Performance Analysis of TiO, Modified
Co/MgAI;O4 Catalyst for Dry Reforming of

Methane in a Fixed Bed Reactor

By
Arslan Mazhar

Reg # 00000277667
Session 2018-2020

Supervised by
Dr. Asif Hussain Khoja

A Thesis Submitted to US Pakistan Center for Advanced Studies in
Energy in partial fulfillment of the requirements for the degree of
MASTERS of SCIENCE in
THERMAL ENERGY ENGINEERING

US Pakistan Center for Advanced Studies in Energy (USPCAS-E)
National University of Sciences and Technology (NUST)

H-12, Islamabad 44000, Pakistan
May 2021



Performance Analysis of TiO, Modified
Co/MgAI;O4 Catalyst for Dry Reforming of

Methane in a Fixed Bed Reactor

By
Arslan Mazhar

Reg # 00000277667
Session 2018-2020

Supervised by
Dr. Asif Hussain Khoja

A Thesis Submitted to US Pakistan Center for Advanced Studies in
Energy in partial fulfillment of the requirements for the degree of
MASTERS of SCIENCE in
THERMAL ENERGY ENGINEERING

US Pakistan Center for Advanced Studies in Energy (USPCAS-E)
National University of Sciences and Technology (NUST)

H-12, Islamabad 44000, Pakistan
May 2021



THESIS ACCEPTANCE CERTIFICATE

Certified that final copy of MS/MPhil thesis written by Mr. Arslan Mazhar,
(Registration No. 00000277667), of U.S.-Pakistan Center for Advanced Studies in
Energy (USPCASE), NUST has been vetted by undersigned, found complete in all

respects as per NUST Statues/Regulations, is in the allowable limits of plagiarism,

errors, and mistakes and is accepted as partial fulfillment for award of MS/MPhil
degree. It is further certified that necessary amendments as pointed out by GEC

members of the scholar have also been incorporated in the said thesis.

Signature:

Name of Supervisor:

Date:

Signature (HoD TEE):

Date:

Signature (Principal/Dean):

Date:

III



Certificate

This is to certify that work in this thesis has been carried out by Mr.
Arslan Mazhar and completed under my supervision in Fossil Fuels
laboratory, USPCAS-E, National University of Sciences and
Technology, H-12, Islamabad, Pakistan.

Supervisor:

Dr. Asif Hussain Khoja
U.S.-Pak Center for Advance Studies in Energy
NUST, Islamabad

GEC member 1:

Dr. Mustafa Anwar
U.S.-Pak Center for Advance Studies in Energy
NUST, Islamabad

GEC member 2:

Dr. Muhammad Hassan
U.S.-Pak Center for Advance Studies in Energy
NUST, Islamabad

GEC member 3:

Dr. Sehar Shakir
U.S.-Pak Center for Advance Studies in Energy
NUST, Islamabad

HoD-TEE:

Dr. Adeel Javed
U.S.-Pak Center for Advance Studies in Energy
NUST, Islamabad

Dean/Principal:

Dr. Adeel Waqas
U.S.-Pak Center for Advance Studies in Energy
NUST, Islamabad

1%



Acknowledgements

All praise to Allah Almighty who gave me the strength and

knowledge to do the work presented in this thesis.

I would like to express my sincere gratitude to my research
supervisor Dr. Asif Hussain Khoja for letting me be part of the
research group at Fossil Fuels Lab, USPCAS-E, NUST, Islamabad.
| feel privileged to have worked under his kind supervision. It’s the
blend of his patience, determination, guidance and inspiration that
made me accomplish my research aims in due time. He refined my
research skills and | have learned a lot under his supervision and
guidance.

I would also like to thank the members of my GEC committee, Dr.
Mustafa Anwar, Dr. Muhammad Hassan and Dr. Sehar Shakir who
honored my committee’s presence. I would like to sincerely thank
my fellows and specially, | pay gratitude to Lab Engineers Mr. Ali
Abdullah, Mr. Asghar, Mr. Qamaruddin and Mr. Amir Satti for

their unmatchable support during the whole research work.



Abstract

The synthesized Co/TiO.-MgAIl.O4 composite has been investigated for the Dry
Reforming of Methane (DRM) process in the fixed bed reactor. The catalyst
preparation was initiated by the modified co-precipitation method followed by
hydrothermal method and the final nanocomposite was synthesized using
impregnation method. The prepared catalyst undergone various characterization
techniques such as X-ray diffraction (XRD), Scanning Electron Microscopy (SEM),
Thermogravimetric analysis (TGA) and Fourier Transform Infrared Spectroscopy
(FTIR). The catalyst was fed in the fixed bed reactor with the operational conditions
of reactor temperature 850 °C, feed ratio (CO2/CHa) of unity, 0.5 g loading of catalyst
and the total flow rate of feed set at 20 mLmin. The product gases were analysed by
gas chromatography thermal conductivity detector (TCD) analyser for the catalytic
activity and stability results. For the various cobalt loading tests conducted, 5% Co
loaded composite shown the higher catalytic performance with Xchs and Xco2 of 70%
and 80% while the selectivity results improved to 43% and 46.5% for H, and CO
respectively. The average Ho/CO ratio of 0.9 was calculated for the overall operational
time. Moreover the stability results indicated as much as 75 h time of stream with
significant activity results showing 72% CHa conversion and 80% CO> conversion.
The associated higher activity and stability results encourage the long run use of the
catalyst in the DRM process along with the further modification and investigation need

to be done in this aspect.

Keywords: Dry Reforming of Methane (DRM), TiO2, MgAl.O4, Syngas,

Hydrothermal process
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CHAPTER 1: INTRODUCTION

1.1 Research Background

The growing energy demands hang in balance with the increase in the world
population and fossil fuels has led to meet the energy requirements over the years[1].
Greenhouse gases comprised of methane (CH4), carbon dioxide (CO»), nitrogen oxides
(N20) and fluorinated gases. In recent years, keeping in mind the associated global
warming effect, there has been rapid development in effective use of greenhouse gases
emissions. Globally minds are shifted towards the energy storage and generation with
the production of chemicals and the environmental issues kept in hand. The ultimate
goal is to take benefit of the intense energy associated with the fossil fuel reserves
being depleted and the production of clean and renewable fuels and chemicals[2]. Over
the last 15 years, there has been access to the natural gas reserves which often contains
CO; captured. Also many industrial processes result in the release of CO; into
atmosphere leading to carbon capture and storage (CCS) technology in effect to reduce
the emissions in environment[3].

Greenhouse gases (GHGs) production with methane and carbon dioxide being
the major contributors having 16% and 76% exposure respectively to the environment
has been the real issue to cope with the use of fossil fuels[4, 5]. Adding on to misery,
CHs is 84 times more potent than CO> and has the major affect in global warming as
it has 25 times global warming potential than that of CO2[6]. The major sources of
these gas emissions are industrial use, transportation and electricity production[7]. The
GHGs emission sources, their contribution to global emissions and the pathway of
major contributors of GHGs use has been shown in Fig 1.1.

Both CO; and CH4 GHGs are cheap and available and the research is intended
to be done with the focus on the activation of these gases with the production of liquid
fuels and chemically valuable products|8]. Syngas (mixture of H> and CO) is the major

intermediate of the industrial scale chemically conversion routes[7, 9]. Although

1



syngas can be generated using various routes but the catalytic reforming has gain much

importance recently which include partial oxidation of methane (POM), steam

reforming of methane (SRM) and dry reforming of methane (DRM) but the DRM

process has advantage of using both GHGs as feed and production of syngas in unity

proportion[10, 11]. So the DRM has clear environmental and economic benefits with

syngas so produced can be further used for gas to liquids (GTL) applications.

GHGs emissions

(a)

Contribution in Global emission

=CO2 =CH4 =Nox = *Fgases 7 %

*#* Thermal DRM
*+ Plasma DRM

++ Beverage Industry
** Fertilizers

** Power Generation
<+ Industrial Processes

(b)

Fig 1.1 Sources of GHGs Emission and Utilization

With the environmental issues in line with the use of fossil fuels, the world is

heading its way in need of the alternative resources and in search of that transition of

solid to liquids and liquids to gaseous fuels has been implemented in the recent years

as the source of energy[12, 13]. The renowned gas to liquid (GTL) technology is

Fischer-Tropsch (FT) synthesis which is being practiced and it uses synthesis gas (syn-

gas) which is fuel gas mixture comprising H> and CO; as a feedstock[14-20]. The

typical gas to liquid process with FT synthesis is shown in Fig 1.2.

Gasztozliquids|process:

Local natural
gas

* Steam orauto

Athermallreforming (o/H
(SMR/ART) ,—/J,/ Tropsch

Air (SMR)

=

Fischer-

or 0, (ATR)

B0

h
Products 2

Gas: recycle
or fuel

Blend int

light oil

(1]

0

|

Wax and ’

Hydrocracking

Diesel or

jet fuel

Fig 1.2 Gas to liquid (GTL) Technologyfaki] [21]
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1.2 Problem Statement and Hypothesis

DRM has taken much attention because of the low installation cost, less energy
consumption and the utilization of both GHGs for syngas and hydrocarbons
production. Low conversions is still a major challenge in thermal DRM process due to
carbon formation and deposition. The deposited carbon deactivates the active sites of
catalyst, results in reactor blockage and lowering of DRM efficiency. Also catalyst
stability is the major challenge in thermal DRM process. The use of catalyst with
suitable metal-support combination can be effective to overcome and minimize the

above mentioned effects.

The use of Co metal has the advantage of exhibiting better stability to carbon
deposition. Additionally Co having high affinity for oxygen species will enhance the
activity and stability. The use of support also effects activity and stability which
depends upon the nature of support. For DRM process, for both CHs and CO:
activation, the support with both acidic and basic properties is good and MgAl,O4 is
an excellent support in this regard which provides strong metal-support interaction and
high dispersion. Additionally MgAl,O4 shows good hydrothermal stability and
mechanical strength. Bi-support can help in improving catalytic performance.
Structured TiO> especially TiO2 NWs is another excellent support which inhibit the
carbon deposition and increase surface area assisting improvement in catalytic activity

and stability.

1.3 Research Objectives

The focus of the work is to develop the catalyst having high stability and activity for

DRM process and for that purpose following are the objectives of the research.

e To synthesize and characterize TiO> modified Co/MgAl.O4 catalyst for
thermal DRM process.

e To investigate the catalytic activity of the modified MgAl>O4 catalyst in fixed
bed thermal reactor.

e To investigate the stability of the modified MgAI.O4 catalyst in fixed bed

thermal reactor.



1.4 Research Scope and Limitations

The research work followed three interacting phases which include catalyst synthesis
and characterisations, activity tests and process optimization. In the first phase, catalyst
was synthesized which included the supports synthesis from their precursors. The
second phase comprises the composite formation from supports and metal
combination followed by the characterisations named X-ray diffraction (XRD),
Scanning electron microscopy (SEM), Thermogravimetric analysis (TGA) and Fourier
Transform Infrared Spectroscopy (FTIR). The final phase included the activity and
stability tests and process optimization of DRM in fixed bed reactor. This phase
included various testing runs and various process conditions to get better catalytic

performance results. The scope of work is shown in Fig 1.3.

r

[ Mg(NO),.6H,0 ] [ AI(NO;);.9H,0 ]

|
|
| | Phasel
I |
| Active metal [ MgAlO, ] Promoter i
I \ / |
I 7
| Co MgALO, TiO,NWs i
|
i . i Phase 11
, Co/MgAl,0,/TiO, |
| i
L [ XRD, SEM, EDX,TGA, FTIR ]J
Catalyst activity test and process optimization Phase III

Fig 1.3 Research Scope Stages

The reactor design, upscale implementation of the work and DRM Kkinetics are some
of the limitations that were beyond the scope of this research work. While the detailed
present research work is written in methodology and results and discussion sections of

this thesis.



Flow chart of Thesis

/ Literature Review Material preparatioﬁ\ Experimentation _\.

and characterization

» Reforming Techniques * Catalyst testing

* Role of Parameters in * Synthesis of in FBR reactor
DRM :> Nanoparticles *  Gases detection
» Material Preparation * Synthesis of Composite in GC
Methods * XRD,SEM,TGAand +  Activity and
\_ \ FTIR stability results
/" Conclusion N / Results and Discussi(}

’ G(_)Od actl_wty results * Higher Activity for Co
using C_o interacted <:| based composite
with slultable supports « Stability upto 75hrs

’ Relat}vl'ely 16?5 carb(?n * Syngas ratio produced
deposition using Co in

DRM / K averaged 0.9

The literary review was initially done to find out the suitable metal and supports
selection for DRM process and the effect of different parameters on the process. In the
material preparation and characterisations section, catalyst was prepared and
characterized. In the experimentation section, the prepared catalyst was undergone
testing in reactor for activity and stability tests. In results and discussion section,
detailed analysis of the results was discussed. Conclusive section dealt with the
associated benefits of the catalyst used in DRM process and the application of the

process on high scale keeping in mind the environmental friendly nature of the process
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CHAPTER 2: LITERATURE

REVIEW

2.1 Greenhouse Gases and Syngas

Greenhouse gases having more harmful impact on environment and abundancy seeks
the proper capturing and storing of the gases and can be used in efficient processes

producing high quality products like syngas.

2.1.1 CO2 Capture and Storage

To reduce the amount of GHGs into the environment, several ways have been proposed
to capture, store and utilize them in the effective way. Carbon capture and storage also
known as CCS is one of them as this process includes the prevention of CO> release in
large amounts in the atmosphere. The process includes the capture of CO2 from the
industrial plants and the fields of natural gas and after compressing it is then transferred
into deep safe selected site rock formation for the permanent storage. The typical

process of carbon capturing and storage is expressed in Fig 2.1.

CO, capture
(at powerplant or
industrial facility)

Pipeline transportation Ship transportation
to intermediate storage to storage terminals

Fig 2.1 Carbon capture and storage principle



In Europe, similar demonstration of CO> capture and storage has been done by the
introduction of Sleipner CCS plant which injects the pure CO> coming off the gas field
into deep saline aquifer below sea and the estimation of the pure CO2 coming off the
field is over one million ton per year[1]. Similarly another source of CO- is Natuna D-
Alpha gas filed which consists of 71% CO». Currently plans for the development of
the 90% of CO; capturing and injecting it into deep beneath sea bed has been made[2].

Although CCS provides good option for the gas emissions reduction but it has certain
limitations as well which include the capital investment in large amount, large storage
needed for the gas storage and the consumption of large amount of energy. So the
better option is that in addition to CO> storage, it must be further used for the chemical
synthesis processes[3]. So instead of treating CO> as a waste it can be utilized for the
reforming of CH4 for syngas production as the thesis focus is also on this reforming

technique of syngas production.

2.1.2 Syngas Importance

Syngas is the building block in the production of most of the chemicals and
fuels including methanol, ethanol, FT oil and dimethyl ether (DME)[4, 5]. The major
advantage of syngas is the inclusion of hydrogen as a component which itself is a clean
fuel and can be obtained from various sources. Hydrogen finds its use in refineries, for
example, processing of hydrogen and it has major applications in ammonia and
methanol manufacturing. Syngas market is shown in Fig.2.2 with ammonia as the
major contributor. The primary sources for the syngas production mainly includes

coal, biomass and natural gas[6].

Syngas Market

BAmmonia
BRefineries
BMethanol
DElectricity
®gas to liquids
Sothers

Fig 2.2 Present World’s Syngas Market Contributors[7]



2.1.3 Reforming Techniques in Syngas Production

Using natural gas as a source, there are various methods to produce syngas but
the reforming techniques has been the most attractive which use GHGs as a feedstock.
The reforming techniques include steam reforming of methane (SRM), partial
oxidation of methane (POM), dry reforming of methane (DRM) and tri-reforming of
methane (TRM)[8, 9]. SRM has the higher syn-gas (H>/CO) production in the molar
ratio of 3:1 which is favourable for the hydrogen production but higher yield of
hydrogen demands higher ratio of Ho»/CO which may deactivate catalyst[10, 11].

For the FT synthesis and methanol production, SRM is unfavourable due to
higher H»/COJ[ 12, 13]. SRM and DRM being endothermic require high energy input
but for SRM, combustion of fossil fuel for energy input add on to the CO> emission
but in case of DRM, CO:z itself is used as primary constituent along with CH4 for
syngas production leading the reduction of emissions. POM although exothermic in
nature finds operational difficulties and hot spot in catalysts and is suitable for the
production of higher hydrocarbons[14].

DRM has the environmental advantage as it consumes both GHGs to process them for
production of syngas reducing their concentrations in environment. Syngas (H2/CO) is
produced in the unity proportion in DRM which is favourable in FT synthesis in the

production of higher hydrocarbons and oxygenated chemicals[15]

2.2 Overview of Reforming Technologies

The syngas mixture comprising of Hz and CO is used for large scale production of
many chemical products, fuels and mainly Fischer-Tropsch (FT) synthesis in gas to
liquid (GTL) production[16, 17]. Although FT synthesis initiated with Dry Reforming
of Methane (DRM) process but Steam Reforming of Methane (SRM) is the process
which is being used for industrial scale production of syngas from natural gas. The
disadvantages associated with SRM are higher syngas ratio which is not favourable
for FT synthesis, highly endothermic reaction demanding higher energy input with
high operational cost[1]. The other reforming technologies which include partial
oxidation, autothermal reforming, dry reforming and tri reforming are the alternative

routes for syngas production and the developments are being done in these areas.

The reforming processes are shown in the below equations:
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Dry Reforming of Methane
CHs+ CO2 — 2CO + 2H:

Steam Reforming of Methane

CHs+ H20 — CO + 3H:2

Partial Oxidation of Methane
CHs+ 0.50. - CO + 2H-

CHs+ 202 - CO2+ 2H20

Auto thermal Reforming

CHs+ CO2 — 2CO + 2H:

CHs+ H:O - CO + 3H:

Methane Cracking

AHPC298x = 247 KJ/mol

AH®208x = 206 KJ/mol

AH®298x = -32 KJ/mol

AH®208x = -802 KJ/mol

AH®208x = 247 KJ/mol

AHC298x = 206 KJ/mol

CHs > C+2H2 AH®208x = 75 KJ/mol

(1)

2)

€)

4

2

)

(SRM)

(POM)

(ATR)

As shown in the above equations, both DRM and SRM are endothermic reactions and

require energy input but partial oxidation of methane (POM) is exothermic and don’t

require heat supply while the autothermal is self-sustaining type of reforming which

has both exothermic and endothermic reactions. For POM, oxygen supply for reaction

brings economic issues while SRM is used mostly for CH4 reforming but it also

requires steam production. The developments are being done in DRM process because

it also utilizes CO> which is greenhouse gas.

2.2.1 Steam Reforming of Methane

Steam reforming reaction involves reaction between natural gas and steam which takes

place in three steps namely reforming, shift and removal of CO> in conventional SMR

process and is accompanied by the reactions given below.

CHs+ H:O0 - CO + 3H:
CHs+ 2H0 - CO:2 + 4H2

CO+H:0O —->CO2+ H2

AH®208x = 206 KJ/mol

AH®208x = 163 KJ/mol

AH®208x = -41 KJ/mol

11
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(6)
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SRM uses eq.2 and eq.6 as reforming process in furnance to produce syngas where
eq.6 leads to complete oxidation and resulting high production of hydrogen.
Supplementary CHy is supplied to furnance as heat input owing to endothermic nature
of steam reforming reaction. CO is reduced in the product to achieve the required
syngas ratio by water gas shift reaction as shown in eq.7 while CO; is removed by
adsorption technology[18]. Compared to other reforming processes, SRM is the most
operational process on industrial scale in syngas and hydrogen production owing to

being most economic and developed process.

2.2.2 Partial Oxidation
Partial oxidation of methane produces syngas ratio (H2/CO) in 2:1 as shown in eq.3
but the indirect mechanism starts with the methane combustion as shown in eq.4

followed by DRM and SRM reactions to produce syngas[19].
CHs+ 0.502 — CO + 2H: AH®28x=-32 KJ/mol  (3)
CHs:+ 202 — CO2 + 2H:0 AH®208¢ = -802 KJ/mol (4)

Partial oxidation of methane has some advantages over SRM as it is exothermic
process and didn’t require heat supply additionally it uses SRM and DRM reactions to
make process more efficient. Also it produces syngas (H2/CO) in the ratio 2:1 which
is suitable for F-T synthesis. The pure oxygen supply and high pressure are the primary
costs which make it economically impractical on industrial scale with additional costs

of coke treatment and CO> separation.

2.2.3 Autothermal Reforming

Autothermal reforming is the combination of DRM, SRM and the oxidation process.
This process use both endothermic and exothermic reactions hence leaving the heat
input requirement to least possible by bringing balance of the heat from exothermic
process and heat supply to endothermic process. Additionally this is more promising

technique with better control in syngas production[20].

The process takes place in two zones: firstly the reaction of CHs with oxygen to
produce CO> and H>O and in the second zone the reaction of unconverted CH4 with

CO; and H>O to produce syngas. The disadvantages linked with autothermal reforming
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are the extensive control system for fuel processing system operation and sintering and

deactivation of catalyst as a result of high temperature stream.

2.2.4 Dry Reforming of Methane

DRM is of significance importance because it uses both greenhouse gases (GHGs) and
convert them into useful syngas. Syngas is produced in unity proportion as shown in
eq.1. DRM reaction usually have three side reactions as shown in eq.5, eq.8, eq.9.
Methane cracking is the decomposition of methane which usually occurs at low
temperature resulting in carbon deposition which cause deactivation. Boudouard
reaction is the decomposition of carbon monoxide into carbon dioxide and coke which

occurs at high temperature and this reaction also causes deactivation[21].

Dry Reforming of Methane (DRM)
CHs+ CO2 —» 2CO + 2H2 AH®208x = 247 KJ/mol (1)

Methane Cracking

CH: > C +2H> AH®208x = 75 KJ/mol (5)

Boudouard Reaction

2CO0—->C0O+C AHP298c = -171 KJ/mol (8)
Reverse Water Gas Shift

COz2+ H2—CO + H0 AH 298¢ = 41 KJ/mol )

Reverse Water gas shift (RWGS) reaction is another side reaction of DRM which
affects the syngas ratio as more CO is produced with the reaction of hydrogen and
carbon dioxide. Although DRM has certain advantages but its application on industrial

scale is yet to be done.

2.2.5 Tri Reforming

Tri reforming is the synergetic combination of DRM, SRM and POM reactions in
syngas production. This process has some unique advantages that combined DRM and
SRM reactions help in achieving desirous syngas ratio and the major obstacle coming
into DRM reaction was carbon formation. Integrating both SRM and POM with DRM

resolve this issue by inhibiting the carbon formation[22].
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2.3 Reaction Chemistry of DRM
DRM reaction is highly endothermic requiring high energy input which demands high

temperature to carry out reaction producing syngas[23].

CH, + CO, >2CO+2H, AH’,.. =247 kJmol™ (DRM) (1)

DRM additionally comes out with the simultaneous occurrence of reverse water shift

gas (RWGS) reaction which results in the syngas ratio less than 1[24, 25].

CO,+ H, - CO + H,O AH®,. = 41.0 kimol™ 9)
The other major issue of DRM is the formation of the carbon which gets deposited as
a result of side reactions which include methane decomposition and Boudouard

reaction. Carbon formation on the surface of the catalyst occurs as a result of methane

decomposition producing hydrogen.
CH, >C+H, AH2c =75 kJmol™* (Methane cracking) (%)

The other way of carbon formation is the Boudouard reaction which shows the

dissociation of CO into carbon and COs.
2CO—>C + CO, AH’zc=-172 kJmol™ (Boudouard reaction) (8)

DRM reaction proceeds at a temperature above 640 °C while the studies show the
occurrence of side reactions at significant rate between 633 °C and 700 °C[26].Also
the formation of water in reverse water gas shift reaction is up to temperature of 820
°C. So the high temperature is required to carry out the DRM reaction inhibiting side
reactions but the excess temperature results in the blockage of the reactors due to the
carbon deposition and activity reduction[27, 28].

DRM process need to be performed at a temperature less than 700 °C from the
economic and technical point of view but it requires stable and active catalysts to be
used in the process which inhibits carbon formation shifting reaction towards DRM.
Previous studies show that among the catalysts, Ni and Co come out to be more
effective. Moreover addition of Al;O; results in the increased activity of the
catalyst[29]. Different species of carbon form at different temperatures which play
different roles in the DRM process. Ni/Al>O3 exhibited three different carbonaceous
species named a-C, B-C and y-C that formed during the reaction. It was observed that
a-C aided in the formation of CO and also a-C increased with the proceeding of the

reaction. The other two forms B-C and y-C being less reactive resulted in the
14



deactivation of the catalyst with B-C being more significant in the deactivation
process[30].

Catalyst performance like catalyst activity, stability and carbon deposition depends
upon the different variables which include active material, support material, promoter
effect, temperature, calcination temperature, particle size and preparation method

which will be discussed in the later section.

2.4 Role of Parameters in DRM

The catalyst being used in DRM is affected by the number of parameters which may
influence catalytic activity, stability, carbon deposition and the target product

compositions. The role of parameters will be discussed in the following section.

2.4.1 Active Metals

Dry reforming of methane is practised with the noble and the non-noble metals but the
noble metals (Ru, Rh, Pd, Pt and Ir) has shown superior activity, stability and coking
resistance towards reforming processes. Among the noble metals, Ru and Rh show
relatively higher catalytic activity compared to others[31]. In terms of catalytic
activity, the noble metals show the trend Ru, Rh > Ir > Pt, Pd when operated at 550 °C
-600 °C in DRM. However in terms of coking, the following trend was observed
Ni>>> Rh>Ir, Ru>Pt, Pd at temperature of 500 °C[32, 33]. For the sake of industrial
application, Ru is more suitable than Rh because of the less cost. Tsyganok et al.[34]
Investigated the effect of noble metals (Ru, Rh, Pd, Pt and Ir) over Mg-Al layered
doubled hydroxides and the results shown higher activity and stability for Ru, Rh and
Ir over MgAlOx and also Ru shown the least coke deposition weightage among the
noble metals over MgAlOx. The coke deposition decreasing trend was observed as
follows: Pd/ MgAlOx>Au/ MgAIOx>Pt/ MgAIO«>Ir/ MgAlOx>Rh/ MgAlOx>Ru/
MgAlOx. The X-ray diffraction (XRD) pattern and the transmission electron
microscopy (TEM) image of the Ru based catalyst as shown in Fig.2.3 show structure
of the catalyst before and after dry reforming at 800 °C for 50 h. The spent catalyst
show the presence of MgO and MgAl,O4 but absence of Ru which depict the
dispersion of small metal particles and is the evidence of higher catalytic activity and

lower carbon deposition.
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Fig 2.3 (a) XRD pattern of catalyst B) before and A) after activity test (b) TEM
image of catalyst after activity test[34]

Although noble metals show superior catalytic activity and impressive
resistance to coke deposition but are quite expensive for the use in the industrial
applications. In comparison to noble metals (Ru, Rh, Pd, Pt and Ir) and non-noble
metals (Ni and Co), non-noble metals show comparatively better catalytic activity
results but coke deposition leading to deactivation is the problem with these type of
catalysts[33]. For DRM, Ni based catalysts are most suitable. Hou et al.[35, 36]
compared the Co and Ni catalysts onto Al,O3 support and found better results for
Ni/ALO3 in terms of catalytic activity and stability and the reason for that was highly
dispersed small size Ni particles. Coke deposition in Ni-based catalyst is major issue
but this can be sorted out by the addition of alkaline dopants, supports with basic
properties and the addition of noble metals to highly dispersed Ni catalysts[37]. The
researchers found interest in increasing the stability of the catalysts. Co based catalysts
are also under study owing to their Ni like activity for the DRM reaction but the
stability issues and deactivation is also associated with these types of catalyst.
Although Co have limited contribution to DRM but the catalyst have the ability to
present better stability to coke deposition. El et al.[38] investigated the confinement
effects on the catalytic performance of two silica supports (SiO2 and SBA-15) on Co
loading. The results indicated that Co/SBA-15 showed stability against sintering of
mesopores during DRM and addition of rhodium on Co/SBA-15 showed increased

stability and activity with less carbon coking.
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The focus of the study is to develop the Co based catalyst with better catalytic
activity and stability for DRM process. For the Co catalysts, deactivation is mainly
because of oxidation and carbon deposition which depends upon the loading of the Co.
Highly loaded Co results in deactivation because of carbon deposition and low loading
of Co results in oxidation leading to deactivation[39]. Similar results were identified
by Jose-Alonso et al.[28] where 1% Co loaded catalyst showed deactivation due to
oxidation while carbon deposition leading deactivation was found for 9% Co loaded

catalyst. Some of the Co based catalyst used in DRM is listed in Table2. 1

Table 2.1 List of Co based catalyst used in DRM

Metal Support Preparation Temp Reactor CHs CO2 Ref.
Method °O) Type conve conver
rsion sion

(%) (%)

Co y-AbO3;  Sol-gel 800 FBR 32.0 39.0 [36]
Co MgO Impregnation 900 FBR 91.9 93.9 [40]
Co v-Al,03;  Impregnation 700 FBR 56.0 59.0 [41]
Co Si0; Impregnation 850 FBR 12 31 [42]
Co MCM-41 Surfactant 750 FBR 27 - [43]
assisted route
Ni-Co CeO»- Solvothermal 800 FBR 30 37 [44]
V4{0}) Approach

In addition, higher stability and catalytic activity has been reported to bimetallic
catalysts as compared to monometallic catalyst. Carbon deposition can be inhibited by
the use of bimetallic catalysts and in this regard small amount of noble metals addition
to base active metal show very good results[19]. As noble metals are expensive so
cobalt comes out to be good candidate to use for bimetallic catalysts owing to high
melting temperature. Ni-Co alloy as bimetallic catalyst has shown improved catalyst
activity and stability results compared to use of monometallic catalyst. Zhang et al.[45]
shown that the higher metal dispersion and small particles size of the Ni-Co catalyst
resulted in good catalytic performance and suppressed carbon formation. Similar

results were observed for the use of Ni-Co catalyst onto TiO> support where improved
17



catalytic performance was observed as a result of resistance to metal oxidation[46]. So
the synergetic effect of Co and Ni and the higher metal dispersion and small particles

formation of bimetallic catalysts emphasizes the use of it.

2.4.2 Support

In DRM, the coke deposition is mainly due to the Boudouard reaction and the methane
decomposition and this coke deposition is minimized by higher reaction temperature
and the use of dilute reaction mixture which need the use of active metals, transition
metals, supports and promoters to form catalyst. The resultant catalyst gets suitable
against the carbon deposition. Moreover supports play key role in improving catalytic
activity for dry reforming of methane. The nature of the support is very important in
determining the activity and stability of the catalyst. MgAl>Oy4 is an excellent support
as it provides both basic and acidic active sites and is found to be good resistant to
sintering and possess high mechanical strength[45]. Moreover in case of DRM, the
basic supports help in CO; dissociation while the acidic support helps in
decomposition of CH4[47]. MgAL>O4 is a combination of both basic MgO support and
acidic AlbO3 support. Hadian et al.[48] observed the effect of Ni loadings on high
surface MgAl>O4 support and found that with the increase in the loading, the catalytic
activity improved while increasing the carbon deposition. The purpose of the basic
support is to gasify carbon specie which help in carbon deposition suppression[49]. Ni
was incorporated on basic MgO support and various catalysts with different loading
were investigated for DRM off which Ni8-Mg6 shown higher methane conversion
upto 84%. Moreover the formation of NiO-MgO increased the stability of the catalyst
as shown by various studies[50, 51]. Brungs et al.[23] performed experiments using
various supports on molybdenum carbide (M02C) and find the trend of the stability as
follows: M02C/Al203 > M02C/ZrO2 > M02C/S102 > M02C/TiO2 . Higher metal support
interaction for the M0,C/Al>Os catalyst was the reason behind higher stability however
the in process oxidation caused deactivation due to formation of molybdenum oxide.
In comparison of both MgO and Al>O3 supports, experiments were done and the results
shown that for only Ni used, Ni/ Al,O3 exhibited higher catalytic activity than Ni/MgO
but using NiO, NiO/MgO provided higher catalytic activity and stability compared to
NiO/ALLO3[52, 53]. However MgO is a basic support and comes out on top in

suppressing carbon deposition.
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To improve catalytic performance, the use of bi-support catalysts is very effective. In
this regard TiO: is another excellent support which shows good results in carbon
deposition suppression[54]. Structured TiO, improves the catalytic activity and
stability[55]. Seo et al.[54] performed experiment by using bare Ni and then by
addition of TiO support to it and found that that Ni/TiO, showed higher methane and
carbon dioxide conversion with higher stability. Moreover due to higher carbon
dioxide conversion, higher coking resistance was observed for Ni/TiO> compared to
the use of bare Ni. Bradford and Vannice [56]used SiO> and TiO; supports on various
metals ( Cu, Co, Fe, Ni, Ru, Rh, Ir, Pt and Pd) and found that TiO> shows higher
catalytic activity compared to SiO> which is due to higher metal support interaction
and formation of TiOx specie as a result of reduction which causes the destruction of
large-size ensembles. Takanabe et al.[46] also used TiO2 support on different metals
and found similar results. Some of the supports used in DRM are listed below in

Table.2.2.

Table 2.2 List of some supports used in DRM

Metal Support Preparation Temp  Reactor CHs CO:2 Ref.
Method ©O) Type conve conve
rsion  rsion

(%) (%)

Ni ALOs;  Impregnation 700 FBR 63.0 57.3 [53]
NiO ADLO3  Impregnation 800 FBR 52.5 - [57]
Ni MgO Wetness 700 FBR 20.0 30.0 [52]
Impregnation
NiO MgO  Impregnation 800 FBR 82.0 90.0 [58]
Ru ALOs;  Impregnation 750 FBR 46.0 48.0 [59]
Rh AlOs  Impregnation 500 FBR 7.7 13.5 [60]
Rh MgO  Impregnation 800 FBR 80.3 85.8 [61]
Rh TiO2  Impregnation 800 FBR 33.1 46.5 [61]
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2.4.3 Promoter

Promoters play key role in improving catalyst activity and stability and are of great
importance in dealing with carbon deposition issues. Promoters enhance the catalyst
stability by modifying the surface structure of the catalyst. Promoters enhance the
metal dispersion over the support by the strong metal support interaction effect and
causes the bending of the catalyst state to more basic sites[62]. Basically promoters
have two major roles when interacted with metal: (1) blocking the sites on metal
surface which promote carbon nucleation and growth by enhancing metal dispersion
and keeps the particles size small. (2) gasify the coke formed to avoid coke

deposition[63].

San Jose-Alonso et al.[64] studied the promotional effect of K on Co/y-Al,O3 and
results shown lower coke deposition however the catalytic activity reduced. The
reduction in conversions of reactants was due to the promotion in gasification of coke
and the covering of active sites of cobalt for methane decomposition. York et al.[65]
discussed the effect of Molybdenum (Mo) and tungsten (W) promoters on 2%
Ni/Al>O3 and the results indicated decrease in coke deposition with the promotion of
catalyst with Mo however the methane and carbon dioxide conversion shown no effect.
With the use of W promoter, slight decreased conversion was observed but had the

stable activity results.

The weight percentage of the promoter added also plays key role in enhancing catalytic
activity, stability and preventing coke deposition. Daza et al.[66] investigated the
effect of Ce with different weight% (0, 1, 3, 5 and 10wt %) on Ni/Mg-Al and found its
significant effect in coke deposition inhibition however catalytic activity shown no
significant effect with the promotion of Ce. The maximum catalytic activity was
observed for the catalyst with the use of 3% Ce and 100 h stability for reforming
reaction. In another study the promotional effect of yttrium (Y) and its oxide on Ni/ y-
AlO3 and Pd/AlO3 was investigated which improved catalytic performance and
strong metal-support interaction. Small particles formation suppressed sintering and
coke deposition[67, 68]. Another study investigated the use of Sn, Ce, Mn and Co
promoters on Ni/MgO. The results shown the higher catalytic activity and stability
results by the use of Co promoter while Ce and Mn shown lower activity results.

Additionally higher resistance to coke deposition was observed for Sn and Co
20



promoted catalysts. The reason behind higher activity for Co is its affinity to oxygen

species[69].

Similarly the use of K promoter on Ni/Al>O3 in another study shown higher activity
results and higher inhibition to coke deposition when compared by using other
promoters (Ca,Mn and Sn). This promotional effect of K is due to higher metal support
interaction due to formation of small particles and enhanced gasification of coke[70].
Ngaraja et al.[71] studied the effect of K promoter over Ni/MgO-ZrO, and the results
shown higher catalytic activity and stability results with 0.5% K promoted catalyst.

Some promoters that has been added to the catalysts used in DRM process has been
listed down in Table2.3. Moreover the proper selection of promoters, their suitable
addition of weight percentage to the catalyst is very important in improving catalytic
performance. Promoters play key role in reduction of the catalysts, enhancing metal-
support interaction, in formation of smaller particles and also the number of the basic

active sites increase with the use of promoters.

Table 2.3 List of some promoters used in DRM

Metal Support Promoter Promoter CH4 CO2 Ref.
wt (%) conversion conversion

(Y0) (%)

Ni Al,03  Unpromoted * 63.0 57.3 [53]
7rO; 10 71.3 62.1

Ni CeO2  Unpromoted * 11.7 29.7 [72]
K 0.5 4.9 29.9

Rh ALO; TiO2 5 13.7 19.6 [60]
10 11.2 19.4

Ni v- Al,O3 Unpromoted * 73.0 79.0 [73]
Ca 0.05 73.6 80.3
Zr 0.05 73.0 76.7
Ce 0.05 73.8 81.4
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Metal Support Promoter Promoter CH4 CO: Ref.

wt (%) conversion conversion

(o) (%)
Ni MgO  Unpromoted * 70.0 83.0 [69]
Sn 1.46 20.0 25.0
Ce 0.58 71.0 83.0
Mn 2.47 4.0 7.00
Co 0.51 73,0 90.0
Ni  y- ALbO3; Unpromoted * 28.5 5.8 [67]
Y203 5 77.5 64.3
8 87.1 68.0
10 91.8 73.9
Ni  SBA-15 MgO 3 97.8 96.9 [74]
Ni/Mo SBA-15 Unpromoted * 84 96 [75]
Lay03 2 98 95
Ni  y- ALO; Unpromoted * 80.0 90.0 [76]
CeO; 5 79.0 88.0
10 78.0 86.0
15 77.0 85.0
Ni MCM-  Unpromoted * 52.0 - [77]
4 Ti 1 2.0 .
Mn 1 4.0 -
Zr 1 91.0 -

In the above table, the promotional effect of the promoter have been shown on the
catalytic activity of catalyst.
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2.4.4 Influence of Preparation Method

Catalyst preparation method is an important aspect as catalyst properties and the
performance of catalyst largely dependent on it[78]. Catalyst structure and its
behaviour in catalytic performance tests depend on type of preparation method, pre-
treatment processes, precursor and solvent concentration, calcination temperature and
PH maintained. So proper catalyst preparation method is necessary in order to achieve
higher catalytic performance. In this regard, a lot of catalyst preparation techniques
has been used up to date and work is being done in search of more unique and better

preparation method.

Pt/ZrO; catalyst promoted with Ce was prepared using sequential impregnation and
coprecipitation method and the comparative results shown that the catalyst prepared
with coprecipation method exhibited higher methane and carbon dioxide conversions
for DRM process|[79]. Moreover higher performance was due to well interacted Pt-Ce
with highly dispersed Pt particles resulting lower carbon deposition. Compared to
other preparation methods, plasma treatment has dominant effect on catalyst
preparation. This effect was shown by Rahemi et al.[80] who prepared Ni/Al,O3; and
Ni/ALLO3-ZrO; by using impregnation and plasma treatment method. The results
indicated higher methane and carbon dioxide conversions for Ni/Al,O3-ZrO; treated

with plasma and the Ni particles were found to be highly dispersed and small sized.

Similarly plasma treatment in place of thermal calcination produced catalysts with
good properties which aid in higher catalytic performance. Odedairo et al.[81]
prepared Ni/CeO, by using impregnation method and then used both thermal
calcination and microwave plasma treatment in place of thermal calcination separately
and the comparative results exhibited higher catalytic activity and stability for the
plasma treated catalyst. Different catalysts were tested using only impregnation
preparation method and also impregnation leading to plasma treatment. Plasma treated
catalysts shown good activity and stability results and shown properties of anti-coking,
high dispersion, small particles formation and strong metal support interaction[80, 82,
83]. However the disadvantage linked with plasma treatment is large amount of energy

consumption.
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In another study, effect of combined use of sol-gel and critical drying was tested. In
this regard Ni/Al,O3 was prepared using sol-gel supercritical drying and also with the
impregnation method. The catalyst prepared with sol-gel supercritical drying show
properties of high surface area with highly dispersed small sized particles and good
metal-support interaction and catalytic activity results[35]. Ni/AlO3; was also tested
with precipitation, impregnation, sol-gel and supercritical drying and multi-bubble
sonoluminescence (MBSL). The comparative results show higher activity and stability
results with low carbon deposition by using MBSL catalyst preparation method owing
to nanoparticles formation[84]. Another catalyst preparation method which has
significant advantage over other preparation methods in nanoparticles formation is
Micro-emulsion (ME) which uses mixture of transparent nano-sized water droplets in

oil stabilized by surfactant[85].

Novel catalyst preparation methods include core-shell catalysts which can deal with
the carbon deposition issues in DRM process. Moreover to have the better control over
catalyst composition, particles size, developments in the synthesis of yolk-shell
catalyst is under process[86]. Since catalyst preparation methods effect catalytic
performance, particles size and dispersion, metal-support interaction and coke
deposition. So the proper selection of preparation method helps in achieving higher
catalytic activity and stability, higher dispersion, small sized particles, better metal-
support interaction and good anti-coke properties. Below are few of the catalysts listed
in Table2.4 which are prepared using different preparation techniques. The catalysts
have been prepared using different techniques in different operating conditions and set
of metal and supports. The below table shows the effect of the preparation methods
through which the catalyst have been synthesized. There are a number of preparation
methods of catalyst each having its own pros and cons as one preparation method
stands good for one type of catalyst while the other preparation method holds good for
the other type of catalyst and the condition of the preparation method has also
significant effect on catalyst final properties. The preparation method effects the
catalyst properties which eventally effects the catalytic performance of the catalyst and
the convertion rates of the reactant. Mostly used methods are the impregnation method

and coprecipitation method.
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Table 2.4 Preparation methods effect on DRM activity

Metal  Support Preparation Temp CH4 CO2 Ref.
Method (°C)  conversion conversion

(%0) (%)

Ni CeO» Impregnation 700 17.0 40.0 [81]
Impregnation 37.0 70.0

Ni MgO  Impregnation 700 20.0 30.0 [52]
Impregnation 49.0 54.0

Ni v- AbO3  Impregnation 700 44.0 48.0 [82]
Impregnation 52.0 59.0

Co v- AbO3  Impregnation 700 56.0 59.0 [41]

Ni v- AbO3  Impregnation 750 72.0 80.0 [83]
Impregnation 80.0 85.0

NiO ALOs;  Impregnation 800 59.0 52.0 [57]

NiO MgO Impregnation 800 82.0 90.0 [58]

NiO MgO Co- 600 26.0 30.0 [87]

precipitation
Ni Si02 Micro- 800 60.0 73.5 [88]
emulsion
Co v- ALOs  Sol-gel and 800 32.0 39.0 [36]
supercritical
drying

2.4.5 Influence of Calcination Temperature

Calcination temperature is one of the important factors which activate the catalyst to
become reactive and stable[89]. The reactivity and stability of the catalyst depends
upon the calcination temperature to control the size of the particles[90]. For complete

salts decomposition, calcination of precursors deposited is of importance. Also the
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solid state reactions and transformations occurs as a result of calcination. Calcination
temperature is critical in catalyst synthesis so a lot of catalysts have been synthesized

and effect of calcination temperature has been studied.

Mguni et al.[91] used the calcination temperatures in range of 500-800 °C for MgO
and observed higher activity and smaller particle sizes at 500-700 °C while at 800 °C
the activity decreased due to sintering of MgO resulting increase of crystallite size.
Yang et al.[92] studied different calcination temperatures (350, 450, 570 °C) for 5%
Co0Ox/Ti0O2 and found that higher CO conversion (82%) and higher activity results
were noted at 450 °C compared to other two calcination temperatures. The Co species
so formed at 450 °C were of clean Co30O4 while at 570 °C, lower conversion was
attributed to Co3O4 covered by ConTiOn+2 and 350 °C was not sufficient temperature

for complete decomposition of precursor.

The calcination temperature in some cases is high because of incomplete
decomposition at lower calcination temperatures while in some cases stabilities are
induced in catalyst at even lower calcination temperature and lower metal loading in
catalyst. Also the suitable calcination duration is important to achieve higher stability
and activity of the catalysts. Brungs et al.[23] studied the effect of calcination duration
for MoxC catalyst and found that 4 h calcination duration got better stability results

compared to the one calcined for 24 h.

In another study it was noted that increase in calcination temperature tends to decrease
the surface area. For Co/ y- Al,O3 calcined at 500 °C and 1000 °C it was observed that
at 500 °C formation of Co30O4 with lower cobalt content (6%) resulted in higher
conversion and lower coke formation while the one calcined at 1000 °C formed
CoAlO4 and Co2AlO4 species with higher cobalt content (9%) resulting in higher
conversions and lower carbon depositions[93]. The results indicate that one calcination
temperature is suitable to certain metal content. In case of DRM, the effect of the
calcination temperature on the catalytic activity of the catalysts is listed down in
Table2.5. Some of the important metal supported catalysts have been mentioned in the
below table which show the effect of calcination temperature, calcination time on the
conversion rates of carbon dioxide and methane along with the preparation method

used for catalyst synthesis.
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Table 2.5 Calcination temperature effect on catalytic activity in DRM

Metal Support Preparation Calcination CH4 CO2 Ref.
method condition conversion conversion

(%) (Y0)

NiO MgO  Impregnation 600 1.5 82.0 90.0 [58]
800 93.0 95.0

Co MgO  Impregnation 500 8 95.7 97.4 [40]
800 91.9 93.9
900 5.5 11.9

Ni AlO3 Wetness 800 4 91.2 70.6 [67]

Impregnation

Ni ALO; Sol-gel 850 10 84.7 90.8 [94]

Ni v- ALO3 Wetness 600 2 68.0 66.4 [95]
Impregnation g4, 73.0 80.1

La;NiO4  y- ALO3 Sol-gel 500 6 60.0 49.5 [96]
800 49.0 60.0

Calcination temperature and calcination during is of critical importance because above
and below the temperature limits of calcination, deactivation or drop in activity results
occur. For DRM, it is suggested to calcine catalyst at high temperature because dry
reforming requires high temperature of reaction to obtain acceptable conversions.
Therefore proper selection of calcination temperature is important to obtain good

activity and stability results.

2.4.6 Influence of Reactor Type

The optimization of the catalyst bed is another way for effective catalytic performance
in place of usage of carbon resistant catalysts[15]. In this regard many reactor setups
like fixed bed reactor (FBR), fluidized bed reactor (FIBR), micro reactor, magnetized
fluidized bed reactor (MFIBR), hollow fiber membrane reactor (HMFR) and other
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reactor systems have been used up to date. Single and multi-mode switching have been
tested for NiO/ALxO;3 catalyst for fixed/fluidized bed and the results indicated higher
methane and carbon dioxide conversions for FIBR compared to FBR in single mode
while for multimode switching drop in carbon deposition was spotted during FBR to
FIBR switching which indicates that FIBR is more effective than FBR in carbon

deposition and higher catalytic activity[97].

Another reactor used to improve the fluidization quality of nanoparticle catalysts is by
application of magnetic field to FIBR and the reactor is named as MFIBR[98]. With
20% Co/Al>0Os catalyst in dry reforming, the results for methane conversion, carbon
dioxide conversion and carbon deposition resistance were in order:
MFIBR>FIBR>FBR[36]. Membrane reactor has the advantage of less temperature
operation with less catalyst and the single step production and separation of H> from
the products[99]. Similarly HFBR and tubular membrane reactor (TMR) were used for
the performance comparison with FBR onto Pd/Al;O; catalyst and the results for
methane conversion were superior for HFBR compared to FBR while no significant
difference was observed for HFBR and TMR in methane conversion[100].
Additionally pure H> produced free of COx is the associated advantage with use of
HFBR.

On industrial scale, higher pressures are used for dry reforming therefore the design of
high pressure reactor with suitable catalyst is important. The unfavourable parameters
of high pressure and low temperature effect the chemistry of DRM resulting in higher
carbon deposition, lower catalytic activity and lower H» selectivity and yield. These
results were shown by Takahashi et al.[101] where mesoporous Pt/SO-ZrO; catalyst
and non-porous Pt/ZrO- catalyst were investigated for DRM in high pressure FBR
reactor. Although mesoporous Pt/SO-ZrO> shown comparable higher methane (17%)
and carbon dioxide (29%) conversion when compared to non-porous Pt/ZrO, with
lower methane (14%) and carbon dioxide (26%) conversion but the overall lower
catalytic activity and higher coke formation was due to high pressure and lower
temperature used. Some of the reactors used in DRM have been listed down in
Table2.6. The type of reactor usage for the reforming process has the major influence

on the final catalytic activity results.
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Table 2.6 Effect of reactor type used on catalytic activity in DRM

Metal Support Reactor Reaction CH4 CO2 Ref.
Temp conversion conversion
°O (Y0) (%)
Ni Si02 FBR 750 47.0 60.0 [102]
FIBR 49.0 64.0
Ni ALOs TFBR 700 60.0 70.0 [103]
Ni v- ALO; FBMR 800 89.0 94.0 [49]
Ni ALO; DCBR 900 42.0 70.0 [104]
Ru Z1O2- HFMR 525 23.0 - [100]
LaOs  mvr 450 25.0 i
FBR 475 13.0 -
Ni AlLO; MR 700 74.1 81.0 [65]
Ni ALO; FBCR 700 72.5 69.0 [105]
Ni MgO FIBR 800 64.0 - [106]
FBR 850 50.0 62.0
Pt MgO FIBR 800 57.0 - [106]
FBR 850 40.0 50.0

where TFBR: tubular fixed bed reactor; FBMR: fixed bed quartz micro reactor;
DCBR: direct contact bubble reactor; HFMR: hollow fiber membrane reactor; TMR:
tubular membrane reactor; MR: micro reactor; FBCR: fixed bed continuous flow
reactor; SFFR: solar power fluid- wall aerosol flow reactor.

The reactors comparison on the basis of performance have been studied. Compared to
micro reactors, tubular FBR shown higher conversion rates while fluidized bed micro
reactor shown higher catalytic activity than fixed bed micro reactor[65, 105]. Solar
reactors show higher conversions with no catalyst because of high temperature but the

issue is solar energy storage[107]. In this regard a reactor named direct contact bubble
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reactor is used which resolve storage problem. AL-Ali et al.[104] used DCBR reactor

for DRM with 40% methane conversion and 70% carbon dioxide conversion.

A number of reactors are currently being used for DRM while FIBR has shown
favourable conversions and catalytic activity for DRM reaction but the use of the
reactor depends upon the reaction conditions, reaction type and the requirements

because every reactor have some advantages and disadvantages associated with them.

2.5 Catalyst Preparation Methods

Catalyst preparation methods are influential in catalytic performance of the catalyst.
As the preparation techniques of the catalyst include certain steps such as precursors,
solvent concentration, calcination temperature, PH and aging time which directly
affect the properties of the final prepared catalyst[108]. The performance of the
catalyst depends upon the properties of the catalyst. Catalyst is prepared by various
methods but the most common methods include impregnation method, precipitation
and co-precipitation method, hydrothermal method, sol-gel method, surfactant-

assisted methods and advanced preparation methods.

2.5.1 Impregnation Method

Impregnation method usually relates with adsorption method and the ion exchange
method and in this method interaction of metal and support by impregnation affect the
final catalyst properties[109]. Impregnation is the mixing of porous support into
solution of active metal precursor which is then dried to obtain supported catalysts. In
wet impregnation method, excess of solution is used while the incipient wetness
impregnation method also known as dry impregnation uses appropriate concentrated

volume of solution which is equal or slightly less than support pore volume.
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Fig 2.4 Incipient wetness impregnation steps

In incipient wetness impregnation method, capillary action mechanism is used while
it changes to diffusion process in wet impregnation method[110]. The temperature and
the precursor concentration are the factors which affect the preparation of catalyst by
impregnation. The impregnation method is fast, easy and have good control over
catalyst structures and properties. Incipient wetness impregnation process is shown in

Fig 2.4.

2.5.2 Precipitation or Co-precipitation Method

Precipitation type method is mostly used type of catalyst preparation method for the
single, mixed and supported catalysts[111]. Precipitation method has certain
parameters like temperature, salt concentration, PH adjustment and evaporation. The
change of the conditions result change in crystal growth and aggregation. The size and
structure of the catalysts change as a result of change of conditions which ultimately

affect the catalyst properties and in result the catalyst performance.

Precipitation method follows four major steps in catalyst preparation as shown in Fig

2.5:

I.  Dissolution: salts are dissolved in water or other medium to form
homogeneous solution.
ii.  Precipitation: PH adjustment and evaporation to form precipitates resulting
salts into hydroxide or oxide forms.
iii.  Filtration and drying: solid precipitate is collected, dried and grinded to
powder form.

iv.  Calcination: calcined powder to convert any hydroxides into oxides.
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The catalyst resulted of precipitation method has fine uniform particles with less
agglomeration but the precipitation methods lack control of the solid phase nucleation

and growth process[112].

g Nucleation and Growth g
& Agglomeration

Precipitation

Filteration

Calcination

Fig 2.5 Co precipitation process steps

2.5.3 Hydrothermal Method

Hydrothermal method is another preparation method which uses aqueous solution in
the hydrothermal reactor also known as closed reaction vessel to carry out the reaction.
The crystals are formed by high temperature high pressure reaction conditions by
heating the hydrothermal reactor[113]. The main steps included in hydrothermal

preparation method are shown in Fig 2.6:
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Fig 2.6 Hydrothermal process Steps

The crystal growth is an important factor in catalyst preparation and crystal growth in
hydrothermal method depends upon the hydrothermal conditions. So better crystal
growth with suitable treatment conditions result in catalyst with better catalytic

performance.

2.5.4 Sol-Gel Method

Sol-gel method is very effective method for metal dispersion over support. The sol-gel
method has better control over the composition, homogeneity, texture and structural
properties of the solids. A large number of operation procedures for sol-gel method are

usually followed but the common steps of preparations[114] include:

i.  Dissolved precursor’s conversion to reactive state.

ii.  Polycondensation of activated precursors to nanoclusters.

ii.  Gelation
iv. Aging

v.  Washing
vi.  Drying
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Sol-gel is an appropriate method for the preparation of mixed metal oxides. Sol-gel
method has the advantages of highly control, homogeneity and molecular scale mixing

of constituents associated with it. The process of sol-gel is shown in Fig 2.7.
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;
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Washing
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(evaporation) Aerogel

(autoclave; CO,
\ extraction)

Stabilization E

|

Final material
_/
Fig 2.7 Sol gel process steps

2.5.5 Surfactant-Assisted Methods

Surfactant assisted methods are the other type of preparation method in which
surfactants are added for growth regulation and fine particle sizing of nanoparticles in
aqueous-based solutions[115]. The surfactants are added in the sol-gel preparation,
sol-gel preparation and other suitable preparation methods in order to prepare catalyst
having better properties. There are many types of surfactants used like glycol, CTAB

(cetyl trimethyl ammonium bromide) and polyol etc.

Surfactants so added enhance the basicity which make the catalyst better coke
resistant. Additionally the reduction behaviour of the surfactant added catalysts also

gets improved.

2.5.6 Advanced Preparation Method
The catalyst preparation method has stepped up to the advanced level where the

conventional preparation methods has been added with the plasma treatment. The
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synergetic effect of the plasma and catalysis brought the major revolution in catalyst
synthesis and development is being done in this effective approach of catalyst

preparation[80].

The catalyst treated with plasma form highly dispersed particles with better metal-
support interaction and small particle size with better properties. The prepared
catalysts also show good results in catalytic performance and anti-cokingfak2[80,

116].

Summary

Greenhouse gases owing to their increasing amount in environment find different
techniques to capture, store and recycle them to produce synthetic fuels. Syngas is
being used as feed in production of fuels, chemicals and hydrocarbons and can be
produced using various techniques among which catalytic reforming is of much
importance. SRM, DRM, POM, auto thermal and tri-reforming are used in syngas
production however DRM has advantage of employing both GHGs as feed and
producing syngas in unity proportion which is important in Fischer-Tropsch (FT)

synthesis leading to GLT applications.

The different parameters used in catalyst synthesis effect DRM catalytic performance.
Among active metals, noble metals have superior performance but uneconomical
while among non-noble metals Ni has shown good results for DRM and Co find
limited application in DRM. The focus of study is to have good activity and stability
results for DRM using Co metal. Similarly supports and promoters play key role in
achieving good activity and stability results while depressing coke formation. Among
different supports, MgAl>O4 with both acidic and basic nature contribute more towards
DRM activity performance while TiO» provides excellent stability with good
anticoking properties. Other parameters which effect the catalytic performance include
calcination temperature, reactor type used and the catalyst preparation method each
showing significant changes in results using different combinations and different

conditions. So achieving good catalyst results need proper selection of conditions.

Among the catalyst preparation methods, various methods include impregnation

method, co-precipitation method, hydrothermal method, sol-gel method, surfactant
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assisted and plasma treated method. Among all, plasma treatment method show good

results but consumes excess energy. All preparation methods are good for specific type

of catalysts each while improving the nanoparticles properties important for achieving

good catalytic activity results.
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CHAPTER 3: METHODOLOGY

3.1 Synthesis of Catalyst

The synthesis of MgAl>O4, TiO2 nanoparticles was brought by hydrothermal method
after which composite Co/MgAl>04-TiO> was synthesized by impregnation method.
Different cobalt loadings of 2.5%, 5% and 7.5% were used for the composite synthesis

in order to study the effect of loading with the catalytic performance.

3.1.1 Synthesis of MgAI20O4 Nanoparticles

MgALO4 spinel was prepared by the coprecipitation followed hydrothermal method
as shown by the detailed steps in Fig 3.1. To prepare MgAl,O4, Mg (NO3)2:6H20
(99.99 %, Sigma Aldrich) and Al (NOs3)3-9H>O (98 %, Honeywell Fluka) were the
initial salts used. The stoichiometric amount of salts were added in deionized water
with continuous stirring and mixing to form homogeneous solution. To adjust the pH
of the solution, precipitating agent of ammonia solution (32%) was used and added
dropwise to maintain the pH in the range of 10-11.5 with milky white appearance of
final solution. The solution was then transferred to hydrothermal autoclave and then
treated in oven conditions of 200 °C for about 24 hrs and then left for overnight
cooling. The resulting precipitate was then centrifuged and washed with deionized
water and ethanol and the pH was brought to 7.0[1]. The slurry was then dried for
overnight and then grinded to obtain the powder which is then calcined in furnance
with conditions set at 800 °C for 5 h. The calcined sample was then grinded and

collected in the form of fine MgAl>O4 particles.

3.1.2 Synthesis of TiO2

TiO2 synthesis followed the same steps as MgAl>O4 synthesis and was prepared by
hydrothermal method. TiO> nanowires (NWs) were synthesized by Titanium (IV)
oxide (99%, Sigma-Aldrich) nano powder as a starting material. 0.70 g of nano powder
was added in 70 ml quantity of 10 M NaOH basic solution. The solution was
homogenized by continuous stirring after which it is transferred to hydrothermal
autoclave and oven treated with conditions set at 160 °C and 5 h. The solution was

cooled and centrifuged to obtain white precipitates followed by washing with
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deionized water and 0.1 M HCL solution[2]. The solution was then dried in oven at

100 °C to obtain the final product.

3.1.3 Synthesis of Co/MgAIl204-TiO2 Nanocomposite

Co/MgAl>04-TiO2 nanoparticles were prepared by the already prepared MgA1,O4 and
TiO2 NWs and Co (NO3)2.6H20 (98%, Merck) salt by the wetness impregnation
method.
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Fig 3.1 Step-wise synthesis of composite Co/MgAIl>04-TiO2

The impregnation method started with the mixing of 1 g MgAl:Osand 0.1 g TiO2 NWs
in 100ml deionized water and solution was allowed to mix for half an hour under
constant stirring. After which 0.25 g Co (NO3)2.6H20 was added in the mixture with
constant stirring conditions for 5 h at 70 °C. The resulted slurry was then dried in oven
at 100 °C overnight and cooled followed by calcination in furnance at 750 °C for about
5 h. The sample was named as 5%Co/10% TiO2 -MgALbO4. Similar process was
followed for the composite synthesis with 2.5% cobalt loading and 7.5% cobalt loading
but the only difference is 0.125 g and 0.375 g Co (NO3)2.6H20 was added for 2.5%
cobalt loading and 7.5% cobalt loaded composite respectively. The detailed schematic

of the composite synthesis is shown in Fig 3.1.

3.2 Catalyst Characterizations
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The prepared catalysts were then brought to testing using different characterisations

which are explained in the below sections.

3.2.1 X-ray Diffraction (XRD)

To analyse the crystalline structure and phase transitions of the prepared samples,
XRD was used. The calcined and well grinded samples were brought to Bruker D8
advanced X-ray diffractometer as shown in Fig 3.2 with specifications of 1.5418 A
irradiation wavelength at 40 kV and 40 mA set conditions to identify their diffraction
peaks. Additionally diffraction angles range was set at 5°—90° and 0.05°-20 step size
was used to analyse XRD patterns. Also the size of crystallite was obtained using

Scherrer equation[3].

Fig 3.2 Advanced X-ray Diffractometer

3.2.2 Scanning Electron Microscopy (SEM)

The morphology of the both fresh and spent samples were visualized by SEM. The
SEM images were obtained using SEM Model JSM-6490A JEOL (Japan) as shown in
Fig 3.3 and micro level images with different resolutions of 5 pm, 1 pm and 500 nm
were obtained additionally with EDS images at 10 pm resolution. The microscope

resolution was set at 3 nm and 30 kV operation parameter.

49



Fig 3.3 Scanning Electron Microscope

3.2.3 Thermogravimetric Analysis (TGA)

To observe the deposited carbon associated with fresh and spent samples and to seek
their respective thermal stability and weight losses with respect to temperature
changes, TGA was used. TGA analysis was performed using TGA 5500, TA
Instruments (USA) as shown in Fig 3.4. 10mg sample was used for TGA analysis while
the nitrogen flow was maintained at 25 mL min"' and maximum temperature of 900 °C

with 10 °C min™' heating rate was used.

Fig 3.4 Thermogravimertric Analyser

3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)
To check out the corresponding functional groups present in the sample, FTIR was
used. FTIR analysis was done using Cary 630 FTIR (Agilent Technologies, USA) as

shown in Fig 3.5 and wavenumber were set in the range 4000 cm™' to 650 cm™.
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Fig 3.5 Fourier Transform Infrared Spectroscopy

3.3 Experimental Setup

The setup provided with fixed bed reactor used for DRM reaction is shown in Fig 3.6.

Reactor

Catalyst

Cotton Wool

Inner View
of FBR

Sl S —— -

| Process
Controller

Fixed Bed
Reactor

Condenser

Fig 3.6 Experimental setup of DRM reaction

To carry out the process, fluidized bed reactor of PARR (Model # LSP-2.38-0-32-1C-
2335EEE, Moline USA) was replaced with modified fixed bed reactor 2.5 ft. in length
of SS 316 material tube with 2 inch dia. opening fixed with SS RED union on both

ends and connected to gas mixer.
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The system was connected with MF4600 series type digital mass flow controllers for
feed gas supply. To control the temperature of the reactor, 4871 series process
controller was used. Also to control catalyst bed temperature, thermocouple of K-type
was used. The catalyst was handled in bed between the suspended glass wool and kept

in the position in reactor by supports.

N> was used as a purging gas in the reactor and the flow was set for 20 mL min™! with
the reactor temperature set at 700 °C for 1 h before carrying out reaction. CH4 (99.99%)
and COz (99.99%) were used as feed gases with flow rate of set at 10 mImin! while
0.5 g catalyst was used and the reaction temperature was 750 °C. The products were
obtained after passing through condenser and brought to gas chromatograph (GC 2010
plus Shimadzu) equipped with thermal conductivity detector (TCD) for further gas
analysis. GC operating conditions were set at 200 °C column temperature and 5 min

retention time.

3.4 Catalytic Activity
To check out the catalyst activity and stability tests, following equations are used as
written below in eqs. (10) to (15). These results include the conversions of the

reactants, selectivity and yields of the reactants.

CH,conversion (XCH )%: (0 CH ) s %100 (10)
! (n CH4 )feed
CO, conversion(xCO )%: (NCO Jooneres x100 (11)
’ (nCOZ)feed
nCO
CO selectivity (S, ) % = (NCO) x100 (12)
( nCH4 + nCOZ )converted
nH
H, selectivity (S, )% = (W poess 109 (13)
: (2xnCH,)
4 7 converted
nH
H, yield (Y, )% = ) posees 15 (14)
? 2X(nCH4)feed
- (nCO) roduced
CO yield (Y, )% = P %100 (15)
(nCH, + nCO, )seeq
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CHAPTER 4: RESULTS AND

DISCUSSION

4.1 Characterisations of Fresh Catalyst

The prepared fresh catalyst was characterized using various characterisations like
XRD, SEM, TGA and FTIR in order to identify structures of constituents present in
catalyst, its morphology, its behaviour with temperature change effect and to figure

out the type of functional groups associated with catalyst.

4.1.1 XRD of Fresh Catalyst
XRD analysis was done to find out the crystalline phases within prepared catalyst as

shown in Fig 4.1 with the associated details given in Table 4.1.

Intensity (a.u)

200)

Fig 4.1 XRD of prepared fresh samples of MgAIl,04, Co/MgAI204, TiO2, Co/TiO»-
MgAIl204

The spinel MgA1>O4 (PDF# 21-1152) diffraction peaks were centred at 20= 19.02°
(hkl; 111), 31.27° (hkl; 220), 36.85° (hkl; 311), 44.8° (hkl; 400) and 65.2° (440) with
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d-spacing of 0.466, 0.28, 0.243, 0.202 and 0.14nm respectively while the most
intensified peak was observed at 36.85°[ 1, 2]. In the same way XRD of TiO>
(PDF#21-1276) shown diffraction peaks at 20= 27.44° (hkl; 110), 36.08° (hkl; 101),
41.22° (hkl; 111), 54.32° (hkl; 211), 56.64° (220) and 69.0° (hkl; 301) with d-
spacing of 0.32, 0.24, 0.218, 0.16, 0.162 and 1.35 nm respectively with the major
peak at 54.32° while the rutile phase of tetragonal TiO, geometry was identified[3].

Table 4.1 XRD analysis of fresh catalyst
Sample Compounds  Structure PDF # 20 (°) Phase

Catalysts (hkl)
MgAl>O4 - Spinel 21-1152 36.85 311
Co/MgAlO4 MgALO4 Spinel 21-1152 36.85 311

CoAlLO4 Cubic 44-0160 44.63 400

C0304 Cubic 43-1003 312 220
TiO2 - Tetragonal  21-1276 5432 211
Composite(Co/ MgAl>,04 Spinel 21-1152 36.85 311
Ti0:- CoAlLO4 Cubic 44-0160 44.63 400
MgAl>O4)

C0304 Cubic 43-1003 31.2 220

TiO2 Tetragonal  21-1276 5432 211

CoTiO3 Hexagonal  15-0866 32.8 104

The XRD analysis of Co/MgAl,O4 shown three associated groups with diffraction
peaks found were MgAl>O4, CoAl204 and Co0304. MgA1O4 was found to have same
PDF#21-1152 and same diffraction peaks with same characteristics as discussed above
while CoAl,O4 (PDF#44-0160) shown cubic structure with space group of Fd3m (227)
and the diffraction peaks centred at 20= 31.74° (hkl; 220), 36.7° (hkl; 311) and 44.63°
(hkl; 400) with d-spacing 0f 0.284, 0.244 and 0.20 nm respectively[4]. Similarly Co3;O4
(PDF# 43-1003) shown cubic structure having space group Fd3m (227) with
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diffraction peaks at 20= 31.2° (hkl; 220) and 36.8° (hkl; 311) with d-spacing 0.28 and
0.243 nm respectively[5].

The XRD analysis of composite Co/Ti02-MgAl:O4 shown above discussed all the
compounds with same diffraction peaks having same characteristics along with the
presence of CoTiO3 (PDF# 15-0866) having hexagonal structure and space group R-
3(148) while its diffraction peak was centred at 20= 32.8° (hkl; 104) and d-spacing
0.27 nm[6].

4.1.2 SEM/EDS of Fresh Catalyst

The morphology of the fresh prepared catalysts was captured by the SEM images of
MgAl>04, TiO2, Co/Ti02-MgAl2O4 as shown in Fig. 4.2 (a-f) with the resolutions of 5
pum and 1 pm. The morphology of MgAl,O4 depicted the blocked shaped spinel
structure with sintering owing to high temperature calcination. The SEM image of
TiO2 shown the particles formation in fine form with some nanowires of TiO> present
along with particles while the morphology of composite shown the presence of all the
constituents within it by confirming the presence of MgAl>O4 spinel structure found
along with the visuals of TiO> nanoparticles and nanowires in depth. The EDS of the
prepared catalysts as shown in Fig. 4.3 (a-c) confirmed the presence of all the
constituents within composite as EDS of MgAl,O4 shown Mg and Al peaks which are
intensified while TiO, EDS results also shown presence of Ti and O species with some
impurities found in it which got in process of preparation. Similarly the EDS image of
composite also confirmed the presence of Co, Ti, O, Mg and Al constituents as verified

by the peaks however some impurities were also present along with the sample.
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Fig 4.2 SEM images of prepared fresh samples (a-b) MgAI2O04; 5 um and 1 um (c-d)
TiO2; 5 um and 1 um (e-f) Co/TiO2-MgAl204; 5 um and 1 pum
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Fig 4.3 EDS of prepared fresh samples at 10 um (a) MgAl>O4 (b) TiO2 (c) Co/TiO»-
MgAl>O4
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4.1.3 TGA of Fresh Catalyst

The thermal stability of the fresh prepared catalysts gone under investigation by the
temperature change effect on weight losses of samples as shown in Fig. 4.4. The TGA
curve for MgAL>O4 shown total weight loss of about 5% in which initial 3.5% of weight
loss upto 150 °C was observed because of moisture removal and combustion of left
unburnt nitrates while the rest of weight loss was due to conversions of hydroxide to
oxides. The stability of TiO> was shown by TGA curve of TiO> which indicated total
of 2% weight loss attributed to moisture removal and organic compounds

decomposition.
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Fig 4.4 TGA of prepared fresh samples (a) MgAl2Oz (b) TiO2 (¢) Co/TiO2-MgAlO4

The weight gain was observed at high temperature for TiO> which was due to

occurrence of oxidation processes within it. Similarly the 5% weight loss was observed
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in composite TGA with gradual decrease in which initial loss was due to adsorbed
moisture removal while the remaining was due to breakage of bonds and formation of

intermediates within composite.

4.1.4 FTIR of Fresh Catalyst

FTIR identifies the functional groups and the bonds present in the samples. The FTIR
of MgAlL04, TiO2, and Co/Ti0O2-MgA1>O4 is shown in Fig. 4.5. FTIR of MgALO4
show peak at wave number close to 900 cm™ while the stretching vibration of Al-O
bonds fall in range of 700-900 cm also M-O-M ( M=Mg>" & AI*") stretching
vibration fall in range of 400-900 cm™ which indicated the formation of spinel
MgAlL,04[7-9]. Similarly the peak for TiO2> was observed close to wavenumber 700
cm’! which corresponds to Ti-O bonding confirming formation of TiO,[10-12]. The
composite shows peaks at 900 cm™ corresponding to Mg-O-Al bonding, 744 cm’!
corresponding to Ti-O-Ti bonding and there was found also a small peak at

wavenumber

Co/TiO,-MgAl,0, ——TiO, —— MgAL0,
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Fig 4.5 FTIR of the prepared fresh samples
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around 850 cm™' which shown the presence of O-Co-O bonding confirming Co3O4
formation[13]. The O-Co-O bond, O-Ti-O bond and Ti-O bond interact to form the
CoTiOs specie as described in the stability results below. This specie contribute

towards the catalyst overall stability by reacting with the C species produced during

reaction.

4.2 Characterisation of Spent Co/MgAIl>Os-TiO; Catalyst

The fresh composite was processed for 75 h in the reactor for the DRM reaction after
which the spent composite was collected carefully and further characterised by XRD,
SEM/EDX and TGA to find out the carbon formed over catalyst. The spent
characterisations so done have been presented in Fig.4.6 and Fig.4.7. The XRD

analysis of the spent catalyst revealed the existence
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Fig 4.6 (a) XRD of spent Co/TiO2-MgAl.O4 (b) TGA of spent Co/TiO2-MgAIl204 (c-
d) SEM images of spent Co/TiO2-MgAl>04; 5 um and 1 um
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of spinel MgAl,04, TiO2, CoAl>O4, Co304 and CoTiO3; with same crystalline phases
as found in the fresh composite XRD analysis. MgAl,O4 (PDF#21-1152) was found
with same diffraction peaks with its main peak was centred at 36.85° (hkl; 311). TiO»
(PDF#21-1276) found slight shift in peak centred at 51.8° (hkl; 211) with same rutile
phase and tetragonal geometry. Also peak of CoAl,O4 (PDF#44-0160) slightly shifted
at 36.0° (hkl; 311) however peaks of Co304 (PDF#43-1003) found peaks with same
diffraction angles and characteristics as found in fresh sample. The diffraction peak of
CoTiO3 (PDF#15-0866) was centred at 32.8° (hkl; 104). The additional diffraction
peak of graphite carbon (PDF#41-1487) was observed at 26.3° (hkl; 002) with
hexagonal geometry and 0.337 nm d-spacing[ 14].
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Fig 4.7 EDS image of spent Co/TiO2-MgAl,O4

The TGA profile of spent catalyst got divided into three columns with temperature
change. The first column shown the removal of adsorbed moisture and volatile
compounds up to 300 °C with total of 4-5% weight loss[15]. The second column
weight loss was observed due to a-C and B-C species found in the spent catalyst and
significant weight loss of 14% was associated with it from 300 °C to 500 °C[16]. The
weight loss at higher temperature was attributed to filamentous carbon (y-C) which

was found to be in lower amount contributing 2-3% in weight loss[17].
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The SEM and EDS results confirmed that catalyst surface was covered with carbon as
shown in Fig.4.6 (c-d) and Fig.4.7. The total amount of carbon so found was as much
as 45% in spent catalyst which include the different forms of carbon species formation
during reaction but the catalytic activity and stability results with high activity
indicated the presence of more non-deactivating type graphitic carbon species formed

which resulted because of decomposition of methane at higher temperature[18].

4.3 Catalyst Activity and Stability Tests

A series of activity tests were conducted by varying the operational parameters like
reactor temperature, feed flow rate and also the feed gas ratio to optimize the results.
The catalysts were tested for the reactor temperature of 700 °C, 750 °C, 800 °C and
850 °C and the activity results shown improvement with the increase in the
temperature with the relatively good activity results at 750 °C. The feed flow rate was
also varied from 80 mL min™ to 20 mL min™! in equal proportion in order to analyse
the results however the better results were obtained at 20 mL min™' feed flow rate
owing to more contact time. A couple of tests were conducted at different feed gas
ratios in order to check the effect of the individual feed gases on the final product.
However the best results came with the use of unity proportion feed gases ratio giving
the syngas in the product close to unity. The catalysts so prepared were introduced into
the fixed bed reactor for the DRM reaction to check out the catalytic activity and
stability results with the conditions of reactor temperature at 750 °C, catalyst loading

of 0.5 g, total feed flow rate set at 20 mL min™' and the feed gas ratio of 1.

4.3.1 Activity Tests of Individual Supports, Metal-Support and Composite

The conversions of CH4 and CO; are presented in Fig.4.8 while the selectivity and
yield of CO and H» are presented in Fig.4.9 and Fig.4.10 respectively with 5 h TOS
over individual supports, metal-supports interaction and the final composite. These
results shown the supports effect, then effect of metal-supports and final combination

of supports and metal to form composite effect over activity results.

The TiO; support alone doesn’t give satisfying activity results as shown by the
associated lower CH4 and CO; conversions with lower Hz and CO selectivity and yield
results. However TiO2 shown good metal support interaction when interacted with

metal but in this case interaction of Co with TiO2 shown lower activity results with
63



lower conversions of methane and carbon dioxide and lower selectivity and yield of

hydrogen and carbon monoxide[19]. The reason was due to the formation of oxidation

induced CoTiOs which caused deactivation.
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Fig 4.9 TOS effect vs (a) H2 Selectivity (SH2) (b) CO selectivity (Sco) for different
fresh samples; catalyst loading = 0.5 g, reaction temperature = 750 °C, feed ratio
(CO2/CHa) = 1, feed flow rate = 20 mL min

The MgAl,O4 support when used alone for the activity results shown good results with

conversion of CHy4 as high as 61% and 70% CO> because MgAL>O4 1s an excellent

support and provides both acidic and basic active sites and exhibited good thermal

stability[20]. The acidic portion of support played role in methane decomposition
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while the carbon dioxide dissociation was resulted because of basic support[21]. The
interaction of MgAl>O4 support with Co however shown intermediate results for CHy
and COz conversions of 65% and 72% respectively which was mainly due to formation
of CoAlOs compound which resulted in relatively lower activity however

contributing towards carbon deposition inhibition.
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Fig 4.10 TOS effect vs (a) Hz Yield (YH2) (b) CO Yield (Yco) for different fresh
samples; catalyst loading = 0.5 g, reaction temperature = 750 °C, feed ratio
(CO2/CHa) = 1, feed flow rate = 20 mL min

The activity results of composite Co/Ti10,-MgA1>,O4 shown the maximum CH4 and
COz conversions of 72% and 80% respectively and the average 38% selectivity of H»
and 40% selectivity for CO while the yield results shown 28% average H» yield and
30% CO yield. The higher activity results were due to the bi-supports interaction with
metal providing active sites in bulk number and good interaction of metal and supports

providing higher stability.

4.3.2 Screening Test of Composite with Different Cobalt Loadings

The screening tests were conducted for the MgAl>O4 support and the composites with
different cobalt loading as shown in Fig.4.11. The overall results shown comparatively
higher CO> conversions compared to CH4 conversions which is the additional reaction
of CO; with carbon resulted from methane decomposition[22]. For MgAl2O4, Xcha
and Xcoz2 were 61% and 68.5% respectively while Sy» and Sco were 17.5% and 26.5%

and similarly Yu2 and Yco of 11% and 17% respectively were recorded. For the
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composite with different cobalt loadings, the increasing trend of conversions,

selectivity and yield was resulted with the increase of cobalt loading.

For CH4 and CO> conversions, 2.5% cobalt loaded composite shown 68% Xcns4 and
73% Xco2 and it increased with cobalt loading with the highest recorded for 7.5%
cobalt loaded composite having 76% Xcua and 83% Xcoz. Similarly 2.5% cobalt
loaded composite shown Suz and Sco of 26% and 31% respectively while remained

highest with 43% Sy and 46.5% Sco for 7.5% cobalt
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Fig 4.11 Effect of cobalt loading over TiO2/MgAl204 (a) conversion (Xchs and Xcoz)
(b) Selectivity (Sn2 and Sco) (¢) Yield (Yn2 and Yco); catalyst loading = 0.5 g,
reaction temperature = 750 °C, feed ratio CO2/CHa = 1, feed flow rate = 20 mLmin*

loaded composite. Similarly the 2.5% cobalt loaded composite shown 18% and 22%
yield of H2 and CO respectively and the yield also increased with cobalt loading

increment with highest for 7.5% cobalt loaded composite having 33% Yu2 and 37%
Y co.
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For the composite with 2.5% cobalt loading the comparatively lower activity results
were due to lower available active sites as fast CO; activation produced more oxygen
species resulted in oxidation of active sites of Co and formation of more inactive
species on Co[23]. The higher cobalt loading of 7.5% shown higher activity results but
the carbon deposition is the problem associated with higher carbon loading which
seemed to be sorted out by the oxygen species provided in excess by CO: dissociation
which react with carbon species from methane decomposition resulting in CO
formation and the activity remained higher[24]. However high cobalt loaded sample

suffer stability issues and get deactivate with time.

4.3.3 Stability Test of Composite

The stability results for the composite were investigated where the stability results for
conversion and selectivity over 75 h time of stream effect has been shown in Fig.4.12
while the stability results for yield and syngas ratio over 75 h TOS effect has been
shown in Fig.4.13. The stability tests were conducted for 5% Co/Ti02-MgAl>,O4 and
the results shown the increase in CO; followed by decrease in conversion till stability
however conversion remains between 70 to 80%. The CH4 conversion increased
gradually from 55% to 70% for the first 30 h and then roamed between 60% and 70%

for rest of time.

The selectivity and yield results shown the same trend with the gradual increase in
selectivity and yield for first 55 h and then slightly decrease over the remaining time
of operation. Hy/CO ratio was 0.9 on average over 75 h TOS. The reason for higher
CO produced were the comparative fast CO dissociation and its reaction with surface
carbon along with reaction of CoTiOs3 specie with carbon. Also possibly H2O off the

RWGS reaction reacted with carbon to produce more amount of H> and CO.
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4.4 Reaction Mechanism
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The possible reactions occurring during reaction are given in eq. (16) to eq. (19) and
reaction mechanism is shown in Fig.4.14. The reaction initiated with the adsorption of
CH4 on cobalt and resulted in carbon and hydrogen species as shown in eq.(16) after
which the hydrogen gas is produced as shown by eq.(17)[25, 26]. The cobalt species
interacted with supports TiO, and MgAlLO4 along with dissociation of COz to form
CO as shown in eq. (18) while the inactive CoTiO3 so produced reacted with carbon

to produce CO as shown in eq. (19).

CH, +2Co — C-Co + H-Co (16)
2H-Co — H, +2Co (17)
2Co + CO, +TiO, + MgAl,O, — CoMgAlO, + CoTiO, + CO (18)
C-Co + CoTiO, —» 2Co + TiO, + CO (19)
_--_-_-_----_-_----_-_----_-_----_H-z _______________________

— MgA]204
support

Catalyst : ? |
surface CO,. CoMgAl,O, Ti0,,CO :
. ’ > Carbon deposited
Co-MgAlLO,, 1 CoTiO;, * on surfaccp
Co-TiO, ! co,Co, :
CO
Dissociation Adsorption Desorption

Fig 4.14 Reaction Mechanism of Co/TiO2-MgAl>04 for DRM reaction

Summary
The fresh prepared composite Co/TiO>-MgAl,O4 was characterised by XRD, SEM,

TGA and FTIR analysis. XRD results of composite shown all associated groups of

MgAl,04, TiO2, C0o304, CoAlO4 and CoTiO; with different diffraction peaks and
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different structures. SEM results of composite shown the presence of all constituents
having block shaped MgAl>O4 spinel with TiO2 nanowires in depth. TGA results of
composite shown slight loss in weight owing to moisture removal, bonds breaking and
intermediates formation while the FTIR results shown the Mg-O-Al, Ti-O-Ti and O-
Co-O bondings corresponding to respective wavenumbers and peaks for the
composite. The spent catalyst obtained after activity tests were characterised and the
spent XRD shown additional graphitic carbon peaks observed while the SEM and TGA

results also indicated the formation of carbon after 75 h activity tests.

The activity tests were conducted for individual supports, their combination and
composite and the results shown higher conversions of CH4 and CO> with 72% and
80% respective values, higher selectivity and yield results of H> and CO for the
Co/Ti02-MgA1>O4 composite. The Co loading effect was studied using 2.5%, 5% and
7.5% Co loading for the composite and the results indicated the increase in the activity
results with increase in loading however for stability results 5% Co loaded composite

shown higher stability of 75 h with the H2/CO ratio of 0.9.
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CHAPTER 5: CONCLUSIONS AND

FUTURE PERSPECTIVES

5.1 Conclusions

This thesis focuses on the DRM process keeping in mind the basic theme of
greenhousegases utilzation effectively with the catalsyt preparation and the
comprehensive analysis of the catalytic activity and the catalyst deactivation induced
by the reaction conditions. The carbon deposition resulting in catalyst deactivation is

the major setback of the DRM reaction.

This study investigates the catalytic performance and stability of the prepared mixed
Ti02-MgAl>O4 supports over cobalt with different cobalt loading effect in the DRM
reaction occurred in the fixed bed reactor. MgAl>,O4 being acidic-basic support and
TiO; support with anti-coking properties were prepared by hydrothermal method and
both impregnated over cobalt with different loadings to make suitable combinations of

composite.

Off the individual supports, metal-support combinations and composite tested for
DRM activity, the composite Co/Ti02-MgAl>O4 has shown the maximum values of
Xcn4 (72%) and Xco2 (80%) with higher selectivity and yield of H, and CO. With
different cobalt loading effect over DRM, 5% Co/Ti02-MgAl>:O4 has shown the
superior catalytic performance with higher activity and high stability of 75hrs. The
maximum conversions, selectivity and yield results associated with 7.5% Co/TiO»-
MgAl>O4 are only for short TOS effect as long term usage brings instability because

of carbon deposition leading to deactivation.

5% Co/Ti02-MgAl,04 has shown the average Ho/CO ratio of 0.9 for DRM up to 75 h
stability test. CoTiOs reaction with carbon and the fast dissociation rate of CO; are the
potential reasons of the higher CO production and syngas ratio below unity. The good

activity and stability results of Co/Ti0>-MgAl>,O4 suggests usage of the catalyst with
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required modification in preparation for syngas production by DRM reaction on

industrial scale.

5.2 Recommendations

DRM process finds promising future in the effective utilization of GHGs for syngas
production. The major challenges in the DRM process are the development of the
catalysts that are more resistant to deactivation and this need the usage of modern and
highly developed advanced catalyst preparation methods. Also the reactor designs
need to be developed with suitable reaction conditions for DRM processes. Moreover
efforts should be done in order to optimize the design of catalyst to make the DRM

process commercially viable

74



APPENDIX-PUBLICATIONS

A-1 Arslan Mazhar, Asif Hussain Khoja, Abul Kalam Azad, Faisal Mushtagq,
Salman Raza Naqvi, Sehar Shakir, Muhammad Hassan, Rabia Liaquat and
Mustafa Anwar. “Performance analysis TiO, modified Co/MgAl,Q, catalyst
for dry reforming of methane in a fixed bed reactor.” Energies (2021).
(IF=2.7, Q2)

Type of the Paper (Article) 1

Performance analysis TiO: modified Co/MgAl:0;: catalyst for
dry reforming of methane in a fixed bed reactor

Fd

[

Arslan Mazhar?!, Asif Hussain Khoja', Abul Kalam Azad®, Faisal Mushtag®, Salman Raza Naqvi‘, Sghay Shakir®, 4
Muhammad Hasszan:, Eabia Liaguat:, Mustafa Anwar® 5

1 Fasst Fuels Laboratary. Department of Thermal Energy Enginesring, U5.-Pakdstan Centre for &
Advanced Studles In Energy (USPCAS-E) Ma-tlgpal. Untversity of Sclences & Technalogy (WUST), Secter H- 7
12 Islamabad (34000), Pakistan. arslanmazharsz@gmail.com, , , asif@usprase.nust edu ok =
Z Schaol of Engineering and Technalogy, Central Jueensland Undversity, 120 Spencer Street, Melboume, VIC ]

Z000, Avstralla. Emadl: a k srad@oqu.eduan i)
3 Department of Chemical Engineering. Faoalty of Englneering & Architecture, Balochisian, Untverstty of 1
Information Techmalogy, Engineering and Management Sdences, Adrpart Foad, Balel. Ceetta, Balochisiamn, 1z
Faldstan. fatcalgtalS7rSemall.com 13
4 5chool of Chemical end Materlals Engineering (SCWE), Nattonal Untverstty of Sciences & Techniology 14
(NUET), Sector H-12 Islamabad (34000), Pakcistan. salman. raza@scme nust eduple s
= Departmaent of Energy Svstems Engtnesring, U.5-Fakistan Centre for Advanced Studies in Enargy 18
(CEPCAE-E). Na-fippal Untverstty of Soences & Technology (WITST), Sactar H-12 Islamabad (40007, ir
Pakistan. seharfuspcasenust.edu.ok | hassanfuspeasenust.edu.pk | mustafa@uspeasenustedu.pk 1=
* Comespondence: astffusprasenustedupk (AHED) akazad@oquedu.an (AXA) 19
Ab=tract: C:\_-'T:i.Dz—MgALzOl fas bean i.rlv\e:l:i.g:.ted. in a fixed bad reactor for dr:.r :'efe::m.ing aof 0
msthamne (DEM) process. CoyTiOr-MgAldy is prepared by modified co-precipitation followed by 21
the ]‘.}rd:\cﬂ'lﬂma] method. The _m'l:p.ar:d v:.'ul:al}rrt has been characterized b:." XED, SEM, TGA amd 2
FTIE. The performance of Co/TiD:-MgAliO for the dry reforming of methane (DEM) process is I3
:i!u-':s:ig:ul:ed at reactor with a t:mpcr.'ul'u.t\e of 350 °C, feed ratio (C0/CHa) =1, c.'uh.'l.}rrt ]u:ud.i.r.g l].-Eg e
and the feed flow rabte of 20 mL min?. The effect of supports individually. interaction with metal =
and in the composite has been studi=d for the catalytic actiwity with the composite showing 8
Citation: Leaspsms, F Lassass Fr significantly improved results. hlorecwer, among the Co loadings studied, 5%Co over TiDz=- 7
Lewpame, F- Title. Enorgiea 021, 14, Mg AliDs composite demonstrated better catalytic performance. The 5% Co/Ti0-MgAlOs improves I8
= hizpa://deiorg 11335 (mam the CHi and OO conversion up to 70% and 80%, respectively, while the sslecvity of Hzand €O 29
improves to 43% and 46.5%. respectively. The symgas ratio of 0.9 is due to the sxcess amount of CO 20
Academiz Bdar: TimRAmG produced bacauss of the higher conversion rate of OOz and surface carbon reaction with oxygan 31
S_DECil‘J-. Furthermore, in time on stream (TO2) test, the ﬁl::l:.'s-t axhibits 75 hours of s:u'bﬂ:i.i}" with iz
Reccend. 4 significant catalyic achwvity. The catalyst’'s potential lies in catalyst stability and catalytic 33
SVCE:D SR - - = = - - -
performance results while encouraging further investigation and use of the catalyst for the long run. 34
Acepeod: deic s -
Fublahed: dete DEM process. =

75



A2 Asif Hussain Khoja, Mustafa Anwar, Sehar Shakir, Muhammad Taqi
Mehran, Arslan Mazhar, Adeel Javed, and Nor Aishah Saidina Amin.
"Thermal dry reforming of methane over La,O3 co-supported Ni/MgAl,O,4
catalyst for hydrogen-rich syngas production." Research on Chemical
Intermediates 46 (2020): 3817-3833. (IF=2.62, Q2)

Research on Chemical Intermediates (3020] 46:381 7-3833
hitpsaffdolong 001007511 164-020-04174-2

m

Chiack fowr
updales

Thermal dry reforming of methane over La,0,
co-supported Ni/MgAl,O, catalyst for hydrogen-rich syngas
production

Asif Hussain Khoja'® - Mustafa Anwar' - Sehar Shakir' -
Muhammad Tagi Mehran® - Arslan Mazhar' - Adeel Javed' -
Nor Aishah Saidina Amin®

Receiveed: 27 March 2020 f Accepted: 6 May 2020 S Published online: 22 May 2020
& Springer Mature BA. 2020

Abstract

The excess emission of greenhouse gases (GHGs) such as OO0, and CH, is posing
an acute threat to the environment, and efficient ways are being sought to utilize
GHGs to produce syngas (H,, CO) and lighter hydrocarbons (HCs). In this study,
the dry reforming of methane (DEM) has been carried out at 700 *C using La,(y
co-supported MNiMgAl(d), nano-catalyst in a fixed bed thermal reactor. The cata-
Iyst is characterized using various techniques such as XRD, FESEM, EDX-mapping,
CO-TPD, HA-TPE and TGA. The modified MgAl, O, shows the Hake type structure
after the addition of La,(3;. The TPR and TPD analysis shows the highly dispersed
metal and strong basic nature of the catalyst consequently enhances the conversion
of C0, and CH,. The highest conversion for CH, is 87.3% while C0, conversion is
nearly 89.5% in 20 h of operation time. The selectivity of H; and CO approached
50% making the HL/CO ratio above unity. In the longer time-on-stream {TOS) test,
the catalyst shows elevated potential for longer runs showcasing better catalytic
activity. The stability of the catalyst is indicated via a proposed reaction mechanism
fior DEM in operating conditions. Moreover, TGA indicates the lower weight loss of
spent catalyst which ascribed the lower formation of carbon during TOS 200 he

Keywords Dry reforming of methane - thermal reactor - MgAl,0, - H, production -
syngas
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