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Abstract

To satisfy the energy demand of an increasing population fossil fuel reserves are being
exploited at an unprecedented rate. The burning of these fossil fuels produces CO2, which is
the main constituent of greenhouse gases and leads to global warming. Therefore, use of CO>
as feed for methanol and DME production can be a possible route to close the anthropogenic
carbon cycle. The reverse water gas shift reaction (RWGS) poses major challenge to the design
of methanol selective catalyst. Recently oxygen deficient catalytic system like In.O3z, ZnO-
ZrO; and Zn>Ga>04 have been documented to be very selective for methanol synthesis reaction
even at high temperature (300°C). The oxygen defective sites are helpful in CO> activation.
However, the catalytic activity of these oxygen deficient catalytic system is low due to absence
of metallic sites for H, adsorption. Studies reporting interaction between the metallic Cu and

oxygen deficient supports, and its consequence in the catalytic performance are a few.

In this regard, a comparative study to investigate the role of oxygen vacancies and basic site
density in tuning methanol selectivity during CO2 hydrogenation over Cu/CeO, CuZrO; and
Cu/ZnO catalyst was performed. The catalysts were prepared by constant pH co-precipitation
method and their catalytic performance was evaluated in a fixed bed tubular reactor. The
methanol selectivity over Cu/CeO; catalyst reaches 90% at 220°C, 30 bar and 2400 mL gear™
hl. The abundance of oxygen defects on the Cu/CeO; catalyst surface facilities formation of
unidentate carbonate species, which leads to selective methanol synthesis. The concentration
of the oxygen vacancies was altered by preparing Cu/CeO; catalyst with co-precipitation,
surfactant assisted co-precipitation and sol-gel method. The improved catalytic activity of
Cu/CeO: catalyst prepared by sol-gel method is ascribed superior physicochemical properties
like Cu surface area, small Cu particle size, strong basic site density and oxygen vacancy

defects. The Ho-TPR and XPS results confirms partial reduction of Ce** to Ce®*. This reduced



CeO promotes CO; adsorption and activation. The methanol space time yield for Cu/CeO»-
SG catalyst reaches 70.8 g kg h™t at 30 bar, 260 °C, 7200 mL kg h* and CO2:H ratio 1:3.
Further as CeO- supported Cu catalyst was more selective towards methanol synthesis reaction.
CeO2 was incorporated as promoter into the conventional Cu/ZnO catalyst and for a constant
Cu wt% (70 wt%), the ratio of Zn/Ce was optimized. The catalytic activity of Cu/ZnO/CeO>
catalyst reached maximum for Zn/Ce ratio of 2:1 and was 106.4 g kg4 h at 30 bar, 250°C,
3000 mLgear* ht and 1:3 Ho/CO- ratio. The Kinetic data was measured within 220°C-310°C
temperature, 10-30 bar pressure, 3000-7500 mLgear* h™* GHSV and 1:1, 1:2, 1:3, 1:4 and 1:5
CO2:Ha ratio. The dual site LHHW model with formate hydrogenation as the rate determining

step fitted well to the experimental results.

Single step DME synthesis poses additional advantage of overcoming the thermodynamic
barrier for CO2 hydrogenation to methanol. However, excess water produced in the methanol
dehydration deactivates catalytic performance. Therefore, mildly hydrophobic ZrO; is used as
promoter to the Cu/ZnO catalyst. The synergistic effect between Cu, Zn and Zr oxides leads to
higher DME selectivity and consequently inhibit the side reactions over the bifunctional
catalyst. The ZnO-ZrO; interaction leads to formation of oxygen defective sites and improve
the activity of bifunctional catalyst. The methanol and DME selectivity reache up to 19% and
60% respectively with 14% CO- conversion at 30 bar, 260°C, 2400 mLgca* h™ and 1:3 CO2/H;
ratio. Altogether the tuning metal oxide interactions and oxygen vacancy defects is the keys to

enhance methanol yield by CO; hydrogenation.



AR

TS gl §s ATEIET BT SHoll T Bl IR HRA & e Siiared SeH BT 31ydyd o ¥ gig
3T ST XGT & | S SIIaTRH ST & SToi+ ¥ CO, Ul BIdit &, Sl F8139 7141 &1 T Ucdh
€ 31R Talleret QT B SR o Wil 81 ST, AyFer 3R SiHs Iere o g wis &
Y H CO, BT SUUN HHTSd BIe <sh Pl §G B DT Th JHIAd AN g1 Fobell B
Yo afer 19 R RuaR™ (RWGS) BYATd Ta-TéT® SERE & eSSz o forg S8t g

21 8T 81 7 TS SIHTEaYUl SER® S 1,03, ZnO-ZrO; 3R Zn,Gaz04 B & ATTHHA
(300 f&it AfRrme) R Wt By d=ervor ufafesar & fd 9gd wa-1des g4 o fore vafad
fopar T B SifeRio YUl ®Id CO, Tfhau # UgH® 8Id & | 8Tdifds, H, [y &
fore a1q Riell @1 SufRUfa & HRU 37 RIS B ST 9Tl IARDB! Bl IARD
AT HH g | UTIgad Ted! 3R SiTaitor gIvgul T & o Yaga=iadr # SawR
&1 U S aral siegg=1 uiomg 9gd HH ¢ |

Y IYEY T, Cu/CeO,, CuZrO, 3R Cu/ZnO IERF TR CO, BRI ISHIBRUN & SR HYATA
FIATES AT FHRISH | Sfiqeiior Rfaqdl ok gfardt wrge od & YHHT &1 Jig &
& foTT Uer qarTed 31 fosam T o7 | SRS FRER Hied Ig-aui fafd gRT dur fey
T & 3R I IARD UaH P e haks 98 cgaer Rugex § forar mar ol

Cu/Ce0, IBRP TR AYATT FGATHBAT 220°C, 30 IR 3R 2400 mL gcat™" h™' TR 90% TH
Ugd STt g1 Cu/CeO, IARE Tde JAUT3N TR i SIS ! UgRdl Uh &y HlEHe
T a1 FHTor et §, St I HuATd SRaw0 &1 iR o St § | g-aui, gthace
UETI® 5-aul 3R Hid-oid fafdf & WY Cu/CeO, IBRP TIR IxXb o Rigad!
&1 UHTI B Sad [T T UT| Fid-od fafd gRT IR Cu/CeO, IERE B TgR IGRS

Vi



A BT Cu TdE &, BIC Cu HUT HTHR, FoEd FHATS! TIEC T 3R HTeitor Riad
Y S SR Wifde-ramafie o1 faU 7T §1 Ho-TPR 3R XPS URUIM Cess & Ces. H
31 w4 Bt gfY Hd g1 CO, faMT 3R Afthg Hx ! Feral f3a1 §1 Cu/Ce02-SG

JAR® o T HyHTe T <1H U6 70.8 g kgeat ' ™' 30 TR, 260 °C, 7200 mL kgeat h-
1 3R COzH, AT 1: 3. TP AT CeO, AT Cu SRS AyATa Tawor yfdfshar
& Ufcl 31fErh TTAIHD UT| CeO, P URURD Cu/ZnO I&RS H YHICX & =0 H A
foram T T 3R fRR Cu wt% (70 wt%) & T, Zn/Ce & U & SfI@ferd fovar

7| Cu/ZnO/Ce0, IBR® Bt I&R® Al 2:1 & Zn/Ce U & U ffUHad uga
T8 3R 30 9, 250°C, 3000 mlLger' h' TR 106.4 g kgear ! h™" &t 3R 1:3 Ho/CO, ST
PIHfcd el Dl 220°C-310°C ATUHM, 10-30 §R YRR, 3000-7500 mlgeat’ h' GHSV
3R 1:1, 1:2, 1:3, 1:4 3R 1: 5 COxH, U & HiaR AT 7 71 &R Feid &= ara
WU & =0 J BiHC gTSSoHI®RU & T GIest Wge LHHW Aied JaNTed TiRUmH] &
foT ot IRg @ fihe 5

RITTa U SUHS TR0 ¥ A H CO, BISSIOHIBRUN & 1o SSHTTIA®T ST TR H1g
UM &1 faRed a4 firear g | gTeifes, AuAra fFofelieur & Iarfed sifaled um SAR®
UeRF & Afepg &= gd1 81 9y, 8o siafariedt 2r0, &1 ITANT Cu/ZnO IARP &

Uddd & 20 | ST ST 81 Cu, Zn 3R Zr MTFSS & & Tefoharare UHTd 3= DME
TATHB AT Bt 3R A ST @ 3R IRUMRa=Y fgHiiog SAR® R uryf ufafshansit &
A&l 81 ZnO-Zr0, 3= fohaT SiiaiTor Iwgul |Tgel & a9 B 3R o Sl & 1R fg-

HTHD IGRD DI A H FUR Bt &1 30 IR, 260°C, 2400 mlger ' h' 3R 1:3

CO2/H2 3TUTd | 14% CO, TUIARUI & T1Y HYATd 3R DME TG HHRT: 19% 3R

vii



60% I U STl & | Bdl AR g1 Hed 3iags SevarH 3R SR Rfd gy
CO; B SISHIARUT gRT AT IUS IGH &1 Foil 5
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