Zr0.2502-5 carrier was investigated via meticulously
designed SSITKA and other transient isotopic experiments. A good understanding of the
main kinetic reasons for catalyst’s support ability to reduce the rate of “carbon”
deposition in the dry reforming of methane is obtained, as opposed to SiO2- or Al;Os-
supported Ni reported in the literature. In particular, a large pool of highly mobile lattice
oxygen (exceeding one surface monolayer) was found to be largely responsible for this

effect, while gasification of “carbon” by CO2 was found to contribute to a lesser extent.
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(ii)

(iii)

(iv)

The increase in the concentration of inactive reversibly chemisorbed CO2 on the
Ceo.75Zr0.2502-5 support with increasing TOS (up to 2 h) was found to correlate with the
activity drop in the same period. However, due to its low concentration, deposition of
inactive “carbon” appears to be one of the main causes of catalyst deactivation. On the
other hand, the concentration of active carbon formed via the CO; activation route was
found to remain practically constant.

Participation of the H> gas product in regulating the amount (wt.%) of deposited
“inactive” carbon during dry reforming of methane at 750 °C appears possible over the
3 wt.% Ni/Ceo.75Zr0.2502-5 Catalytic system.

The CH4 and CO; activation routes in the dry reforming of methane (5% CHa, CH4/CO>
= 1) at 750 °C over the present 3 wt.% Ni/ Ceo75Zr0.2502-5 catalytic system appear to
contribute equally (similar “carbon” deposition rates) to the amount (wt.%) of deposited
“carbon”. Also, based on the shape and position of CO2-TPO traces, the structural
characteristics of the “carbon” derived from these two routes appear to be very similar

(ca. whisker-type).
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5.2. The effect of synthesis method of Ceo.75Zr0.2502-5 and that of Co in the carbon-path
of DRM over NiCo/Ceo.75Zr0.2502-5 catalysts

To extend the fundamental knowledge in the field of dry reforming of methane and
enable an in-depth understanding of the role of support structure of a given Ce1-xZrxO> solid,
two structurally different Ceo.75Zro.2502 supports were prepared by a different wet chemistry
synthesis route and loaded with 3 wt.% Ni (monometallic) and 3wt.% NiCo (bimetallic) metals
as described in Ch. 3, Sections 3.1.2 and 3.2.2. A variety of transient experiments coupled with
the use of 180 and 3CO, isotopes were designed and conducted, enabling detailed analysis of
the carbon-path as well as of the support lattice oxygen participation in relevant DRM reaction
conditions over supported NiCo bimetallic catalysts for the first time. The obtained information
along with that related to the deposited carbon morphology and location, as well as of NiCo
surface composition changes with time on stream (TOS) in the dry reforming (HRTEM and
XPS studies), were used to explain the activity behaviour of the NiCo/CeZrO, catalysts with

TOS at the reaction conditions investigated.

5.2.1. Catalyst characterization studies

5.2.1.1. Structural properties

X-ray diffraction analysis as depicted in Fig. 5.12 revealed that the unit cell size (o, nm)
of the 3NiCo EG coded solid (the Ceo.75Zr0.2502 support was prepared by the ethylene glycol
sol-gel method, EG) is dimensionally very similar to that of pure CeO2 (0.539 and 0.540 nm,

respectively), suggesting for a Ceo.75Zro.2502-5 solid solution formation.
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Figure 5.12: XRD profiles of 3NiCo EG and 3NiCo HT powder samples. Red bars show the
peak positions of Ceo.75Zr0.2502-5 (PDF 28-0271), black bars of CeO, (PDF 034-0394) and green
bars of ZrO, (PDF 01-089-6976).
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On the other hand, the X-ray diffraction pattern of the 3NiCo HT solid (Fig. 5.12) shows
noticeable asymmetry in the diffraction peaks, which is a result of peak overlapping due to the
presence of a separate tetragonal t-ZrO> phase. This suggests that the material is comprised of
preferentially separated CeO> and t-ZrO; crystalline phases. On the contrary, as stated above,
the support’s unit cell size in the 3NiCo EG solid corresponds closely to that of Ceg.75Zr0.2502-5
solid solution (a. = 0.5340 and 0.5349 nm, respectively) and no contribution of a separate t-ZrO>
phase is visible (Fig. 5.12). An average scattering domain size of 8 nm was estimated to be
compared with 25 nm (CeO phase) in the 3NiCo HT catalyst. This manifest itself also the
obtained higher specific surface area of EG (51 m? g'*) compared to that of HT sample (41 m?
gl). Based on the powder XRD analyses results, it is concluded that despite the identical
nominal chemical composition of support, structurally the CeO2-ZrO, EG and HT supports are
considerably different. No diffraction peaks related to Ni- and Co-containing crystalline solid
phases could be identified using powder XRD. This is a consequence of the low relatively low
metal loading used (< 3 wt.%). H> chemisorption followed by TPD analysis resulted in an
average bimetallic NiCo cluster size of 8 and 11 nm for the 3NiCo EG and 3NiCo HT catalysts,

respectively.

Figure 5.13: HAADF/STEM micrograph with corresponding EDXS elemental mapping of

cobalt, nickel and their overlay on a fresh reduced 3NiCo EG catalyst prior to catalytic tests.

HAADF/STEM, SAED and HRTEM analyses (Figs. 5.13-5.15) confirm that Ni and Co
are present in both 3NiCo EG and 3NiCo HT catalysts as alloyed bimetallic particles dispersed
in non-uniform size over the corresponding EG and HT Ce-Zr-O supports. In particular, Fig.
5.13 shows the spatial location of nickel and cobalt in the activated 3NiCo EG catalyst prior to
DRM catalytic tests. Nickel and cobalt are found in aggregates, which are constituted of both

metals in a homogeneous manner (alloy). Based on these results, it can be concluded that nickel
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and cobalt form chemically homogeneous bimetallic particles (NiCo alloy), which are dispersed
over the Ceo.75Zr0.2502 solid solution support.
Additional information regarding the structure of the bimetallic alloy particles was

obtained by performing selected area electron diffraction (SAED) analysis (Fig. 5.14).

Figure 5.14: SAED pattern of a fresh reduced 3NiCo EG catalyst prior to catalytic tests.

Two crystalline phases could be identified: an fcc bimetallic alloy comprised of nickel
and cobalt. Its most intensive diffraction rings from [200] and [111] crystalline planes are
marked with yellow circles. In addition to diffraction signals originating from the NiCo
bimetallic phase, additional diffraction rings from the support were observed. These could be
perfectly simulated by an fcc Ce-Zr-O solid solution containing 25 wt.% ZrO; (red half circles).

No diffraction rings originating from t-ZrO. phase could be identified.

Figure 5.15: HR-TEM micrograph on a fresh and reduced 3NiCo EG catalyst prior to catalytic

tests.

5.2.1.2. Redox properties
Quantification of the redox properties of the present solid supports can be expressed

through the amount of mobile lattice oxygen removed from the Ceg.75Zr0.2502-5 solid structure
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during Ho-TPR and thus the equivalent degree of reduction (Ce** — Ce®"). The latter was found
to be 52% and 33% for the EG and HT samples, respectively. This result shows that the
formation of Ceo.75Zr0.2502-5 solid solution (EG sample) favors the removal of a higher amount
of mobile oxygen compared to the case of HT sample, for which CeO2 and ZrO; exist as separate
phases (Fig. 5.12).

The dynamics of oxygen removal from the NiCo oxides and the lattice of EG and HT
supports upon interaction with hydrogen at 750 °C was evaluated using transient isothermal
reduction, Ho-TIR (Fig. 5.16) experiments. The transient reduction rate is very similar in the
first 40 s for both the 3NiCo EG and 3NiCo HT catalysts and this is related to the elimination

of oxygen from the surface of NiCo oxides, CeO2 and Ceo.75Zr0.2502-5 solid phases.
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Figure 5.16: Transient rate of solid reduction by hydrogen (umol g* s*) as a function of time
at 750 °C over 3NiCo EG (a) and 3NiCo HT (b) catalysts. Wcat = 25 mg.

At longer times, the reduction is governed by oxygen diffusion through bulk oxygen
sub-lattice and, consequently, its rate decreases considerably. This reduction rate is noticeably
higher for the 3NiCo EG catalyst (Fig. 5.16a). It should be noted that bulk oxygen diffusion
coefficients at 700 °C in doped-CeO, materials were found approximately 10-fold smaller
compared to values obtained for surface/grain boundary oxygen diffusion [14]. Thus, the
observed differences in the transient reduction rates for longer times of reduction are related to
the presence of Ceo.75Zr0.2502-5 solid solution, where oxygen diffusion is faster compared to pure
Ce0- [20]. This has in the present case two origins: a) the atomic displacement of oxygen atoms,
which is directly related to the oxygen diffusion rate, is higher in Ceo.75Zr0.2502.5 compared to
Ce02[21], and b) the smaller CeO,-based crystallite size in the EG compared to the HT solid
support (8 vs. 25 nm), resulting in a shorter migration path for oxygen atoms towards the surface.
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5.2.2. Transient evolution rates of CHs/He reaction and characterization of the

deposited “carbon”

5.2.2.1. Transient evolution rates of H2, CO and CO:

Catalytic methane activation in the absence of CO at 750 °C was investigated over
previously reduced (1 atm Hz, 750 °C, 2 h) 3NiCo EG and 3NiCo HT catalysts, as well as their
corresponding supports alone. Transient rate profiles of H> and CO formation (Figs. 5.17A and
5.17B, respectively) are distinctly different in the case of bare CeZrO, EG and CeZrO; HT
supports, compared to 3NiCo EG and 3NiCo HT catalysts. Over the bare supports, both H, and
CO formation rates are practically very small for the first 150 s of reaction. On the other hand,
over 3NiCo EG and 3NiCo HT catalysts, the H2 and CO evolution rates are significantly larger
and pass through a maximum, which decreases slowly to low steady-state values. The latter are
very similar to the ones observed over the pure CeZrO, supports; 20 umol H2 g*s™* and 10 pmol
CO glst (Figs 5.17A and 5.17B at 5 min, respectively).
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Figure 5.17: Transient rates (umol g s1) of (A) Hz, (B) CO and (C) CO, formation as a
function of time obtained during methane decomposition (20% CHa4/He) at 750 °C over 3NiCo
EG (a), 3NiCo HT (b), CeZrO, EG (c) and CeZrOz HT (d) solids. Weat = 25 mg.

The appearance of maximum in the H, and CO formation rate is due to the fact that
methane alone is activated over the reduced or partially reduced bimetallic NiCo particles,
which was recently confirmed during CH4/CO2 reforming over Ni (111) [22]. With increasing
reaction time in CHa/He, the active oxygen pool of the catalyst, dominated by that present in the
Ceo.75Zr0.2502-5 support, is becoming progressively depleted. The adsorbed CHyx fragments
derived from methane decomposition are more slowly removed as CO(g) since available mobile
oxygen atoms need to diffuse from the bulk to the surface and, therefore, the H> and CO rates

decrease concomitantly.
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Table 5.1: Amounts of Hz, CO and CO, (mmol g?) produced after 5 min of methane
decomposition (20% CHa/He reaction) at 750 °C.

Catalyst H2 (mmol g?) CO (mmol g?t) CO:2 (mmol g?)
3NiCo EG 17.04 5.10 0.104
3NIiCo HT 13.17 4.72 0.130

CeZrO2 EG 2.98 1.60 0.097
CeZrO2 HT 2.02 1.26 0.035

Products of methane decomposition reaction quantified over the first 5 min of reaction
are shown in Table 5.1. The amount of H> formed is about six times higher when Ni and Co
with a total loading of 3 wt.% were deposited over the Ceo.75Zr0.2502-5 support, indicating that
methane dehydrogenation takes place predominantly over (bi)metallic sites. The amounts
(mmol g!) of H, and CO produced were found to be higher over 3NiCo EG compared to 3NiCo
HT catalyst, highlighting its higher activity for methane dissociation. This is in line with
previous research results reported by Liu et al. [23] over Ni/CeO., where oxygen vacant sites in
CeO> were identified as CH4 activation sites, in addition to those of Ni, which contribute in the
DRM reaction. A higher degree of support reduction was confirmed during H>-TPR and H>-TIR
for 3NiCo EG, suggesting a higher abundance of active sites for methane activation and CO
formation via the participation of very mobile support lattice oxygen. The same trend was
observed over pure supports; CeZrO, EG sample produced 47% and 27% higher quantities of
H> and CO, respectively, compared to CeZrO, HT (Table 5.1). The H2/CO stoichiometric ratio
produced by the 3NiCo EG and 3NiCo HT catalysts (assuming participation of the lattice
oxygen in the reaction to generate CO) should be 2.0 in the absence of any side reactions. The
values obtained are larger, namely 3.3 and 2.8, respectively, suggesting that a considerable
amount of “carbon” species remains on the catalyst surface. Thus, not all CHx-s species derived
from CHg4 dissociation get gasified to COx by support lattice oxygen. The H2/CO ratio over pure
HT and EG supports is close to the expected value of 2.0 (1.9 and 1.6, respectively), which
suggests that “carbon” accumulation over 3NiCo EG and 3NiCo HT is mainly related to the
presence of NiCo metal particles.

The CO. formation rates (Fig. 5.17C) show distinctly different behavior over the
analyzed materials compared to the Hz or CO formation rate. Carbon dioxide can originate either

from the WGS reaction (CO + H20 <> CO2 + H2) or deep oxidation of CHx-s intermediates with
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support’s lattice oxygen. The total amount of CO> formed is 30-100 times lower compared to
H. and CO, indicating that the mentioned CO formation pathways over the studied materials
under the employed CH4 decomposition reaction conditions influence to a negligible degree the
distribution of main methane decomposition reaction products. The carbon mass balance
considered on the basis of methane dehydrogenation products listed in Table 5.1 suggests
accumulation of carbon on the catalysts either as active, which can react with Hz or CO; and
participate in the chemical conversion over the catalyst, or inactive, which blocks surface sites

and causes catalyst deactivation, subject that is described below.

5.2.2.2. Characterization of deposited “carbon” via temperature-programmed (TPH)
and transient isothermal (TIH) hydrogenation
Temperature-programmed  hydrogenation (TPH) was performed after CHg
dehydrogenation at 750 °C for 30 min (Fig. 5.17), aiming at the characterization of deposited
“carbon” over the 3NiCo EG and 3NiCo HT catalysts. The TPH analyses (Fig. 5.18) show
intrinsically different reactivity and amount of “carbon” formed on both materials, namely: 4.91
and 0.83 mmol C g (equivalent to CH4 formation) for the 3NiCo EG and 3NiCo HT catalysts,

respectively.
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Figure 5.18: Temperature programmed hydrogenation (TPH) traces of “carbon” to CHa
obtained following 30-min treatment in 20% CHa4/He at 750 °C over the 3NiCo EG (a) and
3NiCo HT (b) catalysts. Wcat = 25 mg.

The carbon hydrogenation is initiated at ~ 500 °C over the 3NiCo EG catalyst, which is
~ 100 °C lower compared to 3NiCo HT catalyst. H. dissociation, which is a prerequisite for

hydrogenation and gasification of carbon deposits, occurs with the lowest activation energy
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barrier over the Ni and Co metal sites. In addition, H> can also be dissociated over oxygen
vacancies and coordinatively unsaturated edge sites of CeZrO; crystallites, which are related to
the physicochemical properties of the catalysts, specifically their crystallite size [24]. On the
other hand, pure t-ZrO., which is present as a separate phase in 3NiCo HT, is much less active
for Hz dissociation. The considerably smaller Ceo.75Zr0.2502-5 crystallite size (8 nm) compared
to CeO2 (25 nm), the higher abundance of oxygen vacancies, and the 39% higher exposed active
metal surface area for the 3NiCo EG solid, all act in favor for providing a larger concentration
of active sites for hydrogen activation and enhanced methanation rate for the deposited

“carbon”.
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Figure 5.19: Transient response curves of CH4 concentration at 645 °C (A) and 700 °C (B)
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obtained during transient isothermal hydrogenation (TIH); (C) Total amount (umol g) of
“carbon” formed after 30-min treatment of the catalyst in 20% CHa/He at 750 °C. Wcat = 25 mg;
a: 3NiCo EG, b: 3NiCo HT.

The transient isothermal hydrogenation (TIH) curves (Fig. 5.19) show clear distinctive
contribution of two very different carbon species present in the 3NiCo EG catalyst. The first
type of carbon is hydrogenated to methane as a sharp peak in t < 0.5 min, while in the second
type of carbon, methane formation rate reaches a maximum at about t = 4 min, and decays
slowly. In the case of 3NiCo HT catalyst, the profile of carbon hydrogenation to CHs is
significantly different. CHs originating from highly reactive “carbon” species is visible as sharp
peak but much smaller, and the CHa trace at t > 1 min becomes flat, indicating that carbon
hydrogenation is performed with a practically constant rate at least for 10 min in hydrogen
stream. With increasing temperature from 645 to 700 °C, “carbon” hydrogenation traces
maintain their shapes (Figs. 5.19A, 5.19B) and the amount of “carbon” removed increases (Fig.
5.19C).
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The amount of reacted “carbon” under TIH in the case of 3NiCo EG catalyst was found
to be 110, 160, 215 and 337 pmol g* at 600, 645, 670 and 700 °C, respectively. Significantly
lower amounts of deposited “carbon” were found in the case of 3NiCo HT, namely: 47, 68, 92
and 140 umol g at 600, 645, 670 and 700 °C, respectively. These quantities are in agreement
with those of TPH (Fig. 5.18), where higher amounts of “carbon” were identified over the 3NiCo
EG catalyst.

5.2.3. Transient evolution rates of CH4/CO2/He (DRM) reaction and characterization
of deposited “carbon”
Figs. 5.20A and 5.20B present the evolution of transient CO and H formation rates,
respectively, after the step gas switch He — 20% CHa4/20% CO,/He (DRM) at 750 °C was made
over the pre-reduced 3NiCo EG and 3NiCo HT catalysts.
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Figure 5.20: Transient rates (umol g s1) of CO (A) and H; (B) formation as a function of time
obtained during dry reforming of methane at 750 °C over 3NiCo EG (a) and 3NiCo HT (b)
catalysts. Weat = 25 mg.

This particular transient experiment reveals the initial methane dry reforming behavior
of materials, where “carbon” deposition is limited, and which is much related to the structural
differences exhibited by their supports. The rate of CO formation reaches a pseudo steady-state
after ~ 30 s at the value of 495 and 400 umol g s’ for the 3NiCo EG and 3NiCo HT catalysts,
respectively. On the other hand, the H> transient rate evolution is markedly different. It reaches
a pseudo steady-state after ~ 50 s at the value of 573 pmol Hz g s for 3NiCo EG, whereas in

the case of 3NiCo HT catalyst, a clear delay (t ~ 5 s) with respect to the H. trace observed for
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3NiCo EG is apparent, and only after ~ 120 s it reaches the steady-state value of 464 umol H»
glst

At this very short time of reaction (150 s), the 3NiCo EG exhibits higher methane
reforming activity and the Ho/CO ratio obtained is 1.15. The same order of activity (3NiCo EG
> 3NiCo HT) was observed also during methane dehydrogenation (Fig. 5.17). The time delay
in the appearance of Hz response (Fig. 5.20B) with respect to that of CO (Fig. 5.20A) is the
result of the different kinetic rates with respect to CH4 dissociation, CO and H» formation routes
on an initially reduced and clean metallic surface. In addition, the delay in the appearance of H:
response compared to that of CO might be influenced by the fact that nickel and nickel
containing rare-earth oxides are known for their hydrogen storage ability [24,25].

The more pronounced Hz delay observed in 3NiCo HT might also be partly related to
the fact that the separate tetragonal ZrO» phase, which is present only in this sample, can store
Hz in the form of thermally stable -OH and hydride species at adjacent O-and Zr3* surface sites
[26].

5.2.4. Quantifying the origin of inactive “carbon” (CH4 vs COz2 activation route)

The contribution of CO2 and CH4 towards carbon formation during DRM reaction over
the 3NiCo HT and 3NiCo EG catalysts was investigated by using isotopically labeled **CO2 and
monitoring both *2CO; and *CO> during a following TPO experiment (Fig. 5.21). It is observed
that the 3CO; and >CO traces over the individual catalysts are practically identical, showing
no distinction in the reactivity of “carbon” deposited during DRM, regardless of its origin (*2*CHa
or 13C0Q>). This suggests that upon the activation of each reactant over the catalyst surface, the
“C-s” derived forms a carbon pool of a very similar size and reactivity towards gasification with
molecular oxygen.

The characteristic features of the TPO traces, however, differ when Ceo.75Zr0.2502.5 solid
solution (3NiCo EG) or separate CeO2 and ZrO2 phases (3NiCo HT) are used to support NiCo
bimetallic particles. Carbon oxidation is in both cases initiated at about 300 °C forming a small
peak extended to T < 450 °C. At higher temperatures, two additional carbon oxidation peaks
emerge: the first between 500-650 °C and the second between 650-760 °C. The total amount of
carbon formed during DRM is found to be higher on 3NiCo HT compared to 3NiCo EG (Table
5.2), resulting in a substantial increase of the peak shown in the 500-650 °C range.
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Figure 5.21: TPO of “carbon” formed during DRM with labeled **CO- at 750 °C for the 3NiCo
EG (A) and 3NiCo HT (B) catalysts. Wcat = 50 mg.

By considering that carbon nano-filament is the predominant carbon morphology during
extensive catalyst coking, to be presented below, one can assume that the middle TPO peak,
which is most pronounced over the 3NiCo HT catalyst sample, is related to this kind of carbon

morphology.

Table 5.2: 12CO; and 3CO; (umol g*) and 2CO,/*3CO; ratio obtained during temperature-
programmed oxidation (TPO) of carbon species formed during 30-min reforming in 5%
13C0,/5% 2CH4/He at 750 °C over the 3NiCo EG and 3NiCo HT catalysts.
Catalyst 2CO2 (mmol g?) 1CO2 (mmol g?) 2CO2/*CO2 Total “C” (mmol g!)
3NiCo EG 0.442 0.395 1.12 0.837 (1.01 wt.%)
3NiCo HT 0.703 0.695 1.01 1.398 (1.68 wt.%)

The larger extent of catalyst coking occurred on 3NiCo HT during DRM originates from
the fact that the amount and rate of supply of mobile lattice oxygen present in the support, as
analyzed by H.-TPR and transient isothermal reduction (Fig. 5.16), are lower on the 3NiCo HT
catalyst, and as such, less active oxygen species for carbon gasification are available during
DRM, thus leading to a faster carbon buildup [1]. Considering the fact that part of NiCo
bimetallic clusters is located on ZrO», the oxygen spillover from the adjacent CeO phase for
prompt carbon gasification is substantially hindered. Also, metallic particles can be extracted
from the support by the growth of carbon nano-filaments, resulting in the loss of contact with

the support.
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It is also interesting to emphasize at this point that “carbon” deposition during CHz4
decomposition alone was found to be larger on the EG-supported than HT-supported NiCo

catalyst, which is the opposite for the case of DRM reaction (Table 5.2).

5.2.5. Probing the participation of support lattice oxygen in DRM

The ability of the 3NiCo EG and 3NiCo HT catalysts to provide active oxygen species
originating from the support, which enable CO formation during methane decomposition, was
confirmed in the previous Section 5.2.2.1 (Fig. 5.17). However, during DRM reaction, the
oxygen originating from the CO; reactant or the support lattice oxygen should be differentiated.
For this, the participation of support’s lattice oxygen was investigated after the support’s °0
was partially replaced by 20 before DRM. Figure 5.22 describes this °0/*0 isotopic exchange
recorded. The °0, formation, which is related to the recombination and desorption of surface
180 atoms, proceeds with about an equal rate in both materials in the initial transient after the
He — 180,/He switch (Fig. 5.22A).
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Figure 5.22: Transient rates (umol g s?) of %0, (A) and 100 (B) formation as a function
of time, estimated from the transient isotopic exchange of lattice O with 0 experiment
according to the gas switch He — 2%80,/He performed at 750 °C over the 3NiCo EG (a) and
3NiCo HT (b) catalysts. Wcat = 25 mg.

The surface oxygen desorption rate appears to be slightly influenced by the Zr
incorporation into the CeO- lattice, as was observed also in the H>-TIR experiment (Fig. 5.16).
At longer times, the observed °0, formation rate is governed by bulk 0 diffusion, which
appears to be slightly faster in the 3NiCo EG catalyst. Again, this correlates with the redox and
oxygen mobility differences between the present Ceg.75Zr0.2502-5 and CeO2 solids.
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Contrary to the maximum of 0, formation rate, which appears at ~ 0.5 min, the
maximum of *0*80 formation rate is observed at significantly larger times (between 4-4.5 min),
indicating that bulk oxygen diffusion is slower within the crystal lattice of CeZrO, compared to
surface/grain boundary diffusion [27]. We can see again that the %080 formation rate is slightly
faster in EG compared to 3NiCo HT solid.

The catalyst’s oxygen pool which participates in the DRM reaction was monitored
through the '80-labeled reaction products as shown in Fig. 5.23. Prior to the CH4/CO2 gas
switch, the catalyst was treated with 80, for 10 min at 750 °C allowing for partial lattice 1°0/*80
exchange (see Fig. 5.22). During the following DRM reaction, practically the same amount
(14.6 mmol 80/g) of total 20 was found to be incorporated in the observed *20-labelled CO;’s
and CO gaseous products for the two catalysts. It should be noted that the equivalent 0 stored
in Ni*®0 and Co3'®0; during catalyst treatment at 750 °C with ‘80, gas is only 1.6 mmol g.
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Figure 5.23: Transient concentration (mol%) response curves of C'*0*0 (A), C®0; (B) and
C*0 (C) obtained during dry reforming of methane at 750 °C following treatment with 2%
180,/He at 750 °C for 10 min over the 3NiCo EG (a) and 3NiCo HT (b) catalysts. Weat = 25 mg.

Transient formation of C'80; goes through a maximum at 20 s and decays to zero, 75 s
after the switch to the DRM feed stream (Fig. 5.23B). The total amount of C'20; formed is
found to be slightly higher in 3NiCo EG compared to 3NiCo HT catalyst (2.70 vs. 2.38 mmol
g™h), and this is related to the reaction of surface and sub-surface lattice 0 with the reactive
“carbon” pool. Formation of C**00 is related to the reaction between lattice 80, 1°0O that
originates from the COg, and reactive “carbon” formed over the catalyst during DRM reaction.
Possible exchange of surface lattice 20 with C*0 is presented below.

The C!00 formation rate goes through a maximum at 25 s and tails strongly until

decaying to zero at about 150 s. This is consistent with longer times required for the diffusion
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of bulk *80 to the surface of the catalyst, where 80 can take part in catalytic reaction steps with
surface adsorbed species.

Contrary to the C!%080 and C*80; traces, which light-off quickly after the He — 20%
CHa4/20% CO2/He gas switch, the C!80 signal (CO is a direct product of the DRM reaction)
lights-off with a delay of ~ 25 s. This may suggest that the initially oxidized 3NiCo EG and
3NiCo HT solids are unable to catalyze the DRM reaction but favor only full methane oxidation
[20]. The slow decay of the C*80 transient response lasts about 250 s, which by far outlives the
formation of any 80 labeled CO,. This indicates a gradual transition from the initial total
oxidation to the predominant DRM reaction path with increasing time on stream, where lattice
180 diffuses to the surface and takes part in the DRM reaction.

The amounts of !80-labeled CO and CO: produced by 3NiCo EG and 3NiCo HT
catalysts are listed in Table 5.3. The EG catalyst produces a substantially higher quantity of ‘8O-
containing CO2, whereas HT is more selective towards 80-containing CO. As mentioned
before, during the course of DRM reaction (Fig. 5.23), the catalyst becomes progressively more
reduced. If the oxygen diffusion is slow (3NiCo HT), a larger dynamic oxygen concentration
gradient between the surface (predominantly reduced) and bulk (predominantly oxidized) is
established, favoring DRM reaction and CO production. On the other hand, if bulk oxygen
diffusion is fast (3NiCo EG), the gradient is smaller, favoring total oxidation.

As previously mentioned, the formation of '80-labelled CO;’s during the DRM gas
switch (Fig. 5.23A, B) on a partially pre-covered catalyst surface by 20 might also be
considered as the result of exchange of C*0, (DRM feed stream) with surface lattice 80,
according to reaction steps (Egs. 5.1-5.2) but also to the reversibility of the Boudouard reaction
given in step (Eq. 5.3).

Fig. 5.24A and B presents the transient evolution of 30-labelled CO;’s and that of C180
during the step-gas switch He — 20% CO>/He (t) at 750 °C over the 3NiCo EG and 3NiCo HT,
respectively, conducted at exactly the same experimental conditions as the experiment described
in Fig. 5.23. Formation of C*%0®0 and C#0; takes place according to the reaction steps (Egs.
5.1-5.2). The most important result from this experiment is the fact that the C!8O transient
response obtained is different in shape and quantity from the corresponding one shown in Fig.
5.23C. The amount of C*0 formed is only 0.20 and 0.10 mmol g* for the EG-supported and
HT-supported NiCo, respectively. These results exclude the possibility that the main source of
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C*0 formed during DRM (Fig. 5.23C) is the dissociation of 80-labelled CO2’s on the metal

surface or via the participation of support’s oxygen vacant sites.

Table 5.3: Amounts (mmol g) of C*0*0, C*®0, and C'®0 formed during the various gas
switches applied over the 3NiCo EG and 3NiCo HT catalysts after 10-min 802/He treatment at
750 °C.

Catalyst  C0%0O (mmol g1) C'0O2 (mmolg?') C¥O(mmolg?) Total®O (mmolg?)

3NiCo EG 3.04% 2.70 6.19 14.63
2.04° 2.38 0.20 7.0
0.79¢ 0.25 4.60 5.89

3NiCo HT 2.28 2.38 7.55 14.59
2.64 1.68 0.1 6.1
0.59 0.21 4.08 5.09

a After 20% CH4/20% CO,/He treatment; ® After 20% CO,/He treatment; ¢ After x% CO/He treatment; x = 0.65%
for 3NiCo HT and 0.85% for the 3NiCo EG catalyst.
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Figure 5.24: Transient concentration (mol%) response curves of C**0, C'%0%*®0 and C'®0;
obtained at 750 °C after the gas switch He — 20% CO»/He is made over the 3NiCo EG (A) and
3NiCo HT (B) catalysts, following catalyst pre-treatment with 2% #0,/He (10 min) at 750 °C.
Gas delivery sequence: He (750 °C) — 2% 802/He (10 min) — He (5 min) — 20% CO2/He (t);
Weat = 25 mg.

The step gas switch He — x% CO/He (t) made at 750 °C over the partially pre-covered
with 180-s catalyst surface resulted also in C*80 transient responses different in shape and
quantity (Fig. 5.25A, B), namely, 4.60 and 4.08 mmol g* for the EG-supported and HT-
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supported NiCo catalyst, respectively. Based on the shape, position and amount (Table 5.3) of
C®80 transient responses recorded under the CH4/CO; (Fig. 5.23C), CO2/He (Fig. 5.24) and
CO/He (Fig. 5.25) gas switches, it is concluded that large quantities of highly mobile oxygen
of support react more with “C-s” derived from CH4 decomposition, the latter occurring on the

NiCo surface, than “C-s” derived from the Boudouard reaction, towards gasification to CO(g).
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Figure 5.25: Transient concentration (mol%) response curves of C%0, C*00 and C*0,
obtained at 750 ° C after the gas switch x% CO/He made over 3NiCo EG (A) and 3NiCo HT
(B) catalysts, following pre-treatment with 2% !80./He (10 min) at 750 °C. Gas delivery
sequence: He (750 °C) — 2% 802/He (10 min) — He (5 min) — x% CO/He (t); Weat= 25 mg;
x = 0.65 and 0.85, respectively, for 3NiCo EG and 3NiCo HT catalysts.

5.2.6. Quantifying the active carbon present in the CO: activation route - SSITKA

Quantification of the active carbon formed in the CO; activation path was obtained by
employing the SSITKA technique. The SSITKA switch (Fig. 5.26) made after 30 min of DRM
shows that the 13CO gas phase response follows closely that of Kr tracer gas, suggesting that the
concentration of active carbon-containing intermediates leading to CO gas product is very small.
This is found to be ~ 0.01 umol g? after 30 min of dry reforming over both catalysts. This
amount was found to increase after 2 h of reaction, namely, 0.08 and 0.03 pmol g'* for the 3NiCo
EG and 3NiCo HT, respectively.

On the contrary, the *CO; gas phase response lags behind that of 3CO, and this has
been reported in the previous Chapter 4 and in Ref. [7,8] to be the result of the presence of a
pool of reversibly chemisorbed carbon dioxide which does not participate in the carbon-path of
CO. activation route (spectator species). The amount (Ncoz) of such inactive carbonate-type

species was found to accumulate with reaction time. In particular, after 30 min in DRM reaction
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the latter was found to be 0.12 and 2.5 pmol g%, respectively, for the 3NiCo EG and 3NiCo HT
catalysts, and 1.3 and 6.0 pmol g%, respectively, after 2 h of dry reforming.
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Figure 5.26: SSITKA dimensionless concentration response curves (Z) of Kr, **CO and *CO;
obtained after 30 min of dry reforming of methane at 750 °C performed over the 3NiCo HT
catalyst. Weat = 50 mg; Fr = 100 NmL min. SSITKA switches: 5% ?2CO,/5% 2CHa4/He (30
min) — 5% ¥C02/5% ?CHa/He (3 min) — 5% 2C02/5% ?CHa/He (t).

5.2.7. Relationship between active and inactive carbon formation and long-term
catalyst stability in DRM

Figure 5.27 presents the DRM activity behavior of the two catalytic systems at 750 °C,
in terms of CHs-conversion (%), for long time-on-stream (TOS), ca. 20 h. The feed gas
composition used was 44.2% CO», 44.3% CHs and 11.5% N, and the flow rate was 56.5 NmL
min“t. During the first 60 min (1 h) of reaction, the activity of 3NiCo EG appears higher than
that of 3NiCo HT, in agreement with the initial rates reported in Fig. 5.20. However, during the
first ~5 h on TOS, EG-supported NiCo catalyst deactivates faster than the HT-supported one.
While HT-supported catalyst presents stable activity after ~5 h on TOS, the EG-supported one
still shows further deactivation but less than that obtained during the first 5 h of reaction (Fig.
5.27).
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Figure 5.27: CHs-conversion (%) as a function of time on stream (TOS) for the DRM at 750 °C
over the 3 NiCo EG (a) and 3NiCo HT (b) catalysts. Feed gas composition: 44.2% CHa, 44.2%
CO2, 11.5% N2; Weat = 50 mg; Fr = 56.5 NmL min™2.

A similar behavior was observed for the CO2-conversion (%) and H2/CO gas product
ratio (Fig. 5.28A, B). It should be noted here that the trend of activity behavior with TOS is very
similar to that shown in Fig. 5.27 after using the 20% CH4/20% CO2/He feed gas stream (Fig.

5.20).
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Figure 5.28: (A) CO2 conversion and (B) H2/CO gas product ratio as a function of time on
stream (TOS) obtained during DRM at 750 °C over the 3 NiCo EG (a) and 3NiCo HT (b)

catalysts. Feed gas composition: 44.2% CHa, 44.2% CO3, balance N2; Wcat = 50 mg; Fr = 56.5
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“Carbon” deposits (0.51 wt.% as quantified using CHNS analysis) formed over the
3NiCo EG catalyst after 20 h in DRM reaction were characterized using SEM and
HAADF/STEM techniques. Carbon in the form of nano-filaments was observed using SEM
(Fig. 5.29), which is the only identifiable carbon morphology. Additional information on

possible “carbon” attachment to the catalyst was obtained by HAADF/STEM. It can be seen in
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Fig. 5.30 that in the case of carbon nano-filament formation, the bimetallic (NiCo) cluster is
extracted from the Ceo.75Zr0.2502 support and is embedded with carbon (layer about 30 nm thick)

at the tip of the carbon filament.

Figure 5.29: SEM image of spent (20 h in DRM) 3NiCo EG catalyst, where the growth of

carbon nano-filaments is clearly shown.

Also, several smaller NiCo bimetallic clusters were observed as embedded with carbon
in the vicinity of the Ceo.75Zr0.2502 support as nicely illustrated in Fig. 5.31. Based on these SEM
and HAADF/STEM analyses, it can be concluded that NiCo bimetallic clusters covered with a
carbon layer are no longer in contact with the Ceo 75Zro.2502 support. Also, it is important to
state at this point that the support was not covered with carbon patches (2D structures) or small

amorphous/crystalline 3D structures.

Figure 5.30: HAADF/STEM micrographs of 3NiCo EG catalyst after 20 h of DRM reaction
(44.2% CO2/44.3% CH4/11.5% N2) at 750 °C; a progressive magnification is provided.
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The results presented in this Section 5.2 are important since they allow one to understand
the intrinsic reason(s) of the catalyst stability behavior shown in Fig. 5.27. According to the
results of this Section 5.2, the concentration of active carbon formed on the 3NiCo EG catalyst
increases and that of inactive carbonate-type species decreases, result opposite to that found for
the 3NiCo HT catalyst (Fig. 5.26). It should be noted that the latter species could be linked to
the poisoning of active labile oxygen of support that facilitates “carbon” gasification.
Furthermore, the reactivity of “carbon” deposits from methane decomposition towards hydrogen
is larger for the EG-supported than HT-supported NiCo catalyst (Figs. 5.17 and 5.18), and less
“carbon” is deposited after DRM at 750 °C on the EG-supported than HT-supported catalyst
(Table 5.2). The transient *%0/*0 isotopic exchange studies also indicate that lattice oxygen
mobility of EG is larger than that of HT support (Fig. 5.22). It should also be pointed out that
very low amounts of “carbon” were measured after 20 h of TOS for the DRM reaction conditions
reported in Fig. 5.27 (0.51 and 0.37 wt.% C for 3NiCo EG and 3NiCo HT samples, respectively).

Based on the above offered discussion, the faster deactivation observed in the 3NiCo EG
compared to that in the 3NiCo HT DRM catalyst (Fig. 5.27) cannot be explained neither by the
higher rates of “carbon” deposition and lower rates of “carbon” gasification by lattice oxygen
exhibited by 3NiCo HT, nor by the diminishing concentration of the active carbon-containing
intermediates that form CO(g). In order to investigate other possible reasons that could explain
reasonably well the deactivation behavior of the two 3NiCo HT and 3NiCo HT catalysts (Fig.
5.27), the X-ray photoelectron spectroscopy (XPS) technique was applied and the obtained
results are described and discussed in what follows. XPS analysis was conducted over the fresh
(reduced) 3NiCo EG catalyst sample and that after being treated for 5, 10 and 20 h in DRM
reaction conditions, same as those for the results shown in Fig. 5.27.

One possible cause of the drop in DRM activity is the oxidation of Ni and Co particles,
where it was reported [28] that these metals in the oxidized form are less active than in the
reduced zero valent state (e.g. Ni°). For the present supported NiCo particles, oxidation of them
during DRM reaction conditions could arise from strongly bound O-s species of support in
contact with the metal particles [29]. The presence of surface nickel in the fresh reduced 3NiCo
EG catalyst (1.06 and 1.51 wt.% of total Ni and Co, respectively, were present according to ICP-
OES analyses) could not be confirmed by XPS due to its low concentration (1.06 wt.% Ni). On

the other hand, the presence of a low amount of surface cobalt (0.57 atom%) was detected.
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After 5 h and 10 h on TOS, the concentration of surface Co decreased to 0.19 and 0.20
atom%, respectively, whereas after 20 h of TOS, surface Co was found to be below detection
limit (Fig. 5.32). Based on these results, due to the very low concentration of surface Co and Ni,
it was not possible to accurately determine the oxidation states of Co and Ni with TOS in the
DRM reaction. However, changes in the oxidation state and surface composition related to the

Ceo.75Zr0.2502 support are presented and discussed in what follows.

e 100 nm e 100 Cc

Figure 5.31: HAADF/STEM micrographs of 3NiCo EG catalyst after DRM reaction at 750 °C
for 20 h. The image is focused on the NiCo bimetallic particle (top left) with corresponding
EDXS elemental mapping: top right nickel; bottom right cobalt (Co); and bottom left nickel (Ni)
and cobalt (Co) overlayed.
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Figure 5.32: High-energy resolution of Co2p spectra for the 3NiCo EG catalyst recorded at
different TOS (Fresh, 5, 10 and 20 h).

All samples are notably surface enriched with Zr. The surface Ce/Zr atom ratio changes
in the following order: 1.1, 0.88, 1.08 and 0.98 for the fresh reduced, 5, 10 and 20 h in TOS
spent catalyst samples, respectively. The bulk Ce/Zr nominal value is 2.87. The binding energy
of Zr 3ds/2 photoelectron peak in the fresh reduced sample is 181.8 eV (the 3ds/2-3d3/2 spin-orbit
splitting of 2.5 eV) as shown in Fig. 5.33.
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Figure 5.33: High-energy resolution Zr3d spectra for the 3NiCo EG catalyst recorded at
different TOS (Fresh, 5, 10 and 20 h).

The Zr peak position corresponds to that of CeZrO; solid solution [30] and is lower
compared to the characteristic value for Zr** in ZrO, (182.3 eV) [31]. With increasing TOS, the
Zr 3ds/2 photoelectron peak shows a progressive shift toward a higher binding energy, reaching
the value of 182.6 eV after 20 h in TOS. This value corresponds to Zr** in ZrO, [31] and

indicates the formation of surface ZrO phase during DRM.
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The O 1s photoelectron peak BE (529.7 eV) of the fresh reduced catalyst is associated
with the presence of lattice oxygen anions in the Ceo.75Zr0.2502 solid solution (Fig. 5.34). With
increasing TOS, a progressive shift of O 1s peak to higher BEs (530.3 eV after 20 h TOS) is
observed, and this corresponds to individual oxides of CeO and ZrO». This is in line with the
evolution of Zr 3d spectra. A shoulder on the high BE (532 eV) is also observed for the fresh
sample, which might be attributed to surface hydroxyls and/or water molecules [30]. The same
shoulder appears also in the spent sample (DRM for 20 h), where an increase of carbon C 1s
signal (not shown here) was also observed.

50 O1s

3NICOEG, fresh (No DRI) =

I I L I I I I I
540 538 536 534 532 530 528 526 524
Binding Energy (eV)

Figure 5.34: High-energy resolution O 1s spectra for the 3NiCo EG catalyst recorded at
different TOS in DRM (Fresh, 5, 10 and 20 h).

Another difference observed by the XPS analyses is the change in the Ce 3d spectra
shown in Fig. 5.35. It consists of spectral peaks related to Ce (4+) (v and v’ peaks at 884 eV
and 889 eV, respectively) and Ce (3+) (v’ and vo peaks at 885 eV and 881 eV, respectively)
oxidation states [32]. It can be observed (Fig. 5.35) that the fresh sample has the highest Ce (3+)
concentration. The 5 h and 10 h spent samples in DRM resulted in similar concentrations of Ce
(3+), whereas the 20 h spent sample has the lowest Ce (3+) surface concentration. This indicates
a gradual oxidation of the Ceo.75Zr0.2502 solid support as a function of TOS in the dry reforming
of methane reaction. Progressive decrease of surface cobalt concentration seen by XPS (electron
Inelastic Mean Free Path (IMFP) in CeO: is 2.1 nm at 1.3 keV kinetic energy [33]) may suggest
its diffusion into the bulk of Ceg.75Zr02502 (forming a solid solution) [26] during DRM reaction
(reductive atmosphere). This in turn progressively results in a decrease in the surface abundance
of likely active Co, and likely Ni metal clusters (active sites for methane activation), manifesting

itself a progressive deactivation of the catalyst, as observed in Fig. 5.27.
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On the basis of the above described XPS experimental results, there is evidence for the
decrease of the surface Ce/Zr ratio by ~ 10% (compared to the fresh reduced sample) and at the
same time an enrichment of the support surface with ZrO»-like structure with increasing TOS
in DRM, as opposed to that of fresh reduced Ceo.75Zr0.2502-5 solid solution. On the other hand,
surface Co seen by XPS decreased by about a factor of three after 10 h on TOS and hardly seen
by XPS after 20 h on TOS. The latter is in good agreement with the HRTEM results (Figs. 5.30
and 5.31) previously presented and discussed, where NiCo bimetallic clusters were found
imbedded in a carbon layer of about 30 nm thick.

It could, therefore, be concluded that a progressive encapsulation of NiCo bimetallic
clusters by carbon layer appears as the main reason for the significant deactivation of 3NiCo
EG catalyst after 20 h on TOS in DRM (Fig. 5.27). Unfortunately, due to the low surface Ni and
Co present in the examined 3NiCo EG catalyst, oxidation of remaining NiCo clusters as another
likely reason to explaining the reduced catalytic activity cannot be discussed.
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Figure 5.35: Normalized high-energy resolution Ce 3d spectra for the 3NiCo EG catalyst
recorded at different TOS in DRM (Fresh, 5, 10 and 20 h).

A very recent work [29] that utilized in-operando XAS combined with kinetic and DFT
studies, reported on the importance of the oxidation state of Co and Ni in the NiCo bimetallic
or alloy supported on ZrO2 under working DRM reaction conditions (750 °C) on catalyst
performance. The important conclusion derived from that work is that Co sites promote the
formation of strongly bound O-s species (via CO, and CO dissociation), thus hindering C-H
bond activation of CHs. As TOS increases, oxidation gradually occurs to the bulk of the metal
particles, as a consequence of the unbalanced kinetics of CH4 and CO- activation. On the Ni
surface sites, the oxyphilicity of nickel is insufficient for O-s accumulation, thus a reduced state
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is apparent. However, low coverage of O-s on Ni leads to a slower removal of “carbon” species

derived from CH4 and CO dissociation. In the case of NiCo alloy (solid solution), the

oxyphilicity becomes moderate, and O-s formation competes with CH4 activation. More

importantly, these O-s species do not cause bulk oxidation of the NiCo alloy [33].

The following conclusions can be derived from the results of the present Section 5.2:

(i)

(i)

(i)

(iv)

(v)

The initial and long-term DRM catalytic activity of a 3 wt.% NiCo (1.51 wt.% Co and
1.06 wt.% Ni) supported on a ceria-zirconia (Ce/Zr = 2.87, Ceo.75Zr0.2502) mixed metal
oxide was found to strongly depend on support’s synthesis method (hydrothermal (HT)
vs ethylene glycol sol-gel (EG)). The latter tunes the structural and redox properties of
the ceria-zirconia mixed metal oxide.

The rate of carbon deposition and the kinds of “carbon” formed in CH4 decomposition
and their reactivity towards oxygen and hydrogen depend on the structure of the ceria-
zirconia support. The Ceo.75Zr0.2502-5 support (solid solution, EG) promotes the rate of
CH4 decomposition and at the same time that of “carbon” removal via the participation
of mobile lattice oxygen, to a greater extent than the CeO,-ZrO- (two phase system, HT)
support.

The %-contribution of CH4 and CO; activation routes in “carbon” deposition during
DRM over the supported NiCo alloy particles is not influenced by the structure of the
ceria-zirconia support. The opposite is true for the amount (wt.%), types and reactivity
of the deposited “carbon”.

The concentration behavior of active and inactive carbon and that of inactive carbonate-
type species formed with time-on-stream (TOS) in the DRM reaction over the EG- and
HT-supported NiCo alloy particles, cannot explain their deactivation behavior observed.
Reduction in surface Co concentration with TOS in DRM (XPS studies) seems to better
explain the observed deactivation behavior. Also, encapsulation of NiCo alloys by layers
of carbon (HAADF/STEM studies) is another important factor that explains well the
deactivation behavior of 3 NiCo EG catalyst.

Very small quantities (0.01 pmol g1) of active “carbon” are formed in both the EG- and
HT-supported NiCo, whereas significantly larger quantities of inactive “carbon” (0.84-
1.4 mmol g!) are formed after 30 min of DRM (5% CHa4/5% CO,/He) at 750 °C.
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Chapter 6: Elucidation of Kinetic and Mechanistic Aspects of Fischer-
Tropsch Synthesis over Industrial Co-based Catalysts

6.1 Introduction

The Fischer-Tropsch (FT) synthesis is an important industrial catalytic reaction that
produces synthetic clean fuels from coal, natural gas and biomass. More specific, FT synthesis
converts a mixture of carbon monoxide and hydrogen (syngas) into liquid hydrocarbons
(synthetic fuels) and water [1-10]. Supported cobalt based catalysts have been extensively used
in low temperature FT and they revealed high activity, stability and selectivity to higher
hydrocarbons (i.e. Cs*) [11-17]. The mechanism underlying FT reaction has been investigated
for several years, however, due to its complexity, there are several fundamental aspects that seek
deep understanding. For example, the effect of the preparation method of supported Co on
important intrinsic Kinetic parameters (e.g. 6 and k) and their relation to catalyst’s deactivation
have not yet been adequately explored, which is the subject of this work.

Steady-State Isotopic Transient Kinetic Analysis (SSITKA), as outlined in Chapter 2, is
the transient technique that allows the in-situ evaluation of the surface coverage (), surface
residence time (t), (which is related to the intrinsic reactivity, k) of active reaction intermediates
and the most accurate experimental estimation of the turnover frequency (TOF) of reaction
based on the measured concentration of active intermediates present in the reaction path of
question. Furthermore, when SSITKA is combined with a spectroscopic technique (e.g. FTIR
or DRIFTS), the chemical composition and the structure of the active reaction intermediates but
also of the inactive (spectator) species can be determined [18-20]. Operando SSITKA
methodology is, therefore, a very powerful experimental technique for a rigorous investigation
of important mechanistic and kinetic parameters of a given heterogeneous catalytic system, and
its value in the study of the FT synthesis has been already demonstrated in several publications
[21-31].

In principle, industrial FT reaction conditions require high total pressures (25-35 bar),
which provide a positive impact on heavy hydrocarbons selectivity and catalyst activity
performance [31-34]. High-pressure SSITKA studies are very limited due to the proportional
consumption of isotope gas (higher cost) compared to its application at 1 atm, where mainly
methanation reaction predominates (CHs-selectivities > 60%) but also to the more complicated

instrumentation and analysis needed. More precisely, in order to correctly record and analyze
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the C>"-hydrocarbons transient response curves upon the SSITKA switch, a Gas Chromatograph
coupled with Mass Spectrometer (GC-MS analytical system), multiport sampling valves and
back pressure regulator (to control the high total pressure in the reactor) are needed [21,22]. On
the other hand, re-adsorption of C;"-hydrocarbons or oxygenates on the support become
important at high pressures, fact that introduces more difficulties in the correct analysis and
estimation of the concentration (pool) of the respective adsorbed active CxHy-s reaction
intermediate. Furthermore, it is important also to mention at this point that according to the work
of den Breejen et al. [35], in the case of methanation reaction path, similar conclusions were
obtained using SSITKA at 1 atm or higher pressures with respect to the —-CHjx active intermediate
that serves as an important precursor intermediate that participates in the formation of the higher
in carbon atom adsorbed —CxHy-s intermediates.

FT mechanisms and Kinetics over various catalytic systems were examined using the

SSITKA technique with regards to the effects of the following parameters:

(1) cobalt particle size [21,36-38]

(i)  catalyst pretreatment conditions [39]

(iii)  chemical promotion of activity/selectivity [25,40]
(iv)  support modification [21,24,41,42], and

(v)  catalyst deactivation and rejuvenation [29,30,43].

The SSITKA technique coupled with transient isothermal and temperature-programmed
hydrogenation techniques has been extensively used for the first time by Efstathiou et al. [26—
28] in order to elucidate the evolution of active intermediates and inactive species formed during
methanation reaction on Rh/Al,O3 and Rh/MgO catalysts and correlate the information obtained
with the deactivation of catalyst. The latter important issue for FT catalysts was studied by
Carvalho et al. [30], where carbon deposition and agglomeration of cobalt nanoparticles were
suggested for the decrease in the concentration of active adsorbed -CHyx and CO species.
Moreover, catalyst rejuvenation in hydrogen was found to partly restore CHy sites, while
reversibly adsorbed CO remain unaffected [13].

Extensive research has been made to correlate FT catalytic performance with the active
metal surface area and the metal crystallite size. A better dispersion of metal (smaller crystallite

size, nm) over the support [44], which lead to better FT performance, can be achieved by
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controlling several conditions during catalyst synthesis, such as metal impregnation, calcination
[35,45] and catalyst activation [44]. The effect of metal particle size on the surface mean
residence time (t) of -CHyx and -OHy intermediates was reported to decrease significantly with
increasing Co particles size from 2.6 to 6 nm, whereas that of tco to increase [21-23,38]. For
Co particles size in the 6 - 16 nm range, the mean residence time of these reaction intermediates
was found not to depend on particles size. The TOF (s*) and the surface coverage () of -CHx,
-OHyx and CO-s were reported to decrease for Co particle size below 6 nm but to be practically
constant for larger Co particles size (ca. 6-16 nm). The latter results were interpreted as due to
the significant surface coverage of irreversibly bonded CO on small (< 6 nm) Co particles, which
cause blocking of edge and corner sites responsible for higher intrinsic activity compared to that
of terraces favored on small particles.

In this Chapter, the effect of the preparation steps of two SASOL’s FT industrial cobalt-
based catalysts [46] on the evolution of the surface coverage (0) of active CHyx-s (Cy)
intermediates, the surface coverage of CO-s reversibly chemisorbed, the residence times tcHx
and tco (s?) associated with the CHx-s and CO-s, respectively, and the TOFcha, itk (s7)
(estimated based on the concentration of active carbon-containing intermediates leading to CHa)
for the methanation reaction (H2/CO = 2; 5% CO) at 230 °C are investigated and reported for
the first time. Transient isothermal and temperature-programmed hydrogenation experiments
were also performed to estimate: (i) the concentration of a less active CHy species (Cg) formed
during FT synthesis (CO/H) at 230 °C, which does not lead to CH4 under FT but is readily
hydrogenated isothermally (at 230 °C) to methane at the switch CO/H2 — He — 50% Ha/He (1),
and (ii) the concentration of various kinds of refractory carbon-containing inactive species
towards hydrogenation to methane at T > 230 °C (use of TPH). Furthermore, the reactivity of
different types of adsorbed CO-s intermediates populated under FT reaction conditions was
studied using in situ DRIFTS and Kkinetic rate analysis techniques. Complementary
characterization techniques, such as powder XRD, TPO, H.-TPR and HAADF/STEM were
conducted for estimating the mean Co particle size and its redox characteristics for the two

investigated catalysts.

6.2 Catalysts characterization
Figure 6.1 shows powder XRD patterns of the 20 wt.% Co (with some platinum)
supported on the uncoated (CY-A) and carbon-coated (CY-C) Sasol’s Germany Puralox SCCa
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y-alumina carrier (see Ch. 3, Section 3.3.2 and ref. [46]) in the 35.5-38.5° 20 range. The
diffraction peak at 26 = 36.9° confirms that cobalt exists in Coz04 crystalline phase [47], with
no other observable oxidation states of cobalt. Except for CozO4 phase, y-Al>Os was detected
(not present). Based on the Scherrer equation [48] and the most intense peak of C0304 (20 =
36.88°), the particle size of Co304 was estimated. It is seen that the CY-A catalyst has more
intense and narrow diffraction peak for CosO4 compared to that of CY-C, indicating larger Co
particles. Specifically, the particle size of CosO04 was found to be 13.4 and 10.2 nm for CY-A
and CY-C catalysts, respectively (Table 6.1).

CY A

cYy_c

Intensity (a.u.)

355 360 365 37.0 375 38.0 385
2 theta

Figure 6.1: Powder X-ray diffractograms of CY-A and CY-C solid catalysts.

According to Eqg. (3.4) and the estimated particle size of Co304 (based on the powder
XRD data, Fig. 6.1), the particle size of metallic cobalt (Co°) was found to be 10.1 and 7.6 nm
for CY-A and CY-C, respectively (Table 6.1). The Co dispersion (D, %) was calculated based
on Eqg. 3.5 [49], and was found 9.5 and 12.6% for the CY-A and CY-C, respectively (Table 6.1).
The BET specific surface area (SSA, m? gt) together with the specific pore volume (Vp, cm® g
1y and the average pore size (dp, nm) are also given in Table 6.1. It is shown that the pore volume
is significantly affected by changing the carbon level on the coated alumina support.

The Co metal surface area (m? g*) and the cobalt crystallite size (nm) originated from
hydrogen chemisorption measurements are reported in Table 6.1 and differ by 20-25% from the
values estimated via the powder XRD measurements. The results of the latter measurements are
considered more reliable since great care should be exerted to identify the appropriate
experimental conditions during chemisorption in order to avoid hydrogen spillover and that
under these conditions hydrogen chemisorption does not become an activated process.
Regarding the reduction of CO30Q4, this was reported [50] to be complete at temperatures < 450

°C in pure hydrogen. For the carbon-uncoated alumina (CY-A), the cobalt metal surface area
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was estimated to 10.8 m? g and increases to 12.3 m? g* for the carbon-coated alumina (CY-C)
catalyst. Moreover, the Co crystallite size decreases from 7.9 for the CY-A to 5.7 nm for the

CY-C catalyst.

Table 6.1: Primary crystallite size of C0304 (dcozos, Nm) and Co (dco, nm) dispersion of Co
(D, %), Active Co metal surface area (m? g1), BET specific surface area (SSA, m? g1), specific

pore volume (Vp, cm® g 1) and average pore size (dp, nm) obtained over CY-A and CY-C solids.

Catalyst  Ncosurt  Ocozos dco D Active Co SSA Vp dp
(umol g*) (nm) (nm) (%) surfacearea (m?g?) (cmig?) (nm)
(m?g)
CY-A 338.5 134 10.1(7.9* 95 10.8 88.2 0.21 8.78
(7.6)2
Cy-C 449.0 10.2 76(5.7) 126 12.3 88.0 0.21 8.55
(8.7)

@ Estimated from selective hydrogen chemisorption measurements.

NO2 conc (a.u.)

Figure 6.2: NO2 concentration during calcination in air for CY-A (solid black) and CY-C
(dotted red) impregnated with cobalt nitrate (Ref. [46]).

After cobalt nitrate impregnation and drying [46], the catalyst precursor was calcined in
air under temperature-programmed conditions in order to decompose the nitrates and burn the
carbon layers. The NO2(g)-TPO traces obtained for the CY-A (carbon-uncoated) and CY-C
(carbon-coated) catalysts are shown in Fig. 6.2. The cobalt nitrate decomposition on CY-C even
though is sharper and is completed at lower temperatures, it presents lower decomposition rates
at T < 160 °C and a peak maximum at higher temperatures (Tm = 170 °C) compared to the CY-
A (Tm = 155 °C). This nitrate decomposition behavior of CY-C can be attributed to the
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interaction or complex formation of -OH and carboxyl groups with Co ions [50]. Moreover, in
Fig. 6.3, one can see that all the carbon layer deposited on CY-C is decomposed due to the cobalt
nitrate assisted oxidative decomposition [46], mainly in two stages, with an easier (175 °C) and
a more difficult (250 °C) to be removed carbon, which was formed during acetone
decomposition [46].

200

150

(0.) dway

100

50

Concentration NO2 and CO2 (a.u.)

Time (hours)

Figure 6.3: NO> (red) and CO> (green) concentration traces obtained during calcination in air
of the CY-C catalyst (Ref. [46]).

The H»-TPR trace of the pre-calcined with air CY-C [29] is presented in Fig. 6.4. Two
reduction peaks are clearly observed, which are ascribed in the two-step reduction of Co304 to
CoO (1% reduction step peak) and CoO to Co® (2™ reduction step peak) [39,49,51]. These two
hydrogen TPR peaks were observed on CY-A as well, but due to weaker cobalt oxide and
alumina surface interactions developed in CY-C, which are caused by the rapid decomposition
of the cobalt nitrates, peak maxima at ~ 200 and 400 °C are obtained, lower than on CY-A (at ~
250 and 450 °C). The shoulder at the high-T side of 2" peak obtained is assigned to the reduction
of cobalt oxide species strongly interacting with the support (CoxOy-Al,03 — Co°).
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Figure 6.4: Hydrogen temperature programmed reduction (H2-TPR) profile recorded over the
CY-C catalyst (Ref. [46]).
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Figure 6.5 shows High Angle Annular Dark Field - Scanning Transmission Electron
Microscopy (HAADF-STEM) analyses performed over CY-A and CY-C [46]. It can be seen
that on CY-A (carbon uncoated alumina) the individual Co particles were agglomerated,
presenting larger Co crystallites brunching and which might lead to sintering, as opposed to the
case of CY-C, where Co crystallites are smaller and evenly homogeneous dispersed. These
results might be due to the accelerated calcination (Fig. 6.2) of CY-A, which hinders the
recombination of cobalt nitrate species during their dehydration and decomposition steps [52].

Figure 6.5: Transmission electron microscopy images (HAADF-TEM) with a schematic
distribution of Co crystallites over (a) CY-A and (b) CY-C solid catalysts (Ref. [46]).

6.3 SSITKA — Mass Spectrometry studies

6.3.1  Probing the carbon-path of methanation reaction

Figure 6.6 shows normalized concentration (Z) transient response curves of Kr (tracer
gas), 3CO and CH, obtained during the SSITKA switch 5% 2C0/10% Hz/Ar — 5%
13C0O/10% H2/1% Kr/Ar at 230 °C over CY-A and CY-C. The correct performance of a SSITKA
experiment should reveal the following features [19]: (i) the sum of dimensionless
concentrations (Zisco + Zi2co) and (Z13cHsa + Z12cHa) should be equal to one, at any time during
the transient, and these should therefore cross each other at Z = 0.5; (ii) the H>O signal in the
mass spectrometer, which is a product of the FT reaction, should stay the same during the
SSITKA switch, since the rates of reactions for the FT synthesis products remain the same (the
partial pressures of both CO and Hz, the reaction T and the space velocity are kept constant). If
the latter feature is not observed, then either the two feed gas streams or the lines contain a

different concentration level of water or the two-feed gas stream do not contain exactly the same
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composition in CO and H». The above described features were fully satisfied in all the SSITKA
experiments conducted.

The SSITKA transient response curves depicted in Fig. 6.6 and the material balance
equations described in Chapter 3 (Egs. (3.20) — (3.22)) allow to estimate two important Kinetic
quantities: (i) the surface concentration of molecularly adsorbed CO and (ii) the surface
concentration of active CHyx reaction intermediates that ultimately lead to the formation of CHa.
The appearance of *CO transient response curve lags behind that of Kr tracer as the result of
the formation of a measurable concentration of reversibly adsorbed CO-s during FT synthesis
reaction conditions (Eq. (3.20)). The *CO(g) transient response curve appears earlier than that
of B¥CHy4 (small chromatographic effect) [53], and this feature is due to the fact that *C passes
through various kinds of adsorbed reaction intermediates before it forms **CHa(g). Specifically,
molecularly adsorbed CO-s is hydrogenated to form HCO* and then HCOH*, which then
dissociates to CH* and OH*, which CH* is finally hydrogenated to form CHa(g) [54-58].

The material balance Eq. (3.21) provides an accurate value of the Nchx quantity in the
case that the exchange of adsorbed >CO-s with 3CO(g) is considered as a fast step compared
to the hydrogenation of CHx to CHa. If this is not the case, then simulation of *CO(g) and
13CH4(g) transient responses is the only means to provide an accurate measure of Ncpx. As will
be shown below, for the present catalysts and reaction conditions, Eq. (3.21) is accurate.

Table 6.2 provides the amount of adsorbed CO (Nco, pmol gt and 6co) and that of active
CHyx leading to CHa (Nchx, pmol gt and Ocx) for the CY-A and CY-C catalysts. Based on the
Bchx value and the experimentally measured methanation rate, the mean life-time of the active
CHy intermediates, and an apparent rate constant (kesr [s?] = k 0n) associated with the
hydrogenation of -CHy intermediates can be estimated (Egs. (3.24), (3.26), (3.28) — (3.31)).
Here, the intrinsic rate constant k (s™) refers to the average site reactivity of all the CHx (x = 0-
3) intermediates which are sequentially hydrogenated (e.g., CHx-s + H-s — CHyx+1-5 + S) to
finally form CHa(g). The inverse of tchx (EQ. (3.24)) cannot be considered as an intrinsic rate
constant, kchx. In many publications appeared in the open literature this point is not clearly
stated. Thus, according to Eq. (3.24) the inverse of tcHx should be seen as an apparent rate
constant (Eqg. 3.29), kets as indicated above. Knowledge of 0n would allow estimation of the

intrinsic Kchy, the physical meaning of which was stated above.
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Figure 6.6: Normalized concentration (Z) transient response curves of 2*CO and *3CH, obtained
during SSITKA (*2CO/H; (32 h) — 3CO/H> (t)) at 230 °C on CY-A (a, c) and CY-C (b, d)
catalysts. Feed composition: 2CO = 5%, *CO = 5%, H, = 10%, 1% K, balance He. Total flow
rate: 100 NmL min™, Wey.a= 0.4 g; Wey-c= 0.3 g.

The surface coverages of CO and CHy reported in this work (Table 6.2) are in the range
of those reported by den Breejen et al. [22] and Vada et al. [42] for SiO2 and Al>O3 supported
Co catalysts. The values of TOFcwa (s) reported in Table 6.2, which are estimated based on the
total Co surface sites (Co dispersion, Table 6.1), appear about four times lower than the TOFcha,
ik (s1) estimated based on the sum of the concentrations (umol g*) of both the active CHx and
reversibly adsorbed CO-s (Table 6.2). These are found to be 5.40 x 10 (s1) and 5.72 x 103 (s°
1y for the CY-A and CY-C catalyst, respectively. Considering that also some concentration of
active H-s species (0n) is found in the carbon-path and definitely participates in the formation
of CHg, then the TOFcH4, itk would have been even lower. This example illustrates that TOF
estimated on the basis of all the Co exposed surface sites and not on the concentration of the
real active species participating in the formation of a given reaction product could lead to
erroneous site activity values and conclusions about relative activities in a series of catalysts to

be compared.
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Table 6.2: Amount (N, umol g*) and surface coverage (0) of adsorbed CO and active CHx
(leading to CH4), mean residence time (t), Kinetic rates of methane formation (umol g* s* or
TOF) and effective rate constant (Kes, ') of methane formation over CY-A and CY-C catalysts
pertain to 32 h of continuous FT reaction.

Catalyst Ncox Oco* rco Tco  Nchx  Ochx rcha  TOFcha TOFchs, itk Tonx Kt
pmol g pmol gts? s upmolg? pmol gts?t st st S st
(x10%)  (x10%?) (x10?)

CY-A 557 0.6 0.94 73 282 0.08 0.45 1.34 5.40 62.2 1.61
Cy-C 733 0.16 1.36 73 314 0.07 0.60 1.33 5.72 524 191

According to the results of Table 6.2, both catalysts present practically the same surface
coverage of active CHyx (6chx=0.08 and 0.07 for CY-A and CY-C, respectively). The difference
in TOFcha, itk (s) observed can therefore be assigned to the different kess values or equivalently
to differences in the product value of kchx.0n. There is ~ 16% increase in ket between the CY-
A (less active) and CY-C (most active) according to Table 6.2. In terms of the concentration of
adsorbed surface CO-s (umol g?), there is a clear increase of ~ 30% when comparing the CY -
A and CY-C catalysts. The specific kinetic rate of these two catalysts in terms of pmol CO g*
st at 230 °C is determined during the SSITKA experiment, and it was found to be 0.94 and 1.36,
respectively, for the CY-A and CY-C catalysts. This result also points out for ~ 30% increase
in the activity (per gram basis) among the two catalysts. Therefore, this tends to indicate that
the specific reaction rate per gram basis correlates well with the concentration of adsorbed CO-
s (umol g!) established under steady-state FT reaction conditions. The fact that the Co surface
in the present catalytic systems of CY-A and CY-C populate adsorbed CO-s and CHx-s
intermediates with no large differences in the size of their pools suggests that the rate-limiting
step of methanation reaction might be either the dissociation of adsorbed CO-s on the cobalt
surface (CO-s + s —» C-s + O-s) or the hydrogenation of CHy-s species [11]. In fact, DFT
calculations on Co (111) surface [40] indicated that hydrogen assisted CO-s dissociation
(forming an —CHO intermediate) proceeds faster than CHx-s hydrogenation, thus one of the
latter steps should be considered as a likely RDS (rate-determining step) of methanation reaction

on supported Co surfaces.
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6.3.2  Probing higher hydrocarbons pathways (C2’s and C3’s)

The ?CO/H, — ¥CO/H, SSITKA gas switch using Mass Spectrometry only was
repeated to also record the transient evolution of 3C-containing hydrocarbons higher than
methane. The signals recorded at m/z = 30 and m/z = 31 largely reflect the formation of *C-
ethane/ethylene and 3C-propane/propylene gaseous species. No attempts were made to quantify
these responses in terms of the concentration of C2He/C2Hs and C3Hgs/CsHs. Accurate SSITKA
analysis of these hydrocarbons can be made only by using GC-MS analytical system and a
multiport chromatographic sampling valve, as previously mentioned, which were not available.
However, the relative transient evolution in time of the *3CH4 (m/z = 17) and m/z = 30 and m/z
= 31 mass spectrometer signals would allow to discriminate between two possibilities for the
mechanism of C,"-hydrocarbons formation to be discussed below.

Figure 6.8 shows the observed transient response curves of m/z = 30 and 31 in
comparison with that of 3CHa4 (m/z = 17) previously presented. It is clearly observed that the
13CH, transient lags behind the C2’s/C3’s transients for both CY-A and CY-C catalysts. This
behaviour is a rather clear case that the formation of C>’s and Cs’s passes through a different -
CHy precursor from that which is responsible for the CH4 formation, that leads to the formation
of a -CoHy precursor for C,’s hydrocarbon formation via further hydrogenation steps, as shown
in Figure 6.7. The opposite would have resulted in a '*CHj transient preceding that
corresponding to the *3C, or *Cs hydrocarbon formation. In other words, if the same —CHjx that
forms methane reacts further to give a -C,Hy intermediate, then the exchange of the 1>?CHyx with
13CH, should precede that of *2C,Hy with *3C,Hy. The possibility that hydrogenation step(s) of
CHy to form CHya are slower than the C-C coupling of two -CHy species to form -C;Hy and the
following hydrogenation steps to form C’s does not appear reasonable according to the
literature [43,44].

co i, CH, CH, CjH CH,  CiH,
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8
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Figure 6.7: Schematic modelling of a single Cn (n > 2) surface intermediate [59].
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The other important feature recorded in the transient response curves shown in Fig. 6.8
is the fact that the m/z = 31 transient is much faster than that of m/z = 30. If these two transients
were the result of the evolution of only the C»-hydrocarbons (C2He/C2H4), then the transient of
m/z = 31 would have to lag behind that of m/z = 30, which is the opposite observed. This fact
then naturally leads to the conclusion that the m/z = 30 transient is largely due to Cs’s-
hydrocarbons and lags behind that of Cz’s (m/z = 31) according to the mechanistic Figure 6.7.

Based on the above offered discussion regarding the m/z = 30 and m/z = 31 transient
response curves of Fig. 6.8, and the fact that the m/z = 31 transient lies very close to the 3CO(g)
transient (Fig. 6.6), it can be concluded that the surface coverage of C2Hy-s active adsorbed
intermediates leading to C.-hydrocarbons must be very small. Also, some differences in the
shape of m/z = 30 transient and its duration (time elapsed for Z = 1) for the two catalysts
(compare Fig. 6.8a and b) suggest that the kinetics of Cs’s-hydrocarbon formation is not the
same. This difference in kinetics could reflect differences in the size of pool (0) of the active
intermediates leading to Cs’s, differences in the rate constant forming this pool and/or
differences in the rate constant of hydrogenation of this carbon-pool to form finally Cs-

hydrocarbons (see Figure 6.7).
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Figure 6.8: Experimental MS response curves of 2*CH4 (m/z = 17) and m/z = 30 and 31 signals
recorded during SSITKA (**CO/H2 — 3CO/H,) over the CY-A and CY-C catalysts.

6.3.3  Transient Isothermal Hydrogenation (T1H) and Temperature-Programmed
Hydrogenation (TPH)
The qualitative and quantitative characteristics of the hydrogenation process of the

various kinds of carbonaceous species formed during FT reaction at 230 °C was probed on the
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basis of the following gas delivery sequence: 2CO/H; (32 h) — *CO/H (7 min) — He (3 min)
— 50% Hz/He (50 NmL mint, 230 °C, 7 min) — TPH (B = 10 °C min'*) up to 600 °C.

During the SSITKA switch, adsorbed ?CO-s was replaced by *CO-s as well as the
active 2CHyx-s with 1*CHx-s species. Upon the 3-min He purge step which followed the SSITKA
switch, it will be shown in the Section 6.3.6 (DRIFTS experiments) that only a small amount of
adsorbed *CO-s was desorbed from the catalyst surface. Therefore, upon the 50% H/He gas
switch the 23CH4 MS signal (m/z = 17) produced is due to both the 2*CO-s and the active *CHjx-
s. It should be noted at this point that due to some small desorption of *3CO-s and H-s from the
catalyst surface upon the He purge step, and the switch to a much higher hydrogen partial
pressure (50% H»/He) compared to 10% H. used in FT reaction conditions, the 0y at the switch
to 50% Ha/He is larger than that under FT reaction conditions.

Figures 6.9a and 6.10a show transient response curves of 3CH4 and ?CH4 formation
obtained during isothermal hydrogenation at 230 °C of the surface carbonaceous species formed
after 32 h in FT synthesis reaction conditions over CY-A and CY-C catalysts, respectively. The
transient response curves of *CH, and *CHa have different shapes, indicating that the two
carbon pools associated with the formation of these species consists of different in structure
intermediates which are hydrogenated to methane with different Kinetics.

The initial very sharp transient response of 2*CHy is associated with the hydrogenation
of the active CHx-s (C,), leading to methane [11]. This C, active intermediate was exchanged
under the 3CO/H/Kr/Ar SSITKA gas switch. The rest of the **CHa response (e.g. t>5 s) is due
to the hydrogenation of adsorbed **CO-s [28]. Thus, based on these results it might be suggested
that the rate determining step (RDS) in the CO-s hydrogenation does not appear to be the
hydrogenation of CHx-s but rather the dissociation of CO-s to give C-s and O-s or in the case of
H-assisted CO-s dissociation to give CHO-s intermediate species.

The equivalent surface coverage of intermediates leading to 3 CH, estimated by the TIH
experiment (613cH4) should be equal to the sum of the active intermediates estimated by the
SSITKA experiment (Bco + Ochx). In fact, according to Tables 6.2 and 6.4 the sum of the surface
coverage of CO-s and CHx-s (C,) estimated during 3CO-SSITKA are in a very good agreement
with the hydrogenation results depicted in Figs. 6.9a and 6.10a and given in Table 6.4, given

the fact that some *CO-s was desorbed during the 3-min He purge.
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Figure 6.9: (a) Transient isothermal hydrogenation of carbonaceous species formed during FT
reaction conditions at 230 °C towards CH4 formation on the CY-A catalyst; (b) Temperature-
programmed hydrogenation of carbonaceous species following (a); (c¢) deconvolution of TPH

trace shown in (b).

The slower transient response curve of ?CHa4 (Figs. 6.9a and 6.10a) is due to the
hydrogenation either of a less active CHx-s (Cg) species, which is not found in the carbon-path
of methane formation, or of a non-exchangeable adsorbed CO-s (strongly bound) formed under
FT reaction conditions. Based on SSITKA-DRIFTS results (see below), the latter is fully
excluded as all types of adsorbed CO identified are bound on the surface reversibly. Also, the
large difference in the shape and position in time of **CH4 and 2CH4 response curves largely
excludes the possibility for the presence of a strongly bound CO-s. Therefore, the 2CHa4
transient response curve seems to be purely due to an inactive CHx-s (Cp) species for the
methanation reaction. However, the latter species can be hydrogenated at 230 °C in 50% Hj/He
gas mixture leading to methane but only when CO is removed from the catalyst surface (e.g.
CO/Hz/He — He — Ha/He). A very recent work reported by G. Kwak et al. [60] has clearly
indicated that hydrogenation of surface Co.C (carburized cobalt phase) can readily occur in the
160-250 °C range according to the following reaction:

Co,C—-s+2H,(g) > CH,(g)+2Co-s (Eq. 6.1)

This reaction step could explain the nature of Cg species (ca. Co2C) associated with the
12CH, isothermal hydrogenation response curves (Figs. 6.9a and 6.10a). The extent of cobalt
carburization might be different for the two catalysts. The above results are in agreement with
those reported by Happel et al. [61] and Otarod et al. [62].
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It should be noted, however, that the 2CHa response obtained over the CY-C catalyst
(Fig. 6.10a) reflects the presence of two kinds of CHy inactive species (two peaks) formed under
the present FT reaction conditions, which is different from the one seen over the CY-A catalyst
(Fig. 6.9a). Moreover, it seems that the first sharp peak in the 2CHa response shown in Fig.
6.10a is a CHy inactive species with similar structure as the one derived from the dissociation of
CO (C, species) but not hydrogenated towards methane under FT reaction conditions.

Figures 6.9b and 6.10b show transient response curves of '2CHs obtained under
temperature-programmed hydrogenation (TPH) conducted over the CY-A and CY-C catalysts,
respectively, following FT reaction for 32 h and according to the gas delivery sequence
previously described. The obtained TPH traces show multiple hydrogenation peaks, the
quantification of which is possible after deconvolution (Gaussian peak shape) of the TPH trace
(Figs. 6.9c and 6.10c). Table 6.3 provides all the quantitative results obtained from this
deconvolution procedure, namely, the peak maximum temperature (Tmax) and the corresponding
quantity of each kind of inactive carbonaceous species formed on the catalyst surface after 32 h

of FT reaction.
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Figure 6.10: (a) Transient isothermal hydrogenation of carbonaceous species formed during FT
reaction conditions at 230 °C towards CH4 formation on the CY-C catalyst; (b) Temperature-
programmed hydrogenation of carbonaceous species following (a); (c) deconvolution of TPH

trace shown in (b).
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Table 6.3: Deconvoluted TPH traces obtained over the CY-A and CY-C catalysts.

Peak Tmax (°C) Concentration Tmax (°C) Concentration

(nmol gear'?) (umol gear™?)
CY-A CY-C
A 268 46.6 278 73.5
B 326 34.1 343 28.1
C 370 21.2 385 20.1
D 396 27.1 411 11.3

The TIH/TPH experiments conducted after the SSITKA switch proved to be very
informative since they allowed to probe the existence of (i) a less active -CHx species (Cg, TIH)
hydrogenated at 230 °C in the absence of CO, and (ii) inactive carbonaceous species
hydrogenated only at temperatures larger than 230 °C (C,, TPH). Two active pools (C, and Cg)
found in the carbon-path of methanation reaction have been reported [28,37,63-65], as also
depicted in Figure 6.7. Comparing CY-A and CY-C with respect to the Cg carbon species, which
is readily hydrogenated at 230 °C but does not lead to the CH4 formation under FT reaction
conditions, it is seen that the CY-C catalyst forms a significantly larger quantity (120 vs 69.4
umol geart, Table 6.4). On the other hand, the total amount of refractory carbonaceous species
(TPH experiment) is found to be similar for both catalysts. Also, the CY-C catalyst contains a

larger fraction of carbonaceous species hydrogenated at lower T’s.

Table 6.4: Amount and surface coverage of non-exchangeable >CHx-s hydrogenated to >CHa
at 230 °C (TIH), exchangeable *CHx-s and *CO-s hydrogenated to *3CH, at 230 °C (TIH), as
well as of $2C«H,y-s hydrogenated to 2CH4 under TPH after 32 h in FT over the CY-A and CY-
C catalysts.

Catalyst TIH ®12cH4 TIH ®13cH4 TPH O12cHs  Total O12cHa

N12cH4 N13cH4 N12cH4
(nmol g%) (nmol g) (nmol g)
CY-A 69.4 0.25 70.9 0.26 129.0 0.48 0.73
CY-C 120.0 0.39 73.8 0.24 133.0 0.43 0.82
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6.3.4  Probing the H-path in Fischer-Tropsch

The hydrogen-path of the FT reaction over the CY-A and CY-C catalysts was probed
via the SSITKA switch *2CO/H2/Ar (32 h, 230 °C) — 2CO/D2/Kr/Ar (t) (see Section 3.8.2), and
results are shown in Figs. 6.11a and 6.12a, respectively. The amount of catalyst and the total
flow rate used were exactly the same as with the previous 2*CO-SSITKA experiments. The time-
on-stream in FT reaction before the D.-SSITKA experiment was similar to the one reported
above for the 3CO-SSITKA experiment, since the former gas switch was performed shortly
after the latter one. The evolution of 2CD4 (m/z = 20) would have been difficult to follow due
to a large contribution from the D-O (m/z = 20) transient and likely H/D exchange reactions
between DHO and -OD groups, the latter being formed after possible exchange of — OH with
HD and D> during the SSITKA switch [66].

To account for possible exchange of H of the —OH species on the catalyst surface with
the D2 (g) during the SSITKA switch, the following gas switch was designed and performed:
3.5% CO/7% Hz/Ar/He (10 min) — He (5 min) — 7% Ha/Ar/He (230 °C, 15 min) —» 7%
D2/Ar/Kr/He (t), and the obtained results are reported in Figs. 6.11b and 6.12b. The initial
treatment of the catalyst surface with CO/H2/Ar/He had the purpose to establish an adsorbed

phase similar in composition to that obtained under FT reaction conditions.
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Figure 6.11: (a) HD transient response curves obtained during the SSITKA-MS switch over
CY-A according to the gas delivery sequence: 3.5% CO/7% HJ/Ar/He — 3.5% CO/7%
D2/Ar/Kr/He at 230 °C; (b) transient response of HD obtained during the gas switch: 7%
Ha/Ar/He (230 °C, 15 min) — 7% Do/Ar/Kr/He (t).
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Figure 6.12: (a) HD transient response curves obtained during the SSITKA-MS switch over
CY-C according to the gas delivery sequence: 3.5% CO/7% H./Ar/He — 3.5% CO/7%
D2/Ar/Kr/He at 230 °C; (b) transient response of HD obtained during the gas switch: 7%
Ha/Ar/He (230 °C, 15 min) — 7% D2/Ar/Kr/He (t).

Table 6.5 reports the quantity (umol HD gear') of HD (g) produced (Ch. 3, Eq. (3.32))
during the two transient experiments shown in Figs. 6.11b and 6.12b for the CY-A and CY-C

catalyst, respectively.

Table 6.5: Quantities of HD formed during the two different SSITKA and H/D exchange
experiments performed over the CY-A and CY-C catalysts.

Catalyst 12CO/H2 - CO/D2 (SSITKA) H2/Ar — D2/Ar (H/D exchange)
Area (mol%-s) Nup (umol geart)  Area (mol%-s) NHp (umol geatt)

CY-A 129.2 220 (6 = 0.81) 107.1 243 (0 = 0.9)
CY-C 122.9 209 (0.67) 100.7 228 (0 = 0.74)

The amount of HD formed during the SSITKA switch is found to be equivalent to 6 =
0.67-0.81 (based on the Cos). Considering the individual surface coverage of adsorbed CO-s and
—CHy, it appears impossible that the Co surface can accommodate this size of H-pool. It is clear
that a large part of the measured H-pool represents —OH groups present on the support of the
catalyst, where the HD(g) formed must arise from an H/D exchange. This is exactly what is
strongly suggested by the results shown in Figs. 6.11b and 6.12b and the quantities reported in
Table 6.5. The time of appearance of peak maximum under the *2CO/H, — *2CO/D2 switch was
smaller in the case of CY-C (tm = 30.4 s) than CY-A (tm = 43.7 s). Considering that this HD
consists of the exchange process of H-s on Co and —OHs on the support as stated above, and that
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the exchange process of D2(g) with H-s is faster than that with —OHj, it is suggested that the
most active catalyst (CY-C) in methanation reaction forms adsorbed H-s having a lower binding
energy. This kinetic parameter is certainly important in determining the hydrogenation rate of
active CHy species.

The deuterium Kinetic isotopic effect (D-KIE) was estimated based on the steady-state

rate values of CO conversion at 230 °C under the CO/H; and CO/D; feed gas streams:

r,(CO/H,)
KIE = ———~
r,(CO/D)

_h (Eq. 6.2)
;
The obtained results are given in Table 6.6. If the ratio ru/rp is greater than unity, the
KIE is said to be normal (NKIE) and if it is less than unity, it is said to be inverse (IKIE). The
KIE estimated for the CO consumption rates should reflect an overall D-KIE, from the reactant
CO through all the surface intermediates that lead to the observed gas product distribution (e.g.

CHas and C2") under the experimental conditions used in the present work.

Table 6.6: CO conversion (%) under CO/H,, CO/D> and the KIE estimated over the CY-A and
CY-C catalysts.

Catalyst Xco (%), CO/H2  Xco (%), CO/D2 KIE
CY-A 10.0 9.1 1.10
CY-C 10.7 10.2 1.05

As shown in the Table 6.6, both catalysts exhibit NKIE slightly larger than unity, in
agreement with several studies under FT reaction conditions with large CHas-selectivity values
over supported Co catalysts [12-15]. It has been reported [67], that as the carbon number in the
hydrocarbon molecule increases, the D-KIE becomes strongly IKIE (< 1.0). NKIE with a value
close to one suggests that the RDS is not much influenced by the addition or elimination of H
(e.g. C-H associated bond forming). Krishnamoorthy et al. [68] have reported that in the case
that hydrogenation of C-s to form he CH-s monomer were the kinetically relevant step, then the
nature of the observed KIE (NKIE vs INKIE) would also depend on the thermodynamic
contributions regarding chemisorption of H> and D>. In other words, the observed overall KIE

would depend on the strengths of the H and D bonds with the Co surface and with carbon in the
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CHy-s active intermediates, and on the extent to which these two bonds have broken or formed,
respectively, in the activated complex involved in this elementary step. A rigorous analysis of
the Kkinetic isotopic effects requires molecular simulations of proposed elementary steps and
their respective kinetic isotope effects, an approach beyond the scope of this D>-SSITKA study.

6.3.5 Modeling of 2CHs-SSITKA transients

Soong et al. [69] in their work over Raney Nickel catalysts, investigated four different
models possibly describing the methanation reaction pathways. The analysis assumed that the
exchange of gas-phase 3CO and adsorbed ?CO-s on the surface is very fast, and that the *C-
isotopic exchange of 2CHy-s is the slow process. According to this analysis, the input function
in the CHx-s pool is that of **CO(g), which is also assumed as an ideal step function. Given these
assumptions, the mass balance analysis of the SSITKA experiment allows one to have an
analytical solution, which can be used against the SSITKA experimental transient response
curves to estimate rate constants (k’s) of elementary steps in the methanation reaction pathways.

In the present work, Soong’s analysis was used since the assumption of a fast
13CO/*?CO-s exchange is proved experimentally to be valid and only the assumption that the
input 3CO(g) could be described by an ideal step function is not quite correct (see Fig. 6.6, Kr
transient response curve). The latter deviation is expected to cause only deviations in the first
10 s of the transient according to the theory of SSITKA analysis. However, since the main
purpose of this work is to discriminate among possible rival methanation mechanisms reported
in the open literature, and extract kinetic parameters (e.g. tcHx Or Kchx) to be compared between
CY-Aand CY-C catalysts, the inherent problem of the non-ideality of the step function of CO(g)
should not be considered as a barrier to obtain the above mentioned very important and valuable
information for the present two catalytic systems.

For modelling purposes, the R? function given by the below Eq. (6.3) was adopted for
obtaining the kinetic parameters which provide the best fitting of the experimental results (R?
— 1.0).

RT_1_ norm(exp.—sim.) i (Eq. 6.3)
norm(exp.—mean(exp.)) -

Michalis A. Vasiliades 234



Chapter 6: Fischer-Tropsch Synthesis over industrial Co-based catalysts

CO(g) |<€>| col-s CH'-s ——» R

L] e

co(g) |€>»]| co?s | ———>| CHés — oR
|

A

Figure 6.13: Model C (Ref. [53]) describing the carbon-path of methanation reaction after
considering the participation of two kinds of active CHx-s which are formed via two different
kinds of adsorbed CO-s.

In the model Figure 6.13, R is the rate of methane formation due to the active CHx!-s
intermediate, a is a parameter (>1) that describes how much the rate of methane formation via
the CH,2-s intermediate is larger than that formed via the CH,!-s intermediate, and B is a
parameter (0<B<1) that describes the rate of C-transfer from the CH,2-s to the CHy!-s active
pool (reversible interaction between the two pools) in terms of fraction of the methane formation
rate due to the CH,!-s pool intermediate.

According to the mechanistic Figure 6.13, the measured quantity of active CHx-s in the
performed SSITKA experiment is related to the Soong’s model C parameters via Egs. 6.4-6.6.
Moreover, the experimentally measured rate of methane production (R = R (**CHy)) is related
to the model C parameters via Eq. 6.7. Thus, the four adjustable parameters o, B, T1 and 1> are
bound by Egs. 6.4 - 6.7, and the two limitations of the analysis (o > 1 and 0 < 3 < 1) should be
also fulfilled while modelling the analytical solution given by Egs. 6.8 - 6.10 [53]. In Eq. (6.8),
F is the dimensionless rate of 2CH, during the up-step SSITKA switch (**CO/H, — *CO/H;
(t)) performed, thus, it is based on the decay response of *2CH4 during the isotopic gas switch.

This function is equivalent to the 1-Z dimensionless function used in the present notation in Fig.

Ner = N(l:Hx T NC2H>( (Eq. 6.4)
Ney =7,R+7,8R (Eg. 6.5)
New = R(r, +ar,) (Eq. 6.6)
Rens =R(a+1) (Eq. 6.7)
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F= Aexp(_—tjﬂl—A) exp(_—t] (Eg. 6.8)
T

a Tg

-3

Ae—t [11942 02 (Eq. 6.9)
(a+1) g B £1 1)
T —
T, T4
1
7,7, = (Eq 6.10)
B B
2 2 (1+,B)(1+) (1+,6’+)
1(1+ﬂ)+1(1+,3)¢ (1(“;3)) +(1+ﬂj . o
2z, a 2, 2z, a 2, 2tz T,

The best fitting of 2CH4-SSITKA transient response curves obtained is shown in Fig.
6.14b and Fig. 6.15, and the kinetic model parameters extracted are given in Table 6.7. Again,
via the two experimentally obtained quantities of R and Nchy, the four adjustable parameters in

fact were reduced into two via Egs. (6.4) - (6.7).

Table 6.7: Model C — SSITKA kinetic parameters estimated for the experiment performed after
16 h of FT reaction. 11 and 12 (s) reflect the mean lifetime of CHyx!-s and CH,2-s, respectively,
active intermediates, and R? is the value of mathematical regression of the experimental vs

simulated data.

Catalyst « B T1(s) 12(5) R?
CY-A 1.3 0.01 50 90 0.990
CY-C 11 0.01 40 80 0.977

Table 6.7 presents the SSITKA simulation results obtained by using model C (Figure
6.13) for the 16-h FT SSITKA run over the CY-A and CY-C catalysts. As will be illustrated
below, model C (Figure 6.13) is the one that was found to best describe the *?CHa (or *3CH,) -
SSITKA results obtained over the two catalysts.

It is shown that catalyst synthesis influences 11 and t2, thus the site reactivity of the given
CHy-s (t ~ 1/k). Of interest is the fact that in both catalysts, best fit is obtained when [ parameter

takes only values very close to 0.01. This result suggests that the different synthesis applied for
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the CY-A and CY-C commercial FT catalysts does not influence the extent of interaction of the
two active CHyx-s pools. In fact, for both catalysts, carbon transfer between the two CHy pools
is practically irreversible (0.01 R), and in particular, the most active CHx!-s intermediate is
transformed to a less active one (CHx?-s) in a practically irreversible manner. Also, it is
important to be noted that the reactivity of the two CHx-s species is not similar but largely
differs, practically by a factor of ~ 2.0. The difference in the activity observed for the two CY-
A and CY-C catalysts under steady-state FT reaction conditions (32 h on TOS) reported above
(Table 6.2) are consistent with the life-time (t) and site reactivity (k) differences extracted from

the results reported in Table 6.7 for the two catalysts.

| - 5%'°C0M0%H,/He | - 5%'*C0/M0%H,/He
1.0 1.0
Experimental Simulated
0.8 0.8-
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Figure 6.14: Experimental (left) and simulated (right) transient normalized concentration (Z)
response curves of Kr and 2CH, obtained during the SSITKA switch: 5% 2C0O/10% H2/1%
K1/Ar/He (16 h) — 5% 3C0O/10% Ha/Ar/He at 230 °C over the two catalysts.
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Figure 6.15: Transient normalized concentration (Z) response curves of Kr and ?CH,
(Experimental and Simulated) obtained during the SSITKA switch: 5% 2C0O/10% H2/1%
Kr/Ar/He (16 h) — 5% 3C0O/10% Ha/Ar/He at 230 °C over CY-A catalyst.
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Soong’s et al. [53] have also presented a different mechanistic model for methanation
reaction, that depicted in the below Figure 6.16. In this mechanistic model, there is only one
pool of CO-s which leads to the formation of an active CHx!-s intermediate, which in turn is
responsible for the formation of a second active CH,?-s intermediate, which eventually leads to
the formation of CH4(g). Equations (6.11) - (6.12) provide the necessary tools for the simulation
of 2CH4-SSITKA response.

The main difference between the experimental and simulated results derived from
Soong’s et al. [53] Model A and Model C is illustrated in Fig. 6.17a, b. It can be clearly seen
that the 12CHa transient response curve obtained for both CY-A and CY-C catalysts during the
SSITKA switch 2CO/H, to ¥*CO/H, cannot be described by Model A (Figure 6.16). For
example, Model A provides an R? of 0.966 and 0.946 for the CY-A and CY-C, respectively
(Table 6.8), as opposed to 0.990 and 0.977 in the case of Model C.

— R

CO!-s

CO (g)

CH,! -s CH,*-s

<>

Figure 6.16: Model A mechanism of Methanation Reaction after considering the participation
of two kinds of active CHx-s which are formed via the same active adsorbed CO-s.
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Figure 6.17: Transient normalized concentration (Z) response curves of Kr, 1*CH4 experimental
and ¥CH, simulated by Model A and Model C based on the SSITKA switch: 5% 2C0O/10%
H2/1% Kr/Ar/He (30 min) — 5% 3CO/10% Ha/Ar/He at 230 °C over CY-A (left) and CY-C

(right).
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Table 6.8: Model A — SSITKA performed after 16 h of FT reaction, where 11 and 12 (s), reflect
the mean lifetime of CHx!-s and CH,?-s, respectively, and R? is the value of mathematical

regression of the experimental vs simulated data.

Catalyst 711(s) T2(s) R?
CY-A 54 745 0977
CY-C 51 75.1 0.948

6.4 In situ DRIFTS studies

6.4.1  Surface intermediates formed under CO/H2

The development of CHx-s and CxHy-s alkyl chain reaction intermediates and of the
likely different kinds of CO-s with time-on-stream in the FT reaction at 230 °C was followed by
in situ DRIFTS (see Section 3.3.4). Figure 6.18 presents DRIFTS spectra recorded in the 3000-
2800 (a) and 2250-1800 cm* (b) ranges over the CY-C catalyst sample. The clear evolution of
CxHy-s alkyl chain intermediates (as previously discussed) with time on stream in CO/H: (Fig.
6.18a) can be seen. Detailed analyses of the structure (composition) of these carbonaceous
species [70] were out of the scope of this work. On the other hand, some important features of
these bands should be noted and discussed. The two main bands centred at ~ 2935 and 2860 cm"
! present an intensity ratio of about two and a shoulder at the high-frequency side of the 2935
cm? IR band. These features are totally different from those assigned to the vCH stretching
vibrational frequency of HCOO (formate species). The latter species in principle could be
formed on the alumina support under FT reaction conditions (presence of CO, Hz and H20). For
the HCOO" species, the above mentioned intensity ratio should be less than 1/3 [71,72], opposite
to what has been recorded in Fig. 6.18. Thus, it is clearly concluded that the recorded IR bands
in this vCH region correspond to —CHz groups of alkyl —CxHy chains [71,72]. The shoulder
appeared in the 2950-3000 cm™ range and which grows with TOS in CO/H; is due to the
presence of —CHs groups. In the case where A(-CH.)/A(-CH3) > 1, then a long chain alkyl
group, —CxHy is formed [71,72].

Attempts were made to analyse the CO-s IR region shown in Fig. 6.18b by performing
deconvolution of the IR bands (Abs units) of the spectra recorded. Figure 6.19 presents the
evolution with TOS in CO/H: of the integral band area (Abs units) of the three different adsorbed
CO species (two linear and one bridged) identified. In the next Section 6.4.2, the peak positions
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of the three CO-s and examples of deconvolution are provided. The results shown in Fig. 6.19
are extremely important when linked to the SSITKA-MS results (Section 6.4.2) that show
distinct differences in the dynamic process of 13CO-s exchange due to both the adsorbed CO-s
(adsorption/desorption processes) and the dissociation of CO-s to form CHs and higher HC’s.
As shown in Fig. 6.19, it takes practically about 30 min in order for the two linear
adsorbed CO-s and the bridged CO-s species to reach a constant surface coverage. On the other
hand, the rate of adsorption for each of these three kinds of CO-s appears different based on the

slope of the curves shown in Fig. 6.19.
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Figure 6.18: In situ DRIFTS spectra recorder under CO/Hz/Ar gas flow in the 3000-2800 cm
(a) and 2250-1800 cm™ (b) range over the CY-C catalyst sample.
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Figure 6.19: Integral band area (Abs units) development of each of the three kinds of adsorbed
CO-s species (two linear and one bridged) identified with TOS in CO/H: reaction for the CY-C
catalyst.
6.4.2  Surface reaction intermediates behaviour during the SSITKA switch
13CO-SSITKA experiments were conducted in the DRIFTS cell reported elsewhere [73—
75] which behaved as a plug-flow micro-reactor. The purposes of these experiments were as
follows:
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(i) probe whether all kinds of adsorbed CO formed during FT reaction conditions
reversibly interact with the catalyst surface,

(i) investigate the thermal stability in He flow at 230 °C of the various kinds of CO-s, and
(iii)  investigate the reactivity towards hydrogen of these kinds of CO-s.

Details of the experiments performed are given in Ch. 3, Section 3.8.

Figure 6.20 and Table 6.9 report five IR bands in the 2250-1800 cm™ range (after
deconvolution) due to the presence of gas phase CO (bands marked 1 and 2) and adsorbed CO-
s (bands marked 3, 4 and 5). The IR bands at 2182 and 2116 cm™ and labeled as 1 and 2 and
these are due to the R and Q branches of gas phase ?CO [76,77]. After deconvolution, all five
IR bands gave the red isotopic shift (compare wavenumbers under 2CO/H, and **CO/H; in
Table 6.9). Of interest here is the red isotopic shift recorded for the adsorbed CO-s (IR bands 3-
5) since this implies that all these three kinds of adsorbed CO-s are reversibly chemisorbed on
the Co surface. Furthermore, these results demonstrate that the CO-s pool used in the previous
mathematical model of SSITKA-MS experiments cannot be strictly treated as one kind of
adsorbed CO-s. However, the question still remains whether all three kinds of adsorbed CO-s
do participate in the formation of CH4 and higher hydrocarbons. Certainly, at least one kind of
adsorbed CO-s must be considered as the precursor species of the formation of all hydrocarbons
products. Of interest and importance is the fact that only part of adsorbed CO-s was considered
as an active intermediate in WGS reaction [75,78] based on a transient isothermal DRIFTS
experiment, where CO-s formed in WGS (CO/H-0) was reacted off by a following H.O/He gas
switch. Also, it is noted that in the 2400-2270 cm region, no IR band was observed due to gas-
phase COz [72]. This is in agreement with the catalytic performance studies, where CO2 was not
detected.
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Figure 6.20: SSITKA-DRIFTS (**CO/H, — *CO/H,) performed at 230 °C over the CY-A and
CY-C catalysts.

The IR bands centred at 2042-2046 and 1998-2002 cm* under the *2CO/H. reaction
conditions are assigned to two different kinds of linear adsorbed CO (CO"-s), whereas that at
1911-1930 cm™ to a bridged type adsorbed CO (COB-s) on a reduced cobalt surface. IR bands
of chemisorbed CO appearing at wavenumbers larger than those corresponding to gas-phase CO
and which can be potentially assigned to CO chemisorption on cationic sites of Co (e.g. Co%*)
were not observed over the present catalysts [71,76,77,79].

Comparing the adsorbed phase of CO-s for the two catalysts, it is rather clear that the
two kinds of adsorbed CO-s (peaks 3 and 4) must be treated as having the same binding energy,
whereas the third kind of adsorbed CO (peak 5) exhibits some small difference in the binding
energy. However, it should be pointed out that the two catalysts form under FT reaction
conditions different concentrations of adsorbed CO (umol gear®), as seen in the previous Section
6.3.1. Thus, small differences (< 15-20 cm™) in the position of the IR bands of a given type of
chemisorbed CO-s in the two catalysts can also be due to differences in their surface coverage.

According to the DRIFTS studies, under the applied FT reaction conditions, the catalyst
surface was found to be populated mainly by adsorbed CO-s and -CxHy-s hydrocarbon
fragments, very small amounts of carbonates (COs%) and carboxylates (-COOH), and larger

amounts of hydroxyl groups (-OH).
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Table 6.9: Peak position (cm™) appeared after deconvolution of the CO-region IR bands (2250-
1800 cm™) recorded under *2CO/H; and **CO/H; feed streams.

Catalyst IR band
position, cm? 2CO/H: 13CO/H2
CY-A 1 2176 2128
2 2119 2070
3 2042 2000
4 1998 1957
5 1911 1878
CY-C 1 2178 2129
2 2116 2069
3 2046 1999
4 2002 1956
5 1930 1890

Figure 6.21 presents SSITKA-DRIFTS spectra recorded under *2CO/H; and **CO/H at
230 °C in the 3000-2800 cm™ range over the CY-C catalyst, where these IR bands are due to
absorbed CHx-s and higher hydrocarbon fragments (e.g. CxHy-s alkyl chains), as presented and
discussed in the previous Section 6.4.1 (catalyst sample was diluted with KBr). The IR bands
centered at 2925 and 2854 cm™ correspond to the vCH vibrational mode of -CH2 group in the
CxHy-s adsorbed hydrocarbon fragment [80,81] with a total integral band area, A = 0.0299. As
depicted in Fig. 6.21, none of these IR bands show the red isotopic shift upon the switch *?CO/H;
(red colour) — *3CO/H: (blue colour). Thus, these species are spectators for the methanation
reaction. It should be noted, however, that one expects to observe the isotopic shift due to the
active CHy-s intermediate (C,) presented and discussed in Section 6.3.1. However, the small
concentration of this active CHx-s compared to the significantly larger inactive CxHy-s adsorbed

species formed (Tables 6.2 and 6.4) does not allow to clearly observe this isotopic shift.
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Figure 6.21: SSITKA-DRIFTS spectra recorded under *2CO/H, and *CO/H; at 230 °C in the
3000-2800 cm™ range over the CY-C catalyst.

6.4.3  Transient isothermal DRIFTS hydrogenation of CO

In order to investigate the dynamics of hydrogenation of adsorbed CO-s formed under
the FT reaction conditions investigated, isothermal hydrogenation of adsorbed CO was
performed following FT reaction (5% CO/10% Ha/Ar) at 230 °C for 2 h, followed by Ar purge
(50 cc mint) for 3 min in the DRIFTS cell with the catalyst in place. The transient hydrogenation
of CO-s was made using a 5% Ha/Ar gas (100 cc min).

Figure 6.22 shows DRIFTS spectra recorded in the CO-region (1800-2250 cm™) over
the CY-A and CY-C catalysts. The curve marked as Ar (t = 0 s) is the spectrum recorded after
the 3-min purge in Ar flow before the 5% Hz/He gas switch, and that marked as FT is the
spectrum recorded after 1 h of Fischer-Tropsch at 230 °C. It is clearly seen that at 230 °C only
a small fraction of adsorbed CO desorbs in Ar flow, result that justifies the interpretation made
as to the origin of the *CHs isothermal peak in the hydrogen reduction experiment with MS
(see Section 6.3.3). As time in 5% Ho/He gas treatment increases, the surface coverage of
adsorbed CO-s decreases, since this reacts with hydrogen, but the IR band progressively shifts
to lower wavenumbers. The latter is largely due to the well-known phenomenon in CO
chemisorption, that of the effect of surface coverage on the binding energy of adsorbed CO due
to the lateral repulsive interactions among adjacent adsorbed CO-s, the latter being treated as
electric dipoles. As the surface coverage of CO-s decreases, the binding energy of CO-s with
the Co surface increases, thus, the bond energy between C and O within the adsorbed CO-s
decreases, thus the decrease in the vibrational frequency observed. To gather further information
from this DRIFTS isothermal hydrogenation experiment, a simple kinetic analysis was

attempted as described and discussed in what follows.
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Figure 6.22: In situ DRIFTS spectra recorded in 5% Ha/Ar flow at 230 °C over the CY-A and

2100
CY-C catalysts as a function of time in 5% Ha/Ar gas flow.

The rate of depletion in the concentration of adsorbed CO-s due to reaction with
hydrogen can be expressed as: -d0co/dt, where Oco is the surface coverage of CO. The quantity
A(t)/A(t = 0), where A(t) is the integral band intensity of adsorbed CO at a given time t, and A(t
= 0) the corresponding one at t = 0 (end of Ar purge), can be used to express the equivalent
quantity of Oco(t). This is presented in Fig. 6.23. The depletion of adsorbed CO is the result of
the following elementary step:

CO-s+s—>C-s+0-s

(kdis)

the rate of which can be described by:

-dé
Co/dt = kdisecogs

Based on the curves of Fig. 6.23, it can be seen that the rate of change in the number

(Eg. 6.13)

density of adsorbed CO-s (mols CO / cm? Co) on the two catalysts is similar. This then implies
that the right-hand side of Eq. (6.13) should be also similar for the two catalysts. Knowing the
Bco under FT reaction conditions (SSITKA switch), then the product (kqis8s) could be estimated
and compared for the two catalysts. According to the SSITKA results (Section 6.3.1, Table 6.2),
and assuming that the 6co for the two catalysts as well as the total carbonaceous species stay
also very similar after 1 h in FT (Fig. 6.22), then it might be suggested that the rate of CO-s

dissociation over the two catalysts is approximately very similar. This conclusion under the
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stated assumptions agrees with the fact that the differences in the methanation activity of the

two catalysts seems to be more related to differences in the kinetics of CHx-s hydrogenation, as
reported in Section 6.3.1.

1.0 D=
0.8 1 -o- CY-A
-o—- CY-C
= 06
n
<
= ]
b 0.4
0.2 4
0.0 T T T T T
0 20 40 60 80 100 120
time (s)

Figure 6.23: Dimensionless surface concentration of adsorbed CO as a function of time during
the 5% Ha/Ar gas treatment for the CY-A and CY-C catalysts.

6.5 Effect of adsorbed carbon on the CO chemisorption

Figure 6.24 presents the effect of carbon deposition occurred after CO/Ar treatment of
the CY-C catalyst (fresh) at 230 °C on the CO chemisorption (5% CO/Ar) performed at 25 °C,
and Table 6.10 reports the CO IR band position (maximum) recorded for the fresh and used
(after CO/Ar treatment at 230 °C) CY-C catalysts. It is obvious that carbon deposition affects
the adsorbed phase of CO (intensity and position) after CO chemisorption at 25 °C. It appears
that the relative population of the two linear and one bridged CO adsorbed species were largely
influenced by the presence of “carbon” on the Co surface. Based on the results presented in
Table 6.9 and those in Fig. 6.24, it appears that the carbonaceous species accumulated on the
two catalysts during FT reaction must be similar in quantity, result that is in harmony with the

SSITKA and other transient hydrogenation experiments presented and discussed in Sections
6.3.1-6.3.3.
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Figure 6.24: Effect of carbon deposition on CO chemisorption (5% CO/Ar) at 25 °C over the
fresh CY-C sample and that after treated with CO/Ar at 230 °C.

Figure 6.25a presents DRIFTS spectra recorded in the 2800-3000 cm™ range (due to the
formation of CHx-s and CxHy-s alkyl chain intermediates) during the transient isothermal
hydrogenation (TIH) experiment performed at 230 °C following CO/H> reaction (1 h/230 °C) in
the DRIFTS reactor cell over the CY-C catalyst. It is shown that only a small change in the
integral band area is observed, in harmony with the SSITKA-MS results, where the surface
coverage of active CHx-s (C,, species) is very small (6 = 0.1). On the other hand, when DRIFTS
spectra were recorded under TPH conditions (Fig. 6.25b), the depletion of inactive CxHy-s
species is evident. By comparing the integral band area of the spectra at 230 °C (Fig. 6.25a) and
300 °C (Fig. 6.25b) for the CY-C catalyst, and recalling that the amount of ?CH, estimated
under the TIH experiment following the SSITKA switch is appreciable (6 = 0.39), it can be
inferred that this carbon Cg species seems to be deficient in “H” (CxHy, x/y >>1). On the other
hand, on the basis of the intensity ratio of the two main IR bands recorded at 2925 and 2855 cm”
1 and their shape (Fig. 6.25a), the chemical composition of the inactive carbonaceous species
formed under CO/H> reaction conditions (x/y ratio in CxHy alkyl chain species) seems to be
rather similar for the two catalysts.
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Table 6.10: IR bands recorded in the 2250-1800 cm™ range after CO chemisorption at 25 °C
over the CY-C (fresh) and CO/Ar treated at 230 °C (CY-C used) samples.

Catalyst IR band Fresh After CO
cmt treatment at 230
°C
Cy-C 1 2173 2173
2 2118 2118
3 2001 2044
4 1942 1999
5 1828 1950

——706s
—140.1s

2/008 ——209.75s
—2794s

T=230°C

(a)

Absorbance
Absorbance

T T T T T ~
3000 2950 2900 2850 2800 3000 2950 2900 2850 2800

Wavenumber (cm") Wavenumber (cm")

Figure 6.25: In situ DRIFTS spectra recorded in the 2800-3000 cm™ range under 50% Ha/Ar
gas flow at (a) T =230 °C and (b) TPH (T = 300, 400, 500, 600 °C) following >*CO/H reaction
at 230 °C (1 h) over the CY-C catalyst. Spectra for T = 300-600 °C were recorded after 5-min
Ha/Ar treatment of the catalyst at the given T.

6.6 Conclusions

Based on XRD, the only cobalt exists is in CosO4 crystalline phase with the particle size
of cobalt to be in the range of 6-10 nm. Moreover, the pore volume and the surface area are not
significantly affected by changing the carbon coating over the activated alumina support,
opposed to the dispersion which is more homogeneous on CY-C (HAADF-STEM). These
results, are different to the one derived via Hz chemisorption studies, where spillover of H>
occurred.

The SSITKA technique proved to be a very powerful experimental technique that can

be used for the evaluation of the effect of the different synthesis method of commercial
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supported Co metal catalysts (CY-A and CY-C) on important Kinetic parameters (6 and k). In
the present work, it was found via mathematical simulation of the 3 CH4 SSITKA responses
recorded following the carbon-path of the methanation reaction that the latter passes through
two types of active CHx-s intermediates formed by two different kinds of adsorbed CO-s. Also,
it was found via the same mathematical simulations that the most active CHx!-s intermediate
leads to the formation of a second type of less active CH,2-s intermediate (irreversible step).

The Co particles size in the 10.1-7.6 nm range was found to influence the concentration
and reactivity towards hydrogen of the inactive carbon (C,). The CO consumption rate, the CH4
production rate, the TOFcha, itk and the reactivity (kerr), were increased by decreasing Co
particle size, whereas the surface coverage of CO (6co) and CHx (6cHx) and the TOFcHa were
remained practically constant in this Co particle range. Comparing these concrete results with
DFT calculations on Co surfaces, it is concluded that the RDS of methanation reaction should
be the hydrogenation of CHy species than the CO-s dissociation. The mean life time of CO (tco)
and that of CHx (tchx) were found independent of the Co particle size in the 7.6-10.1 nm range
investigated. The main cause of deactivation of the present catalytic systems appears to be the
deposition of carbon on the catalyst surface, which seemingly hinders the hydrogenation of CHx
species via either reduction of surface coverage of H (8n), reduction in the intrinsic site
reactivity, kcrx (s) associated with this RDS or both.

SSITKA-MS revealed the formation of C>’s and Cz’s on both catalysts (with different
kinetics), which passes through a different -CHy precursor from the one leading to the formation
of CHa. Moreover, the hydrogenation steps of CHy towards the latter are slower than the C-C
coupling of two -CHy species towards the former, which is further hydrogenated to higher
hydrocarbons (Figure 6.7).

SSITKA-MS followed by transient isothermal and temperature-programmed
hydrogenation (TIH/TPH) experiments revealed the time evolution (after 32 h on FT reaction
stream; T = 230 °C, H2/CO = 2, CO =5%) of the concentration of three different types of carbon
(active C,, less active Cp and inactive C,) formed over CY-A and CY-C catalysts and their
dependence on the synthesis method, which in turn determined the Co mean particle size. The
C. (ca. active CHy species), is readily hydrogenated towards methane (larger quantity on CY -
C), Cp is less active and it does not lead to the methane formation but is hydrogenated only in
the absence of CO at 230 °C (larger quantity on CY-C) and C, is inactive carbonaceous species

which are hydrogenated at T > 230 °C (practically of the same amount in the two catalysts).
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D>-SSITKA and H/D exchange (after FT) experiments were performed to probe the
hydrogen path of FT and to account for possible exchange of H-pool of the -OH species present
on the support. This exchange was found smaller by decreasing the Co particle size (CY-C),
where the binding energies of H-s and D-s with the Co surface and with carbon in the active
CHx-s appear to be lower.

A modeling of the SSITKA-MS results, previously published as Model C by Soong et
al. [69], showed that the mean life-time (t1 and t2) and therefore the site reactivity of the two
active CHy pools are influenced by the synthesis method applied in the two catalysts. On the
other hand, the B parameter appeared not sensitive and does not influence the extent of
interaction of the two active CHx pools among the two catalysts. This is a practically an
irreversible transformation of the first most active CHy pool to the second one.

Based on the in-situ DRIFTS analysis over CY-C, in the vCH region alkyl -CxHy chains
appeared, with a shoulder appearing at the high-frequency side after increasing the TOS under
FT (due to the presence of -CHs groups). As of the analysis made for the CO-s region, the
deconvoluted IR bands reflect three different CO-s species (two linear and one bridged) all
reversibly interacting with the Co surface.

The SSITKA switch and others performed in the DRIFTS cell were to probe the surface
structure of active and inactive reaction intermediates, how they interact individually under FT
reaction conditions, and how stable are in hydrogen and He gas flow. More specific, all three
kinds of CO-s are reversibly chemisorbed on the Co surface and cannot be treated as one kind,
even though it is not clear if all of them participate in HC’s formation. Comparing these among
the two catalysts, their two linear CO-s revealed the same binding energy, whereas the bridged
CO-s exhibits small differences. For the investigation of the reactivity of CO-s formed under
FT towards hydrogen, TIH experiments followed the FT reaction with further kinetic analysis

revealed that CO-s dissociation on both catalysts appears rather similar.
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Chapter 7: Future Work

A future work and a follow-up to this doctoral thesis on the synthesis of improved
catalytic systems (based on the current ones) for the Dry Reforming of Methane reaction and
also on the design and implementation of innovate transient isotopic experiments leading to key
conclusions towards better catalytic performance from the activity, stability and selectivity point
of view on both the DRM and FTS could be suggested. Furthermore, transient experiments
coupled with in situ spectroscopies (operando methodology) are necessary for an in-depth
understanding and the derivation of correlations between catalyst structure and performance,
which are mainly affected by carbon formation leading to catalyst deactivation. If carbon
deposition can be prevented in the case of DRM reaction, and if the latter could be operated at
temperatures lower than 700°C under favorable kinetic rates, the exploration of Natural Gas-
rich in CO2 could be considered as an economical solution for its commercialization towards
the production of syngas. Therefore, detailed knowledge on the reaction kinetics and
mechanisms of both DRM and FTS are critical for understanding the surface properties and
performances of existing catalysts but also for their optimization. Based on this knowledge, the
design of future novel catalytic systems for these processes would be most benefited.

The following perspectives are of interest and could be implemented at a later stage of
research in DRM and FTS processes:

1. The support of the most active catalyst found in the present PhD thesis work and which led
to a low amount of carbon deposition (5 wt.% Ni/Ceo2Pros02-5) could be prepared via
different synthesis methods than the citrate sol-gel, ca. urea combustion, pechini sol-gel and
hydrothermal, as the pH, temperature and metal precursor compounds used in solution
chemistry could affect the solid support structure. Also, deposition of Ni metal could be
performed using other than wet-impregnation methods (e.g. ion-exchange, spray pyrolysis)
trying to engineer the metal particle size and metal-support interactions. An interesting
approach for the synthesis of a similar in chemical composition catalytic system would be
the incorporation of some of Ni metal within the crystal structure of Ceo.sPro.202-5 support,
(Ni-doped Ce-Pr-O), while the rest would be seen as deposited Ni particles on the thus
formed support.

2. Based on published research results on DRM, the calcination temperature, its ramp increase,

the calcination time, and the type of activation process have significant effects on catalyst’s
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structure and performance. For example, by activating the supported Ni and Ni-Co catalysts
for 2 h in H; at different T’s (500 — 800 °C) or by applying different calcination (O2/He,
Tcarc) followed by reduction (H2/He, Tred) procedures could lead to such metal particles size
and morphology and metal-support interactions leading to excellent catalytic performances.

3. Mechanistic studies over the Ce-Zr-O-supported NiCo catalysts under DRM conditions
(SSITKA-MS and SSITKA-DRIFTS) should be performed for the qualitatively and
quantitatively estimation of the active reaction intermediates in order to understand better
the role of Co as co-catalyst of Ni. Such investigations are still lacking from the open
literature.

4. Transient isotopic experiments (use of *%0/*®0 exchange) that probe the participation of
lattice oxygen in the removal of carbon towards CO formation, similar to the ones conducted
in this work, should be further systematically performed for investigating the role of Co or
Ni in the NiCo supported catalytic system.

5. Temperature-programmed oxidation (TPO) after much longer TOS in DRM (TOS > 25 h)
should be performed in order to estimate the amount of carbon formed, thus relating this
quantity with the catalytic activity performance in that extended period of reaction.

6. Characterization of the aged catalysts with different spectroscopic techniques (i.e. powder
XRD, HR-TEM, H>-TPD, UV-Vis/DRS) as well as BET studies could be performed to
correlate the catalyst structure with its performance under DRM reaction conditions.

7. In collaboration with SASOL South Africa, SSITKA experiments using COz or H20 in the
FTS feed stream could be performed in order to investigate how H2O or CO; affects all the
important Kinetic parameters of FTS investigated in the present work.

8. Development of advanced mathematical modelling for the simulation of the dynamic
responses recorded during SSITKA-MS experiments under FT (mostly methanation)
reaction conditions could be performed over the industrial Co-based catalysts investigated
and those promoted with noble metals, in a way to estimate the kinetic rate constants (k,
s1) and the surface coverages (0) and other important kinetic parameters of each of the
individual mechanistic steps that are found in the path of methanation reaction. TIH and
TPH experiments could be followed in a way applied in this work to characterize the inactive

reaction intermediates formed.
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9. In situ dynamic DRIFTS studies could be performed, for the first time, to elucidate the
kinetics of hydrogenation of individual adsorbed CO-s species formed at 100 °C in CO/He
feed gas stream on Co-based FT catalysts.

10. The Deuterium Kinetic Isotopic Effect (D-KIE) could be estimated, for the first time, by
performing SSITKA experiments by changing the FT (**CO/H>) feed stream to **CO/H; and
then to *CO/D, in order to follow the C-path and H-path from CO and H. reactant gases
towards the formation of CHa, followed within the same period of reaction time under

exactly the same surface catalyst’s state conditions.
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