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Abstract

Dry reforming of methane is one the interesting processes in which CH; and CO- are
consumed at the same time and valuable syngas is produced. In this research, Ni@AI.Oz core
shell structure catalyst is compared with the Ni/Al>Os supported catalysts in terms of their
catalytic stability, activity and carbon formation in dry reforming of methane. The core-shell
structure catalysts were prepared by microemulsion method and impregnation technique was
used for the supported catalysts. The Ni loadings were 5- 20 wt. % for the both types of
catalysts. The prepared catalysts were analyzed with BET, XRD, TPR, XPS, TEM, XAS, and
ICP analysis. BET analyses, TEM, and SEM-EDS images showed that core- shell structure
catalysts were successfully prepared with smaller particle size and higher surface area (> 200
m?/ g) than the supported catalysts (<200 m?/ g). Furthermore, TPR and XPS analysis revealed
that NiAl.O4 species was the main Ni phase in all the catalysts, making strong interaction
between Ni and Al2Os. XANES analysis revealed that all the catalysts were almost reduced
completely. The catalytic test reaction was carried out at 750 °C, GHSV= 144 L. g* .h"! and
CH4:CO2: N2= 1:1:1. The results demonstrated that core- shell catalysts had better catalytic
activity than the supported catalysts due to encapsulation of Ni with shell, preventing Ni
particle from agglomeration and sintering in comparison with the supported catalysts. The
highest CH4 and CO- conversions belonged to 20%Ni@AI.O3 catalyst with around 55% and
57%, respectively. Further, H2/CO ratio was almost 1 for the core-shell catalyst whereas this
amount was around 0.9 for the supported catalysts. The lower amount of carbon was also
deposited in the core- shell catalysts due to smaller particle size and Ni covered with the shell.
The lowest amount (~2wt.%) of coke deposited on the 12% Ni@AIl.O3 catalysts while this
amount was about 5 wt. % for the supported catalysts with the same loading. The long term
thermal stability test (24 h) showed great stability for the core-shell structure catalyst while it

was gradually deactivated after 120 h in reaction due to carbon formation.
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Chapter 1. Introduction and Thesis Outline

1.1. Introduction
One of the main problems in 21% century is global warming due to rapid emission of

greenhouse gases (GHGs) such as CHs and CO.. The release of GHGs causes ozone layer
depletion, glacier melting, and sea level rise, creating many problems for human and animals. 195
countries have adopted “Paris Agreement” to reduce GHGS emission and save our environment.
In this regard, many efforts have been made to develop technologies to convert CHs and CO2 gases
via dry and steam reforming of methane to valuable products. In dry reforming, CH4 and CO; are
converted to valuable syngas. The produced syngas is utilized as a feedstock in production of other

materials based on H,/CO ratio, as can be seen in Figure 1.1 (Gao et al., 2018).

. H,:CO
Synthesis gas :
Synthesis gas ratio Products
H, Ammonia

H; rich Fuel cell application

o
—_—

: F-T syn-fuel
Methanol

1:1

Oxo-Alcohols

‘ Dimethyl ether
Acetic acid
. CO Phosgene
CO rich

Metal carbonyls

Figure 1.1. Syngas application based on the H2/CO ratio

Furthermore, biomass conversion to bio-oil and renewable energies has been increasing
due to global warning as well as fossil fuel depletion. In this regard, biogas, derived from anaerobic
digestion process, has attracted tremendous attention as a renewable, and environmentally
sustainable source for gaseous biofuel for the generation of heat and power (Rosset et al., 2020).

What’s more, two main components of this gas, CHa, and CO., can be utilized instead of releasing



them to the environment, which benefits climate change. Dry reforming of biogas has been widely
considered to achieve this. In this process, CHs and COz react in the presence of a suitable catalyst
at suitable process conditions, and syngas (a mixture of H> and CO) is produced (Eqg. (1-1)). Itis
worth noting that the dry reforming of biogas (DRB) is the same as dry reforming of methane
(DRM) reaction (called model biogas) with a higher amount of CH4. CH4/ CO2 molar ratio in
biogas depends on the biogas sources (Table 1.1) (Gao et al., 2018; Zhan et al., 2017)

CH, + CO; — 2CO + 2H, AH = +247 kJ/mol (1-1)
CHy — C+ 2H; AH= +75 kJ/mol (1-2)
2CO — C + CO; AH= -131kJ/mol (1-3)

Table 1.1. Biogas sources, CH4 and CO. contents and CH4/CO ratio (Gao et al., 2018)

Biogas Source CHa content (%) CO> content (%) CH4/CO, molar ratio
Model biogas 50 50 1

Landfill Waste 55 45 1.25
Sewage Waste 60 40 1.5

Organic Waste 65 35 1.85

The produced syngas can be used in reactions such as Fischer- Tropsch, and methanol
production. Additionally, produced hydrogen can be employed in fuel cells to generate electricity
(Das et al., 2022) .

1.2. Syngas production through reforming processes
As it is mentioned earlier, syngas is produced through reforming technologies such as

steam reforming of methane (SRM), dry reforming of methane (DRM), partial oxidation of
methane (PON), and auto-thermal reforming of methane (ATR). These processes are shown in
Table 1.2 (Li et al., 2008; Abatzoglou et al., 2016)



Table 1.2. Syngas production through various reforming technologies

Reactions H2/CO
ratio

Dry reforming of methane (DRM) CHs+ CO2 — 2H2+2CO AH =+247 kJ/mol 1

Reverse Water Gas Shift COz2+H2— CO + H0 AH = +41.8 kJ/mol

Steam reforming of methane (SRM) CHs+H20 —3H2+CO  AH =+205.8 kJ/mol 3

Water Gas Shift CO + H20 — CO2 + H2 AH =-41.8 kJ/mol

Partial oxidation of methane (POM) CHs4 + 0.502 — 2H, + CO AH = -36 kJ/mol 2

Auto-thermal reforming of methane  CHs + 0.50, — 2H; + CO 2-3

CH4 + H,O — 3H2 + CO

In SRM reaction, CH4 reacts with H.O and syngas with H2/CO ratio of 3 is produced. This
reaction is highly endothermic and requires high energy to operate. One of the main issues in this
reaction is consumption of H2O as well as production of CO; through water gas shift reaction.
Partial oxidation of methane has been used for production of syngas but it requires oxygen. Auto-
thermal reforming reaction, which is combination of steam reforming and partial oxidation
methane, is another process used for syngas production. This reaction needs H>O and O at the
same time, which makes this process less affordable. Dry reforming of methane has attracted much
interests as two main greenhouse gases (CH4 and CO3) are consumed at the same time and valuable

syngas is produced (Carapellucci et al., 2020).

The main challenge of the DRM is a rapid coke formation, rooting from CHa decomposition (Eq.
(1-2)) and Boudouard reaction (Eqg. (1-3)), resulting in the catalyst deactivation and reactor
blockage. Filamentous type carbon or carbon nanotubes is highly produced in dry reforming,
pushing the active metal particle and causing it to disconnect from the support (Alipour et al.,
2023; Shamskar et al., 2017). It is also reported that sulfur in biogas causes catalyst poisoning and
deactivation, which is another issue in this process. Furthermore, sintering of active metals is
another problem for the catalysts used in this process, which is coalescence of active metals due
to high temperature (Alipour et al., 2014c). Since carbon formation highly depends on the
composition and structure of the catalyst, many efforts have been made to solve these problems. It
is worth noting that catalyst sintering, strong metal-support interaction, and the basicity of support,
could remarkably decrease the catalyst deactivation. Various catalysts have been proposed by
researchers for this process to suppress the deposited coke and boost the catalytic activity (Aziz et
al., 2019). It is reported that noble metals based catalysts (Rh, Ru, Pt, Pd) have a great catalytic



performance with the lower carbon deposition but they are rarely used due to their high price and
scarcity (Nematollahi et al., 2011). Non- noble metals catalysts like Ni and Co are vastly employed
for this process because of their abundance and lower cost, however severe coke formation is the
main issue (Chein et al., 2019). It is worth noting that different supports, promoters, preparation
methods, and reaction conditions could remarkably lower the deposited carbon and improve the
catalytic activity and stability in dry reforming. Among the supports, Al>Os is highly recommended
owing to its higher surface area, culminating in better Ni dispersion and smaller particle size. CeOo,
ZrO3, SiO2, and MgO are other supports widely used in dry reforming (Zhang et al., 2015). Another
way to reduce coke deposition in dry reforming catalysis is the addition of promoters such as CeO>
or alkaline earth promoters (MgO, CaO, BaO, SrO), causing catalytic performance improvement
due to oxygen storage capacity of CeO» and basic properties of alkaline earth promoters, resulting
in COz adsorption enhancement and hindering Boudaurd reaction and coke suppression (Alipour
et al., 2014b). Moreover, as bimetallic samples could provide more active sites for reactants and
as a result higher conversions could be achieved, Co, Cu, Fe, and Mo are incorporated with Ni as
a second metal in dry reforming (Bian et al., 2017a). Core/yolk@ shell type catalyst is another
configuration, which significantly shows the great catalytic behavior and lower carbon deposition
in dry reforming due to encapsulated active metals in the shell, inhibiting the active metal sintering
and prolonging the catalyst lifetime ( Li et al., 2019). Further, catalysts preparation methods,
calcination, and reduction temperatures significantly play essential roles in the catalytic
performance. In the regard to catalytic preparation methods, impregnation, co-precipitation, sol-
gel routes are widely used, while sol-gel has been suggested as the better preparation method,
which can produce catalysts with higher metal dispersion with the stronger metal-support

interaction (Usman et al., 2015).

1.3. Knowledge gaps
Based on the literature review discussion in Chapter 2, the identified knowledge gaps are as

follows:

1. Study of core@shell catalyst in dry reforming of methane as compared to supported catalyst at
high GHSV is missing in the literature.

2. Comparing the core-shell and supported catalysts in terms of particle size and reducibility after

reduction



1.4. Hypotheses
The following hypotheses are made:

1. It is hypothesized that core@shell catalysts show better catalytic performance compared to
supported ones in dry reforming of methane due to alleviation of the amount of deposited coke
and sintering, as a result of smaller particle size, and encapsulation and protection of nanoparticles
by an outer shell.

2. It is assumed that core-shell catalyst has better reducibility than the supported ones.

1.5. Objectives
Overall objective: Conversion of methane to syngas through dry reforming reaction.

Sub-objectives:

1. Synthesis of Ni@AI.O3 with microemulsion (ME) method and Ni/Al>O3 with impregnation
method, as a reference catalyst.

2. The prepared catalysts were used in DRM reaction and the supported and core-shell structures

catalysts are compared.

1.6. Organization of thesis
This master thesis organized in five chapters. It is structured according to the manuscript-style

thesis guidelines of the College of Graduate and Postdoctoral studies. Chapter 2 has been published
as a book chapter. The manuscripts described in Chapters 4 has been submitted to Chemical
Engineering Journal.

An introduction to the subject matter is given in Chapter 1. Chapter 2 presents relevant literature
reviews of dry reforming of methane, catalysts used in this reaction, and rout to improve catalytic
activity. In Chapter 3 the experimental procedures are discussed, including all the materials,
processes (DRM) and techniques used to prepare and characterize catalysts used in this study. In
Chapter 4, the prepared catalysts were characterized with different techniques such as XRD, TPR,
BET, XPS and etc, and used in dry reforming of methane reaction to evaluate their performance
in terms of activity and stability. The results of catalytic activity and used catalyst’s
characterizations are also provided in this chapter.

Chapter 5 provides the overall conclusions and recommendations from this research study. The
references for all the chapters are collected in the References section, and appropriate additional

information is provided in the Appendices.



Chapter 2. Literature Review

The content of this chapter has been published as a book chapter cited below:

Zahra Alipour, Venu Babu Borugadda, Hui Wang, Ajay K.Dalai, Chapter 8- Dry reforming of
methane and biogas to produce syngas: a review of catalysts and process conditions, Editors: Sonil
Nanda, Dai-Viet N. Vo, and Van-Huy Nguyen, 2022, Elsevier: Carbon dioxide Capture and
Conversion, 201-235.

This chapter includes a literature review on what have been studied on the catalytic activity and
stability of the catalysts used in DRM.

2.1. Catalysts deactivation in dry reforming of methane

As it is noted earlier, one of the main problems in DRM is coke formation through Eq. (1-
2) and Eq. (1-3). The formed coke covers active sites and prevents accessibility of reactants to
active sites. Moreover, filamentous form of carbon causes active metal detachment from the
support and deactivates the catalysts when used for long period of time. Since this reaction (1-2)
is an endothermic and operate at higher temperature, sintering and metal coalesce are other issues
in this process. It is known that biogas contains impurities such as sulfur, causing catalyst
poisoning and deactivation due to adsorption of sulfur with active metals (M + HzS <> M-S + H>
(M refers to metal)) (Jablonski et al., 2015). Many studies have been carried out to overcome these
problems, which are discussed below.

2.2. Heterogeneous catalysts for dry reforming
Many catalysts have been proposed for DRM reaction 20 years ago. Most studies in 2000-
2010 have been focused on noble metals catalysts (such as Rh and Ru) and non- noble metals

catalysts (such as Ni and Co) with various supports such as alumina, silica, and ceria

Garcia-Diéguez et al., (2012) showed that NiPt/Al.Os catalyst showed great catalytic
performance in dry reforming of methane. Furthermore, it is reported that Ni/MgO promoted with
Pt showed high catalytic performance and low amount of coke deposition in DRM (Yabe et al.,
2018). Whereas from 2010 up to now, most studies have been carried out to modify non-noble

catalysts with higher activity and lower coke deposition due to noble metals’ prices and scarcity.

In this regard, different preparation methods have been studied to decrease metal particle size and

increase surface area of the catalysts. Moreover, reaction conditions and use of modifiers are other
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variables, which have been widely investigated to increase lifetime of the catalyst. Most of the
studies related to dry reforming of methane have focused to design catalysts, which are resistant
toward coke formation, sintering, and poisoning. It is also noted that a promoted catalyst should
have small particle size, leading to inhibition of coke formation based on the mechanism shown in
Figure 2.1. In this figure, it is seen that the catalysts with smaller particle size have lower amount
of deposited carbon than those with larger particle size (Zhang et al., 2008). The removal reaction
of carbon is due to S-CO2 + M-C < 2CO + S + M in which M and S refer to metal active particle
and support, respectively.

'\TT/'
R RN SIS § RPN |

y Support

(A) (B) (C)

Figure 2.1. Model of carbon removal over catalysts with various particle size for DRB. (A)
Catalyst with large metal particle sizes. (B) Catalyst with medium metal particle sizes. (C)

Catalyst with small metal particle sizes. ( ! ) Carbon species derived from the dissociative

adsorption of CHa on the surface of metal ensemble (M); ( T ) Activated CO> on the surface of
support (S); (=) ( Zhang et al., 2008)

It is noted that larger surface area contributes to better metal dispersion, smaller particle size,

avoiding metal coalesce, lower amount of coke deposition, and better catalytic performance

Studies have shown that noble metals based on group V111, which are known to be active and stable
for the reaction, can be incorporated on suitable support. The order of activity has been reported
as follows: Ru =Rh > Ir > Pt > Pd. For example, metals such as Rh and Ru have high activity for
CO: dissociation, with no significant carbon deposition during the reaction (Damyanova et al.,
2009; Usman et al., 2015; Fonseca et al., 2020). Nematollahi et al., (2011) confirmed that Rh and
Ru supported on MgAl2.04 catalysts had higher methane conversion in dry reforming of methane
compared to other noble catalysts. Furthermore, all noble metal catalysts represented high stability

during 50 h on stream. Similar results have been concluded by Rezaei et al., (2006) for noble



metals supported on alumina magnesia spinel. Noble metal catalysts used in DRM are summarized

in Table 2.1.
Table 2.1. Noble metal catalysts for DRM.
Catalyst Support Preparation Process Conditions Reference
Method
Ir-1% v-Al>03, 8 mol% Y03 Wet 400-850 °C, 9000, (Yentekakis et al.,
stabilized ZrO, (YSZ: impregnation 11,000 and 18,000 L/g/h 2015)
Zro_92Y0,0802—5), 10 mol% (GHSV), 12 h,
Gd,03 doped CeO;
(GDC: Ce09Gdo10:-5)
Pd CeO; Single-step 350°C, 12 h (Singha et al., 2017)
surfactant
induced
method
Pd Hydroxyapatite Ultrasound- Feed: 100 mL. min™? (Kamieniak et al.,
assisted ion  comprising CH4:CO2:He 2017)
exchange (IE)  equal to 5:5:90, 0.2 gcat,
and incipient 200 and 650 °C
wetness
impregnation
(1wW1)
Pt, Ru MgO- Al;O3, ZrO; - Incipient 650 °C witha 1:1:1 (Oliveira et al., 2014)
Al;03, CeO; - Al,O3 and wetness molar ratio of
La,0s - Al,0O3 impregnation  CH4:CO2:N, gas mixture
(IW1)
Pt Al;O3 P=1 atm, (Lietal., 2015)
CH4/CO2/N2,=1:1:8,
GHSV=120, 240 L/gca/
h; T=700 °C, t=18 h.

Pt, Ru Pyrhlores Modified 600-min, 50 mg cat, (Pakhare etal.,
Pechini GHSV= 48,000 2013)
method mL/gca/

Rh, Ru, Pt, Alumina Wet GHSV=16000L/kge/ h,  (Nematollahi et al.,
Pd, Ir (1 impregnation 150 mg cat, 600 °C for 2 2011)
wt.%) h




Ni-based catalysts are extensively used in dry reforming processes with various supports
due to availability and lower cost compared to noble metals (Garcia-Diéguez et al., 2012). For
instance, it is reported that Ni/Al.O3 showed good catalytic activity but it deactivated due to coke
formation. Additionally, Ni/MgAl.O4 had better catalytic stability in dry reforming due to spinel
MgAl>Q4, causing strong interaction between Ni and support (Guo et al., 2004). Ni/ZrO; showed
high catalytic activity reported by Rezaei et al., (2006) for dry reforming as well. Ni/Al.Oz3
prepared by sol-gel methods showed great stability in time on stream of 100 h in dry reforming of
methane (Luna et al., 2000). Moreover, other metals like Co has been researched in dry reforming.
For instance, Mirzaei et al., (2015) investigated Co/MgO catalysts in dry reforming of methane
with various cobalt loadings. The results displayed that the catalyst with 10% Co had the best
thermal stability. This can be due to the fact that lower amount of Co content was not catalytically
active whilst higher amount of Co caused pore blockage. Table 2.2 summarized the common active
metal used in DRM

Table 2.2. Non-noble metal catalysts for the dry reforming reaction

Catalyst Support Preparation Reaction Conditions Reference
Method
Yolk-shell SiO; Reverse micelle 1 atm, 700°C, (Wang etal., 2019)
structured Ni approach CH4:CO2=1:1, GHSV 60 L
g*h? 30h
Ni Al;0s P=1 atm, (Lietal., 2015)

CH4/CO2/N2=1:1:8,
GHSV=120, 240 L gesr 1 h74,
T=700 °C, t=18 h.

Yolk-shell SiO, Micro emulsion molar ratio CH4/CO»= 1,100 (Wang et al., 2016)
structured Ni approach, wetness mg cat, molar ratio
and Ni impregnation CH4/CO,= 1, 600- 750 °C, 1

h
Co (5, 10, 15, MgO Co-precipetation 50% CH4 and 50% CO>, 200  (Mirzaei et al., 2015)
20 and 30 mg cat, gas hourly space
wt.% ) velocity (GHSV) of 12,000

mi/h/gca., 550 to 700 °C, for

5h
Ni (core-shell SiO; 40 h, 850 C, 26.8% C0O,/26.8 (Zhang & Li, 2015)
structures) CH4%/46.4% He stream, 20

mg cat
Ni Al>,O3 Impregnation CH4:CO,=1:1; total flow 40 (Alipour et al., 2014b)

mL/min), 550 — 700 °C

It has been reported that bimetallic catalysts could remarkably exhibit better catalytic
performance compared to monometallic catalysts in dry reforming. The synergetic effect of second
metal helps to enhance dispersion as well as provides additional active sites (Jang et al., 2019).



For example, Co, Fe, and Cu exhibited low catalytic activity when employed as a monometallic
catalyst, whilst they played a pivotal role as a bimetallic in dry reforming (Gao et al., 2018). The
effects of Fe were evaluated for the catalytic performance of Ni/ MgO catalyst in DRM. The coke
resistance property of Ni- Fe was ascribed to oxyphilicity of Fe, which resulted in more CO>
adsorption and more oxygen coverage on the surface, contributing to carbon oxidation. Catalytic
deactivation occurred in the presence of excess oxygen, due to the oxidation of metals, whereas
Fe/Ni ratio played a considerable role in the catalytic activity and coke formation in this process
(Zhang et al., 2020).

The results revealed that Co enhanced catalytic performance and reduced coke deposition.

This is likely because of enhancement of CO. adsorption by adding Co due to Co-O interactions,
culminating in inhibition of coke deposition. In addition, Ni helps to prevent Co from oxidation.
Similar results were confirmed by other researchers (Ay et al., 2015; Jawad et al., 2019).
J. Zhang et al., (2007) prepared Ni-Me- Al-Mg-O (Me = Co, Fe, Cu, or Mn) bimetallic catalysts
and employed it for dry reforming of methane. The results showed that Ni-Co catalyst had higher
catalytic performance and lower amount of coke deposition in dry reforming due to synergetic
effect of second metal and just lower amount of Ni-Co content positively affect the catalytic
performance due to better dispersion and smaller particle size (Zhang et al., 2008).

Ni-Mn/Al>03 bimetallic catalyst was evaluated in dry reforming of methane to investigate
the role of Mn in the catalytic activity of Ni/Al>Os catalyst. The results showed better catalytic
activity and less coke formation for the bimetallic sample compared to the monometallic one. This
may due to better Ni dispersion and smaller Ni particle size by adding Mn. Furthermore, a
moderate amount of Mn had positive effect on the catalytic performance (Ramezani et al., 2018)
Macario et al., (2019) found that adding Rh to Ni- based catalysts improved the reducibility of Ni
particles. This may due to the interaction between nickel and rhodium oxides that, during the
thermal reduction, favors the reduction of nickel oxides by pre-reduced Rh particles. Totally, the
addition of noble metals to Ni-based catalysts helps to prevent oxidation of Ni and promote the
reducibility of Ni, resulting in more available active sites and catalytic behavior improvement. It
is also reported that a low amount of noble metal addition could change the surface properties of
Ni (Pakhare et al., 2014; Bian et al., 2017b). Bimetallic catalysts for the dry reforming reaction
listed in Table 2.3.
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Table 2.3. Bimetallic catalysts for the dry reforming reaction

Catalyst Support Preparation Reaction Condition Reference
Method
NiPt Al;,O3 Incipient wetness P=1 atm, CHi/CO2/N»=1:1:8, (Li et al.,
impregnation GHSV=120, 240 L/geat/h,  2015)
T=700 °C, t=18 h.
Ni-based supported Al;03-CeO; Incipient wetness 300 mg cat, 10 h, temperature 550— (Jawad et
monometallic Mo, impregnation 700 °C, P =1 bar; feed gas pure CHs al., 2020)
bimetallic Fe-Mo and and CH4/CO;=50/50, flow rate
Pt-Mo, and trimetallic =60 mL mint, WHSV =12,000 mL
Pt-Fe-Mo ht
Bimetallic Ni-Co MgO Incipient wetness 550 to 700 °C, 200 mg cat, 5 and (Mirzaei et
impregnation 15h time-on-stream, CH.:CO, = al., 2014)
1:1, GHSV =12000mL h*
10 (Wt%) Ni-3 (wt%) Al.Os Sol-gel  method, CH4/CO.=1/1,GHSV=12,000 (Ramezani
Mn Wet impregnation  (mL/h-gcat), 200 mg, 700 °C et al., 2018)
Ni, Ni-Co CeO> Incipient wetness 600-850 °C, atmospheric pressure (Turap et
co-impregnation and a CHJ/CO, ratio of 1, al.,2020)
(CH4/CO2/N,=0.3:0.3:0.4), 0.5 g,
Rh-Pt Al;05-Lay04 Wet co- CH4:COz:He 10:10:80 vol.% and a (Ghelamall
impregnation total flow rate of 5L/ h, .5gcat,300- ah et al.,
900 °C, 2014)
Co-Mo-MgO MWCNTSs Sol-gel technique, 80 mg, 850 °C, a GHSV of (Khavarian
CCVD 132L/h/gear and a CH4/CO; ratio of et al., 2015)

1,650-850°C, 4 h

Typically, support itself is not catalytically active, but it participates in the reaction while
interacting with the active sites. Aziz et al., (2019) reported that the activity of metal-based
catalysts is significantly influenced by the supports, as they impact the dispersion of metal
particles, oxygen vacancies, and metal-support interaction. Mesoporous materials as supports are
of extensive interest due to high surface area, high pore volume, and uniform pore size, helping
active metals have better dispersion (Gao et al., 2018). Ni oxide catalysts have been vastly
investigated due to their proper physical and chemical properties. Ni- based oxide catalysts with
various supports (SiO2, Al.O3, MgO, ZrO», and TiO-) have been studied for DRM. The findings
showed that the catalytic activity followed the order of NiO/Al203 >Ni/MgO > Ni/SiO2 > Ni/ZrO2>
Ni/TiOg, revealing that the diversity in support material noticeably influenced the activity of the
catalyst (Zhang et al., 2015).

Ni- based catalysts with various supports (MgO, Zn0O, CeO>, Al>O3z, and SiO>) were prepared and
employed for dry reforming of biogas. In this case Ni/Al.Oz catalyst showed higher catalytic
activity among all due to strong interaction between metals and support, while it caused the reactor

blocking owing to carbon deposition in the long run. The catalyst with MgO support had lower
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activity compared to Ni/Al>Os but it was more stable. Three other catalysts displayed weak activity
in dry reforming of biogas. As a result, Ni/MgO catalyst had the best catalytic performance for

this process (Gao et al., 2020) . Common used supports in DRM is shown in Table 2.4.

Table 2.4. Catalysts with different support for the dry reforming reaction

Catalyst Support Preparation Reaction Condition Reference
Method
Ni Al;,O3 and incipient wet  pressure (1 bar), space-time (2.005 g- (Chaudhary et al., 2020)
MgAl;O4 impregnation  h/mol of CH4), DRM (CH4:CO2:No=
1:1:1)
Ni Al;03, SiO, wet 650 - 850°C for 12 h, simulated (Gao et al., 2020)
MgO, CeO, impregnation biogas (CH4/CO2/N, =2:2:1) with an
and ZnO method inlet flow rate of 50 mL/min and gas

hourly space velocity (GHSV) of
15000 mL/gca/ h

Ni SiOz, TiO: 60000 mL/(gcat-h), 100 h, 750 °C (Wang et al., 2016)
and ZrO,
Rh CeO; Hard template 21 h, 650 °C (Djinovié et al., 2012)
method
Ni CeOy, ZnO Impregnation CH4/C0O,=1.5/1, 12 h, 650-900°C (Rosha et al., 2019)

As mentioned earlier, one of the main drawbacks of Ni catalysts in dry reforming processes
is coke formation and catalyst sintering, due to Boudouard reaction (CO « C + CO2) and methane
decomposition. Many studies were carried out to boost catalyst activity and decrease coke
formation. One of them is by adding promoters and modifiers to the catalysts. Alipour et al.,
(2014b) reported that the alkaline earth promoters (MgO, CaO, and BaO) dramatically improved
the catalyst activity of Ni/Al.Oz for DRM (Figure 2.2). This is likely due to the basicity of the
catalysts that enhanced activity, culminated in an increase in CO2 adsorption and inhibited
Boudouard reaction and as a result, the amount of coke formed significantly decreased by adding
alkaline earth modifiers.
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Figure 2.2. TPO profiles of (1) 5%Ni/Al>O3, (2) 5%Ni/3%Mg-AlOs3, (3) 5%Ni/3%Ca-Al>03
and (4) 5%Ni/3%Ba—Al>Os catalysts (Alipour et al., 2014b)

A similar investigation was carried out by Ghods et al., (2016), validating the positive
effects of alkaline earth promoters toward the catalytic activity of the Ni/ MgSiOz catalysts.
Further, Park et al., (2018) found that an optimum amount of Zn could enhance the catalytic
activity and stability of Co/ZrO; for DRM. It has been illustrated that promoted supports could
dramatically improve the catalyst performance for this reaction. For this purpose, Rezaei et al.,
(2019) synthesized Ni/ M- MgAl.04 (M= CeO., ZrO, La203) and employed them for DRM. The
findings displayed that incorporation of the promoters into the catalyst support moved the Tmax of
the reduction peak to a higher temperature, showing the stronger interaction between the metal and
support in these samples. Adding CeO- as a promoter improved catalytic activity and decreased
coke formation compared to other studied promoters for DRM, rooting from redox properties of
the catalyst support by adding ceria. The higher amount of modifier caused pore blockage,
consequently decreased catalytic activity while smaller amount could not modify properties,
reported by (Alipour et al., 2014b). Promoters used for dry reforming reaction is listed on Table
2.5.
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Table 2.5. Promoters used for dry reforming reaction

Catalyst Promot  Preparation Reaction Conditions Reference
er Method
Ni/ Al2O3 MgO Co- 550 °C to 700 °C, 200 mg cat, 700 min, (Mirzaei et al., 2015)
precipitation CO,/CH4= 1 mol; GHSV= 1.8x10*
ml/h/gcat
Ni/ Al,03 MgO Wet 550 to 700 °C, 200 mg, CH4/CO, =1/1,  (Alipour et al., 2014c)
impregnation GHSV = 12000 mL/(gcat-h)
Ni/ Al,O3 MgO, Wet CH4/CO,=1/1, GHSV=12,000(ml/h/gcar),  (Alipour et al., 2014b)
CaO, impregnation 200 mg, 550 — 700 °C, 1400 min
and BaO
Ni/ Al;O3 K20, Microemulsion Reaction conditions: CH4/CO,=1, (Shiraz et al., 2016)
MgO, GHSV=18,000 (ml/h-gcat), 250 min,
CaO and
BaO
Ni/ Al,O3 K20 Wet CH4/CO,=1/1, GHSV= 12,000(ml/h/gcar), (Alipour et al., 2016)
impregnation 200 mg, 550 — 700 °C, 1400 min
Rh/ Al,Os La,O3 wet CH4:CO2:He 10:10:80 vol.% and a total (Ghelamallah et al.,
impregnation flow rate of 5 L/h, .5 g cat, 300-900 °C, 2014)
Pt/ Al,O3 La;O3 wet CH4:CO2:He 10:10:80 vol.% and a total (Ghelamallah et al.,
impregnation flow rate of 5 L/h, .5 g cat, 300-900 °C, 2014)
Ni/ MgSiO3 Cao, hydrothermal CH4/CO; = 1:1, GHSV= 18000 ml/gca/h, (Ghods et al., 2016)
MgO, method 100 mg, 250 min, 700 °C
and BaO

It is also reported that the catalyst preparation method has a significant influence on the

interaction between active sites and the support. There are some common preparation routes, used

in the catalyst preparation such as the sol-gel, impregnation (incipient and wet), precipitation, co-

precipitation, surfactant- assisted, and polyol methods. Since the sol-gel method contributes to

strong metal- support interactions and a smaller particle size compared to other methods, it is

highly recommended for dry reforming process. It is also explained that precipitated catalysts have

lower catalytic activity and stability compared to those produced with the impregnation and sol-

gel ones, which is attributed to the lower concentration of active sites and partial oxidation of Ni

metal with CO, (Arora et al., 2016). Moreover, pore blockage is another issue, seen in the co-

precipitated samples whereas NiO particles with the crystal sizes of 9-11 nm could be observed in
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the impregnated ones (Arora et al., 2016). It is also reported that the impregnation method has
several advantages such as ease of operation and metal distribution control on the support but weak
interaction between metal and support ( Gao et al., 2018).

The impregnation method is the most common method for preparing metal-supported
catalysts. Although it is so difficult to obtain a narrow particle size distribution, it is possible to
prepare small metal particles in this method. Furthermore, synthesizing the catalysts with plasma
treatment can disperse nickel more than that using the impregnation method (Usman et al., 2015).
It is also found that the morphology of the catalyst support has some effect on the structure and
size of the metal particles in impregnation method. It is difficult to control the composition of
bimetallic particles, whilst it is expected to be a suitable environment for producing small metal
nanoparticles with narrow size distributions as well as bimetallic particles production with the
controlled composition in the microemulsion route owing to the specific structure of this
technique. Besides, it is claimed that microemulsion can provide better interaction between active
metal and catalyst support. As a result, this method causes the particle size in the nanometer range,
narrow size distribution, and homogeneous composition, making them excellent catalyst
precursors (Aboonasr et al., 2016)

One of the major problems in the supported catalysts, especially those based on Ni, is the
sintering of active species causing inactive carbon formation. Control the size of a nickel with
various catalyst preparation methods is one the solution to overcome this problem (Dekkar et al.,
2020). Rezaei et al., (2008) claimed that the synthesis of nanopowder ZrO, with the surfactant-
assisted method could significantly increase the BET surface area which is one of the main goals
in the preparation of the catalysts. Also, Ni impregnated on this support showed high stability after
time on the stream of 50 h. Dekkar et al., (2020) studied the influence of microemulsion and
impregnation catalysts preparation methods on the catalytic performance of Ni/AL2O3 and Ni/SiO;
in DRM. The findings indicated that the catalytic performances are much more dependent on the
support properties and that they are deeply influenced by the catalyst synthesis method. The
catalytic characterization showed that Ni dispersed on Al>O3z and SiO> support much higher in the
microemulsion method compared to two other catalysts prepared with impregnation. The single
phase of NiO was detected for those prepared by impregnation method while it cannot be seen for

catalysts prepared by microemulsion, representing high dispersion of NiO.
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It is also reported that Cu/SiO- coated with ZnO through ALD had smaller Cu particles with better
distribution and strong metal-support interaction, which favors the catalytic performance (Gao et.
al., 2020)
2.3. Dry reforming studies in U of S

It is noteworthy to mention that studies have been done at the U of S from 2008 -2020 for
dry reforming of methane. The following studies were carried out by Dr. Dalai and Dr. Wang
groups about Ni-based catalyst for dry reforming of methane.
1- Ni-M (M=Co, Cu, Mn, and Fe) - Al-Mg-O catalysts prepared by co-precipitation method and
employed in dry reforming reaction. The results showed that Ni-Co bimetallic catalyst had higher
surface area, great stability and activity with lower amount of coke deposition compared to other
samples. It is also noted that lower amount of Ni-Co content catalytically performed better (Zhang
et al., 2007; Zhang et al., 2008).
2- The impact of reduction on the growth of the metallic nanoparticles was studied. The XAS
results showed that Co mitigated reduction of Ni while Co reduction were improved by Ni, and
there was a strong interaction between Ni and Co atoms leading to the formation of Ni-Co alloy
(Wang et al., 2013)

3- Influence of support structure (basic properties of the catalyst) on the catalytic performance of
the catalyst was studied. The results illustrated that MgO-solid phase and spinel structure were
observed at a higher Mg/Al ratio, and only spinel structure was detected at the lower ratio. The
MgO phase boosted the basicity and reduction of the active metals, leading to higher catalytic
performance of catalyst for DRM reaction (Alabi, 2018)

4- Ni-Co-Al-Mg-O catalysts prepared by co-precipitation and impregnation methods and used in
dry reforming. The results illustrated that impregnated catalysts had higher particle size than
precipitated ones after reduction because metal particles grow inside the pores in the precipitation
methods while they grow on the surface of the support in impregnation method. The samples
reduced at higher temperature had bigger particle size compared to those reduced at lower
temperature. Bimetallic catalysts showed smaller particle size compared to monometallic ones.
5- It is also reported that the catalysts with higher Ni content showed better performance in the
presence of H>S because of better reduction of Ni compared to Co. It is also noted that the catalysts

prepared by impregnation methods regenerated themselves better than precipitated ones due to
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higher metal contents and reduction on the surface compared to precipitated catalysts. The
bimetallic and Ni monometallic catalysts had higher resistance in the presence of steam than Co
monometallic catalysts in dry reforming of biogas. Ni was reduced more than Co in both prepared
samples with impregnation and co-precipitation (Shakouri, 2018)

6- The shaped NiCo catalysts, such as spherical catalysts and cylindrical/extrudate catalysts,
prepared were stable and active for the DRM reaction during 800-900 °C with the strength similar
to the commercial spherical alumina ones (Shakouri, 2018).

7- The CO- catalytic activation mechanism by considering the effects of contiguity of the two
activation sites in the DRM was studied. In this regard, Ni in the NiM2 (M2=Co, Mn, Cu, and Fe)
bimetallic MgO-spinel structure catalysts were prepared by co-precipitation method. The results
demonstrated that the second metal affected the metallic particle sizes as well as basicity of the
catalysts. Furthermore, it is reported that stronger basic sites were related to MgO solid solution
phase, where metallic sites preferred to sit for the catalysts with various Mg contents. The smaller
particles also created more chance for the activated reactant on metallic sites to reach the other
reactant activated on the basic sites around it, as well as good contiguity of metallic and basic sites,
thus leading to higher activities (Gao et al., 2020).
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Chapter 3. Research Methodology
In this chapter, catalysts preparation methods, experiment set-up, and characterization techniques

are described in detail.

3.1. Catalyst preparation methods
In this study, two catalysts preparation methods were used, impregnation for the supported

catalysts and microemulsion for the core-shell structure catalysts.

Supported catalysts: Commercial y- Al203 (Alfa- Aeser, Massachusetts, USA) was impregnated

with aqueous solution of Ni (NO3). with appropriate concentration to obtain 5%. 12%, and 20 wt.
% Ni content (0.198, .476, and 1.58 g of Ni (NOs3)., respectively). Afterward, the obtained solution
was dried at 80 °C overnight and calcined for 3 h at 750 °C in air with the rate of 1°C/min and

Ni/Al,O3 was prepared as the supported catalyst.

The schematic of catalysts preparation method is shown in Figure 3.1.

Support

Ni nitrate \ precursor

Distilled water =

Figure 3.1. Schematic of catalysts preparation method as the supported catalyst

Core shell catalyst: The core shell catalysts were prepared with the microemulsion method. In this

method, cyclohexane, polyoxyethylene cetyl ether and nickel nitrate were used as an oil phase,
surfactant, and water phase, respectively. First, appropriate amount of surfactant (8.4, 20.1, and 33
g) and cyclohexane (200, 480, and 800 ml) were dissolved and then appropriate amount of nickel
nitrate (0.198, .476, and 1.58 g) was added. After 10 h stirring, hydrazine (0.18, 1.8, and 1.1 ml)
was added as a precipitating agent and alumina isopropoxide (CsH2:103Al) (1.07, 2.58, and 4.3 g)
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was added as a shell precursor to obtain catalysts with 5%, 12% and 20 wt. % Ni loadings,
respectively. The prepared solution was stirred for about 24 h, dried at 45 °C vacuum oven and
calcined at 750 °C in air for 3 h with the rate of 1 °C/min and Ni@AIl>O3 catalyst was prepared
with the core shell structure.

Schematic of catalysts preparation method is shown in Figure 3.2.

Core precursor Shed precursor
Hydranne \ Ni nitrate) (ALOY)
\ \ /
‘

Hydrokizing
wasting, drymg
¥ and calcining
polyoxyethylene cetyl ether = | 2 el | \ SRS ) —_— N

cyclobexare

Figure 3.2. Catalyst preparation method with microemulsion method

3.2. Characterization techniques
Various characterization methods were used to analyze and study the catalysts activity and stability

in dry reforming of methane, described in the following:
Brunauer—Emmett-Teller (BET) Surface Area Analysis

This technique is used to study structural properties of the catalysts such as surface area, pore size
distribution and pore volume of the catalysts. In this regard, N2 adsorption/desorption analysis
including automated gas adsorption analyzer (3Flex 3500, Micromeritics, Norcross, USA) was
used. First, about 0.2 g of the catalysts were degassed for 60 min at 90 °C followed by heating to
350 °C for 4 h by using a VVacPrep system (Micromeritics).

X-ray diffraction (XRD) Analysis

In this technique, employed to study the crystallinity of the catalysts, Cu Ka radiation on Bru--ker
Advance D8 series 11, and powder diffractometer was used. The diffraction spectra were collected
in the range of 20= 10-80 and Scherer equation was used to measure crystalline size of the

catalysts.
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Temperature- programmed reduction (TPR) analysis

TPR analysis is used to evaluate reducibility of the catalysts. Micromeritics AutoChem HP
instrument, Norcross, USA was used for this purpose. The samples were heated up to 800 °C with
ramp rate of 10 °C/min, using 10 % H. in Argon with 50 ml/min flow rate and the spectra were

collected.
H> chemisorption

Micromeritics ASAP 2020, Norcross, USA equipment was used to determine dispersion of active
metals on the catalysts. In this method, dispersion was measured in the presence of H at high

temperature.
Transmission Electron Microscopy (TEM)

Morphology of the catalysts was determined by TEM analysis, using a Hitachi HT7700 instrument

at a magnification of 150 k at 100 kV accelerating voltage.
X-ray Photoelectron Spectroscopy (XPS)

In order to study the surface of the catalysts, XPS analysis was employed by using Kratos
(Manchester, UK) AXIS Supra system, equipped with 500 mm Rowland circle monochromated
Al K-a (1486.6 eV) source, combined hemi-spherical analyzer (HSA), and spherical mirror
analyzer (SMA). A spot size of hybrid slot of 300x700 microns was used. All survey scan spectra

were collected in the 5-1200 binding energy range in 1 eV steps with a pass energy of 160 eV.
X-ray absorption spectroscopy (XAS)

The XAS was carried out for the reduced catalysts at Canadian Light Source, Saskatoon,
Saskatchewan. First all catalysts were reduced in presence of H2:N.= 40:60 at 750 °C for 3 h
before analysis. Then the reduced samples were dispersed on a sample holder in a glove box under
nitrogen. The catalysts were analyzed at Soft X-Ray Microcharacterization Beamline (SXRMB)
beamline. The Ni K-edge absorption spectra were collected in total electron yield. Athena software

was also used to analyze the data.

20



Inductively coupled plasma (ICP)

This method was used to measure the amount of active metal on the catalysts by using a Sciex
Elan 5000 ICP-MS (PerkinElmer, USA). In this technique, the fresh catalysts were added to
HCI/HNOs 3:1 solution following by addition of water to 0.5 ml of solution to obtain 10 ml of
total in volume. Then, a 0.2 um hydrophobic filter was used to filter the solution.

Carbon, Hydrogen, Nitrogen, Sulfur (CHNS) Analysis

In order to measure the amount of carbon deposited during the reaction, a VarioEL Cube
(Elementar, Ronkonkoma, USA) device was used. This device was employed to measure the

elements of carbon, hydrogen, nitrogen, and sulfur on the surface of the catalysts.

3.3. Experimental set-up for DRM reaction
The equipment used for this study include mass flow controller, catalytic activity up measurement

set-up, and gas chromatograph which are described in the following.
Mass Flow Controller (MFC)

Mass flow controller (Brook instrument) is used to set and measure the gas stream. This instrument

can measure the gas stream between 0 to 2000 ml/min.
Experimental set-up for evaluation of catalysts’ activity

Figure 3.3 shows the schematic set-up used for the investigation of catalysts activity and stability
in dry reforming of methane. In this set-up, 50 mg of the prepared catalyst was sieved with No. 60
sieve (U.S.A. standard testing sieve) to have uniform particles and mixed with 450 mg silica
carbide and loaded in the quartz fixed- bed reactor with length of 300 mm and diameter of 5 mm.
The temperatures of catalyst bed and reactor wall were measured with two K- type thermocouples
which were inserted in the middle and wall of the reactor, respectively. At first, the catalysts were
reduced with 100 ml/min stream of N2:H> (60:40) by heating up to 750 °C at 5 °C/min ramp at 3
h. Then, N2, CHs and CO, (N2:CH4:CO,=1:1:1; GHSV= 144 L. g’. h'!) were passed through the
catalyst while the temperature kept at 750 °C for 5 h and 24 h to carry out short and long term dry
reforming reaction tests, respectively. The outlet of the reactor was connected to the gas
chromatograph to analyze the effluent gases. After the reaction, the used catalysts were cooled
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down to the room temperature in the presence of Ni and samples were collected for further

analyses.

The equations used for calculation of conversion, and reaction rate are shown in the following:

CHa conversion (%) = ch’:*l;w * 100 (3-1)
CHy4

Fincoz —Foutco,

CO2 conversion (%) = . * 100 3-2
Fin
COy
FInCH4__ FoutCH4_
—Tep,e ——————= 3-3
CHq Mcatalyst ( )
Fj — Fout
o, nco,~ foutco, (3-4)

Mcatalyst

Where F and m represent flow rate and catalyst weight, respectively.

o MFC .
| J
'1‘ MFC
—J‘ MFC —ehg——
)
1 [
|
Furnace
— L
| Vent
L

Thermscouple | ‘r

J Gas
| Chromatograph

|
Figure 3.3.Schematic of set-up used for study of activity test

Gas chromatograph (GC)
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Gas chromatograph (Agilent Technologies, 6890N) is used to analyze the effluent gases from the

reactor with thermal conductivity detector (TCD).
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Chapter 4. Results and Discussion
This chapter includes the results obtained from the catalysts’ characterization and catalytic activity

test in DRM in detail.

4.1. Structural properties of the catalysts
N> adsorption/desorption analysis is shown in Figure 4. 1. As it is observed in Figure 4. 1

a, all the catalysts have 1V type isotherm, indicating mesopores structure with H2 shaped hysteresis
loop which generally illustrates cylindrical-shaped channels with non-uniform pores (Alipour et
al., 2014c). Moreover, based on the Figure 4. 1 b, pore size distribution of the supported and core
shell structure catalysts show that the pore size is in the range of 3-4 nm for all the catalysts but
core shell catalysts have smaller pore size, indicating their higher BET surface area. Further, based
on Table 4. 1, BET surface area of the catalysts illustrated that core shell catalysts have higher
BET surface area than supported catalysts, indicating better dispersion and more available active
site with smaller particle size for these type of catalysts. Additionally, pore width in core shell
structure catalysts is smaller than supported ones. The crystal size of NiO in the supported catalysts
increased by increasing Ni loading while there is no change in this factor in the core shell catalysts
due to encapsulation of NiO with alumina, resulting to lower agglomeration of Ni during
calcination. Totally, core-shell structure catalysts showed higher BET surface area, pore volume
with smaller pore diameters, resulting to better dispersion of Ni with smaller particle size. This
come from encapsulation of Ni with alumina, inhibiting Ni from agglomeration during calcination.
As a result, better catalytic performance is expected for the core-shell catalysts than the supported
catalysts (Kang et al., 2011; Huang et al., 2017).
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Figure 4.1. (a) N2 adsorption/ desorption isotherm (b) Pore size distribution of Ni catalyst with
supported and core- shell structure.
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Table 4.1. Textural and structural properties of the catalysts.

Catalyst SeeT? Pore Pore Crystal size of Crystal
(m?/g) volumeP width¢  NiOY (Calcined)  size of
(cm?3/g) (nm) (nm) Nid
(Reduced
)
(nm)
5%Ni/Al,03 193.00 0.60 8.6 4.2 -
12%Ni/Al203 169.00 0.50 8.3 4.2 4.3
20%Ni/Al>O3 97.00 0.30 9.0 5.0 -
5%Ni@AIl03 200.00 0.60 8.1 4.2 -
12%Ni@AIl,03 282.00 0.60 6.6 4.3 4.2
20%Ni@AIl.03 199.00 0.51 75 4.3 -

& Calculated by BET equation

b BJH desorption pore volume

¢ BJH desorption average pore diameter

d Crystalline diameter of NiO and Ni using Scherrer equation from XRD

XRD spectra of the fresh catalysts are shown in Figure 4. 2. NiO, NiAl204, and Al,O3 phases are
observed in all catalysts. As it is seen, all three peaks detected for the core-shell catalysts, are
assigned to NiO, NiAl>O4, and Al203 phases in the 26=37.5°, 45.6°, and 66.5° in which the three
detected phases are overlapped at 26=37.5° (Alipour et al., 2014c). Furthermore, there are three
other peaks detected at 26=43.74°, 63.38°, and 76° in the supported catalysts with 12 and 20% Ni,
ascribed to NiO species. This is due to more available NiO in 12%Ni/Al>03z and 20%Ni/Al>O3
catalysts with larger particle size while these two peaks are not detected in the core-shell catalysts
due to better dispersion of NiO species with smaller particle size in these catalysts. Moreover,
NiAl,O4 phase was detected for core-shell catalysts which was not detected for the supported
catalysts. As can be seen, the peaks are sharper in the supported catalysts with higher Ni content
due to more available Ni content. These peaks are not detected in the core-shell structured
catalysts, indicating high NiO dispersion with smaller particle size in the core shell structured
catalysts. Additionally, the catalysts with lower Ni loadings showed broader and narrower peaks,
indicating better dispersion of Ni species. The intensity of the NiO peak increased with increasing
Ni loading in the supported catalyst, indicating increased crystallinity of the NiO (Tian et al.,
2022). To conclude, XRD spectra illustrated that NiO and NiAlO4 species are the main phases in

all prepared catalysts. The supported catalysts had sharper peaks due to larger particle size of NiO
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compared to core-shell catalysts while more NiAl.Os phase was detected for the core-shell

catalysts.
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Figure 4.2. XRD patterns of calcined catalysts with the supported and core- shell structures

4.2. TPR analysis of the fresh catalysts
TPR results of the fresh catalysts with supported and core-shell structures are shown in Figure 4.

3. NiAl204 peak is detected in all catalysts except for 20%Ni/Al>O3 catalyst at high temperature
between 600-800 °C, which showed strong interaction between Ni and Al>Os. However, there are
three main peaks in the 20%Ni/Al>Os catalyst at 338, 470, and 700 °C, assigned to NiO species
with weak and strong interactions with the support and NiAl>O4 species, respectively (Alipour et
al., 2014b). This can indicate that the catalyst with the supported catalysts with 5% and 12% Ni
content and the core-shell catalysts with 5%, 12% and 20% Ni loadings had stronger Ni support
interaction than the supported catalyst with the 20% Ni loading. As can be seen in the supported

catalysts, the NiAIl>O4 reduction peak is shifted to the lower temperature by increasing Ni loading,
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which is due to lower Ni dispersion in the catalysts with higher amount of Ni loading, causing
weaker interactions between Ni and support. In other word, there is stronger interaction between
Ni and support in the 5% Ni/Al,O3 catalyst due to better dispersion and smaller particle size of Ni.
Meanwhile, it can be seen that core-shell structured catalysts were reduced at lower temperature
compared to the supported catalysts, showing that the core-shell structure improved catalyst
reduction compared to the supported structure, which may be due to more area of Ni exposed to
H> stream. It is obvious that the H> uptake is much higher in the core-shell structured catalysts
compared to the supported catalysts, showing stronger interaction between Ni and alumina shell
due to encapsulation of Ni with alumina, which has more surface area of Ni in contact with alumina
in the core-shell type of catalysts (Li et al., 2019). Comparison of all the catalysts showed that 12%
Ni@AI203 catalysts had better reducibility than other studied catalysts.
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Figure 4.3. TPR spectra of the catalysts with the supported and core- shell structures

4.3. Morphology of the fresh catalysts with TEM and SEM analysis
The TEM analyses for the supported and core- shell structured catalysts with different Ni loadings

are shown in Figure 4. 4. As can be seen, from Figure 4. 4a, b, and c, the core shell structure is
successfully prepared. Further, the core shell structured catalysts have better dispersion with the

smaller Ni particle size compared to the supported catalysts. Ni particles in the supported catalysts
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have flake shape whereas Ni is covered with alumina in the core-shell structured catalysts.
Additionally, it is observed from Figure 4. 5 that core-shell structured catalysts had smaller particle
size (less than 10 nm) than the supported catalysts. This is due to better dispersion of Ni particles
in the core-shell catalysts, encapsulated with alumina shell and decreased agglomeration of Ni
particles. Further, the particle size increased by increasing the Ni loading in both types of catalysts

due to more Ni contents and agglomeration of Ni particles on the catalysts.

The TEM images in this research are in good agreement with TEM images from literature in terms
of core-shell structure. As shown in the Figure 4.6 a and b, Ni@AIl203 and Ni/Al,Oz with the core-
shell and supported structure were produced by Huang et al., (2017), respectively and it can be
seen from Figure 4.6 c that Ni is covered with Al,Oz by Huang et al., (2017), which is similar with
the Ni@AI203 produced (Figure 4.6 d) in this research.

SEM-EDS images of 12%Ni/Al>03 and 12%Ni@Al.Oz catalysts are shown in Figure 4.7 a and b.
The catalyst with core-shell structure has more alumina in the EDS result and small amount of Ni
could be detected, indication encapsulation of Ni with alumina which EDS could not detect Ni
while in the supported catalysts, more Ni could be detected, may show the dispersion of Ni on the

alumina.
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Figure 4.6. TEM images of Ni alumina with the core shell and supported structures in other
literature (a) Ni@AI203 (b) Ni/Al.O3 (c) Ni@AIl203 with high resolution (d) Ni@AIl20s3 in this
research (Huang et al., 2017)
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Figure 4.7. SEM-EDS images of calcined (a) 12%Ni/Al>03z and (b) 12%Ni@Al.O3 catalysts
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4.4. XPS analysis
XPS spectra of the supported and core shell structured catalysts are shown in Figure 4. 8. As can

be seen, all the catalysts have the same patterns with Ni 2pz;2 and Ni 2p12 peaks. As can be seen,
Ni 2pz2 peak showed binding energy (BE) of 853-854 ev for the supported catalysts, assigned to
NiO species while Ni 2p3z;, at BE=856 ev peak is ascribed to NiAl>O4 species, which could be
detected for core-shell catalysts due to more NiAl2O4 phase on the core-shell catalysts . (Yu et al.,
2022). This is confirmed by XRD and TPR. Further, the intensity is higher for Ni 2pzp, in the
supported catalyst with 20% Ni content due to more available NiO in this catalysts, confirmed by
TPR analysis. It is also observed that core- shell structured catalyst slightly has higher binding
energy (BE) compared to supported catalysts due to stronger interaction between Ni and alumina.
By increasing the Ni contents, BE is decreased in all catalysts due to lower interaction between Ni
and Al>Oz. Since X-ray penetrated ~ 10 nm in the samples and Ni is covered with alumina in the
core- shell catalysts, intensity of peaks are higher in supported catalysts compared to core shell
structured catalysts. The Ni amount in bulk and surface structure is shown in Table 4. 2 for all the
prepared catalysts. As it is seen, most of the Ni is in the bulk phase, which is measured by ICP
analysis for the all samples. Furthermore, the amount of Ni amount on surface of the supported
catalysts is higher than on the core-shell structured catalysts due to encapsulation of Ni with

alumina shell and lower amount of Ni is contacted with X- ray in the XPS analysis.

Table 4.2. Bulk and surface amount of Ni

Catalysts Bulk Ni wt.% (calculated by Surface Ni wt.% (calculated by

ICP) XPS)

5% Ni/Al>O3 4.60 1.31
12% Ni/Al203 11.20 2.05
20%Ni/Al;03 19.60 5.61
5%Ni@AIl,O3 4.80 1.09
12%Ni@AI>03 11.80 1.23
20%Ni@AI>O3 20.10 1.22
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Figure 4.8. XPS spectra of supported Ni/Al>Oz and core- shell Ni@AIl203

4.5. Study of reducibility of the catalysts
In order to compare the reduced and unreduced catalysts with the supported and core-shell

structures, XRD and XAS spectra of the reduced catalysts were collected and are shown in Figure
4. 9 and Figure 4.10, respectively. For XRD analysis, catalysts with 12% Ni loading with the
supported and core- shell structures are chosen. As it is seen, Al,0O3 and Ni species are detected in
all catalysts, showing the good reduction of NiO and NiAl2Os species into Ni species and
presenting adequate active sites for reaction. Furthermore, the Ni species peak is sharper in the
reduced catalysts than NiO and NiAIl.O4 species peaks in unreduced catalysts. This shows better
crystallinity in the reduced catalysts in the presence of Hx stream. The crystal size of the reduced
catalysts is calculated and presented in Table 4. 1. As it can be seen, the crystal size is larger in the
reduced catalysts than unreduced catalysts due to agglomeration of Ni particles during reduction.
However, there is small change in the crystal size of the Ni species in the core-shell structured

catalysts compared to the supported catalysts due to encapsulation of Ni species within the alumina
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shell, leading to decrease in Ni movement at high temperature. It is noteworthy to mention that the
peaks assigned to Ni species in the reduced catalysts are broader in the core-shell structure catalysts
than in the supported catalysts. This can be explained by Scherrer equation that the catalysts with
broader peak has higher FWHM (Full Width at Half Maximum) which is inversely proportional
with crystal size. So, 12% Ni@AIl,Os catalysts has smaller crystal size than 12% Ni/Al;O3
catalysts. The catalysts with smaller crystal size has smaller particle size with better dispersion
which leads to better activity and lower amount of carbon deposition during dry reforming

reaction.
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Figure 4.9. XRD patterns of reduced catalysts with 12% Ni loading with the supported and core-
shell structures.

Ni K- edge X-ray Absorption Near Edge Spectroscopy (XANES) analysis was used to follow the
reduction extent of Ni in the supported Ni/Al.O3 and core-shell Ni@AIl.O3 catalysts with different
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Ni loadings (5-20 wt.%). The reduction condition was temperature of 750 °C for 3 h in the presence
of N2:H2= 60:40. The XANES spectra of the reduced catalysts, NiO standard and Ni foil are show
in Figure 4.10 a and b. As can be see, all the catalysts reduced well and their spectra overlapped
with Ni foil spectra. Further, XANES linear combination fitting is carried out to find out more
quantitative information about the metal reduction extent. The fitting results for the reduced
supported and core- shell structure catalysts were calculated with Athena software and are shown
in Table 4.3. As can be seen, majority of NiO is reduced and adequate active sites are available for
the reactant. Furthermore, supported catalysts has more Ni metal than the core-shell catalysts due
to covering of metal with shell which causes less Hz available for reduction while most of NiO are
in the surface of the supported catalysts, making reduction easier. Another reason for this can be
due to more NiAl>O4 species in the core-shell catalyst which causes a stronger interaction between
Ni and alumina whereas supported catalyst with 20 % Ni is completely reduced due to more NiO

species which confirmed by TPR results.

Table 4.3. Metal and metal oxide extent in reduced catalysts calculated by linear combination
fitting of XANES. Reduction conditions were T= 750 °C for 3 h in H2/N2: 40/60

Catalyst NiO (%) Ni (%)
5% Ni/Al>O3 10.00 90.00
12% Ni/Al>03 9.00 91.00
20% Ni/Al>O3 - 100.00
5% Ni@AIl>03 11.00 89.00

12% Ni@AIl>03 20.00 80.00
20% Ni@AI203 13.00 86.00
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Figure 4.10. Ni K-edge XANES analysis of (a) supported and (b) core-shell structure catalysts
reduced at 750 °C for 3 h in the presence of N2:H>= 60:40

TEM images and particle size distribution of the reduced catalysts are shown in Figure 4.11. First
the samples were reduced in the presence of Hz:N2= 40:60 at 750 °C for 3 h, and then TEM
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analysis was used to see the impact of reduction on the morphology of the catalyst with the
supported and core-shell structures. As can be seen, core-shell catalysts had smaller Ni particles
compared to the supported catalysts due to better dispersion and encapsulation of Ni with outer
shell. This indicates a lower amount of sintering in the core-shell catalyst after reduction in
comparison to the supported catalysts. This results from encapsulation of Ni species with alumina
shell in the core-shell catalysts which prevents Ni from agglomeration and sintering. Further,
Figure 4.12 shows particle size distribution of Ni measured by TEM images for the reduced
catalysts. As can be seen, it is confirmed that average particle size of Ni in the supported catalyst
(more than 10 nm) are larger than the core-shell catalysts (less than 10 nm) due to encapsulation

of Ni with outer shell.
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Figure 4.11. TEM analysis of of the reduced catalysts with the supported and core-shell
structures
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4. 6. Catalytic performance study
Dry reforming of methane is carried out in the presence of the prepared catalysts with the

supported and core- shell structure at 750 °C, CH4:CO2:N»=1:1:1, and GHSV= 144 (L.g*. h'})
conditions and the results are shown in Figure 4. 13 as a function of CH4 and CO> conversions,
reaction rates, and H2/CO ratio. As it is observed from Figure 4. 13 a and b, CO2 conversion is
higher than CHa conversion due to the reverse water-gas shift reaction (CO. + H, <> CO + H20),
coming from reaction of produced H> with CO». The highest CH4 and CO> conversion belongs to
the catalysts with 20% Ni loading with the supported and core shell structures due to more
available active sites for reaction. This trend is also seen for the reaction rate as well. Additionally,
the core-shell structure catalysts displayed much higher reaction rate, conversion, and better
catalytic activity compared to supported catalysts due to higher BET surface area, which provides
more active sites for the reactants. Better dispersion of the Ni in the core shell structure catalysts
significantly decreased Ni agglomeration and sintering and as a result increases the catalysts
lifetime. The catalytic activity improved by increasing Ni content from 5 to 20 %, due to more
available active sites for the reactants. From H>/CO ratio graph (Figure 4. 13 e), it is observed that
this ratio is less than 1 in all samples due to RWGS reaction. However, the 12%Ni@AIl203 and
20%Ni@AI,03 catalysts had H2/CO ratio close to 1. This shows better catalytic performance of

these two catalysts compared to other studied catalysts.
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Figure 4.13. Catalytic reaction test over the supported and core-shell structures catalysts at 750
°C, CH4:CO2:N2 =1:1:1, GHSV= 144 (L.g’*.h'), 5 h conditions. (a) CH4 conversion, (b) CO2
conversion, (c) rate (cHa), (d) rate co2), (€) H2/CO ratio.

Based on the literature (Alipour et al., 2014a; Tavanarad et al., 2018), CH4 and CO2 conversions

decline as GHSV increases due decrease in the residence time of reactant with the active site.

44



Comparison on the different catalysts with different GHSV are listed in the Table 4.4. As it is seen,
the catalysts we prepared had great catalytic performance in DRM at high GHSV compared to
other catalysts with low GHSV.

Table 4.4. Comparing different GHSV effect on the activity of the catalyst in DRM

Catalyst GHSV CH4Con. CO2Con. (%) Reference
(Lgth™) (%)
Ni@AI203 144 54 60 This research
Ni/ Mg-Al>O3 12 52 58 (Alipour et al., 2014b)
Ni@SiO> 18 50 60 (F. Wang et al., 2016)
Ni- CeO2/MgO 18 35 68 (Khajenoori et al.,
2015)
Ni-SiO.@SiO- 24 72 94 (Kaviani et al., 2022)
Co/MgO 12 66 87 (Mirzaei et al., 2015)
Ni/MgAl>O4 18 75 80 (Rezaei & Alavi, 2019)

4.7. Carbon formation
Table 4. 5 shows the amount of carbon deposited on the core- shell and supported structured

catalysts during dry reforming reaction, collected from CHNS analysis. As it is seen, the catalysts
with 12% Ni have the lowest carbon deposition in the supported and core-shell structured catalysts
and 12% Ni@AI.O3 has lower carbon deposition than 12% Ni/Al,Os catalyst while it has higher
catalytic activity. This may be due to lower Ni particle size and confinement effect within shell in

the core-shell structured catalysts that leads to lower amount of carbon formation.

Table 4.5. The amount of carbon deposited from CHNS analysis

Catalyst Cwt%)(Bh C(wt%)(24h C (wt.%)
reaction test) reaction test) (120 h
reaction test)

5% Ni/Al;03 9.60+1.00 - -
12% Ni/Al>Os 5.30+1.00 - -
20% Ni/Al>O3 6.70+1.00 - -
5% Ni@AIl>0O3 5.80+1.00 - -

12% Ni@AIl203 2.30+1.00 8.50 £1.00 25.20+1.00
20% Ni@AI>03 5.30+1.00 - -
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XRD analysis of the used catalysts is shown in Figure 4. 14. It is seen that Al,O3 peak is observed
in all samples while Ni species peak is detected only on the supported catalysts with 12 and 20%
Ni loadings and the core-shell structured catalyst with 20% Ni content. This illustrates that Ni is
still dispersed well in the supported catalyst with 5% and core shell catalysts with 5 and 12% Ni
loadings. Furthermore, the peak assigned to Ni in the 20% Ni@AIl>Oz catalyst is less sharp than in
the 12%Ni/Al>03 and 20%Ni/Al>O3 catalysts, due to agglomeration of Ni in the supported catalyst,
which resulted in larger crystal size and sharper peak confirmed in XRD analysis compared to the
core-shell structure catalyst during dry reforming reaction.

—— 59 NUALO, & & ALO,
— 1206 Ni/AL 0,
—— 2006 Ni/ALO, *Ni
——50%Ni@ALO,
1206 Ni@AL O,
—_ 2006 Ni@AL 0,
g
1]
o
%f
E L ¢ .
a [ ]
2 : . [
b S ||
~ A A [ N
A
T T T T T T
10 20 30 40 50 60 7 80
2Theta

Figure 4.14. XRD analysis of the used catalysts after 5 h time on stream

Based on the catalytic activity and carbon formation results, it can be concluded that the 12%

Ni@AI203 catalyst has the best catalytic performance and lower carbon formation in this reaction.

Long term stability test is carried out for 12% Ni@AI.Oz3 catalyst at 750 °C, CH4:CO2:N, =1:1:1,
and GHSV= 144 (L.g*.h}) at 24 h and 120 h. The results are shown in Figure 4.15aand b as a
function of CH4 conversion (%). As can be seen from Figure 4.15 a, the catalyst displayed great
stability during 24 h time on stream with around 39 % methane conversion. It can be concluded

that core-shell structure catalyst was incredibly stable during dry reforming reaction due to
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encapsulation of Ni with alumina, which prevented Ni from agglomeration and sintering during
the reaction. In addition, the 120 h stability test reaction showed bad stability during 120 h on
stream from as the activity dropped from 39 % CHa4 conversion to around 12% CH4 conversion.
The CHNS results illustrated 25 % wt. carbon on the catalyst during the 120 h reaction which is
much higher from the 5 h and 24 h stability tests which are 2.3 % and 8.5 %, respectively, as shown
in Table 4.5. This shows that carbon was generated gradually, causing the catalyst deactivation

during 120 h time on stream.
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Figure 4.15. Long term catalytic stability test for 12% Ni@AIl2O3 catalyst under 750 °C, (a) 24 h
and (b) 120 h time on stream. CH4:CO2:N> =1:1:1, GHSV= 144 (L.g™*.h™), conditions (e) CH4
conversion (A) Ho/CO
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Chapter 5. Conclusion and Recommendations
Since global warming has been harming our environment and changing the environment, many

efforts are under way to overcome this issue. One of them is consuming two main greenhouse
gases (CHs and CO2) and convert them to the valuable chemical (syngas). Dry reforming of
methane is one of the main processes in which methane and CO; are consumed and syngas (H2/CO)
is produced. The produced syngas is used in the production of other material such as methanol and
Fischer-Tropsch synthesis. Coke formation and sintering are the main challenges in this reaction.
Carbon is mainly deposited through CH4 decomposition. There are many studies carried out to
reduce the amount of carbon formation and prolong the catalyst lifetime such as using bimetallic
nano-particles and providing more active sites for reactants, adding alkaline promoters to increase
the basic properties of the catalysts. Core- shell structure catalysts is one the novel technique
currently used to improve the catalytic performance in DRM. In this type of catalyst, the active
metal is covered by shell and prevents it from moving and sintering. In this regard, core-shell
structure catalyst is compared with supported catalyst in DRM in terms of catalytic activity and
carbon formation. The main aim of this research was to increase the lifetime of catalyst in dry
reforming of methane. In this regard, a novel Ni@AI>O3 catalyst with a core-shell structure was
prepared with the microemulsion method and compared with the conventional Ni/Al.O3 catalyst
with supported structure in DRM.

5.1. Conclusions
The structural properties of catalyst showed that core-shell catalysts had higher BET surface area

with smaller pore size distribution due to encapsulation of Ni species with outer shell which
prevents the active metals agglomeration during calcination. This results in better dispersion and
smaller particle size of active metals. Furthermore, XRD analysis illustrated that more NiO phases
were detected in the supported catalyst compared to the core-shell structure catalyst, indication
better dispersion of NiO specious with smaller particle size on the core-shell catalysts which could
not be detected by X- ray. TPR results also displayed that core-shell structure catalysts reduced at
lower temperature with lower amount of H, uptake compared to the supported catalysts. TEM
analysis showed that core-shell structure catalysts were successfully prepared with smaller particle
size distribution compared to the supported catalysts. XPS analysis also illustrated that NiO and
NiAl204 species were the main available phases in the all catalysts. Furthermore, it showed that
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core-shell catalysts slightly had higher binding energy than supported catalysts due to stronger
interaction between Ni and alumina in this type of catalysts. XAS and XRD analysis were done
for the reduced catalysts with 12 % Ni for the supported and core-shell catalysts. The results
showed that all the NiO and NiAIl>O4 species converted to Ni species during reduction. In addition,
there is a small change in the crystal size of the reduced core-shell catalyst compared to the

unreduced catalyst when it compared to the supported catalyst.

The catalytic activity test illustrated that core-shell catalysts had higher activity with lower carbon
formation in dry reforming reactions. This results from encapsulation of Ni with alumina,
preventing it from agglomeration and sintering. The XRD analysis for the used catalyst showed
that Ni was still dispersed well in the core-shell structure catalyst while it might agglomerate in

the supported catalysts.

The 24 h test showed great stability for the 12%Ni@AIl>O3 catalyst in DRM. Furthermore, 5 days
stability test was carried out for the 12%Ni@AI>O3 catalyst and the results showed gradual decline

in the activity of the catalyst.

5.2. Recommendations
Some recommendation are summarized as follows for the future research work in dry reforming

of methane:

- Reaction optimization for the core-shell catalysts should be carried out to find optimum
GHSV, CH4/CO: ratio, reaction, reduction and calcination temperatures on the catalytic
activity and coke formation in this type of catalyst.

- Used catalysts should be studied in depth in order to find out how shell can protect active
metal in dry reforming from agglomeration and sintering.

- Core-shell activity test should be done in the presence of impurities such H.S, Oz, H20 to
find out how shell can protect the active metal from poisoning.

- The used core-shell catalysts should be regenerated and reused in DRM.

- In-situ characterization techniques should be used to identify what happens in the core-
shell structure catalysts during the reduction and reaction such as XRD to find out
crystalline size.

- Optimizing shell thickness should be studied and its effect on the catalytic activity and

coke formation for the core-shell catalysts in DRM.
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Appendix B. MFC calibration
In order to calibrate mass flow controller (MFC), Mesalabs device (Figure B.1) was used to

measure flow rate of different gases (N2, CH4, CO, and H>) at different channel. Ten different
flow rate were set on MFC and actual flow rate were read on device. Figure B.2 shows different

curve for each gases.

Mesalabs

Figure B.1 Flow controller device
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Appendix C. GC calibration
In order to calibrate GC, Gas with five different concentration was used with at least three injection

at each concentration. The average area was calculated at each concentration to plot the Figure C.
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Appendix D. Temperature profile of the reactor
In order to obtain temperature profile of the reactor, different temperatures were set while N2 gas

was passing through the reactor. The inside temperature was measured in different position by K-
type thermocouple. Figure a shows the relation between the set and actual temperatures and Figure

D.1 illustrates temperature profile of the reactor.
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Figure D.1. (a) Furnace temperature calibration curve and (b) temperature profile of the reactor
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Appendix E. Reproducibility of experimental results
H> Chemisorption: Hydrogen chemisorption was carried out twice to investigate the

reproducibility of the results. Metal dispersion and their standard deviation (SD) (Equation E-1)
results are listed in Table E. 1 for the core-shell catalysts. As it can be seen, SD for all samples is
between 0 and 2, showing the results are near to mean.

SD= \/«Xl—x>2+_<fz—x»2 (E-1)

Table E.1. Reproducibility results for Metal dispersion

Catalyst Metal dispersion (%) SD
X1 X2

5%Ni@AIl>03 35.00 32.80 1.55

12%Ni@AI203 12.20 13.06 0.60

20%@Ni@AI203 5.10 5.12 0.01

Reproducibility results for CH4 and CO2 conversions are calculated and listed in Table E.2 for

12%Ni@AIl,03 catalyst during 24 h. As it is seen, SD for both conversation is between 0 and 1.

Table E.2. Reproducibility results for CHs and CO2 conversions in 12%Ni@Al2Os catalyst

CHa4 Conversion (%) CO2 Conversion (%)
X1 X2 X1 X2
38.6 39.2 41.6 42.4
SD 0.42 0.56
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