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ABSTRACT

The global warming and climate change are the biggest challenges of current century. These
are often related to CO> emission. The conversion of CO> to fuels and chemicals could be an
ideal strategy to curb CO2 emission. In this context, tri-reforming of methane (TRM) is a
promising technique. The flue gas from electric power plants are the largest contributor to CO>
emission. TRM process does not requires pre-separation of CO, from flue gas. In this process,
CO2, H20 and O: of flue gas react with CH4 to generate synthesis gas. However, the
deactivation of catalyst impedes large-scale implementation of TRM. The reforming catalysts
tend to deactivate due to carbon deposition, active metal sintering and active metal oxidation.
The high activity and stability of catalyst are the major challenges of TRM. The research work
presented in this thesis aims to develop a highly active and stable catalyst for TRM reaction for
utilization of industrial flue gas.

The support phase of a catalyst has significant influence on catalyst performance. Various
metal oxides (Al203, SBA-15, ZrO2, CeO2-ZrO;, TiO2 and MgO) were used as a support of Ni
catalyst. Their performances were compared under identical reaction condition. Based on CH4
conversion, the initial activity of these catalysts followed the order: Ni/Al>O3 > Ni/SBA-15 >
Ni/ZrO2 > Ni/CeO2-ZrO2 > Ni/TiO2 > Ni/MgO. Ni/Al2O3 derived from spinel precursor
NiAlO4 resulted in well-dispersed smaller Ni particles, stronger metal-support interaction, a
higher degree of reducibility and higher basic sites concentration, which led to its superior
activity over other catalysts. On the contrary, the stability of SBA-15 and ZrO> supported Ni
catalysts was remarkably high in 10 h run. Hexagonal porous network of SBA-15 confined Ni
particles that resulted in high resistance against metal sintering and carbon deposition whereas
Ni/ZrO. offered resistance to Ni oxidation owing to its oxophilic property. Experimental
investigations reveal that Ni/TiO2 and Ni/MgO resulted in poor CH4, CO2and H>O conversions
for TRM due to lower degree of reducibility. Furthermore, Ni/CeO2-ZrO, catalyst exhibited
lower conversion compared to Ni/Al2O3, Ni/SBA-15, and Ni/ZrO- due to larger Ni crystallite
size.

The role of metal-support interaction (MSI) in the performance of Ni/TiO2, Ni/SBA-15,
Ni/MgO, and Ni/Al>Oz catalysts was investigated. To impart weak metal-support interaction
(WMSI), the catalysts were calcined at 400°C. While calcination at 850°C or above temperature

generated strong metal-support interaction (SMSI) in each catalyst. Ni/SBA-15 and Ni/Al>O3
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catalysts were calcined at 550°C and 700°C as well to impart medium-strength MSI. The
experimental results revealed that Ni/TiO2 and Ni/MgO catalysts having WMSI (Ni/TiO.@400
and Ni/MgO@400) displayed high initial activity due to the higher extent of reduction and Ni
dispersion. However, these catalysts deactivated during 10 h reaction run. On the other hand,
the performances of Ni/TiO> and Ni/MgO catalysts having SMSI (Ni/TiO.@850 and
Ni/MgO@850) were unsatisfactory. For Ni/SBA-15 catalyst system, catalysts having weaker
MSI (Ni/SBA-15@400, Ni/SBA-15@550 and Ni/SBA-15@700) were more active than the
catalyst having stronger MSI (Ni/SBA-15@850). However, the stability of Ni/SBA-15
catalysts was governed by Ni confinement in the pores of SBA-15 rather than the strength of
MSI. The activity of Ni/Al,Oz catalyst was found to increase with increase in the strength of
MSI (Ni/Al203@400 < Ni/Al203@550 < Ni/Al,03@700 < Ni/Al20:@950). Ni/Al203 having
SMSI had monodispersed Ni atoms in close association with Al2Os, which resulted in higher
reforming activity compared to that of Ni/Al.Oz having WMSI. Moreover, the deactivation rate
was found to decrease with increase in strength of MSI as stronger MSI enhanced Ni/Al>.O3
catalyst’s ability to combat deactivation due to the carbon deposition and Ni metal sintering.
The chemical nature of carbon deposits over the Ni/Al>Os catalyst was also observed to be
affected by the strength of MSI as it tends to become more graphitic with a decrease in strength
of MSI.

Materials derived from hydrotalcite were also explored as a catalyst in TRM reaction. For this
study, five catalysts were prepared by co-precipitation method. These were Ni-Mg-Al, Ni-Mg-
Al_me@500, Ni-Mg-Al_me@900, Ni-Cu-Mg-Al and Ni-Zn-Mg-Al. Ni-Mg-Al_me@500 and
Ni-Mg-Al_me@900 were synthesized using memory effect (me) property of hydrotalcite. The
non-promoted Ni catalyst, Ni-Mg-Al, displayed lower activity due to the low degree of
reducibility. Although by adopting memory effect in preparation of hydrotalcite-derived Ni
catalysts, the degree of reducibility was improved and higher initial activity was achieved for
Ni-Mg-Al_me@500 and Ni-Mg-Al_me@900, but these catalysts were vulnerable to
deactivation due to Ni oxidation, metal sintering and carbon formation. The addition of Cu
resulted in formation of Ni-Cu alloy. It reduced the ensemble size of Ni, which resulted in
higher activity and stability as compared to non-promoted Ni catalysts. However, post reaction
characterization results revealed Ni oxidation of Ni-Cu-Mg-Al catalyst. The addition of Zn was
found more effective in keeping the Ni in its metallic state thereby enhancing its stability.
Moreover, the XPS results revealed that Zn addition electronically modified the Ni catalyst by
charge transfer phenomenon and made Ni electron rich. As a result, Ni-Zn-Mg-Al catalyst

exhibited remarkable tri-reforming activity.
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Ni-Zn-Mg-Al catalyst was further studied for TRM by varying its M'/M"! ratio and Ni loading.
The increase in M'"/M"" ratio of Ni-Zn-Mg-Al catalyst having 10 wt.% Ni loading enhanced
basic properties of catalysts in terms of both basic site concentration and basic site strength;
but only at the cost of Ni dispersion. The Ni-Zn-Mg-Al catalyst of M'"/M'" ratio = 3.0 (3.0-
Cat.) gave the best catalytic performance among the catalysts of varying M'"/M"! ratio due to
the trade-off between basic properties and Ni dispersion. This study further investigates the
effect of Ni loading for Ni-Zn-Mg-Al catalysts having M"/M"" ratio = 3.0. The CH4, CO; and
H>O conversions increased significantly on increasing Ni loading from 1.25 wt.% to 5 wt.%.
However, these values increased only slightly with further increase in Ni loading to 15 wt.%.
Moreover, at 15 wt.% Ni loading, the catalyst underwent coking, resulting in its deactivation.
On the other hand, the Ni particles of catalysts having low Ni content (1.25 and 2.5 wt.%)
deactivated due to sintering. The catalyst of 5 wt.% Ni loading (5%-Cat) exhibited remarkable
stability. In 80 h experimental run at 800°C temperature, 1 atm pressure, feed-stream
composition CH4:CO2:H20:02:N2=1:0.28:0.56:0.08:0.33 and space velocity of 44743 mL/g.h,
the CHa, CO, and H20 conversions over 5%-Cat were 78.2%, 80.6% and 70.4% respectively.
The negligible drop in CH4 and CO; conversion rates firmly establishes the striking stability
of 5%-Cat over 80 h time on stream. Moreover, the average H2/CO molar ratio of synthesis gas
produced in 80 h run was 1.96, quite appropriate for methanol and Fischer-Tropsch synthesis
processes.

The kinetic behaviour of 5%-Cat for tri-reforming of methane reaction was investigated in the
temperature range of 700°C-800°C with the partial pressure of CH4, CO2, H20 and O ranging
between 0.47-0.57 atm, 0.03-0.10 atm, 0.08-0.21 atm and 0.007-0.045 atm respectively. Three
different elementary reaction steps were assumed to be the rate determining and thus three
different Langmuir-Hinshelwood kinetic models were developed. Dual-site mechanism was
considered in model development in which CH4 activates on metallic Ni sites and other co-
reactants activate on non-Ni sites of 5%-Cat. The models were optimized using Generalized
Reduced Gradient algorithm. The model considering methane dissociation and reaction
between adsorbed carbon and adsorbed oxidants as rate determining fitted well with
experimental data. The correlation coefficient of parity plot was 0.95. The activation energies
of methane cracking and carbon oxidation are calculated to be 111.4 and 206.1 kJ/mol

respectively.



LS1RS

Teltael aTiaer R STefarg IRace diAe HT 1 Hol F91 FaAlfadr g1 I CO, Scdolel
g Gafaa gid &1 CO, & 34T 3R [T T FATARUT CO, 3cTold I Ushel & foT
Teh 3TERY 0TI &1 Fehell &1 38 Hedl H, YT &1 F-FuR (E.3N.TA.) Teh AR
deheiieh g1 CO, 3cdolel H HaY &3T IlTel golfdee Ula) Collel T IRA ¢ 3 &
gl SLIR.TA. gishar 1 IRA YT I q CO, & YI-JUFHOT I AT oAel Ercll
1 30 ufhar #, IRA g A F COz, H0 3R 0, HwoT 3 3cdeet et & v
AT & T 9fAfHAT FT &1 gTelifh, 39 Hl ATSHIRIOT N.3IR.TH. & 9 JAY
W SR H ST STedl 1 3c0Reh el SiATa, Hishd g AeRer A afsrg arg
3TFdIERT & HRUT AR 8 1 &1 30 61 3z gihaar 3R Rrar g9 @ar
IR TA. H vHE gElfadr g1 58 N8H # TEdd A HR F1 38T LIARTA.
fshar 7 e TRA g A F 39Aer & v v caftE wfna 3R R 3aRE
ol &% B

T 3 & HUC GEAT T 3R Jedlel W Hgcdqul 9Ta usdl g1 Ni 3R &
qre fGear & &9 7 fAffesr a1q 3mFEss (AOs, SBA-15, ZrO,, Ce02-ZrOs, TiO;
3R MgO) & 39T fohar aram ATl 3o7eh Yedel T Jolell HAT Tidfshdl & &I S|
CHy FICRUT & 3R W, 5 3l o IRMAS Tfhaar 5@ Rg o
Ni/Al,03>Ni/SBA-15>Ni/ZrO,>Ni/Ce02-ZrO,>Ni/TiO>Ni/MgO|  NiALOy, &  ured
Ni/Al2O3 # Ni o7 3l TE & fFR gU, FAelgd U1d- FUIC RN, ITd TR H
Eg@fafad 3R 30 &R 3cuea g3, 5@ 30 SRl &l Jolell H J6c yeded
fhar | i, SBA-15 3R ZrO, @A Ni 3R i fE2rar 10 & & & Jeo@=g
T A 3OS A SBA-15 & gFARNTA SRSRT Acas o Ni HUNT S FARITST I,
S aRomAEasT arg & e 3R #ea & S & @ers 3o gferiy dar g3,
Stafeh NifzrO; & Ni 3iferdieor & fow 39er sifedifthfos dufca & #RoT gfoRry
fe@mar| g S & 9ar gedar g 6 NiTio, 31k NilMgO & &r3R.uH. ufshar &




HA TR I FIARAE & FROT FA CHy, COz 3R HO FUIeRUIl &I e@rn| s
37emaT, NilCeO,-ZrO, 3c5R& & Ni/Al,03, Ni/SBA-15 3R Ni/ZrO, #r JeeT ¥ §3 Ni
fopEeollT 3MHR & HRUT AT FATARUT T JeTT fohar|

Ni/TiOz, Ni/SBA-15, Ni/MgO, 3R Ni/Al203 3¢ & Fexlel H HIJ-JulE Setarerel i
HABT BT ST AT AG| FHAR UTI-HUIC SeXFAA &l W] Fel o AT, 3Rb @l
400°C TR HhederT fhar s=ar ar| Safeh 850°C AT 38 3if8e dIIAT W hedlelld
Gk 3EH H A UI-HUlE SNHIA 3ot fmaTl Ni/SBA-15 3R Ni/AlOs
3R & o AEGHA-ATFA & UIT-FUIE SR Feled i & fow 550°C 3R 700°C
R Hedlasl fhU 0 F| YIARMcAS® IROMAT & gar e f NifTiO, 3R Ni/MgO
3N oot Ui HHGIR U1d-Auie Sedare (NiTiO.@400 3R Ni/MgO @ 400) o,
o 35T TR H gt 3R Ni Hema & HRoT 35T IRFAE Gfhaar geiid #
gTeilieh, & 3 10 b Giafshar I & el [@fSha g1 av| q@ldl 3R, #elgd urd-
Juic el ¥ FE™T NifTiO, 3R Ni/MgO 3c9& &7 el (Ni/TiO.@850 3T
Ni/MgO@850) 3r&cSsteiah ATl Ni/SBA-15 3c9Ra & foIU, HHSIN ard-|uie Se¥arere
(Ni/SBA-15@ 400, Ni /SBA-15@550 3R Ni/SBA-15@700) aTel 3c9Reh 3iTeieh Haleldl
UTT-HUIE ST (NI/SBA-15@850) aTel 3coReh & 31ftieh |fshar | grefifeh, Ni/SBA-
15 3coRa! &1 TR arq-auic Se¥aer & arhd & aod SBA-15 & el ¥ 3uferd
Ni garT T & a1 ATl Ni/AOs 3R 6T Hihdar # UIJ-HUIE Ll &l
dmhd Sea & At (NI/ALO;@400 <Ni/ALOs@550 <Ni/Al,O;@700 <Ni/Al,O;@950)
gig U AT AT UT-HUIE Se¥arele dre Ni/Al,O; # HISSERT Ni TATT] Al,O;
& @y fashe o1, fSEd aRUTHATTET FHASR UT-AUIE SEXFAT alel Ni/Al,O5 FT JefeT
# 3T ihaar ATl 58 3erar, [AfSAIAr a7 & UIg-Huie Selarle &I dlehd H Jig
& WY HHA YR TGN Fich A UTG-HUIC Sl o el STAE 3R Ni &g
fReRET & HROT ATSHIFIOT & FH FHAT| Ni/Al,O3 39S T FHleed STHTT Hr TaA AR
ypfa o uTq-Huie Selaere &I dlehd & YeNfad g1 15 Fifer Ig urg-Hule Sl
Fr drehd H FAT & AT S JHeies § 77|




SLAR.TH. IfhaT H 3c0RP & & H grEsicodse & Wed A of T 99T =7 59
AT & foT, 9 3oR® IR FT 1w A T Ni-Mg-Al, Ni-Mg-Al_me@500, Ni-
Mg-Al_me@900, Ni-Cu-Mg-Al 3R Ni-Zn-Mg-Al &1 Ni-Mg-Al_me@500 3R Ni-Mg-
Al_me@900 &I gISgicashise &I FATT THIE HUfed H 3TANT b HWANT o
=T Ni-Mg-Al, &I HH TR A BIAWAS & HROT HA @lhd IR=&T1 AT ISIT
gISgIeaATSE-cgc el Ni 3cUTehl hr fo#ToT & FHiT e 1 30 @, SgEfafordr &
JUR §37 U1 AR Ni-Mg-Al_me@500 3R Ni-Mg-Al_me@900 & fav 3=a URiH
AishTdl 9o gs Y, ofthad I 3 Ni JHerdiientor, arq [FeRer 3R e o &
$RUT AT 87 97| Cu & Ni-Mg-Al & Sl & Ni-Cu & urq &1 AT g3m g
Ni & &UT & HHR &I HA H &A1, T TRomAFawT IR-gafda Ni 3ce (Ni-Mg-
Al) 1 Jefelr 7 3T afshaar AR ERar gred g$| grefifeh, 9ee Ruskere aRomat &
Ni-Cu-Mg-Al 3c9Re & Ni 3iTFEIRI0T &I IdT TeT| Zn & S8 F 3Heh Uifcash 3aem
H Ni 3 910 @ # 310 &) grr 737 998 sgdhr fRRar 9¢ S| 39 37T,
XPS gRumHAT & gar Iem & f&F Zn & sogciiae & A Ni 39T Hl ATel B T
CaRT HAS foham 3R Ni &l Solerelel HHg Tl ar| IRUMHAEERT, Ni-Zn-Mg-Al 3
o 3eolTeird Afshadr J&feid il

Ni-Zn-Mg-Al 3R T ELIR.UA. & fIT 386 MMy 3eJdred AR Ni oNfSar & fReater
T eI fohar I/l Ni-Zn-Mg-Al 3R & My/My 3191 & 3fg 10 wt% Ni eifsar
S &R ¥Ewr AR e ufFa AT @ sorm; ofhd Ni thema @a g a™am MMy,
3edieT = 3.0 (3.0-Cat) & Ni-Zn-Mg-Al 3R o S8R &R Uil 3R dgar Ni Shelra
& HROT Foet My/My AT & 3O HT Jolell H o 37Tl yedd feam Ig
eI 3T Ni-Zn-Mg-Al 36 & faw Ni ifSer & gamg & o axar & Sasd
Mi/My 35191 = 3.0 81 CHs, CO2 3R HyO FUIeROT 1.25 wt% & 5 wt% o Ni
NS Felel TR I &G aT| greliich, A Ni ST F 15 wt% deh T gfg & AL dhael
AT §¢ IT| 3T 37amdr, 15 wi% Ni ST W, 3 W 310 FleT AT o,
o aRUmATaERT sHehT ASHT g arar| qEdl 3R, A Ni «ifsa (1.25 3R 2.5
Wt%) dTel 3cU¥eh & Ni HUlT & HeReT & wRoT AR & I=ar| 5 wt% Ni aifser




(5%-he) T 3R Seoll@aid TURAT JGfTd &I g1 80 8¢ I & 800°C dAM9AT, 1
atm 9, BIS-FEH FFAITAAAT CH4:CO2:H,0:0.:N, =1:0.28:0.56:0.08:0.33 3R ¥&
JeNTAET 44743 ml/gh W, g 3 CHy, CO2 3R HO FUIAROT HAA: 78.2%,
80.6% 3R 70.4% fe@mar| 80 & &I ¥ H CH; 3R CO, FTWIARUT &I # 0y
TRTae TedT & 5%-he Hr AT FI TAMUT Il gl 5Gh 3emdr, 80 & =T H
fAffT Feewor 39 &1 A H/CO &HeR 39 (1.96) A¥ela 3R hr-greq
HRATUT Gishar3it & foIw sl 3ugerd g

;YT AT Doy guR (EL.3R.TA.) 9fhar & fAT 5%-$he & sl FagR AT i
700°C-800°C & ATYHAT AT H Fr 15 o, f59d CH4, CO,, Ho0 3R 0, & 31fAs
™R sAA: 0.47-0.57 atm, 0.03-0.10 atm, 0.08-0.21 atm 31X 0.007-0.045 atm 2|
T 3TereT-37e19T grafAe gfafshar @ro &t v AUReT e arer AT =T 3R 59 [ E
el 37eTaT-37013T AITASI-EHgs Haifes Alser AHfAd fhe av| Alsa-fwE 7 QY
q1se dF W AR far aar ot fS@H CH, g Ni @rsel wX a@fsha gien § 3R 3
Fe-gfafsharhdr IR-Ni @5t W @i gid &1 Alser 1 AHASI-HH-ATSTC TealReH
T UGN &ich JHelehielcd foham aram AT Hidel qerehiul 3R hielal JTerRETeOT &l X
fAaRoT X arem Alsa AP 3er & F@Er Jiasgah Fa F FwHIA @I FqHAT
HES H WY IUNE 0.95 ATl AT quaayor AR Feer ifeiayor i afmgor
Foil 1 0T HAR: 111.4 3R 206.1 kd/mol Hr ST Bl
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