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Abstract

Recently there has been renewed attention in dry reforming of methane (DRM) due to potential
environmental benefits of utilizing CO and an increase in demand for synthesis gas. DRM
refers to the chemical reaction of methane and carbon dioxide to form hydrogen and carbon
monoxide which are designated as synthetic gas (syngas). Syngas is primarily produced from a
catalytic steam reforming process where the resulting H2/CO product ratio is higher than the
ratio required for many down-stream processes. DRM produce a syngas with a H2/CO ratio
close to unity, making it an ideal feed for the Fischer-Tropsch process and highly selective
syntheses of a wide range of chemicals.

The DRM utilizes CO2 as an oxidant to react methane over a heterogeneous catalyst. Group
VIl metal catalysts have been extensively studied for DRM. Both noble metals (e.g. Ru, Rh, Pt,
Pd) and non-noble metals (e.g. Ni, Fe, Co) have been found to be catalytically active towards
this reaction. The main problem in DRM is related to catalyst deactivation due to sintering and
carbon deposition. Although noble metal based catalysts are usually highly active, stable at high
temperatures and experience low carbon formation, they have the drawbacks of high cost and
limited availability. Hence, a more promising alternative is to incorporate small amounts of noble
metals into non-noble metal catalysts.

Here, we report DRM over nickel alumina catalysts prepared by incipient wetness. The effect of
modifying the catalyst with small amounts of Rh, Ru, Pt and Pd were studied. Two nickel
catalysts on different alumina supports have also been investigated for comparison. The nickel
loading was kept constant at 12 wt% for all the catalysts and the modified catalysts had a
loading of 12 wt% Ni and 0.5 wt% noble metal. The characteristics of the catalysts were
investigated by X-Ray diffraction (XRD), textural measurements, active metal dispersion and
temperature-programmed reduction. Results from the XRD showed that the particle size was
affected by the support and reduced by the noble metals. The textural measurement indicated
similar surface area, were a slight reduction was observed for the modified catalysts. Indications
from the TPR analysis suggested that characteristics of the support has a high impact on the
reducibility of Ni based catalysts.

The activity and stability was investigated in a fixed-bed stainless steel reactor. The catalysts
were activated at 600 °C and the DRM reactions were carried out at 700 °C at equimolar
reactant feed and a gas hour space velocity of 120,000 Scm®g?*h1. The stability of the catalyst
was investigated for 15 hours. The activity of monometallic Ni catalyst was found to be
dependent on the support and improvements were observed for the catalysts modified with Rh,
Pt and Ru, while Pd showed reduced activity. In addition, the Rh modified catalyst was
investigated at 650 and 600 °C to determine the effect of temperature. The deactivation rate and
H»/CO ratio was found to decrease with temperature, which contradicts thermodynamic
equilibrium calculations. Further research to optimize the noble metal catalyst is suggested
through a higher extent of bimetallic particle control.






Table of Contents

ACKNOWIEAGMENL ..ot s Error! Bookmark not defined.
Y 01 1 =T SRS Error! Bookmark not defined.
Table Of CONENTS ..o e Error! Bookmark not defined.
IS o ) B o U =TS Error! Bookmark not defined.
LiSt Of TADIES ... Error! Bookmark not defined.
R [ o1 oo [¥ ot i [o ] TR PSPPSR POROPRTOP 1
1.1 27 1o =4 o 1¥1 Vo [FU SRR 1
1.2 Overview of Reforming TEChNOIOZIES .......uueiieiiiieiceee et e e e e 2
1.2.1 Steam Methane ReformMing. ... e e 3
1.2.2 Partial Oxidation Of METNANE.........ei i 3
1.2.3 Autothermal REfOIMING .......uviii et e e s eta e e e senaaeeeeans 3
1.2.4 Dry Reforming of METNANE .......coociiiiiieee et araee s 4

1.3 SCOPE OF the PreSENt WOIK....coceiiee e e ae e e e e e e e eanees 6

2 Literature Review: DRIM Catalysts. ...ttt et r e e e e e e rrre e e e e e s e nnnreeeeeaee s 7
2.1 o el 2 =T I O = AV SRR 7
2.2 NODEI MEtals iN DRIM ...ttt ettt st st st s e b e bt e s sme e emeeereeneeens 9
2.3 Bimetallic Ni Based CatalySs ....ccccciiiiiiiiiieiiiiie ettt e et e e vre e s e saare e s e abae e e ennraeeeeennes 10

3 Experimental Theory and ProCeAUIE ........uiiiiiiii ittt e e s e s e saee e e e sanes 16
3.1 Theoretical Aspect of Catalyst SYNthesis .......ouiviiiiiiiii e 16
3.1.1 INCIPIENT WETNESS ...eeiieiieiiiieeee ettt ettt et e e e sttt e e e e e se bbbt e e e e e s e ssnssbaeeeesesenannns 16
3.1.2 (6] (o1 X o T3 FO SO P ST OT PR RPRRPP 16
3.13 ACTIVATION 1ttt 16

3.2 Theoretical aspect of catalyst characterization ..........ccccoiveeeiiieccci e, 17
3.2.1 ) =)V D i - T 4 (o [ U UPUPN 17
3.2.2 TeXTUral MEaSUIEMENTS ... ..ciiiiieiie ettt ettt et e st s e sar e s sneeesabeeesnneas 17
3.2.3 DT E] o1=] 51 o o HPS PP PPPPPRPPPPPRPPRY 18
3.24 Temperature Programmed RedUCLION........cccuviiiiiiiiie e 20

33 Catalyst SYNtheSiS ProCEAUIE .....cii ittt re e e e s bae e s e sbee e e e sanes 21
3.3.1 Pore Volume IMEasUremMENT......cccueeiieeiiiie ettt ettt ettt e s esar e sbe e eneeesabeeesneeas 21
3.3.2 INCIPIENT WETNESS .vvttiviiiiiiiiiititiiititit ittt st et et st et seeeseeesesaeeeeeeaeesaeaennnennns 21
333 CalCINATION. ...ttt et e b e b sae e sanesare e 22

3.4 Catalyst Characterization PrOCEAUIE ........coiieciiee ettt e et e e e ae e e e 22



34.1 ) G =)V D - [ 4 (o [P UPRPN 22
3.4.2 TeXTUural MEasSUrEMENTS ......coiiiiiiieeiee ettt st e s ire e s e s nee e saneeesneeas 22
3.4.3 DT E o 1] 5] o] o ISP PPPPPRPPPPPPPRPRY 22
3.4.4 Temperature Programmed Reduction of Catalyst........cccceeeiiiiiieiiiee e 23

3.5 Dry Reforming of METRANE ......cooieiiiii e s e s e 23
3.5.1 Calibration of the Gas Chromatogram (GC) COlUMN ......c.cevviiiiciiieriee e 23
3.5.2 =T a T g T 0l =YY= (U] o TP UPP 23
3.5.3 EXPerimental PrOCEAUIE ....cc.vviii ettt ettt e e e bae e e e rre e e e aaeee e e anes 24

4 ReSUIS AN DISCUSSION ..coutiiitietieitie sttt ettt ettt sttt et et e s bt e she e sate st e s bt e b e e beesbeesmeeeneeeneeeeeens 26
4.1 )G 2 A B 11 i {7 o1 4 o) o PP 26
4.2 TEXEUIAL RESUITS ..ttt ettt ettt ettt et e bt e s b e e st e s nteesabeesabeeesmbeesneeennneas 28
4.3 DT o 1= 57 [ o HPS PPt 30
4.4 Temperature Programmed REAUCTION..........uiiii ittt e aaee e 32
4.4.1 Experimental ConSiderationS.......cc.uiiiiiciiiie ittt e e e e e rre e e e ree e e e 32
4.4.2 Relevant Literature Results for Ni/Al203 Catalyst ......ccveeeveeeieeiereeceeeceee et 32
443 Comparison of Ni Based Catalysts ......eciiiicciiiiiiei et e 36
4.4.4 TPR of Nickel Catalysts Modified by Noble Metal..........c.cccoeovieeiniiiieeeciee e 37

4.5 Catalytic activity, selectivity and deactivation..........ccccecvvieieiiiii i 39
451 oY a T g 1T ol =1 I o Lol =Y o o PP 39
45.2 Relevant literature results for Ni/Al,O3 catalysts at high GHSV.......ccccooovviieveiccieeeeeene. 41
453 (02 ) = 1LV A o 1= {0 T o - [ Tl T SURR 43
4.5.4 Effect of temperature on DRM for RhNi/SCCa catalysSt .......ccceeeveeveeveeiieeireeire e, 48

5  Conclusion and recommendations for FUture Work ...........cocooveeiieiieniinienieeeeeeee e 51
5.1 CONCIUSION ..ttt ettt ettt e s bt e st e s ae e e sabe e e s ab e e sateesmeeesabeeeabeeesnteesaneeesareenns 51
5.2 Recommendations fOr FULUIE WOIK ........coouiiiiieeiiiienee ettt e 51
REFEIEINCES ... ettt ettt sttt st b e bt e bt e s bt e s ae e s ae e et e et e e nbe e sheesanesabe e b e e b e e nbeennees 53
Appendix A: Calculation for catalyst SYNtheSIS ......cccuiiiiiiiiie e 62

Vi



Vi



List of Figures

Figure 1.1: Total gas emissions based on CO; equivalent [2]........cccccvevevirieveienceenieseeese e, 1
Figure 1.2: Use of syngas in the chemical iNdUSLry [6].........cceeeririerinieereeee e 2
Figure 1.3: Diagram of an ATR [9]....cci oottt s sa e sre s e e sane e e 4

Figure 1.4: Plot depicting the variation of Gibbs free energy (KJ) with temperature (°C) based
on values in Table 1.1 for dry reforming of methane (DRM), Methane decomposition (MD),

Boudouard reaction (BR) and reverse water gas shift (RWGS). Red line indicates AG=0. ........... 5
Figure 2.1: Relative weight increase as function of temperature for two Ni catalysts determined
DY TGA [25] .ttt h et bt h e bbb bt e h bbbttt b et b et ne e 8

Figure 2.2: Proposed model of the formation mechanism of noble metal-Ni bimetallic particles
during the reduction pretreatment: Pd(0.1)+Ni(0.9)/y-Al203 (Co-impregnation) and

Pd(0.1)/Ni(0.9)/y-Al203 (Sequential impregnation) [57]. ..ccocecereerereeere e 12
Figure 2.3: Temperature-programmed reduction of Pd-Ni/y-Al,O3 catalysts [57].......ccccvvvennenee. 13
Figure 3.1: Isotherms generated by the technique of volumetric chemisorption. A: Chemisorbed
+ Physisorbed, B: Physisorbed, C: Chemisorbed (Langmuir-type isotherm) [78].......cccccoevruveneee. 19
Figure 3.2: Schematic of the experimental SEIUP.........ccocerereriri e 24
Figure 4.1: X-ray diffraction spectra of the supports before calcination, and supports and
monometallic nickel catalysts calcined at 600 OC.........cccceiiiieieiieiese e e 26
Figure 4.2: X-ray diffraction spectrums of Ni/fSCCa and noble metal (Pt, Pd, Rh, Ru) modified
Ni/SCCa. The calcined support is shown at the bottom for reference..........cccoovevvevivveeviceenenne. 27
Figure 4.3: Nitrogen adsorption isotherms at relative pressure 0.05-0.30 P/Po....c..ccccecevveveunnnee. 28

Figure 4.4: N, adsorption-desorption isotherm and pore size distribution: (a) Mesoporous
alumina with surface area 812 m?/g, pore volume 0.83 cm?®/g and narrow pore size distribution,

(b) commercial y-Al203 with surface area 220 m?/g and pore volume 0.54 cm®/g [87]................ 29
Figure 4.5: lllustration of active metal diSPErSiON ..........ccevieeeviiiiecerecee e 31
Figure 4.6: Reduction rate profiles for two reduction mechanisms [79]; A: Auto-catalyzed, B:
Surface reduction Of ACHIVE SPECIES........cciiiieeicee et re e reese e e e 33
Figure 4.7: Reduction profile of (a) pure NiO and (b) NiAI204 [84] .....cccoeveiiiiniriereeeeee 33
Figure 4.8: TPR profile for Ni/Al,O3 catalyst prepared by incipient wetness and calcined at 450
°C with Ni loading: (a) 1.8 wt%, (b) 5.3 wt%, (c) 11.3 wt%, (d) 16.4 wt%, (e) 24.8 wt%............... 34
Figure 4.9: TPR profiles of Ni-Al203 catalysts calcined at 600 °C, heating rate 10 °C/min in 5%
H> in N> [91] .............................................................................................................................................. 35

Figure 4.10: TPR profile of Ni(12 wt%)/Th and Ni(12 wt%)/SCCa catalysts calcined at 600 °C.36
Figure 4.11: TPR profile of Ni(12 wt%)/SCCa and noble metal (0.5 wt%) modified Ni/SCCa

catalysts calcined at 600 OC. .......coiiiiieeieeere ettt sttt ettt ste et e tesreeeenreeneennene 38
Figure 4.12: Blank experiment at room temperature with 50% CH,4 and 50% CO-, at total
FIOWrate 100 SCMB/MIN....cuiuiiiiiiieieieir ettt s s es s b et seas 39
Figure 4.13: Blank experiment at 700 °C with 50% CH4 and 50% CO, at total flowrate 100
SCIMPIMIN. 1.ttt ettt bt s ettt s bbbt s et e bt et es e st et e seas 40
Figure 4.14: Left: Catalyst diluted in y-Al203; Right: fraction of deposited carbon in the small
stainless steel tube and quAartz WOOI PIUGS..... ..o 41

Figure 4.15: Influence of GHSV of feed gas mixture on the conversions of CH4 and COa,
bottom right: H2:CO product mole ratio, over Ni (10 wt%) - mesoporous alumina prepared by
modified co-precipitation method at 700 °C [92]. ....ceciiieieieeee st 42

viii



Figure 4.16: The effect of GHSV on conversion feed conversion: Ni-Al,O3-ZrO3 prepared by
impregnation (NAZ-1) with average patrticle size 57.7 nm, Ni-Al.O3 plasma treated (NA-P) with
average particle size 35.8 nm and Ni-Al,O3-ZrO; plasma treated (NAZ-P) with average patrticle

SIZE 35.3 NIM [OB]. . eeeiiiieie ettt ettt ettt et st e et e st e e re et e s beessesteeseestesteessansesseensesseeseensenns 43
Figure 4.17: Conversions of CH4 for monometallic Ni/y-Al,O3 catalysts........ccccceveencenccneennen 44
Figure 4.18: Product selectivity and H2/CO ratio of monometallic Ni catalysts............ccccceeuvenenee. 44
Figure 4.19: CH4 conversions for noble metal (0.5 wt%) — Ni (12 WT%) catalysts at 700 °C and
GHSV 120,000 SCMB G N ettt 45

Figure 4.21: CO- conversions for all the catalysts at 700 °C and GHSV 120,000 Scm? g* h..46
Figure 4.22: Selectivity of H; for all catalysts at 700 °C and GHSV 120,000 Scm® gt h?. ....... 47
Figure 4.23: Selectivity of CO for all catalysts at 700 °C and GHSV 120,000 Scm® g* h™. ........ 47
Figure 4.24: H2/CO ratio for all catalysts at 700 °C and GHSV 120,000 Scm® g* h™. ................ 48
Figure 4.25: Conversion of CO2 and CH4 dependence on temperature for RhNi/SCCa at 600,

650 and 700 °C and GHSV 120,000 SCmM3 gl N, .ot 49
Figure 4.26: Catalyst selectivity for RhNi/SCCa at 600, 650 and 700 °C at GHSV 120,000 Scm?
O s ettt ettt ettt et ettt ettt e s et et eae st et e ae s et et ere s et eteae s eretan 50



List of Tables

Table 1.1: The DRM FEACTHIONS. .....c.ccctririririeieiee ettt sttt sttt ettt bbbttt et sb e sbesae st e e e e e e neene 5
Table 2.1: Tammann temperatures of common metals used in DRM..........cccccooveienineienenceenee, 9
Table 2.2: List of modified Ni catalyst with noble metals and their effects on the catalyst

[0 L=T (0] 4 1 0= o =P 14
Table 3.1: SUPPOIt SPECITICALIONS .....ccueceieiicieeeceeeeee ettt et aesaesreeaanae s 21
Table 3.2: List of synthesized catalysts in thisS WOIK.............cooiiieiiririeeeeeeeee e 22
Table 4.1: Physical analysis results for supports and calcined catalysts............cccocevveecerervenienen. 30
Table 4.2: Dispersion results obtained by chemisorption............cccecevereeennereneeeeeeen 31
Table 4.3: Catalyst activity and stability for Rh(0.5 wt%)Ni(12 wt%)/SCCa with GHSV 120,000
Scm? gt ht at different temperatures. 49



1 Introduction

1.1 Background

Natural gas reserves are abundant, and todays discovered reserves equals about 200 years of
supply at current demand. Natural gas is presently one of the cheapest sources of energy
available [1]. A vast amount of additional natural gas has been discovered through unconventional
gas (e.g. unconventional shale gas from North America) and is starting to be produced. The
increase in production is expected to help maintain a low gas price in the future, which is beneficial
in regards to utilizing natural gas as a feedstock for the petrochemical industry. Concerns related
to the impact that CO2 might have on the climate could further facilitate the use of natural gas.
Increasing concentration of Greenhouse gases (GHGS) in the atmosphere is proposed to have a
negative effect on the climate, causing the global surface temperature to increase. Natural gas is
the cleanest fossil fuel available and could be used to reduce CO, emissions in sectors where olil
and coal is used as the primary source of energy.
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Figure 1.1: Total gas emissions based on CO:2 equivalent [2]

GHG emissions are strongly related to world population growth and consequently the growing
energy demand. The European commission has committed to reduce GHG emissions, where the
latest agreement has been a minimum of 40% cuts in GHG emissions from 1990 levels by 2030
[3]. Natural gas has the potential to reduce GHG emissions and at the same time meet the growing
energy demand. Furthermore, natural gas can be used to produce synthetic fuels and chemicals,
increasing its potential for utilization.



One strategy to reduce emissions of CO; is carbon capture and storage (CCS). CCS involves
capturing CO- from natural gas fields or large industrial pants, compressing it for transportation
and then injecting it into a safe location for storage. Possible CO, storage sites are producing oil
fields, depleted oil and gas fields and saline aquifers. In Norway a detailed analysis of the storage
capacity has been conducted [4].

Although CCS provides a relatively effective option for CO, emission reduction, it has certain
limitations [5]. It requires a high geological storage capacity and a method of transporting the CO.
from the source to the storage location, as well a high capture cost, which could require a high
capital investment cost. There is also public resistance to CCS, which could preclude certain
storage locations (e.g. storage under land). To overcome these concerns and potentially add
value to the carbon value chain, parts of the CO> could be utilized, for example by application in
enhanced oil recovery or by converting them to fuels and chemicals.

Reforming of natural gas produces a syngas consisting of H, and CO, which is already being
used to produce a range of different products (Fig. 1.2). Different reforming technologies results
in different H2/CO ratios. CO; reforming of methane has a theoretical H,/CO ratio of one, which
is lower than the typical H,/CO ratio for steam methane reforming (SRM), autothermal reforming
(ATR) and partial oxidation of methane (POM).
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Figure 1.2: Use of syngas in the chemical industry [6]

1.2 Overview of Reforming Technologies

Reforming of methane is done by oxidation, which results in a synthesis gas consisting of mainly
CO and H2. In most reforming processes, a heterogeneous catalyst is used to enhance the
process. The three oxidizing agents used in reforming are H,O in steam methane reforming
(SMR), O in partial oxidation of methane (POX) and CO- in dry reforming of methane (DRM).



Autothermal reforming (ATR) can be considered to be a combination of of a partial oxydation and
steam reforming.

1.2.1 Steam Methane Reforming

SMR is an endothermic process, which is widely used in the industry. It produces syngas by
reacting high temperature steam with natural gas over a catalyst (Eq. 1.1). Further H> is produced
through shift reactions following the main reactor, normally one high temperature shift reaction
and one low temperature shift reaction, where the water gas shift reaction (Eq. 1.2) takes place
to increase the yield of H..

CH, + H,0 & CO + 3H, AHygx = 206 k] - mol™? (1.1)
CO + H,0 & CO, + H, AHyg, = 163 K] - mol™? (1.2)

The syngas produced has a H>/CO ratio of about 3, which is higher than needed for Fischer-
Tropsch (FT) synthesis of high value products. However, the high H, content of the syngas also
makes it a viable H, source that could be used for e.g. the ammonia process or hydrogenation in
refineries. A high amount of heat is required to drive the endothermic reaction, leading to high
process costs. Operational costs and energy consumption are also increased when excess steam
is used to inhibit catalyst deactivation due to carbon deposition [7].

1.2.2 Partial Oxidation of Methane

POX is an exothermic process where natural gas is partially combusted with oxygen (Eq. 1.3 and
1.4). Typical operating temperature for POX is 1200 — 1500 °C and 25-80 bar. Catalytic partial
oxidation (CPOX) of methane mixes methane and oxygen before it is led to a catalyst bed. The
use of a catalyst lowers the required reaction temperature to around 800 —900°C. POX and CPOX
yields a H2/CO ratio of about 2 [8].

CH, +50; & CO + 2H, AH%gx = —32 K] - mol™? (1.3)
CH4_ + 02 d C02 + 2H20 AH(2)98K - _802 k] . mol_l (14)

Due to being an exothermic reaction, POX has an economical advantage compared to SMR and
DRM from one perspective. In most cases a pure source of Oz is needed, which could lead to
higher costs in the form of the O, source and necessary precautionary measures related to the
risk of explosion [9].

1.2.3 Autothermal Reforming

An ATR contains a combustion zone at the top and a catalyst bed at the bottom of the reactor.
The natural gas is premixed with a sub-stoichiometric amount of oxygen and steam before being



ignited in the combustion zone (Eq 1.3 and 1.4). The hot gasses continue to react through the
reactor, but are far from equilibrium as they approach the catalyst bed. Reaction 1.1 and 1.5
occurs as the gasses pass through the catalyst and exit close to equilibrium. The temperature in
the combustion zone is approximately 2000 °C and in the reforming zone 900 - 1100 °C [8]. Figure
1.3 shows a schematic of a typical ATR reactor.

Oxygen/air
(or enriched air)
Feedstock
and steam —
Combustion
/ A chamber
LU Catalyst

) " bed
>

ﬁ%
" Synthesis
gas

Figure 1.3: Diagram of an ATR [9]

ATR can produce a H2/CO ratio of 1 to 2 and is therefore a more flexible option compared to other
reforming technologies [10]. The compact reactor offers moderate cost, size and weight
requirements. Steam must be added to avoid the formation of soot during combustion, and it
contributes to higher costs. An extensive control system for mixing the gases is also required to
control the reaction. In addition, the high temperature of the gas mixture entering the catalyst bed
requires a catalyst and carrier system with high thermal stability [11].

1.2.4 Dry Reforming of Methane

In DRM methane reacts with CO2 to produce syngas over a heterogeneous catalyst. DMR is
slightly more endothermic than SMR and is favored by low pressure and high temperature [12].
Simplistically, DRM consists of a main reaction (Eq. 1.5) and three side reactions (table 1):
Methane decomposition (Eg. 1.6), Boudouard reaction (Eq. 1.7) and Revers Water Gas shift
(RWGS) reaction (Eqg. 1.8). Methane Decomposition and Boudouard reaction are proposed to be



the main reactions leading to carbon deposition depending on pressure, temperature and feed
gas ratio.

Table 1.1: The DRM reactions

Re_actlo_n Reaction 298K AGO React_lon Eq.
Designation KJ - mol~1 priority
DRM CH, + CO, < 2CO + 2H 247 61770-67.32T Main (1.5)
4 2 2 : Reaction :
Methane Side
Decomposition CH, & C+ 2H, 75 29960-26.45T : (1.6)
. Reaction
(Methane Cracking)
Boudouard (CO 2C0 & CO, +C 471 -39810+40.87T  Sde (1.7)
Disproportionation) reaction
Revers Water Gas Side
Shift (RWGS) €O, + H, & CO 4+ H,0 41 -8545+7.84T Reaction (18

Based on the Gibbs free energy from equation (1.5) to (1.8) [13], the thermodynamics of the
reactions involved in DRM are shown in Figure 1.4,

45000 | ——DRM —MD —BD RWGS - = =AG=0
35000
25000
15000

5000
-5000
-15000

Gibbs free energy (kJ)

-25000
-35000

0 200 400 600 800 1000
Temperature (°C)

Figure 1.4: Plot depicting the variation of Gibbs free energy (KJ) with temperature ("C) based on values in Table 1.1
for dry reforming of methane (DRM), Methane decomposition (MD), Boudouard reaction (BR) and reverse water gas
shift (RWGS). Red line indicates AG=0.

It can be seen that the DRM and methane decomposition (MD) reactions become
thermodynamically more favored as the temperature increases. The DRM reaction is favored by
low pressure based on the stoichiometry of the reaction and Le Chatelier’s principle. On the other
hand, the Boudouard reaction (BR) and the RWGS are favored with decreasing temperature. It is



worth mentioning that operating at low pressure is not favored in industrial applications, where it
would require a large reactor and recompression for downstream processes. However, increasing
the pressure leads to an increase in carbon deposition [14].

One of the advantages of DRM is a lower H»/CO ratio (about 1) that for instance could be
advantageous in FT synthesis. Excess H, suppress chain growth and decrease the selectivity of
higher hydrocarbons in the FT process [15]. DRM also consumes both CO;, and CH4 which are
two abundantly available greenhouse gases. As DRM is highly endothermic, the source of energy
used to supply heat is of importance when considering CO, emissions. It could therefore be useful
in energy transmission systems to store excess energy from renewable sources (e.g. solar [16]).
Natural gas reserves and biogas with a high CO, content could potentially be used directly for
DRM and potentially add value to the project. The main challenge in DRM is related to catalyst
deactivation, mainly due to significant carbon deposition on the surface of the catalyst.

1.3 Scope of the present work

The objective of this work was to: a) compare alumina supported nickel based catalysts with
modified catalysts with small amounts of noble metals, b) Conclude and suggest further focus in
catalyst development.

The following steps were taken to attain this objective:

1) Synthesize through incipient wetness method monometallic nickel based catalysts over
two different supports and also bimetallic nickel based catalysts with low amounts of
noble metal.

2) Characterize the catalysts: a) physically for crystallinity using X-ray diffraction (XRD),
surface area through Brunauer Emmett Teller (BET) method, b) chemically for bulk
metallic reduction using Temperature Programmed Reduction (TPR) and metallic
dispersion and active species particle size using chemisorption.

3) Test the catalyst in a laboratory scaled fixed-bed stainless steel reactor at temperature
of 600, 650 and 700 °C, at atmospheric pressure and GHSV of 120,000 Scm® gth™.

4) Analyze the converted gases by TCD gas chromatography.



2 Literature Review: DRM Catalysts

2.1 Nickel Based Catalyst

The active metals used in DRM belong to Group VIl and are divided into earth-abundant transition
metals and noble metals. Ni has shown the highest activity of the non-noble metals, and is the
most widely studied active metal for DRM. However, it suffers from rapid deactivation due to
carbon deposits [17, 18]. The carbon deposits are proposed originate from methane cracking (Eq.
1.6) and/or CO disproportionation (Eqg. 1.7) and depends on the thermodynamic variables and
active metal species [19].

The deposited carbon can have different structural order, morphology, and reactivity, depending
on the specific reaction conditions and structure of the catalyst [20]. The main types of carbon
formed in DRM on supported metal catalysts are; polymeric, filamentous (e.g. whisker carbon),
graphitic and bulk carbon [21, 22]. Polymeric coke is proposed to derive from thermal
decomposition of hydrocarbons, whereas the filamentous and graphitic forms of coke are formed
on the catalyst. Studies have revealed that the nickel crystallite size have significant effects on
the degree of carbon formation on the catalyst, where smaller particles are more resistant to
carbon formation [23, 24, 25]. In literature, both 10 nm and 7 nm have been suggested as the
critical size for metallic nickel particles to inhibit carbon formation [26]. Amorphous carbon has
been reported the most active and can rapidly be consumed by the Boudouard reaction (Eq. 1.7).
Whereas the filamentous and graphitic types of carbon are proposed to not block active sites, but
are consumed at a lesser rate than amorphous carbon. It has been suggested that bulk carbon
causes a rapid loss of activity through physical coverage of the active sites, and that it is not
consumed in the Boudouard reaction [27].

The size of the nickel particles is also important for catalytic activity which is related to the
available nickel surface area. Smaller particles will yield a higher surface area compared to larger
particles when the same amount of Ni loading is considered. Metal sintering is a process which
leads to particle growth and occurs at temperatures lower than the metals melting point. The
Tammann temperature is the temperature at which the atoms or molecules of the solid metal
phase acquire sufficient energy for bulk mobility and the Tammann temperature for Nickel is
591°C [28]. Surface diffusion happens at even lower temperature than the Tammann temperature.
DRM is normally operated at high temperatures (600-800°C), and sintering is considered as one
of the problems in DRM. The growth of the Ni particles reduceses the activity of the catalyst,
directly by reducing the surface area and indirectly by increasing the carbon formation rate.

The durability of the catalyst is related to the stability of the nickel particles and the carbon
formation rate. The relationship between nickel particle size and carbon formation rate was
investigated by thermogravimetric analysis experiments (TGA) [25] where the two catalysts had
different mean nickel particle size (1020 A, 15 wt% Ni loading and 70 A, 0.92 wt%), but similar Ni
surface area, pore system and activity. They found that the onset temperature for carbon
formation was approximately 100 K higher for the smaller 70 A Ni particles and that the carbon
formation rate was much smaller (Figure 2.1).
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Figure 2.1: Relative weight increase as function of temperature for two Ni catalysts determined by TGA [25]

There are different carbon species that can be formed on the catalyst with different reactivity.
Carbon growth will progressively encapsulate the Ni particles, hindering access to active sites
and thereby reducing the activity [29]. Severe carbon deposition could lead to blockage of the
pores, which in turn could hinder the flow through the catalyst and force the catalyst to be
changed. In addition to the carbon formed on the catalyst, overheated gas film at the tube wall
can act as a source of radicals and coal precursors, which in turn can lead to carbon formation
along the tube wall of the reactor [28].

Although less attention is often given to the role of the support, it can have a significant effect on
the overall catalytic behavior. A range of different supports has been tested for DRM. The supports
role to disperse and stabilize the active metal is important to achieve a catalyst with high activity
and long-term stability. Supports based on silicates and aluminates have been two of the most
often investigated supports for DRM [30], but research is being done using different support to
improve the catalyst. Under DRM conditions, migration of adsorbed species from the active metal
to the support and vice versa can take place. It is evident that the support thereby can play a role
in the DRM reactions [31]. One of the factors involved in the carbon deposition is the catalyst
surface basicity [32]. Different supports have different acidic/basic properties. The basic sites of
the support can improve the adsorption and dissociation of the acidic CO» [33]. One of its effects
is an increase in available oxygen that can increase the regasification rate of deposited carbon
and thereby enhance the durability. The basicity can also have an impact on the overall oxygen
mobility, which is connected to the catalyst ability to transfer oxygen to the deposited carbon. The
size of the Ni particles is suggested to be connected to the overall participation of the support
through the metal-support interfacial zone [34], implying that small Ni particle size has a
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synergetic effect with the support. It appears that detailed analysis of the supports contribution is
often overlooked and problematic to determine. In any case the tuning of the interaction between
the active metal and support appears to be challenging and of importance for optimal catalytic
properties.

Further improvements can be done through catalyst promoters [35], which are substances that
are added in small amounts to improve the catalytic performance. Different promoters have
different effects and the added amount is often of importance. One example is potassium, and a
study on potassium promoted Ni/MgO-ZrO, showed improved thermal stability and resistance to
deactivation with increasing loading reaching an optimum at 0.5 wt.% [36]. The different
promoters offer a diversity of effects, including enhanced metal dispersion over the support [37],
blocking step sites on the nickel particles thereby disrupting coke formation, improving
regasification rate of carbon, improving stability of the active metal and altering the type of formed
coke (e.g. Ag [38]).

Research is also being conducted on the effects of the preparation method [38] and using
advanced reactor configurations [39]. It is evident that there are several factors that affect the
catalyst's performance in each step, from catalyst preparation to catalyst reactor setup. In the
case of Ni based catalyst, the need for small Ni particles highly dispersed and stabilized on the
support is evident, but remains a challenge.

2.2 Nobel Metals in DRM

Numerous studies have been done on monometallic noble metal catalysts. Noble metals exhibit
higher resistance to coking, high activity for dry reforming and are highly stable at high
temperature applications [40]. Metal sintering is related to the Tammann temperature (Table
2.1) and on this basis rhodium, ruthenium and iridium are superior to Ni in terms of particle
stability against sintering.

Table 2.1: Tammann temperatures of common metals used in DRM

Metal Tammann temperature | Metal Tammann Temperature
Fe 630°C Co 610°C
Ni 590°C Pt 750°C
Pd 640°C Rh 845°C
Ru 990°C Ir 1085°C

To investigate sintering of platinum, a PtAl,O3z catalyst prepared by the sol-gel method was used
[41]. The catalyst was heated in air at 700 °C. The results showed a rapid growth in particle size
where the mean diameter increased from 50 to 300 A after 8 hours. The catalyst stability is of
importance and one would expect that the sintering observed in this case would lead to rapid
deactivation, rendering the catalyst not suitable in DRM applications.

On the other hand, nanoparticles of Ru supported on y-AlO3 was subjected to heat treatment in
hydrogen up to 700 °C [42]. It was found that the particles were stable up to 500 °C and minor
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sintering of Ru occurred at 600-700 °C. A general conclusion so far is that the Tamman
Temperature gives a good indication of the metals stability. Although as previously mentioned for
Ni, there are several other factors that must be considered that could affect the stability of the
catalytic particles.

In literature, studies of noble metal catalyst have revealed inconsistencies in the results presented
by different groups [43]. A comparison of noble metals (5 wt%) supported by Al,O3 was conducted
by Hou et al. [44]. The catalysts showed high coking resistance and stability in the order of
Rh>Ru>Ir>Pd>Pt and was in agreement with the findings of Matsui [45]. The relatively lower
stability of Pt and Pd supported catalysts is attributed to sintering of the metal particles [46].

The support is known to affect the performance of the catalyst, and that different supports function
differently with the active metals [46]. Moreover, it is evident that this is the case for noble metal
catalysts, and the support contribution can be in the form of altering the reaction mechanism.
Ferreira et al [43] investigated a Ru/y-Al.O3 catalyst and found that CO, is more efficiently
activated on the support through the supports basic sites. Further studies by Nagaoka et al. [47]
using different supports showed that the activity order at pressure of 1 bar was consistent with
the basicity of the support.

One of the drawbacks of noble metals is related to their high cost and availability compared to
earth abundant transition metals, such as Ni. Improving the stability and the resistance to carbon
deposition are of vital importance for developing a commercially viable catalyst for DRM that could
be scaled to industrial applications. The properties of noble metals are therefore highly valued,
and incorporating them through a bimetallic system appears to be a promising solution. Utilizing
noble metals in small amounts as a promoting metal is also considered a more attractive option
from an economical point of view.

2.3 Bimetallic Ni Based Catalysts

Bimetallic catalysts have shown promise and has the potential to combine the attributes of
different metals. Studies have been conducted by combining other metals with Ni to improve the
catalyst for DRM, such as Co, Fe and noble metals. A 5%Co0-5%Ni/Al203-ZrO2 catalyst improved
the surface area and pore distribution in addition to show an increase in active sites after reduction
[48]. TGA experiments also showed enhanced resistance to coking for the Co-Ni bimetallic
catalyst. Fe-Ni/MgAI203 likewise indicated lower carbon deposition on the spent catalyst [49]. In
this case it was attributed to the fact that Fe could be oxidized by CO; to FeOy. FeOy acted as an
oxygen carrier and improved the oxidation of the surface carbon from methane decomposition
(Eqg. 1.6) on Ni particles.

The structure of the bimetallic particles when Ni is modified by other metals, is important to
achieve optimum synergetic effect. It seems that the second metal influences the metal particle
size and that the added amount is of importance. For example, Ni/a-Al.Os; modified by noble
metals showed that the noble metals influenced the average metal particle size differently.
Increasing the additive amounts of Pd, Rh and Ru lead to an increase in average particle size,
while Pt and Ir had the opposite effect [50].

In terms of carbon formation, the effect of Ru loading was studied using a perovskite
LaNi1xRuxO3 catalyst [51]. The catalyst with LaNiosRuo 203 showed the highest resistance to
carbon deposition, although with the drawback of reduced activity. Another aspect is the type of
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carbon formed and its reactivity. Carbon formed on the PdNi bimetallic catalyst was found to be
more reactive than the carbon formed on the monometallic Ni catalyst [52], which suggests that
the addition of Pd alters the structure of the formed carbon. Pt was also found to show this feature
through the formation of more reactive intermediate carbonaceous species. This attribute would
be advantageous to the catalyst as the activity would remain high despite the carbon deposits
and possibly result in more easily removable carbon, which could be beneficial in catalyst
regeneration.

Pt, Pd and Rh incorporated to Nipo3Mgoe7O increased the activity gradually with noble metal
loading, reaching a maximum before decreasing with further addition [53]. A drastic improvement
in catalytic stability was also found when noble metals were added. The main cause of
deactivation was found to be due to oxidation of active Ni species and therefore the increased
stability was attributed to enhanced reducibility caused by the noble metals. A different study
performed temperature programmed oxidation on a spent NiRh/CeO2-ZrO2 catalyst and the
results indicated that there was no direct relation between catalytic activity and amount of surface
carbon. Thus deactivation was proposed to be caused partially by oxidation of Ni into NiO and
coke formation [54].

The synergy between metal components is of interest, and combining two metals could result in
a catalyst with the desired activity and selectivity. Monometallic Rh catalysts shows good stability
and decent conversions for DRM, but favors conversion of CH4 and somewhat relies on the
support to achieve high conversions of CO,. Ni on the other hand has high conversions of both
reactants, but is highly susceptible to carbon deposits. In combination Rh and Ni was found to
utilize the best of both metals through Ni being more active in the CO» conversion, Rh more active
in the CH4 conversion [55] and thereby increasing the overall activity compared to what is
achieved by each metal alone. Additionally, the higher carbon deposit resistance of Rh was
preserved in the bimetallic catalyst.

Previously, the effects have been described by only focusing on the noble metal content in the
bimetallic catalyst. Different studies have used different Ni loading, and it would therefore be
beneficial to relate the noble metal content directly to the Ni through a metal/metal ratio. A study
on Pt(0.3-0.5 wt%)-Ni(1-12 wt%) bimetallic catalyst showed that the Ni loading should be taken
into consideration [56]. The activity of the catalyst was improved by increased Ni loading.
However, the carbon deposition was increased at Ni loading over 6 wt%, indicating that the Pt/Ni
ratio is important when considering carbon deposition. The promoting effects of the noble metal
seem to be present until a point where the behaviors of the Ni particles start to dominate. In the
same study [56], both a sequential- and co-incipient wetness catalyst were prepared in order to
compare the effect of the preparation method. The catalyst prepared by sequential impregnation
was found to have smaller average Ni particle size. This indicates that the bimetallic particles can
tailored and that the structure is of importance.

Li et al [57] investigated the structural effects of bimetallic noble-Ni catalysts. Pd-Ni/y-Al>O3
catalysts with similar metal particle size, prepared by the co-impregnation and the sequential
impregnation method was used for the analysis. Figure 2.2 shows the proposed model of
formation of Ni-Pd particles for both preparation methods, and sequential impregnation results in
a higher surface concentration of Pd particles.
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Figure 2.2: Proposed model of the formation mechanism of noble metal-Ni bimetallic particles during the reduction
pretreatment: Pd(0.1)+Ni(0.9)/y-Al203 (Co-impregnation) and Pd(0.1)/Ni(0.9)/y-Al203 (Sequential impregnation) [57].

Temperature-programmed reduction revealed that the addition of Pd resulted in a lower reduction
temperature, of which the catalyst prepared by sequential impregnation showed the greatest
improvement (Figure 2.3). The interaction between the noble metals and the support are not as
strong as in the case of Ni, and therefore have a lower reduction temperature. Furthermore, the
addition of noble metals weakens the Ni-support interaction and thereby enhances the reducibility
of the NiO species. The increased reducibility of the sequential impregnation catalyst can be
attributed to the higher amount of Pd particles on the surface.
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Figure 2.3: Temperature-programmed reduction of Pd-Ni/y-Al2O3 catalysts [57]

The same study additionally investigated the surface of the bimetallic Pt(0.2) + Ni(0.9) and
Pt(0.2)/Ni(0.9) catalysts by Fourier transform infrared spectroscopy of CO adsorption [57]. It was
found that Pt(0.2)/Ni(0.9) showed higher resistance to oxidation. Thus it was concluded that the
Pt atoms are located more preferentially on the surface, which can be considered in relation to
TPR experiments of Pd/Ni, and indicate an improvement in reducibility.

As Rh, Ru and Ir exhibit a higher stability, one would expect that they would be less mobile
during the reduction process in comparison to Pd (Figure 2.2). One study comparing the effect
of Pd and Ru with Ni prepared by co-incipient wetness on SiO2 support, showed that the
addition of Ru improved the catalyst significantly. On the other hand, the addition of Pd resulted
in lower activity and a higher carbon formation rate [58]. The difference was attributed to the
bimetallic particle structure, where more of the Pd particles were found to be on the surface. In
the case of Ru, it was found that the clusters of Ru were mainly covered by Ni [15, 58, 59], and
therefore the formation of small Ru particles led to high Ni dispersion. The result for the Pd
modified catalyst appears contradictory to the findings of Li et al [57], which suggested that a
higher concentration of Pd at the surface was beneficial. A comparison of the effects of different
noble metals can be found in Table 2.2, and it is apparent that there are differences in the
findings by different groups.
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Table 2.2: List of modified Ni catalyst with noble metals and their effects on the catalyst performance

Catalyst Noble = Noble Ni Additive effect of noble Ref
metal metal  Content metal
(Wt%) (Wt%)
M/Nio.0sMg0.970 Pt, Pd, 0.007- 3 A 'S, R [53,
Rh 0.032 60]
Rh/Ni/Al203 Rh 0.05-0.2 10-18 A [61]
M + Ni/SiO> Pd, 0.6 2 Pd: -A, -C [58]
Ru Ru: A, S,C,R
Ru + Ni/SiO; Ru 0.2-0.6 2 A(Si0,>ZSM-5), [59]
Ru + Ni/ZSM-5 Ru 0.2-0.6 2 R, higher dispersion for
SiO:
Pt/Ni/ZSM-5 Pt 0.3-0.5 1-12 A (increased with [56]
Pt + Ni/ZSM-5 Pt 0.3-0.5 1-12 increasing Ni content),

C (Pt’s effect reduced
over 6% Ni loading,

Si>co-l),
R
(0.2-0.4 Ni/Si) Pd 0.5 5.4-10.8 A and S: [52]
Pd/Ni/MCM-41 (0.3PdNi>0.4PdNi>
0.2PdNi),
R
LaNigesRh.0503 Rh - - A (particle size smaller for  [62]
(Sol-gel) - - co-impregnation but less
LaNigesRh.0503 Rh thermally stable)
(co-impregnation)
NiRh/CeO2-ZrO; (Sol- Rh 0.5 4.5 A'S [54]
gel)
Rh + Ni/a-Al;O3 Rh 0.1-1.0 10 A C [63]
RhNi/Al>O3 Rh 0.1-1.0 10 A, C (Greatest effect at [15]
highest Rh loading)
Pt/Ni/d-Al>0s3 Pt 0.2-0.3 10-15 A, C(0.3/10 Pt/Ni highest  [64]
activity and C-resistance)
Pt + Ni/nanofibrous Pt 0.4-4 10 A'S, CR [65,
Y-Al;03 66]
LaNi1xRuxOs Ru - - -A, [67]
x =[0, 0.1, 0.2, 1] C (highest effect
for x=0.2),
-R (due to strong Ru — O —
La bonds)
PtNi/nanofibrous Pt 0.4-4 10 A'S, CR [68]
Y-AlO3z (Microemulsion
method)

M/Ni: Sequential impregnation, M + Ni: Co-impregnation, A: Activity, C: Coke resistance,
S: Stability, R: reducibility

It is evident that noble metal incorporation in Ni catalyst can improve the catalytic performance
through increasing the activity, improving the reducibility, reducing carbon deposition and
improved the stability. For optimal catalytic properties, the amount of noble metal and the
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structure of the bimetallic particles should be taken into consideration. The promoting effects
exhibited by the noble metals appear to be different to some extent. In addition to the metal-
metal synergy, the bimetal-support interaction can affect the catalyst [59], further verifying that
the catalyst’s performance is down to more than the sum of its parts. From the studies reviewed
on bimetallic catalysts it seems clear that the noble metal incorporation is promising, and that
further study appears to be required to optimize such a catalyst.
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3 Experimental Theory and Procedure

3.1 Theoretical Aspect of Catalyst Synthesis

3.1.1 Incipient Wetness

The incipient wetness method involves a solution of the catalyst precursor (e.g. metal salt) equal
(or in proximity) to the total pore volume of the support. The solution containing the active phase(s)
is impregnated onto the support structure by filling the pores with the solution. Through controlling
the concentration of metal precursor in the solution, the desired active metal loading can be
achieved. In contrast to wet impregnation, where the overall loading is limited by e.g. adsorption
and/or ion exchange, incipient wetness allows the use of a wide range of metal loading during the
deposition process.

The deposition depends on the state of the support material. If in dry state, the deposition process
is called capillary- or dry impregnation, the speed of pore filling is fast and the process is simple.
However, if the support is already in contact with the solvent (without precursor) the deposition
mechanism is known as diffusional impregnation [69].

The last stage is to dry the sample to evaporate the solvent. The drying conditions, as well as the
composition of metal components in the system (e.g. monometallic vs. bimetallic), affect the final
distribution of the active metal phase(s) [70]. In addition, the distribution profile of the active
phase(s) depends on factors related to the solvent (e.g. viscosity), pore size distribution and on
the mass transfer conditions within the pores during impregnation and drying [71].

3.1.2 Calcination

Calcination is the high-temperature treatment of prepared catalyst in air or inert atmosphere. The
precursors used to synthesize the catalyst might result in hydroxides, nitrates or carbonates,
which are not desired in the final catalyst. The purpose is to decompose and volatilize the various
catalyst precursors formed in the preparation and thereby remove impurities and unwanted
compositions from the catalyst, in addition to stabilize physical and chemical properties of the
catalyst [72].

Changes to the pore structure and the formation of new compounds can occur during calcination,
and depends on the metal components in the system, calcination atmosphere, temperature and
duration [73]. Furthermore, amorphous material can become crystalline. In case of y-Al203, the
surface area and pore volume has been shown to decrease with increasing calcination
temperature. In addition, for nickel based catalysts the nickel dispersion, the nickel surface area
and the reducibility decreased with increasing calcination temperature. The most stable catalyst
was obtained at a calcination temperature of 700 °C [74]. The study indicated that the calcination
can have significant effects on the catalyst performance.

3.1.3 Activation

Reduction is the final treatment in the production of catalysts and the purpose is to convert metal
oxides into active metals by the use of a reducing agent, such as H,. The temperature is a crucial
parameter in the reduction process and can affect the dispersion, the surface area and the extent
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of reduction for the metal-support system. The heating rate and hydrogen space velocity can also
have an impact on the surface area and the degree of reduction of the catalyst [72]. The optimal
reduction temperature is different and depends on the components of the catalyst.

3.2 Theoretical aspect of catalyst characterization

3.2.1 X-ray Diffraction

X-ray diffraction can be used to characterize crystalline materials and determine their structure.
Each crystalline solid has its own unique characteristic X-ray pattern, which is used to identify the
phase. The X-ray diffractometer consist of three basic elements: An X-ray tube, a sample holder
and an X-ray detector. A metal is used as the source of the X-rays and is referred to as the target
metal. The wavelength of the produced X-rays depends on the target metal and most commonly
Cu (1=1.5418 A) and Mo (0.7107 A) is used. The d-spacings that can be observed depends on
the wavelength through d = 4/2, and thus sets a limit to the size of the crystallites that can be
observed.

The produced X-rays are collimated and directed towards the sample. The intensity of the
reflected X-rays is recorded as the sample is rotated in the desired range (typically 5° to 70°).
When the geometry of the incident X-rays impinging the sample satisfies the Bragg Equation (Eq.
3.1), constructive interference occurs and a peak in intensity arises [75].

2dsing = ni (Eg. 3.1)
Where d: d-spacing, 6: Bragg angle, 1: X-ray wavelength, n: a positive integer

The position of the peaks in the X-ray pattern is used to determine the type of crystalline structure
that is present in the sample. One approach is to do cross matching with a database containing
information about the d-spacings of known minerals. The Scherrer equation (Eq. 3.2.) can be
used to find an approximate value of the particle size of crystallites.

Kk
¢ ™ Bcoso

(Eq. 3.2)

Where d.: average crystalline size, K: dimensionless shape factor depending on the actual shape
of the crystallite, A: X-ray wavelength, g: line broadening at half of the maximum intensity, 9:
Bragg angle

3.2.2 Textural Measurements

Surface area, pore volume and pore diameter can be investigated through the Brunauer Emmett
Teller (BET) method and Barrett-Joyner-Halenda (BJH) method. Known amounts of nitrogen gas
are released stepwise into the sample cell, where nitrogen adsorption onto the surface takes
place. The interaction between gaseous and solid phases is usually weak and therefore the
surface is cooled using liquid N to obtain detectable amounts of adsorption. Relative pressures
lower than atmospheric pressure is used in each step. The saturation pressure can be determined
by further increasing the pressure until no more adsorption occurs, regardless of pressure
increase. After adsorption the nitrogen is released from the material through heating and
guantified. The collected data is presented in the form of an isotherm, which plots the amount of
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gas adsorbed as a function of the relative pressure. Multiple points (normally in the range 0.05
to 0.3 relative pressure) or single point (intercepting the line with 0) can be used to determine the
surface area of the sample. The BET method [76] is applicable at low relative pressures and is
written in the linear form:

p _ 1 c-1
Ng(Po—p) N NgmC + (na,mc> P/Po (Eq 33)

Where p: sample pressure, po: saturation vapor pressure, na: amount of gas adsorbed at the

relative pressure p/po, Nam: the monolayer capacity, C: BET constant

From the adsorption and desorption isotherm, pore size and pore volume can be determined by
BJH method [77].

3.2.3 Dispersion

There are several methods for determining the dispersion of active metals, and the static
volumetric method is one of them. It involves supplying an adsorbing gas (e.g. Hz) into a
determined volume containing the sample. To determine the volumes and quantities of gas
accurately, it is required to quantify all volumetric spaces and temperatures within the system.
The gas adsorbed is then determined by the difference between the total amount of gas and the
gas remaining in the free space of the system. A Langmuir adsorption isotherm is created by
utilizing ultra-low-pressures and a stepwise increase in total pressure while determining the
guantity adsorbed at each pressure level.

A pressure level will first yield an adsorbed amount consisting of both physisorption and
chemisorption. To differentiate the chemisorption from the contribution of physisorption, the
sample is evacuated after completion of the initial analysis, which removes only the reversibly
adsorbed gas. Next, the analysis is repeated under the same conditions as the original analysis
and now the active area is already saturated with chemisorbed molecules. Thus, the chemisorbed
amount can be determined by subtracting the initial total adsorbed gas by the reversible adsorbed
gas in the following analysis. Figure 3.1 illustrates the development of the chemisorption
isotherm [78].
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Figure 3.1: Isotherms generated by the technique of volumetric chemisorption. A: Chemisorbed + Physisorbed, B:
Physisorbed, C: Chemisorbed (Langmuir-type isotherm) [78]

Through the Langmuir model the active sites on the surface, Ns, can be determined from the
isotherm by the relationship:

_ VmNgFs
Vol

N, (Eqg. 3.4)

Where Vn: monolayer volume obtained by static volumetric technique, Na: Avogadro’s number,
Fs: stoichiometry factor depending on adsorptive (e.g. 2 for Hz on Ni and Pt), Vme: molar volume
of the adsorptive.

The fraction of the total active metal, N1, accessible to the reactant molecules is called the
dispersion y(%) (Eg. 3.5).

Y% =254 100 (Eq. 3.5)
Nt

The active metal particle size can be estimated, but requires an approximation by assuming the
particle geometry. In the case of spherical geometry, the particle diameter can be calculated by
the following relationship:

6

4= Gemaro® "

100 (Eg. 3.6)

Where Asm: active area per gram of pure metal, p: density of the metal, 6 results from the area-
to-volume ratio for a sphere (A/V = 6/d).

The active metal area is that portion of the total metal located on the surface of particles which
are accessible to the adsorption gas and can be calculated by the formula:

Apn(m?/g) = FsngNsA, (Eq. 3.7)

Where n,: number of moles of gas adsorbed cm®/g STP determined at the monolayer, Ay: the
cross-sectional area of the active adsorptive atom.
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3.24 Temperature Programmed Reduction

The temperature programmed reduction (TPR) method vyields quantitative information of the
reducibility of the metal oxide’s surface, as well as the heterogeneity of the reducible surface. It
can determine the number of reducible species present in the catalyst and reveal the temperature
at which the reduction occurs. This information can be used to find the optimal reduction
conditions and to determine the role of second components (e.g. bimetallic catalyst).

The technique of TPR is to subject a catalyst to a programmed temperature rise, while a reducing
gas mixture is flowed over it. The reducing reaction between a metal oxide (MxOy) and hydrogen
(Eqg. 3.7) produces a pure metal M and results in a lower concentration of H, in the gas mixture.
The reduction rate is continuously monitored by measuring the change in composition of the
reactive mixture exiting the reactor by thermal conductivity [79].

MxOy (solid) + H2 - M(solid) + HZO (Eq 3-7)

From a thermodynamic point of view, the reduction of a solid oxide is feasible if the Gibbs free
energy is negative (Eq. 3.8), and thus depends on the metal species and their interaction with the
catalytic system. Thereby it is also possible to give an indication of, or possibly identify, different
metal species present in the catalyst.

AG = AG° + RTlog(

Ph,0
Hp

1120y (Eq. 3.8)

During the TPR analyses it is necessary to remove the produced water that is formed, as the
water can interfere with the measurement. In addition, it has been reported that the experimental
conditions affect the temperature at which the reduction occurs [80].

It is possible to quantitatively calculate the amount of reduced sites, and the reduction rate can
be expressed by the equation:

_d[Mx0y] _ _dlH] _
dt dt

r= k[M,0,]°[H,)9  (Eq.3.9)

Where k is a constant given by the Arrhenius equation k=Ae®R" and dT = B dt, T is the
temperature (K) and t is time (min).

As the temperature is increased linearly, it is possible to correlate the concentration variation of
the reactive gas by:

d[H;] _ _Bd[Hz]
T = _dT (Eq 310)

The TPR data offers information about the rate of change for certain parameters as a function of
temperature. By correlating reduction profiles to kinetic/thermodynamic parameters, the
consumption rate of the reactive gas r, is correlated to the flowrate ¢, to the reactor element dx
and the fraction of conversion df by the following expression:

d
r=¢ (Eq. 3.11)
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3.3 Catalyst Synthesis Procedure

The supports used in synthesizing the catalyst were Puralox Th 100/150 y-Al203 and Puralox
SCCa-5/200 y-Al203, both produced by SASOL. The active metal precursors used were
purchased from Sigma-Aldrich and can be found in Appendix A.

3.3.1 Pore Volume Measurement

In order to measure the pore volume of each support, deionized water was gradually added to 5
grams of support until water was detected on the support surface. The fact that water cannot be
absorbed anymore by the support, means that the pores are saturated. This procedure was
repeated three times to ensure that the proper pore volume was determined, and the results were
averaged. The point of saturation is determined by observation and thus is influenced by personal
experiences. The pore volume per gram of support was calculated by the following relation:

Amount of water for saturation (ml)

Pore volume = Eg. 3.12

Weight of support (g)

Table 3.1 shows the support specifications from the datasheet and the averaged pore volume
determined from the experiments.

Table 3.1: Support specifications

Support Pore Volume Loose bulk Particle Size Determined
Datasheet Density g/ml distribution pore volume
Th 100/150 1,062 ml/g 0.36 <25 um —-41.2% 1.683 ml/g
<45 uym - 71.7%
<90 um — 97.7%
SCCa-5/200 Not disclosed 0.75 <90 um — 74.6% 1.036 ml/g
<125 ym — 95.8%

The two supports had different densities. After impregnation the Th 100/150 yielded about twice
the amount in volume compared to SCCa-5/200. The determined pore volume was also high
compared to the datasheet. The pore volume listed in the datasheet is probably determined by
BET measurements.

33.2 Incipient Wetness

Catalyst synthesis was done according to incipient wetness method. A weighed quantity of
support was used as the basis to calculate the required amount of active metal precursor(s) to
achieve the desired metal loading. The crystal water in the Ni precursor was subtracted from the
total pore volume of the weighed support, in order to determine the accurate water amount to be
added. The calculated amount of water was then added to the glassware and marked before
removing the water and drying the glassware. Calculated amount of active metal precursor was
added to the dried glassware and then mixed with deionized water until the marked volume was
reached. Stirring of the mixture was performed to ensure that the precursor(s) was fully dissolved
and heat was applied if needed. Finally, the solution was added dropwise to the support and
distributed into the pores using a pallet and mortar. Drying of the synthesized catalysts was done
in air at 80 °C for 12 hours. Table 3.2 below shows the series of catalysts that have been
synthesized, with the metal loadings of Ni and precious metals.
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Table 3.2: List of synthesized catalysts in this work

Metal loading [wt %] Support Designation
Ni Pt |Pd |Rh [Ru

12 0 0 0 0 Th-150/5 Ni/Th

12 0 0 0 0 SCCa/200-250 Ni/SCCa

12 1050 0 0 SCCa/200-250 PtNi/SCCa
12 |0 0510 0 SCCa/200-250 PdNi/SCCa
12 |0 0 05]0 SCCa/200-250 RhNi/SCCa
12 0 0 0 0.5 | SCCa/200-250 RuNi/SCCa

3.3.3 Calcination

All the as-prepared catalyst were calcined in air in a Nabertherm P330 muffle furnace. Each
catalyst was loaded into a crucible that was placed inside the furnace at room temperature. The
temperature was increased by 2 °C/min up to 600 °C and then kept at 600 °C for 6 hours before
gradually being cooled to room temperature. After calcination the catalyst was crushed with a
pallet and mortar.

The effect of static air could result in a lower transportation of impurities and water vapor from the
catalyst. It should therefore be noted that the calcination was not done at optimal conditions due
to lack of necessary equipment.

3.4 Catalyst Characterization Procedure

3.4.1 X-ray Diffraction

X-ray diffraction patterns were recorded for calcined catalysts at room temperature by a Siemens
D500 X-ray diffractometer using CuKa radiation (A = 1.5418 A). The analysis was performed from
10° to 100° with a step size of 0.030°/min. The divergence slit was set at 1° and the diffractometer.
The peaks were identified by comparison with standards in a database.

3.4.2 Textural Measurements

BET surface area, pore volume and average pore diameter of the synthesized catalysts were
measured using Tristar Il 3020 (Micromeritics) by adsorbing N at its liquefaction temperature of
77 K. Prior to the N, adsorption process, the catalysts were degassed at 120 °C for 5 hours. About
0.2 g of catalyst was used for each measurement. All the runs were performed with 6 adsorption
points (0.05 — 0.3 relative pressure).

3.43 Dispersion

The active metal dispersion and particle size was measured by Chemisorption (ASAP 2020 Plus,
Micromeritics). The sample was placed in a quartz u-tube and held in place by a quartz wool plug.
About 0.2 g of catalyst was used for each measurement. First, the sample was pretreated to dry
the sample and remove impurities with He flow while the temperature was ramped from ambient
to 200 °C at a rate of 25 °C/min. Then the sample was heated to 600 °C at 10 °C/min with flow of
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H». After reducing the catalyst for 30 minutes at 600 °C, the sample was cooled to 35 °C at a rate
of 10 °C/min. After pretreatment, the chemisorption isotherm was determined as described in
3.2.3 by using 13 pressure points below atmospheric pressure, yielding the active metal
dispersion and particle size.

3.44 Temperature Programmed Reduction of Catalyst

Temperature programmed reduction (TPR) of the catalysts were performed in an AutoChem Il
2920 (Micromeritics) fixed bed reactor. About 30 mg of catalyst was loaded in a 6 mm inner
diameter (ID) quartz u-tube. The catalyst was held in place by a quartz wool plug. A thermocouple
was inserted approximately 1 mm above the catalyst bed and ran axially through the quartz
reactor, in order to measure and control the bed temperature. The temperature was ramped from
ambient to 950 °C at a rate of 10 °C/min while flowing 10% H2/Ar at 50 ml/min over the catalyst.
After the measurement, the amount of H, consumed, which is quantified by a TCD detector signal,
was plotted as a function of temperature.

3.5 Dry Reforming of Methane

3.5.1 Calibration of the Gas Chromatogram (GC) column

The GC was used to analyze the effluent gases resulting from the DRM reactions. The GC was
calibrated to find the response time of the different compounds. The main products in DRM are
H», CO, CH4, CO; and relatively small amounts of H.O. H»>O is removed from the gas before
measuring. Byproducts formed in the reaction are in very low concentration and has therefore
been neglected [81]. Calibration was done using a calibration gas containing 5% Propylene, 5%
Ethylene, 5% N2, 20% CO2, 20% CO, 20% H> and 25% CHa.

3.5.2 Experimental Setup

A schematic of the experimental setup can be found in Figure 3.2. The feed units consist of four
gas feed lines for N2, CH4, H2 and CO3, each having a manual pressure regulation valve set to
5 bar. Following, is the mass-flow controllers (Alicat) which regulates the flowrate of each gas
according to the set flowrate. In front of the reactor is a safety pressure relief valve in order to
avoid pressure buildup in the reactor. A pressure gauge is also installed prior to the reactor to
monitor the pressure. The reactor is a stainless steel tube with a 1/2" internal diameter, and
heating is done by an electrical oven surrounding the reactor controlled by a temperature
regulator (Eurotherm 3280). The temperature was measured by a K-type thermocouple
positioned axially inside the reactor. To position the catalyst bed just below the thermocouple, a
stainless steel tube with internal diameter of 9mm was placed in the bottom of the reactor. The
gasses are preheated before entering the reactor by passing through the oven. A pressure relief
valve and a pressure gouge are also installed after the reactor. The gas mixture then passes
through a coalescing filter to remove water from the gas. A pressure controller (Alicat) is used to
maintain the reaction pressure at 1 atm. To ensure a stable flowrate to the GC, a splitter is used
and the gasses were vented after measurement.
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Figure 3.2: Schematic of the experimental setup

353 Experimental Procedure

For each run, 50 mg of catalyst was measured and mixed with SCCa at a ratio of 1:10 to avoid
hot spots in the catalyst bed and dilute the catalyst to reduce the risk of blockage. A quartz plug
was placed on top of the 9mm stainless steel tube in the bottom of the reactor and then the diluted
catalyst was added. The reactor was heated to 600 °C at a rate of 5 °C/min with a flowrate of 50
Scm®min of N,. Reduction was done at 600 °C for 6h with 50% H, and 50% N at a combined
flowrate of 100 Scm3/min. After reduction, the temperature was increased to 700 °C with N; at a
flowrate of 50 Scm?®min. The DRM reaction was carried out with a 1:1 ratio of CH4/CO> with a
total flowrate of 100 Scm®/min, resulting in a GHSV of 120 000 Scm® gcart ht. The pressure was
maintained at 1 atm throughout the process. The activity was measured after ensuring steady
state (usually after 10 minutes from reaction initiation over the catalyst). All the gases were
99.99% pure and supplied by Yara Praxair. Catalyst stability was monitored continuously with
time on stream (TOS 15h). Concentration of the effluent gases from the reactor was determined
using an online GC (Agilent 7890B, thermal conductivity detector). Reactant conversions and
yields was determined by Eq. 3.13-3.16.

Xepa% = “Sisin—CCisout , 10 (Eq. 3.13)

CcHa.in
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KoY = “ozin—Ccoront 4 10 (Eq. 3.14)

Ccoz.in
Yip% = 20U 4 100 (EqQ. 3.15)
2CcHain
Yo% = —C00u 100 (Eq. 3.16)

CcHa,intCcoz,in

Where X; and Y, are the conversion of reactants and yield of products respectively, Ci; is the
initial molar fraction of component i in the feed and Ci o is the final molar fraction of component
i in the product stream [82].
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4 Results and Discussion

4.1 X-Ray Diffraction

The spectrum of y-Al>.O3 is known to have a spinel structure where Ni can occupy the tetrahedral
or octahedral sites in the structure. This leads to a decrease in the cationic deficiency of y-Al,O3
thus stabilizing the structure [83]. The XRD spectrums of the supports, with and without
calcination, and the nickel catalysts are shown in Figure 4.1. The increase in the peak observed
at 45,9° and 66,9° for the calcined support is attributed to changes to the support during
calcination that lead to a higher degree of crystallization.
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Figure 4.1: X-ray diffraction spectra of the supports before calcination, and supports and monometallic nickel
catalysts calcined at 600 °C

Nickel alumina spinel has an onset temperature during calcination temperature above 500 °C [84]
and it can be expected that it will be present in the catalysts. Stoichiometric nickel alumina spinel
(NiAl20O3) has a peak at 45.0° and 65.5°. The shift of the diffraction peaks relative to the peaks at
45,9° and 66,9° indicates that there are nickel alumina spinel species in both catalysts. A slightly
higher shift is observed for the Ni/SCCa catalyst, which could correspond to a higher degree of
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crystallinity for the nickel alumina spinel. NiAl,O3 has a characteristic peak at 37° and therefore
effects the peak at 37.1°.

The Ni based catalysts showed characteristic peaks at 43,3°, 62,9° and 75,4° for NiO. In addition,
NiO crystallites affects the peak at 37° due to its characteristic peak at 37,3°. A slight shift was
also observed for this peak for Ni/Th. The crystallite size can be calculated by the Sherrer equation
(Eg. 3.2), and width of the peak at half maximum is inversely proportional to the crystallite size.
The peak at 43.3° is slightly broader for Ni/Th, which corresponds to larger crystallite size.

A comparison of the catalysts containing noble metals to the Ni/SCCa catalyst is shown in Figure
4.2. XRD can typically only detect metal crystallites that are larger than 2-5 nm [85]. The noble
metals were not detected as oxides or alloys for any of the noble metal modified catalysts. This
is to be expected due to their low concentration. The clusters of noble metals present in the
catalysts are likely to have small particle size and be well dispersed.

NiO NiO NiO
NiAl20s NiAl20s NiAl203
] PtNi/SCCa ——RuNi/SCCa
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Figure 4.2: X-ray diffraction spectrums of Ni/fSCCa and noble metal (Pt, Pd, Rh, Ru) modified Ni/SCCa. The calcined
support is shown at the bottom for reference.

Nickel alumina spinel were detected for all the noble metal catalysts. The RuNi/SCCa catalyst
had a clear peak corresponding to NiO at 43.3°, and a slight increase in intensity was also
observed for the other noble metal catalyst. At 62,9°, both PdNi/SCCa and RuNi/SCCa had a
small peak due to NiO crystallites. Odriozola et al. found that the co-impregnated Ru(0.4 wt%)-
Ni(15.2 wt%) catalyst showed a reduction in NiO particle size in the XRD spectra [86]. From the

27



XRD spectra, it does not appear clear if Ru influenced the nickel particles size in the catalyst
investigated in this thesis.

The stabilizing effect of noble metals in the bimetallic particles could result in a lower degree of
NiO crystallization at the calcination temperature used in this work (600 °C). Therefore, it is
possible that it resulted in a higher degree of NiO remaining amorphous.

4.2 Textural Results

Nitrogen adsorption isotherm at relative pressure 0.05 to 0.3 for the catalysts can be found Figure
4.2. The isotherms indicate that the catalysts have similar textural properties, although the
adsorbed amount of N, is decreasing with metal loading. Pt and Pd show almost identical
isotherms while Ru and particularly Rh reduces the amount of N> adsorbed even further.
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Figure 4.3: Nitrogen adsorption isotherms at relative pressure 0.05-0.30 P/Po.

The range investigated is sufficient for measuring the surface area through the BET method.
However, as the Langmuir adsorption isotherm and the desorption isotherm were not determined,
the BHJ method will not yield the correct pore volume and average pore diameter. For illustrative
purposes, a typical isotherm for y-Al>,O3 is shown in Figure 4.4.
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Figure 4.4: N2 adsorption-desorption isotherm and pore size distribution: (a) Mesoporous alumina with surface area
812 m?/g, pore volume 0.83 cm3/g and narrow pore size distribution, (b) commercial y-Al203 with surface area 220
m?/g and pore volume 0.54 cm?®/g [87].

Table 4.1 shows the averaged results obtained from textural measurements for the surface area
and the results obtained from the BJH method. It can clearly be seen that the pore volume and
average pore diameter is very low. Comparing the values to the commercial y-AL>O3 in Figure
4.4, it is clear that the BJH method is not suitable at the pressure range used in the experiments
for the catalysts investigated in this thesis.

Comparing the initial state support to the calcined support, it is apparent that the support was
highly stable at the calcination temperature of 600 °C. Others have reported that nickel particles
plugs the pores of the support, which leads to a lower surface area [56]. In addition, the surface
area was found to be reduced with increasing metal loading. In our case, the surface area
decreased with the modification of noble metals. The lowest surface area was found for Rh and
Ru modified catalysts.
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Table 4.1: Physical analysis results for supports and calcined catalysts

Total Pore Metal
Catalyst ;E;(gs) lzrrrl:g/cge) Volume® df‘;’g;?gﬁg)p (c;] rri) Ioa_ding(“)
(cm3/g) (weight %)
y-Al203 (Th)® | 142.13 (150®) 0.092 2.16 -
y-Al203 (Th)®@ 140.89 0.092 2.21 -
y-Al203 (SCCa)® | 192.28 (206 @) 0.124. 2.20 -
y-Al203 (SCCa)@ 184.78 0.118 2.13 -
12Ni/Th 121.35 0.807 2.26 12
12Ni/SCCa 162.11 0.106 2.24 12
0.5Pt12Ni/SCCa 160.10 0.104 2.25 12.5
0.5Pd12Ni/SCCa 158.98 0.104 2.27 125
0.5Rh12Ni/SCCa 152.95 0.101 2.25 125
0.5Ru12Ni/SCCa 153.80 0.102 2.21 12.5

1: Support before calcination

2: Support after calcination

3: Determined from textural measurements
4: Calculated theoretical value

The two supports used was found to have a significant difference in surface area. All the SCCa
supported catalysts have similar surface area, and it is expected that the small additional
reduction in surface area for the Rh and Ru modified catalysts will not significantly affect their
performance.

4.3 Dispersion

Figure 4.3 illustrates how inaccessible metal species will affect the results obtained in the
dispersion experiment. The amount of active molecules accessible to the gas is of importance as
the dispersion is related to the available surface area. An increased amount of active molecules
would be lost inside the bulk if the particle size increases. Additionally, the inaccessible metal will
also decrease the dispersion. Thus the dispersion obtained for the monometallic Ni catalysts at
600 °C will give an indication of the available active metal in the DRM experiments in this work.
The results obtained for dispersion, particle size and active metal surface area is presented in
Table 4.2.
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Figure 4.5: lllustration of active metal dispersion

The catalysts were prepared by the same procedure. The calcination temperature is proposed
to have the largest effect on particle redistribution, thus differences in the impregnation process
is considered to have less of an impact. In regards to the large difference in the results, it is
most likely related to the support for monometallic Ni catalysts. One possibility is a higher
stability of NiO particles deposited on the Th support, thus resulting in a lower amount of Ni

migration and development of nickel spinel species. The development of nickel alumina spinel
stabilized the support structure and results in highly dispersed Ni particles. The remaining NiO
species might therefore be present as smaller particles, and the increase in crystallite size
observed is due to nickel alumina spinel not being reduced in the pretreatment. It could also be
related to the other properties of the support structure, such as the amount of tetrahedral and
octahedral sites.

Table 4.2: Dispersion results obtained by chemisorption

Catalyst Dispersion (%) Crystallite size Metallic Temperature of

(hemisphere) (nm) area (m?/g reduction in

metal) pretreatment
Ni/Th 4.2794 23,66 28.4883 600 °C
Ni/SCCa 2.3777 42.58 15.8288 600 °C

- 77 1]

Ni/Th 2.3335 202.46 3.3290 400 °C
Ni/SCCa 0.3706 273.21 1.2301 400 °C
PtNi/SCCa 3.5746 28.56 23.1977 400 °C
PdNi/SCCa 0.2248 452.92 1.4765 400 °C
RhNi/SCCa 2.5285 40.22 16.6042 400 °C
RuNi/SCCa 0.2723 373.85 1.7888 400 °C
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The dispersion and the crystallite size is calculated based on the amount of active metals that are
present in the sample. Based on the TPR data there appears to be a significant amount of nickel
alumina spinel in all the catalyst, both the dispersion and crystallite size will therefore not be
directly representative for the NiO species on the support surface. The TPR results could be used
to calculate the amount of reduced Ni species at 600 °C and thus be used for correction for the
crystallite size. This has not been done in this work but the difference in reducibility is large. Thus,
a visual estimate will be sufficient to assess the crystallite size obtained from the dispersion.

The reduction temperature used before initiating the DRM reactions was 600 °C, which will
generally not reduce the nickel alumina spinel and thus the important nickel species contributing
in the DRM reactions in this work are mainly NiO.

4.4 Temperature Programmed Reduction

44.1 Experimental Considerations

The TPR experiment was run without pretreating the sample. Impurities in the sample should
have been removed due to the high calcination temperature and therefore the results should not
be affected in this regard due to lack of pretreatment. However, it is possible that the catalyst
contained small amounts of water after calcination and after being exposed to air at room
temperature. Hydrogen spillover is sensitive to water and could affect the results. However, the
amount of water in the catalyst is expected to be very low. As the support is practically non-
reducible, the effect of spillover to the support can be considered small or negligible [88]. To verify
that the support and instrumental factors was not interfering with the measurement, an experiment
with only support material was conducted. The result showed negligible consumption of H, up to
950 °C.

442 Relevant Literature Results for Ni/Al.Os Catalyst

In section 3.2.4 the Gibbs free energy and a reaction rate was described. Both depend on the
particles themselves and their interaction with the support. The temperature ramp rate in the
experiments conducted in this work was 10 °C/min. Depending on the slope of the H:
consumption, the reduction mechanism can be determined or at least estimated. It is then
necessary to determine if the temperature range in which the increase in H, consumption occurs
can be considered constant and thereby relate to time. The aim of this would then be to determine
the mechanism related to observed reduction patterns from the TPR profiles and thereby obtain
information about the active species involved in the sample.

Figure 4.6 shows two reaction rate profiles common in TPR analysis of catalysts. In case A it is
possible to determine a maximum reduction rate which could indicate that the reduction is being
facilitated by species that are more easily reduced and is typical for auto-catalyzed reactions.
While in the case of B The reduction rate is continuously decreasing which indicates that the
reduction is dependent on the available surface species and as the available surface species is
reduce the rate also decreases [79]. To relate this to the TPR profiles, a curve of type B would
then be considered to fit with a sharp increase in H, consumption.
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Figure 4.6: Reduction rate profiles for two reduction mechanisms [79]; A: Auto-catalyzed, B: Surface reduction of
active species

Figure 4.7 shows the reduction temperature difference between pure NiO (a) and nickel alumina
spinel (b). The Al;Os support interacts with the Ni species and can thereby increases the
temperature at which reduction of NiO species occur. Generally, smaller particles interact more
strongly with the support and nickel alumina species is expected to be reduced above 700 °C.
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Figure 4.7: Reduction profile of (a) pure NiO and (b) NiAl204 [84]
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Figure 4.8 shows the TPR profiles Ni/Al,O3 obtained by Li et al. [84] and the effect of Ni loading
[84]. The heating rate used was 10°C/min and the sample was pretreated in flowing Ar at 400°C
for 1 hour. Nickel alumina spinel species has an onset temperature during calcination of about
500 °C [89] and is therefore not observed in the TPR profiles. The peak at about 250 °C increased
in intensity as the Ni loading increased. This was attributed to large particles of nickel oxide which
do not form significant chemical bonds with the underlying alumina surface.
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Figure 4.8: TPR profile for Ni/Al2O3 catalyst prepared by incipient wetness and calcined at 450 °C with Ni loading:
(a) 1.8 wt%, (b) 5.3 wit%, (c) 11.3 wit%, (d) 16.4 wt%, (e) 24.8 wt%

Figure 4.8 shows a higher reduction temperature of NiO compared to the reduction temperature
reported and shown in Figure 4.5. It seems that the difference in reduction temperature can be
due to the preparation method of the NiO. Different types of NiO powders show large variations
in behavior due to factors such as size, chemical composition, surface area, crystallinity,
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temperature of calcining and content of Ni(lll) [90]. Therefore, reduction of NiO species interacting
with the support surface can have different reduction temperatures depending on the structure of
NiO, the catalyst preparation method and to the metal-support interaction. The catalysts were
calcined at 600 °C and thus nickel alumina spinel was formed.
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Figure 4.9: TPR profiles of Ni-Al203 catalysts calcined at 600 °C, heating rate 10 °C/min in 5% H2 in N2 [91]

The NiO used in the TPR experiment in Figure 4.7 was prepared by decomposition of
Ni(NO3)2x6H20 at 400 °C for 4 hours. No information was given about the preparation of the pure
NiO used in the TPR experiments (Figure 4.9) and the preparation is known to affect the reduction
temperature of pure NiO. However, the reduction temperature found in the two studies of pure
NiO could give an indication of the reduction temperature range where free NiO species will be
reduced. Free NiO are NiO particles that are not deposited at lattice sites of the support and
therefore have a weak interaction with the support, resulting in a low reduction temperature [92].
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443 Comparison of Ni Based Catalysts

The TPR profiles of Ni/Th and Ni/fSCCa are shown in Figure 4.10. The Ni/Th catalyst was more
easily to reduced. Al.O3 consists of tetrahedral and octahedral sites, and the nickel particles is
located at both sites after preparation. If the sites are saturated, deposition as free NiO can occur
on the surface of the Al,O3; and at defects created on the support during preparation [85]. The
peak observed at 260 °C for Ni/Th is attributed to free NiO species. For the Ni/SCCa, the small
peak at 340 °C is also possibly due to free NiO species. The temperature difference could be
related to the particles size and/or influenced by the support.
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Figure 4.10: TPR profile of Ni(12 wt%)/Th and Ni(12 wt%)/SCCa catalysts calcined at 600 °C.

It has been shown that Ni species in interaction with tetrahedral sites of the Al,Oz has higher
binding energy and is therefore more difficult to reduce. Molina et al. [89] provided evidence for
the presence of at least two nickel species in interaction with tetrahedral and octahedral sites of
the support. Thus, the peaks observed for Ni/Th at 350 °C and 470 °C could be due to different
Ni species interacting with the octahedral sites. The peak at 340 °C for Ni/SCCa could be related
to Ni species in weak interaction with octahedral sites as well. It is however clear that the NiO
species of Ni/Th are more easily reduced. NiO species is expected to be reduced up to a
temperature of roughly 600-700 °C.

During calcination, redistribution of Ni occurs between the octahedral and tetrahedral sites by
diffusion. The diffusion process is related to the amount of nickel alumina spinel that is created
during calcination. Two types of nickel alumina spinel can be present in the catalyst. The surface
nickel alumina spinel is proposed to be more easily reduced. Bulk nickel spinel has the strongest
interaction with the support and is therefore most difficult to reduce. The reduction occurring after
600 °C for the two catalyst is most likely due to nickel alumina spinel species. It appears that the
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Ni/SCCa has a relatively higher amount of Ni interacting strongly interacting with the support. The
peak at 870 °C is most likely bulk nickel alumina spinel with a strong interaction with the support.

Based on the TPR profile, the Ni/Th appears to contain larger NiO particles with a weaker
interaction with the support. These NiO species are likely to be more suspect to carbon formation
and sintering. In the case of Ni/SCCa, there appears to be a significant amount of Ni species that
is not reduced at 600 °C. Therefore, a higher reduction temperature could have improved its
catalytic performance. The large difference in reducibility can be contributed to different
characteristics of the supports. Based on the results of the TPR profile, Ni/Th appear to contain
larger NiO particles compared to Ni/fSCCa which suggests that the crystalline size determined by
dispersion experiments is highly effected by the Ni species in the catalyst.

444 TPR of Nickel Catalysts Modified by Noble Metal

Figure 4.11 shows the TPR profiles of the noble metal modified Ni/fSCCa catalysts. The
reducibility was improved for all modified catalyst. Pd and Pt had a peak at low temperatures
which could be due reduction of PdO and PtO located at the surface of the bimetallic particles.
A clear increase in H> consumption was not observed at low temperatures for Ru and Rh
modified catalysts, which suggests that the surface concentration of RuO and RhO is low. The
small peak for RhNi/SCCa at 240 °C could be due to small amounts of RhO with a weak
interaction with the support [93, 94]. However, the TPR profile for Rh/Ni SCCa at low
temperature could also be related to experimental concerns, such as water being present in the
catalyst.

Noble metals have been known to improve the reducibility of Ni. Reduced noble metals can
facilitate the reduction of NiO species through a spillover mechanism where H; is activated on
the noble metal. The activated H; is dissociated to hydrogen species which can diffuse to NiO
on the bimetallic particle and over the support surface [95]. This effect can be occurring on the
the PINi/SCCa and PdNi/SCCa catalyst which had a sharp peak at low temperature. In section
2.3 the bimetallic structure of nobel metals and Ni was discussed. The TPR curve could
therefore indicate that a higher amount of PtO and PdO is present at the catalyst surface,
whereas most of the Ru and Rh to a higher extent covered by NiO particles. The difference in
H> consumption for Pd and Pt modified catalyst at the temperature up to 600 °C could be due to
a NiO having a lower reduction temperature in the case of Pt. The difference is most likely
related to the metal-support interaction which could be due to particle size and available NiO
species. Pd also showed a higher H, consumption over 600 °C which is attributed to nickel
alumina spinel.

Part of the improvement in reducibility could be related to a lesser extent of nickel alumina
spinel. The noble metals are known to have a stabilizing effect on the Ni particles and thus
could result in a higher amount of NiO species. A slight increase in consumption was observed
for all SCCa based catalysts above 850 °C which indicates that highly stable nickel alumina
spinel is present in all the catalysts. The greatest improvement in reducibility was found for
PtNi/SCCa
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Figure 4.11: TPR profile of Ni(12 wt%)/SCCa and noble metal (0.5 wt%) modified Ni/SCCa catalysts calcined at
600 °C.

The reducibility of the modified catalysts were found to improve in the order Pt>Rh>Ru>Pd.
Most of the species above 600 °C is thought to be nickel alumina spinel and thus the activity is
mainly related to the NiO and noble metal oxide species on the catalysts at the activation
temperature used in this work.
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4.5 Catalytic activity, selectivity and deactivation

451 Experimental Concerns

The calibration of the GC gave the correct results according to the specification of the
calibration gas. However, when a mixture of 50% CH4 and 50% CO?2 at a total flowrate
Scm3/min was flowed through the reactor, large quantities of ethylene was detected (Figure
4.12). We do not have an explanation for the appearance of ethylene but it is most probably due
to errors in calibration, especially problems with the calibration gas. The amount of ethylene
remained constant at room temperature. The CH4 and ethylene followed the same trend and is
not expected to be produced in large quantities at dry reforming conditions. Therefore, the
ethylene detected when running the catalysts have been neglected and the reported
concentrations of all gases have been normalized.
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Figure 4.12: Blank experiment at room temperature with 50% CH4 and 50% CO: at total flowrate 100 Scm3/min.

The stainless steel reactor contained a smaller steel tube with internal diameter of 9mm. Carbon
deposits was observed along the tube wall of the reactor but most of the deposited carbon was
inside the smaller tube. The small tube was plugged with quartz wool and on top was the
catalyst diluted with y-Al,O3. After each, experiment the carbon deposits throughout the reactor
were checked and almost no black carbon was found in the catalyst bed. The quartz plug did
not contain any black carbon, except for part that was in contact with the tube wall. Therefore,
the cause of the carbon deposits appears to be related to the tube wall. At blank experiments at
700 °C and a flowrate of 100 Scm3®/min with 50% CH4 and 50% CO., the conversions was less
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than 0.5 % (0.2-0.5%) and the result are shown in Figure 4.13. Therefore, the effect of the
reactor tube could be neglected.
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Figure 4.13: Blank experiment at 700 °C with 50% CH4 and 50% CO: at total flowrate 100 Scm3/min.

The amount of carbon that was deposited inside the small tube was not directly measured and
most of it was very difficult to remove. Figure 4.15 shows the catalyst diluted in y-Al.O3 to the
left and to the right a small amount of the deposited carbon with the quartz plugs. The total
volume of carbon deposited in the small tube was much larger than the volume of the
catalyst/Al,Oz mixture. As the blank experiments at 700 °C showed almost no conversions at
the flowrate used during the experiment the effects on the result is expected to be minimal. The
carbon deposits suggest that the reactor design is not optimal for DRM as there are reactions
occurring after catalyst bed. It appears that the reaction is. At 650 °C there was small amounts
of carbon deposited in the small tube and at 600 °C the carbon deposits were negligible. Thus
the deposits in the small tube is expected to be due to low conversions occurring in the small
tube and leading to a slow buildup of carbon. During tests at 800 °C the small stainless steel
tube was blocked after about 15 hours. Thus the experiments were conducted at 700 °C to try to
minimize the effect of the reactor.
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Figure 4.14: Left: Catalyst diluted in y-Al203; Right: fraction of deposited carbon in the small stainless steel tube and
quartz wool plugs

45.2 Relevant literature results for Ni/Al.Os catalysts at high GHSV

The gas hourly space velocity (GHSV) used in the experiments was 120 000 Scm? gz} h™?
which is too high to evaluate the results in accordance with equilibrium conversions. Figure 4.15
shows the influence of GHSV on the conversions found by J. Newnham et al. [92]. The catalyst
was a 10 wt% Ni on mesoporous alumina, prepared by a modified co-precipitation method. The
conversion was found to reduce significantly with increasing GHSV and the deactivation rate is
also higher, especially at 120 000 GHSV. In addition, the H»:CO molar ratio was also found to
be dependent on the GHSV.

A higher GHSV results in a lower contact time which means that the CO, and CH4 molecules
have less time to interact with the active sites. The limited residence time can thus result in
lower conversion of CH, and CO, compared to the equilibrium conversion. Another factor that
has to be taken into account is the dispersion of the active sites. If the active particles are small
enough and well dispersed throughout the pores, the loss in conversion will be low compared to
larger particles. The pores could also come into play at high GHSV as the mass transfer inside
the pores is likely to depend on the pore size. There is not enough information obtained about
the pore distribution of the catalyst in the textural properties and therefore the effect of the pores
is considered to be smaller compared to the impact of the nickel particle size.
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Figure 4.15: Influence of GHSV of feed gas mixture on the conversions of CH4 and CO2, bottom right: H2:CO
product mole ratio, over Ni (10 wt%) - mesoporous alumina prepared by modified co-precipitation method at 700 °C
[92].

Figure 4.16 shows the relation between particle size and particle distribution found by Rahemi et
al. [96]. They found that the catalyst with the highest amount of small particles almost showed
constant activity at GHSV of 24000 to 60000 Scm?®/g*h1. The decline in conversion rate was
enhanced as the patrticle size increased. In addition, the conversion of two catalysts with a high
decline rate converged with increasing GHSV. Thus it appears to be difficult to determine the
catalytic performance at or close to equilibrium conditions based on high GHSV data.

The effect of the GHSV has not been investigated in this thesis. Thus a decreasing trend as
depicted in figure 4.15 is therefore assumed in the analysis of the catalytic performance, as well
as that the activity order of the catalyst would not change at lower GHSV.
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Figure 4.16: The effect of GHSV on conversion feed conversion: Ni-Al203-ZrO3s prepared by impregnation (NAZ-1)
with average particle size 57.7 nm, Ni-Al2O3 plasma treated (NA-P) with average particle size 35.8 nm and Ni-Al2O3-
ZrOs plasma treated (NAZ-P) with average particle size 35.3 nm [96].

453 Catalyst performance

The conversion of CH4 and CO; for the monometallics Ni catalysts are presented in Figure
4.17. The conversions were higher for Ni/Th throughout TOS (15 h) and was attributed to the
higher amount of active Ni particles after reduction. Both catalysts showed initial higher
conversion of CO2 which converged towards the CH4 conversion with TOS. The catalyst
precursor has been shown to affect the CO» conversion by altering the surface basicity [97].
They found that Ni nitrate precursor had the highest surface basicity and resulted in increased
CO: conversion and improved regasification rate of deposited carbon. The proposed
mechanism is that CO., is activated on the support’s basic sites and diffuse over the support
surface to active particles. The observed high initial conversion of CO» for both catalysts can be
related to the surface basic sites and the regasification rate which is likely to be higher initially
due to a higher carbon deposition rate.
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Figure 4.17: Conversions of CH4 for monometallic Ni/y-Al203 catalysts

Fluctuations were observed in CO, and CH4 conversions throughout TOS and could be related
to instability in the carbon deposition/utilization cycles [63]. Ni/Th showed a higher initial
deactivation rate which is attributed to the presence of larger particles being more rapidly
deactivated through carbon deposition. After 13 hours, both catalysts showed a linear
deactivation rate which is likely due to carbon deposition and sintering of Ni particles.

The H, and CO selectivity and the H2/CO ratios of the monometallic Ni catalysts are shown in
Figure 4.18.
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Figure 4.18: Product selectivity and H2/CO ratio of monometallic Ni catalysts
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The CO yield for both catalysts were similar but Ni/Th had a higher H; yield. The difference in
H> yield is attributed to a higher initial conversion of CH4 for the Ni/Th catalyst. The incease in
H»/CO ratio for Ni/SCCa is due to different decline rate for H, and CO yield. The constant
decline for the CO yield might be related to the support. The activation of CO, appears to be
maintained at a higher level and could be due to higher support stability and the interfacial zone
between the Ni particle and the support. The initial rapid decrease in H2/CO ratio for Ni/Th is
attributed to inactive carbon species.

The CH4 conversion of the SCCa supported catalysts is shown in Figure 4.19. The noble metal
modified catalysts showed improved activity, except for the Pd modified catalyst which also
showed the highest deactivation rate. Pd has been found to both have a positive and negative
effect by other studies (Table 2.2). The loading amount has been shown to be important in
regards to Pd-Ni catalysts. At low Pd/Ni ratios the Pd was found to improve the catalytic
performance where an optimum was found at 0.07 [52]. A different study used a Pd/Ni ratio of
0.3 which was found to reduce the activity and stability compared to the monometallic Ni
catalyst [58]. The theoretical ratio used in this work was 0.04 but the active particles that were
reduced at 600 °C might have a higher ratio due to nickel alumina spinel. The TPR indicated
that the Pd-Ni catalyst contained more reducible Pd species than Pt, which might suggest that a
higher amount of Pd is present at the surface of the bimetallic particles. Thus, the reduction in
activity and stability could be due to the actual Pd/Ni ratio of the active species in the catalyst.
The results obtained for the Pd suggest that the nickel alumina spinel must be controlled to
achieve improvements in reducible species and possibly a more optimal Pd/Ni ratio in the active
particles.
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Figure 4.19: CH4 conversions for noble metal (0.5 wt%) — Ni (12 WT%) catalysts at 700 °C and GHSV 120,000 Scm?®
glht

Although the Ru-Ni catalyst showed higher initial conversion than the Ni catalysts, the
deactivation rate was higher. This could be due to the presence of larger particles. Rh-Ni
showed the highest activity, followed by Pt-Ni. The CH4 conversion decline rate was relatively
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constant for the bimetallic catalysts. It could be related to more stable particles, a higher
resistance to carbon deposition and that the deposited carbon had a higher activity.

Figure 4.21 shows the conversion of CO2 for the SCCa based catalysts. The Ru-Ni catalyst
showed better conversion for CO, which could be due to favoring the conversion of CO». On
the other hand, the Rh-Ni catalyst suggest the opposite, and Rh has been found to favor the
conversion of CH4 by other researchers (section 2.2 and 2.3). It can be seen that there possibly
is a rapid deactivation of for Rh-Ni in the beginning for the CO> conversion. This could be due to
the deactivation of Ni active sites due to carbon deposits. Thus the synergetic effect of Rh and
Ni appears to be maintained where Rh is favoring the conversion of CO2 and Ni accounting for
most of the conversion of CO5.
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Figure 4.20: CO:2 conversions for all the catalysts at 700 °C and GHSV 120,000 Scm® g* h'%,

The support might also be contributing to the CO» conversion for the noble metal modified
catalysts as the difference in CO, conversion is smaller compared to the conversion of CHa.
The selectivity of Hz is shown in Figure 4.22 and the CO selectivity in Figure 4.23. At 700 °C the
yield of H2 is supposed to be higher than the yield of CO based equilibrium calculations.
However, the catalyst is known to affect the reaction rates which could alter the achieved H»
and CO yield [14]. In addition to the effect of the catalysts, the high GHSV used in these
experiments could result in a higher yield of CO.. CO; can be activated on the support’s basic
sites as well as being converted at the active sites, which could result in deviations from the
yield obtained at equilibrium conversion.
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Figure 4.22: Selectivity of CO for all catalysts at 700 °C and GHSV 120,000 Scm? g h't,

The H>/CO ratio is shown in Figure 2.24 and the RWGS reaction (Eg. 1.8) is also known to
affect the ratio. The catalyst investigated was found to have different H2/CO ratio which varied
with TOS. It appears that the that the CH4 and CO> conversions for the catalysts did not follow
the same deactivating trend and rate. For example, the Rh-Ni catalyst had low deactivation of
CH4 and stable H» yield in the beginning, while the CO, and CO yield was decreasing. Thus in
the beginning the H>/CO ratio is increasing. After about 11,5 hours TOS, the conversion of CH4
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and H; yield is decreasing while the CO; conversion and CO yield is stabilizing, which leads to
the H2/CO ratio decreasing.
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Figure 4.23: H2/CO ratio for all catalysts at 700 °C and GHSV 120,000 Scm? g* h.

The Pd-Ni and Ru-Ni catalysts have a constant decline in H2/CO ratio. This is due to a higher
deactivation rate for CH4 conversion and H: yield compared to CO» conversion and CO yield.
The deactivation of the catalyst appears to not only depend on the active metal particles, but
possibly also on the support for all the catalyst.

454 Effect of temperature on DRM for RhNi/SCCa catalyst

To investigate the effect of temperature, the Rh(0.5 wt%)Ni(12 wt%)/SCCa catalyst was tested
at 700 °C, 650 °C and 600 °C at a GHSV of 120,000 Scm3/min. The conversion and stability
characteristics of the catalyst is presented in Figure 4.25, and the different decline rates for CH4
and CO: is well illustrated. In addition to the CO; conversion corresponding to the RWGS
reaction, the improved conversion is proposed to be related to the basic sites of the support.
The amount of basic sites on the support was found to increase with activation temperature [98].
Oxygen vacancies in the alumina structure corresponds to Lewis basic sites. Parts of the CO.
conversion might be related to oxygenation of the oxygen vacancies in the support structure.
The activation of CO; is therefore proposed to both supply oxygen to carbon species on the
active metal and oxygen vacancies. The decline in CO; conversion therefore appears to be
related to both the catalyst and the support.
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Figure 4.24: Conversion of CO2 and CH4 dependence on temperature for RhNi/SCCa at 600, 650 and 700 °C and
GHSV 120,000 Scm® gt ht.

The conversion is dramatically reduced as expected when the temperature is decreased. The
deactivation rate for CH, conversion is declining constantly at all the temperatures. The CH4
and CO; deactivation rate is also lower at 650 and 600 °C. Numerical values for the
conversions and relative decline rate are shown in Table 4.5.

Table 4.3: Catalyst activity and stability for Rh(0.5 wt%)Ni(12 wt%)/SCCa with GHSV 120,000 Scm?® g1 h'! at
different temperatures.

. Initial conversion Conversion at end | Decrease relative to
0.5Rh12Ni/SCCa (%) (%) initial conversion

(%)
CH, at 700 °C 56.8 48.2 15.2
CO; at 700 °C 62.2 46.4 254
CH4 at 650 °C 42.1 36.4 13.4
CO; at 650 °C 46.3 36.7 20.7
CH4 at 600 °C 30.8 26.9 12.7
CO; at 600 °C 32.1 27.15 4.95

The carbon deposition rate has been found to increase as the temperature decreases based on
a thermodynamic equilibrium analysis [81]. The improved CO; disassociation due to the
precursor used, the support and the improved resistance to carbon deposition by Rh can partly
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be the reason. In addition, the high GHSV reduces the activity at lower temperatures by a
greater amount than at equilibrium calculations, resulting in a lower carbon deposition rate.

The H,/CO ratio is shown in Figure 4.26. The H2/CO ratio is also decreasing at lower
temperature. Equilibrium calculations by Nikoo and Amin [81] shows that the H2/CO ratio is
reduced at lower temperature. The catalyst is known to affect the ratio. A study conducted on
Pt(Na(0.3 wt%)-Al,O3 catalyst by E. L. Jablonski et al. showed the same trend with decreasing
temperature [99]. In this work both the catalyst and the GHSV used is proposed to have affected
the H»/CO ratio.
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Figure 4.25: Catalyst selectivity for RhNi/SCCa at 600, 650 and 700 °C at GHSV 120,000 Scm® gt h't.

The decline in CH4 and CO» conversion to temperature relative to equilibrium calculations is
also decreasing by a faster rate, which suggests that at higher GHSV the reduction in
conversions is further enhanced.
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5 Conclusion and recommendations for Future Work

The aim of this thesis was to compare alumina supported nickel based catalysts with modified
catalysts with small amounts of noble metals and suggest further focus in catalyst development.

5.1 Conclusion

Dry reforming of methane to produce CO-rich synthesis gas with a more suitable H,/CO ratio
was studied. The work focused on catalytic development to improve catalyst activity and stability
through modifying Ni(12 wt%)/y-Al.O3 with low amounts of noble metals (0.5 wt%). A different
support was synthesized with 12% nickel loading to compare the effect of the support. The
catalysts were prepared by the incipient wetness method and underwent the same preparation
procedure.

The textural measurements showed a decrease in surface area after impregnation and the
noble metal modified catalysts did not improve the surface area. Based on the XRD and TPR
experiments conducted, a high amount of nickel alumina spinel was present in all the catalyst.
The amount was different for the two monometallic Ni catalyst which suggests that the amount
of nickel alumina spinel produced during calcination is partly related to properties of the support.
The noble metal modified nickels catalyst was found to inhibit the extent of nickel alumina spinel
development to a varying degree. Improvement in reducibility was also found for the modified
with catalysts.

Activity and stability was investigated at 700 °C and GHSV of 120,000 Scm?®min g* ht. The
monometallic catalyst with the lowest amount of nickel alumina spinel showed the highest
conversion of the feed gases, but the lowest stability. The nickel alumina spinel development
improves the dispersion of the NiO phases and thus result in smaller particles with a higher
stability. The difference in activity was attributed to a higher amount of active sites at the
reduction temperature of 600 °C. Rh showed the highest activity and stability of the modified
catalysts, followed by Pt and Ru. On the other hand, the addition of Pd resulted in a decrease in
activity and stability for the modified nickel alumina catalyst.

The effect of temperature on catalytic performance was conducted on the Rh modified catalyst
at a GHSV of 120,000 Scm®/min g* h'l. The conversions were found to decreased with
temperature at a higher rate compared to estimates based on equilibrium calculations. In
addition, the H,/CO ratio decreased at lower temperature, contradicting equilibrium calculations.
The deactivation rate was also found to decrease with temperature. This is attributed to
improvements in carbon inhibition caused by Rh and the lowered activity at high GHSV.

5.2 Recommendations for Future Work

Nickel catalyst modified by noble metals has been shown to improve the catalyst. Based on
research discussed in section 2.3, the noble metal to nickel ratio have been shown to be of
importance. The optimal ratio depends on factors such as the noble metal, the support used and
bimetallic particle structure. The incipient wetness method resulted in a varying amount of nickel
alumina spinel for the noble metal modified catalysts in this work. Thus the nickel content
remaining in the bimetallic particles could be difficult to optimize through this preparation method
without maodifications. The bimetallic particle structure itself would also be challenging to control.
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Therefore, preparation methods that offer better control on the particles and structure of the
catalyst could be used to give more accurate information about the bimetallic synergy and improve
the catalyst. Rhodium followed by platinum was found to show the greatest potential in this work,

but the other noble metals have been reported to be promising as well and should be further
investigated.
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Appendix A: Calculation for catalyst synthesis

Metal | Precursor Chemical Molecular Metal Dilution

formula weight basis factor
(g/mol) (%0) (Df)

Ni Nickel(ll) nitrate hexahydrate N,NiOg * 6H,0 290.79 99.999 1

Pt Tetraamminplatinum(ll) nitrate H;,N;O¢Pt 387.21 250 0.5

Pd Palladium(ll) nitrate hydrate N,OqPd * xH,0 230.43 - 1

Rh Rhodium(lll) nitrate hydrate N;O0qRh * xH,0 288.92 36 0.36

Ru Ruthenium(lll) nitrosyl nitrate HN,0;,Ru 318.10 1-2 0.015

Water in the precursors of Pd and Rh was not taken into consideration when calculating the
amount of mixture volume for incipient wetness.

Formulas for calculation:

, , . _ Ni(g)
Ni(weight fraction) = Supporia)iNiGa) i) — &
NM(weight fraction) = NM(g)

Support(g)+Ni(g)+NM(g) -

Combining A.1 and A.2 to find noble metal (NM) and Ni weight fractions in grams:

bxsupport(g)
NM(g) = P2y
) a-a)(1-b)—

axSupport(g)+axNM(g)
1-a

Ni(g) =

)
Mw,precursor (m)

g
Mw,metal(m)*Df

Metal Precursor(g) =

* Metal(g)

Amount of Water in Precursor(ml) =

g g
Mw,Niprecursor(m)*PHz [} (m)

Incipient wetness mixture volume to be mixed with the support:

* 6 * MW,HZO(

g
mol)

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

Volume of water(ml) + volume precursor(ml) = Average pore volume of support(ml) — Amount

of Water in Precursor (ml)

Example 0.5Pt12Ni/SCCa:

Theoretical amount support and metal loading fractions: Support(g) = 109, a = 0.005, b =0.12

_ 0.005%10 _
Pt(g) - (1_0'12)*(1_0'005)_0.12_*0?.10205 - 005719
. _ 0.12%x10+4+0.12%0.0571 _
Ni(g) = o1z = 1.3714g
Pt precursor(g) = % * 0.0571 = 0.2267g
Ni precursor(g) = 206;: * 1.3714 = 6.7945¢g
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Incipient volume = 1,0491 ml/g * 10g = 10.49ml

6.7945
1%290.79

*6*18.0153 = 2.52ml

Amount of Water in Ni precursor(ml) =

Mixture Volume = Volume of water + metal precursors = 10.49 — 2.52 = 7.97ml

To prepare the 0.5Pt12Ni/SCCa catalyst 10g of support was used. 0.2256g of Pt precursor and
6.7945¢g of Ni precursor was added to the glassware before adding deionized water up to
marked volume of 7.97ml.
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