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ABSTRACT

Where the energy domain is shifting towards more clean and sustainable energy in
the wake of environmental deterioration, hydrogen has drawn the main attention as a
clean fuel in energy insights. Whereas various natural gas reforming techniques are
underway for optimum hydrogen production, the methane steam reforming technique
also plays a pivotal role alongside. Catalyst plays a central role in defining the
reforming processes. Coke deposition and catalyst deactivation is a technical term
that research primarily focuses on to improve catalytic performance. In this study,
the hemp leaves-derived activated carbon (AC) loaded Ni-Co catalyst is synthesized
by the wet-impregnation method for steam methane reforming (SMR) for optimum
hydrogen production. The monometallic and bimetallic metal catalysts are
synthesized over activated carbon support with 5wt.% by the wet impregnation
method. The fresh and spent catalyst undergoes a series of characterization methods
such as X-ray diffractometer (XRD), Scanning electron microscopy (SEM) with
Energy dispersive X-ray (EDX), Fourier transform infrared spectroscopy (FTIR),
Brunauer-Emmett-Teller analysis (BET) and Thermogravimetric analysis (TGA) for
physiochemical studies and catalyst suitability for SMR. The catalytic assessment
test of all synthesized material for SMR was carried out in a fixed bed reactor at 750
°C WHSV 2000 mL CH, g— * h—" and S/C of 2.0. The catalytic results showed that
among all investigated samples monometallic cobalt catalyst (5%Co@AC) recorded
best in terms of CH,4 conversion (97.17%) and H, production (66.08%) as XRD and
SEM results suggest the catalysts with smaller metal crystallites promote a better
dispersion of highly porous AC. The Ni/AC, Ni-Co/AC gives the CH,4 conversion
(90.28%) and (92.52%) respectively, whereas the H, production of Ni/AC and Ni-
Co/AC becomes 61.02% and 65.89% respectively.

Keywords: Steam methane reforming; Hemp; activated carbon; Hydrogen
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Chapter 1

Introduction
1.1 Background

Meeting the energy demand for sustainable human development and protecting the
environment at the same time from these energy production facilities is a serious
challenge for the developing world [1-3]. Therefore, environmental deterioration is
the major challenge as demand in the energy sector increases [4-6]. Statistically,
nearly 20-40% of the world population lives in regions, where already 1.5 °C
temperature rise was observed comparatively before the industrial revolution period.
Consequently, an onset requirement to decrease greenhouse gas (GHG) emissions
that are produced in sectors like power plants, transportation, and agricultural to meet
the target of the Paris agreement [7]. The environmental stakeholders are serious
about conventional energy production via fossil fuel sources. The greenhouse gas
emissions from these conversions contribute to environmental challenges such as
global warming and ozone depletion. On the account of these challenges, currently,
researchers and scientists focus on the clean production of energy sources in the

account of environmental protection call [8-11].

The increasing energy demand and energy security parameter is the major
concern of the developing world. The worldwide energy security is very important
and it has to provide viable services to its end users. This end-use term determines
the quantity of energy production and consequent green gas emission. Enhancing the
size of production is not the core issue but also the actual challenge is how to
mitigate the climate changes that occur during energy production processes [12].
Clean- environmental-friendly and sustainable energy production is the main
attention because of environmental protection calls. In the current scenario, the
energy production sector is shifting from conventional fuels into renewable energy
sources. However, at the same time, irrespective of conventional fossil fuels energy,
some renewable energy sources such as wind energy, and solar radiance energy are

not much stable and persistent. The variance of solar radiation because of weather
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changes and wind currents also changes on a daily and sessional basis, consequently
hampers sustainable energy production [13].

Hydrogen can be created from both renewable and non-renewable sources.
The Hydrogen Council is chipping away at the long-term potential of hydrogen
deployment in the energy sector. In 2021, the hydrogen demand was calculated as 90
million tons (Mt) [14]. The studies of the hydrogen council guaranteed that hydrogen
will cover 18% of worldwide energy interest by 2050 [15]. Hydrogen has great
potential to alternate conventional fossil fuels. It is emerging as a clean energy
source in various sectors (electricity, heat, or co-generation) [16] because of its
environmentally- friendly nature and one of the richest in energy calorific value.
Some other interests in hydrogen are; that it is clean energy, abundant in the
universe, easy to store, can be easily produced from water, and direct conversion into
thermal, mechanical, and electrical energy is possible [17, 18]. Nowadays fuel cell
technology is termed the most innovative in the energy sector. In a fuel cell,
hydrogen primarily reacts with oxygen, producing only water and plenty of energy.
More importantly, unlike fossil fuels, there are not any environmental polluting gases
being produced in the process. That is the reason that hydrogen is a promising fuel
for energy foresight [19-23].

Studies are underway for clean hydrogen production. Approximately 60% of
hydrogen is produced from methane in the current scenario [24]. Some of the
prominent processes of hydrogen production are steam methane reforming (SMR)
and dry reforming of methane (DRM), partial oxidation reforming (POM), and auto-
thermal reforming (ATR) [9]. SMR is widely used in hydrogen production. In 2020,
around 50% of hydrogen is produced from SMR alone [25]. Younas et al [24] report
that more than 80% of hydrogen is coming from SMR. Methane is a highly stable

gas and requires very high energy for its proper use.

1.2 Problem statement

The role of the catalyst is very important in SMR because coke formation during the

process is the major issue that consequently deactivates the catalyst performance.



Some noble metals such as Pt, Ru, and Rh turned out to be efficient catalysts because
these metals show high reactivity and less carbon deposition. So, their rare
availability and high cost are not feasible usages [26-30]. Nickel-based catalysts are
widely used on an industrial scale. But, it takes a higher steam: methane molar ratio
from 3 to 3.5 for proper gasification and to avoid coke formation [31]. On the other
hand, cobalt is a good selection because it is not expensive as noble metal and is
readily available. More interestingly, it has a good performance of reactivity and

produces a rich synthetic gas (H.and CO) of near ratio to unity [32].

1.3 Research Hypothesis

To synthesize a proper catalyst, a metal is spread over the support to avoid catalyst
sintering and to reduce carbon formation [31]. Usually, the carbon starts to deposit
at a temperature of 600°C and 800°C throughout the reactions [33].

CH, © C + 2H, (M, =75k]/mol) "

200 ¢ CO, + C  (AH g =86.2k] /mol) o

The equations and represent the chemical reactions of carbon deposition.

As the world is shifting toward a clean energy route, the steam reforming of methane
is one of the prominent ways to convert conventional fossil fuels into clean energy
sources like hydrogen. The catalyst design is an important parameter that catalyses
the process of convert natural gas into hydrogen. The coke formation during the
process is the major issue that deactivates the catalyst. Hence, the preparation of
proper catalyst is core objective in reforming techniques for hydrogen production.

1.4 Objective of the study

Hemp (cannabis) has great potential for renewable energy alongside several

advantages. Firstly, it grows mostly in all environments and climates, and more

importantly, it is environment friendly. It has a high biomass content, low cost, mild

nutrients to grow, does not require pesticides, effectively large production, and high
3



dry matter yield [34-36]. hemp grows wildly in different vicinities of Pakistan [34]
and the bushes of hemp are mostly seen sprouting the sideways on roads in the
capital territory, Islamabad [37]. There is a variety of applications of hemp however
on an industrial scale, it has the great advantage of its excellent porous structure.
Hemp is essentially used to derive activated carbon which is porous carbon used as
adsorbent and hydrogen storage material in energy-related applications and

predominantly used as catalyst support and catalyst itself [38, 39].

e Hemp leaves derived activated carbon used as catalyst support for Ni-Co
loaded catalyst that is investigated for steam methane reforming

e The physicochemical properties of synthesized material are investigated via
various characterization techniques to study physicochemical properties

e 5%Co@AC shows stable CH,4 conversion and H, production.

e The physicochemical properties show activated carbon as suitable catalyst

support

1.5 Scope of study

The synthesis and analysis of catalysts is the main factor of process engineering.
After the preparation of activated carbon from hemp through the chemical activation
process, Ni and Co are impregnated for catalyst synthesis, the chemical process is
known to be the wet impregnation method. The catalysts are gone through multiple
characterization techniques for physiosorbed properties. The catalysts are tested for
catalytic activity in a fixed bed reactor for high methane conversion and better
hydrogen production. The spent catalysts are also characterized to study material

changing parameters. The steps of research are presented in Fig 1.1.
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Fig 1.1 The research scope steps



References

1.

10.

Morkovkin, D.E., et al. Formation of a national environmental strategy for
the fuel and energy complex. in IOP Conference Series: Materials Science
and Engineering. 2019. IOP Publishing.

Zhang, J., J. Zheng, and W. Yang, Green supercapacitor assisted
photocatalytic fuel cell system for sustainable hydrogen production.
Chemical Engineering Journal, 2021. 403: p. 126368.

Oznobikhina, L. and E. Pirunova. Enterprises of the fuel and energy complex-
the sphere of high risks and objects of increased industrial danger. in IOP

Conference Series: Earth and Environmental Science. 2021. IOP Publishing.

Kamran, M., M.R. Fazal, and M. Mudassar, Towards empowerment of the
renewable energy sector in Pakistan for sustainable energy evolution: SWOT
analysis. Renewable Energy, 2020. 146: p. 543-558.

Waris, . and I. Hameed, Promoting environmentally sustainable
consumption behavior: an empirical evaluation of purchase intention of

energy-efficient appliances. Energy Efficiency, 2020. 13(8): p. 1653-1664.

Papadis, E. and G. Tsatsaronis, Challenges in the decarbonization of the

energy sector. Energy, 2020: p. 118025.

Meisel, K., et al., Future renewable fuel mixes in transport in Germany under

red ii and climate protection targets. Energies, 2020. 13(7): p. 1712.

Gao, N., et al., Syngas production via combined dry and steam reforming of
methane over Ni-Ce/ZSM-5 catalyst. Fuel, 2020. 273: p. 117702.

Boyano, A., et al., Conventional and advanced exergoenvironmental analysis
of a steam methane reforming reactor for hydrogen production. Journal of
Cleaner Production, 2012. 20(1): p. 152-160.

Hanif, 1., et al., Fossil fuels, foreign direct investment, and economic growth
have triggered CO2 emissions in emerging Asian economies: some empirical
evidence. Energy, 2019. 171: p. 493-501.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Acar, C., I. Dincer, and G.F. Naterer, Clean hydrogen and power from
impure water. Journal of Power Sources, 2016. 331: p. 189-197.

Grubler, A., et al., A low energy demand scenario for meeting the 1.5 C
target and sustainable development goals without negative emission
technologies. Nature energy, 2018. 3(6): p. 515-527.

Guo, S., et al., A review on the utilization of hybrid renewable energy.
Renewable and Sustainable Energy Reviews, 2018. 91: p. 1121-1147.

International Energy Agency: IEA, P., Global Hydrogen Review 2021. 2021.

Safari, F. and I. Dincer, A review and comparative evaluation of
thermochemical water splitting cycles for hydrogen production. Energy
Conversion and Management, 2020. 205: p. 112182.

Capurso, T., et al., Perspective of the role of hydrogen in the 21st century
energy transition. Energy Conversion and Management, 2022. 251: p.
114898.

Jain, 1., Hydrogen the fuel for 21st century. International journal of hydrogen
energy, 2009. 34(17): p. 7368-7378.

Acar, C. and I. Dincer, The potential role of hydrogen as a sustainable
transportation fuel to combat global warming. International Journal of
Hydrogen Energy, 2020. 45(5): p. 3396-3406.

Bartels, J.R., M.B. Pate, and N.K. Olson, An economic survey of hydrogen
production from conventional and alternative energy sources. International
journal of hydrogen energy, 2010. 35(16): p. 8371-8384.

Zerta, M., et al., Alternative World Energy Outlook (AWEO) and the role of
hydrogen in a changing energy landscape. International journal of hydrogen
energy, 2008. 33(12): p. 3021-3025.

Maggio, G., A. Nicita, and G. Squadrito, How the hydrogen production from
RES could change energy and fuel markets: A review of recent literature.
International Journal of Hydrogen Energy, 2019. 44(23): p. 11371-11384.



22.

23.

24.

25.

26.

217.

28.

29.

30.

Abbas, H.F. and W.W. Daud, Hydrogen production by methane
decomposition: a review. International journal of hydrogen energy, 2010.
35(3): p. 1160-1190.

Stankiewicz, A., Energy matters: alternative sources and forms of energy for
intensification of chemical and biochemical processes. Chemical Engineering
Research and Design, 2006. 84(7): p. 511-521.

Yang, X., S. Wang, and Y. He, Review of catalytic reforming for hydrogen
production in a membrane-assisted fluidized bed reactor. Renewable and
Sustainable Energy Reviews, 2022. 154: p. 111832.

Pajak, M., et al., A multiobjective optimization of a catalyst distribution in a
methane/steam reforming reactor using a genetic algorithm. International

Journal of Hydrogen Energy, 2020.

Zhang, Y., et al., Steam reforming of methane over Ni/SiO2 catalyst with
enhanced coke resistance at low steam to methane ratio. Catalysis Today,
2015. 256: p. 130-136.

Park, K.S., M.H. Jeong, and J.W. Bae, Synergy Effects of Cobalt Oxides on
Ni/Co-Embedded Al203 for Hydrogen-Rich Syngas Production by Steam
Reforming of Propane. Catalysts, 2020. 10(4): p. 461.

Sohrabi, S. and A. Irankhah, Synthesis, characterization, and catalytic
activity of Ni/CeMnO2 catalysts promoted by copper, cobalt, potassium and
iron for ethanol steam reforming. International Journal of Hydrogen Energy,
2021. 46(24): p. 12846-12856.

Etminan, A. and S. Sadrnezhaad, A two step Microwave-assisted coke
resistant mesoporous Ni-Co catalyst for methane steam reforming. Fuel,
2022. 317: p. 122411.

Ren, J., et al., Recent progress and perspectives of catalyst design and
downstream integration in biomass tar reforming. Chemical Engineering
Journal, 2022. 429: p. 132316.



31.

32.

33.

34.

35.

36.

37.

38.

39.

Lucredio, A.F. and E.M. Assaf, Cobalt catalysts prepared from hydrotalcite
precursors and tested in methane steam reforming. Journal of power sources,
2006. 159(1): p. 667-672.

Izhab, I., M. Asmadi, and N.A.S. Amin, Methane dry reforming using oil
palm shell activated carbon supported cobalt catalyst: Multi-response
optimization. International Journal of Hydrogen Energy, 2020.

Nazari, M. and S.M. Alavi, An investigation of the simultaneous presence of
Cu and Zn in different Ni/AI203 catalyst loads using Taguchi design of
experiment in steam reforming of methane. International Journal of Hydrogen
Energy, 2020. 45(1): p. 691-702.

Rehman, M.S.U., et al., Potential of bioenergy production from industrial
hemp (Cannabis sativa): Pakistan perspective. Renewable and sustainable
energy reviews, 2013. 18: p. 154-164.

Mo, L., et al., Hemp Derived Activated Carbon Supported Nanoscale zero—
valent Iron as a Heterogeneous Fenton Catalyst for the Treatment of Pulping
Effluent. BioResources, 2020. 15(3): p. 4996-5011.

Sun, W., et al., Hemp-derived activated carbons for supercapacitors. Carbon,
2016. 103: p. 181-192.

How Pakistan is trying to boost industrial hemp production, in Deutsche
Welle (DW). 2020.

Guan, Z., et al., Characterization and preparation of nano-porous carbon
derived from hemp stems as anode for lithium-ion batteries. Nanoscale
Research Letters, 2019. 14(1): p. 1-9.

Lupul, 1., et al., Tailoring of porous texture of hemp stem-based activated
carbon produced by phosphoric acid activation in steam atmosphere. Journal
of Porous Materials, 2015. 22(1): p. 283-289.



Chapter 2

Literature Review
2.1 Energy

The increasing energy demand and energy security parameter is the major concern of the
developing world. The worldwide energy security is very important and it has to provide viable
services to its end users. This end-use term determines the amount of energy production and
consequent green gas emission. Enhancing the size of production is not the core issue but also
the actual challenge is how to mitigate the climate changes that occur during energy production
processes [1]. Clean- environmental-friendly and sustainable energy production is the main
attention because of environmental protection calls. In the current scenario, the energy
production sector is shifting from conventional fossil fuels to renewable energy sources.
However, at the same time, irrespective of conventional fossil fuels energy, some renewable
energy sources such as wind energy, and solar radiance energy are not much stable and
persistent. The variance of solar radiation because of weather changes and wind currents also

changes on a daily and sessional basis, consequently hampers sustainable energy production [2].

Energy is vital and integral part of our lives to perform daily activities. In developing
countries, for a long time, fossil fuels have been used as a source of energy (heat and electricity).
To date, 80% of energy demand is met by fossil fuels worldwide. As the population of the world
increase and the living standards of people changes, consequently, the energy demand also
increases. The estimated world population is likely to be reached 10 billion by 2050. Since 1950
the energy demand increased correspondingly to the living standards of the population. In
retrospect, this pattern of energy demand has to be at its peak in 2035. Energy security is the
major factor, where the governing system in many countries has to ensure the timescale
production to its masses. We have enough coal and natural gas reserves for the upcoming two
generations, however, petroleum products are estimated to be depleted quicker than coal and

natural gas reserves in the world [3-5].
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Meeting the energy demand for sustainable human development and to keep intact the
environment at the same time from these energy production facilities is a serious challenge for
the developing world [6-8]. Therefore, environmental deterioration is the major challenge as
demand in the energy sector increases [9-11]. Statistically, nearly 20-40% of the world
population lives in regions, where already 1.5 °C temperature rises was observed comparatively
before the industrial revolution period. Consequently, an onset requirement to decrease
greenhouse gas (GHG) emissions that are produced in sectors like power plants, transportation,
and agricultural to meet the target of the Paris agreement [12]. The environmental stakeholders
are serious about conventional energy production via fossil fuel sources. The greenhouse gas
emissions from these conversions contribute to environmental challenges such as global
warming and ozone depletion. On the account of these challenges, currently, researchers and
scientists focus on the clean production of energy sources in the account of environmental
protection call [13-16].
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Fig 2.1 The energy production via fossil fuels. Data source: Azmat Ghani[17]

Fig 2.1 represents the yearly energy production in many countries by using fossil fuel energy
sources. As clear from the figure, the energy from oil products has decreased gradually, whereas
the energy production from coal is significantly increasing. Since the 1970s, the utilization of
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coal was estimated to be 30% which has increased to 41% up till the mid-2020s. The coal-
burning notoriously produces the main culprit of GHG such as carbon dioxide and carbon

monoxide making the severe environmental concerns in the 1980s [17].

2.2 Hydrogen as emerging fuel

Hydrogen has great potential to alternate conventional fossil fuels. It is emerging as a green
energy source in various sectors (electricity, heat, or co-generation) [18] since it is
environmentally- friendly and at the same time one of the richest in energy calorific value. Some
other interests in hydrogen are; that it is green energy, abundantly found in the universe, easy to
store, can be easily produced from water such as water splitting, direct conversion into thermal,
mechanical, and electrical energy is possible [19, 20]. Nowadays fuel cell technology is termed
the most innovative in the energy sector. In a fuel cell, hydrogen primarily reacts with oxygen,
producing only water and plenty of energy. More importantly, unlike fossil fuels, there are not
any environmental polluting gases being produced in the process. That is the reason that
hydrogen is a promising fuel for energy foresight [21-25]. Table 2.1 shows the heat of

combustion of some fuels

Table 2.1 The heat of combustion of some fuels

Fuel Energy (Kcal/g)
Hydrogen 34.0

Paraffin 10.3-9.8
Petroleum 10.3-84
Graphite (coal) 7.8

Castor oil 94

Wood 4.2

12



Fig 2.2 shows the current scenario of worldwide hydrogen production from different sources. As
clearly, it is very unfortunate that even less than 1% hydrogen comes from renewable ways.
Whereas the majority of hydrogen still comes from conventional ways. The Hydrogen Council is
working on the long-term potential of hydrogen deployment in the energy sector. In 2019, the
hydrogen demand was calculated as 17 million tons (Mt). The studies of the hydrogen council

assured that hydrogen will cover 18% of global energy demand by 2050 [26].

Coal | | Qil
1% 1%

Natural gas
27%

Renewables
71%

H Renewables ® Natural gas m Oil Coal

Fig 2.2 Global hydrogen production at current scenario (data taken from[26] )

2.3 Hydrogen Production

Hydrogen is the most abundantly found element in the universe and overwhelmingly the 10™
most abundant in the earth's crust. It holds the top position in elements of the periodic table and
unfortunately does not find in pure form thus preferably produce from hydrogen containing
compounds. Although there are enormous ways of hydrogen production. The energy required in
its production comes from many means, such as solar energy, wind energy, nuclear energy,
geothermal energy, and biomass-derived energies. Fig 2.3 depicts the variety of feedstocks and
routes of hydrogen production utilizing various energy sources. Although, the cost of hydrogen
production is not very suitable in the current phase. This is one of the reasons to find a route to
produce hydrogen at minimum cost and reduce GHG emissions at the same time [5, 27].
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Fig 2.3 The feedstock, routes of generation and source of energy.

Undoubtedly, hydrogen production from renewable resources would be the top priority because
of environmental concerns. However, the cost and efficiency of the technologies hamper the
great focus on this method. On the account of these matters, to date hydrogen is produced
through fossil fuels at a large production scale to meet the global demand [27]. Studies are
underway for clean hydrogen production. Approximately 60% of hydrogen is produced from
methane in the current scenario [28]. Some of the prominent processes to produce hydrogen are;
steam methane reforming (SMR) and dry reforming of methane (DRM), partial oxidation
reforming (POM), and auto-thermal reforming (ATR) [14]. SMR is widely used reforming

process for hydrogen production. In 2020, around 50% of hydrogen is produced from SMR alone
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[29]. Younas et al [28] report that more than 80% of hydrogen is coming from SMR.
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2.4 Reforming techniques for hydrogen production

Naturally, hydrogen does not exist in pure form and is found in compound forms such as natural

gas and other oils. It can be extracted by a series of methods such as.

e bio-oil

e water

e natural gas

e naphtha

e coal gasification

e acetic acid

e alcohol

e glycerol[30]
There are various technologies are being employed for hydrogen production from both
renewable and non-renewable (fossil fuels) sources. The reforming techniques of methane are

commonly used to produce hydrogen among non-renewable sources.

Non-renewable technologies:

e Steam methane reforming

e Dry methane reforming

e Partial oxidation of methane

e Autothermal methane reforming

e Thermal cracking of methane

Renewable technologies:

The gasification and pyrolysis of biomass feedstock’s and water splitting using different
renewable energy sources such as wind energy and solar energy are the most prominent
technologies for hydrogen production [31]. Approximately 4% of hydrogen is produced by the

water electrolysis method. It has its limitation because of the cost of renewable energy sources
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[32].
There are further categories of hydrogen based on the production routes.

e Grey Hydrogen:

The hydrogen production from fossil fuel sources is termed ‘grey hydrogen’. Therefore, the
hydrogen comes from all the reforming techniques where natural gas is used as feedstock is grey
hydrogen. SRM is one of them.

e Blue Hydrogen:

Blue hydrogen is termed for the hydrogen where CO; capturing or carbon dioxide capturing, and

storage (CCS) system is deployed for fossil fuel source hydrogen production techniques.

e Green Hydrogen:

Similarly, hydrogen comes from renewable energy sources such as biomass gasification and
wind-powered, solar-powered, hydral powered water electrolysis is known as green
hydrogen[33-35].

e Brown Hydrogen:

The hydrogen produces from the coal gasification process is brown hydrogen [35].

2.5 Steam Reforming of Methane

Studies are underway for better hydrogen production. Among all these strategies of reforming,
steam methane reforming (SRM) is the most prominent strategy for hydrogen production. The
steam reforming of methane (SRM) is widely used in hydrogen production. In 2020,
approximately 50% of hydrogen is produced from SRM alone [36, 37]. Whereas, Forbes
Magazine estimated roughly 95% of hydrogen production comes from the SMR process alone
[38].

In 1924, Neumann and Jacob's first time presented the catalytic reaction of SRM between
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methane and water steam for the manufacturing of hydrogen and syngas. Since then, it gained a
huge interest in industrial-scale hydrogen production. Ever since the research on good
performance material in terms of coke resistant catalyst and tube reactor has never been stopped.
Fig 2.4. represents the scheme of methane-conversion strategy for hydrogen production [39].
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o AN 7
1200°C 200°C .
Methanation
220°C
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Sulfur removal J . ) Smhfbitection
reforming reforming

Fig 2.4 Process flow diagram of SMR

According to a model chemical reaction of SRM, the methane reacts with water at an evaluated
temperature of roughly 1023-1223K at the pressure of 14-20atm. The reaction is actively
endothermic and obtains a good ratio of H,/CO (approximately 3, which is better for ammonia

synthesis and petroleum refining). Methane is a highly stable gas and requires very high energy
for its proper use.

The chemical reaction of SRM presented as reaction (3) and (4):

CH, + H,O - CO + 3H,  (AH,,_=205.9kJ/mol) 3)

298°
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CH, + 2H,0 — 2CO, + 4H, (AH,,_=164.7k]/mol) (4)

298°

The reaction typically occurred at a temperature of 800 °C, in the meantime, a water-gas-shift
reaction occurs producing CO,, which enhances the hydrogen production as represented in
reaction (5) [39-43].

CO + H,O0 - CO, + H, (AH,, =-41.1kJ/mol) (5)

208°

Boudouard reaction reaction (6) and methane decomposition equation reaction (7) comprehends
the carbon deposition which occurs with time because of the highly endothermic nature of the
SRM process [40].

2CO — C + CO, (6)
CH, > C + 2H, (7)

The SRM reactions (1) and (2), are strongly endothermic and operated at more than 800 °C.
Although, the stoichiometric ratio of steam/methane is taken as unity. However, practically the
steam ratio is maintained at more than 2.5 to avoid carbon deposition and long-term stability of
catalyst [44]. Schematically the conversion of methane into hydrogen occurs at a conventional
reformer reactor at an evaluated temperature which is followed by WGS stages at respective high
temperatures and low temperatures in a WGS reactor. In the final stage, hydrogen is separated in
pressure swing adsorption (PSA) and preferential oxidation reactor (PSA) reactors. The
schematic is illustrated below in Fig. 2.5.
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Fig 2.5 The scheme of high-grade hydrogen production via SRM reaction[45]

Carbon capturing and storage (CCS) is a method directed in conventional steam reforming and
autothermal reforming. This is a very convenient process for tackling the very alarming situation
of climate change [45]. The idea is very simple, the CO; has been captured at outlet points where
it is dispatched to the atmosphere. Although, the idea has its complications. This is suitable for
large scale operation units. On a smaller scale such as in the transportation sector, the cost of
operation makes it suitable for reliable operations. Therefore, this process is good for power
plants and high scale industries [46].

To synthesize a proper catalyst, a metal is spread over the support to avoid catalyst sintering and
to reduce carbon formation [47]. The role of the catalyst is very important in SRM because coke
formation during the process is the major issue which consequently deactivates the catalyst
performance. Some noble metals for instance Pt, Ru, and Rh turned out to be efficient catalysts
since these metals show high reactivity and less carbon deposition. So, their rare availability and
high cost are not feasible for usage [48]. Nickel-based catalysts are widely used on an industrial
scale. But, it takes a higher steam: methane molar ratio from 3 to 3.5 for proper gasification and
to avoid coke formation [47]. On the other hand, cobalt is a good selection because it is not
expensive as noble metal and is readily available. More interestingly, it has a good performance

of reactivity and produces a rich synthetic gas (H, and CO) of near ratio to unity[49].
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2.6 Catalysis in steam reforming of methane and the role of catalyst support

Typically to develop an active and stable catalyst for reforming techniques is the major deal.
Generally, the catalysts of methane reforming consist of transition metal dispersed over catalyst
support preferably high surface area of more than 100 m?/g. The high surface area produces more
product molecules in this way. It is very important to prepare well crystalline microstructures
thus it must act as an active part of catalysis [50, 51]. Simankov et al [51] studied the
mechanism of combined SRM and WGS process mechanism by using density functional theory
(DFT). In the process of SRM, the CH4 and H,O or CO; are initially adsorbed at the surface of
the catalyst and then desorbs as the final product. Fig 2.6 epresents the schematic of combined
SRM and WGS system. Where the elementary steps of process are represented in Eqs.(8).

CH, +2°= CH; +H’
CH; + = CH, +H"
CH, + = CH +H"
CH + = C +H’
H,0+2 = OH" +H"

OH + = O +H"

2H = H,+2 (8)
C"+0 = co’

CO = CO+"~

CO+ OH" = HCOO™ +
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HCOO" = CO, +H"
CO +0 = CO,+2"

The dissociation of CH,4 requires a metallic surface whereas, the H,O dissociation can also occur

on support surface if the surface supports the redox reactions.

CO,
CO
\ / H20
O* " O« _ H
g O OH* .
* H,O
CH“\CI?3 ) / 2
H* H*“on*

- catalyst support |

Fig 2.6 The schematic representation of the SRM-WGS process occurring at catalyst support

2.7 Active metal

The catalytic activity of the catalyst is correlated with a metal surface area which is the number
of active sites. The good dispersion of active sites over the large surface area benefits the
catalytic activity. Practically, the dispersion of catalysts is maintained to 2-5wt% with a size
particle of 20-50nm. The higher than 15-20wt% usually does not produce the active sites
resulting not better activity [50]. The structure of active metal over the surface area is also one
of the major factors that define the catalytic activity apart from the active sites. For instance, the
closed packed surface of Ni (111) has less efficient results than the (110) open packed Ni
surface. It is also noticed that the lattice distortion also plays a critical role in catalytic activity.
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Noble metals such as Platinum (Pt), Rhodium (Rh), Palladium (Pd), and Ruthenium (Ru) are
regarded as the best active metals for catalytic activity [52]. Ni and Co are most used as active
metals as compared to noble metals because of their low cost and readily available. The coke
formation is the main issue that hampers their extensive use. There are some new techniques
such as making alloys with noble metals and other bi-metal techniques that improve their

stability and resistance towards the coke formation [53].

2.8 Catalyst Support

Catalyst support generates the catalytic active centres for the supported metals. The activity of
support materials is highly governed by their chemical properties such as chemical stability and
some physical properties. Moreover, some other factors such as surface area and disposal of
metal particles over the surface play an important role [54]. Primarily, an expensive or rare
catalyst is spread over large support to enhance its use and to increase the mechanical properties.
The catalytic active sites become more stable when they are deposited on the micro pores of the
support. When a suitable interaction between active sites and surface supports is carried out, it
not only increases the concentration of active sites but also passes through maximum
concentration [55]. Catalyst supports generates the catalytic active sites for supported metal. The
functioning catalyst support material has greater surface area which is used to disperse the metal
particles over the surface, at the same time shows chemical stability as well. The chemical and
physical properties of materials surface define the effect of activation by generating the
characteristic properties over the supported metal particles. Hence, under these ideas a lot of
oxides and carbon material are better choice for catalyst support. For example, a well-known
neutral material such as SiO, serves as a better catalyst support [6].

For designing heterogeneous catalysts, the porous carbon materials are a good candidate for
developing catalyst support. The physical and chemical properties are used to generate a large
surface area for better dispersion of active phases, and the pore size distribution is also
monitored, which governs the diffusion of reactants and products to and from the surface [56].
The expensive catalysts are spread over the support to maximize the surface area and it also

increases the mechanical properties of catalysts.
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2.9 Activated Carbon as Catalyst Support

Activated carbon naturally exhibits amorphous behaviour that is good for developing porous
structures and large internal surface area, and is also a reasonable cheap absorbent [57]. The
choice of activated carbon as catalyst support has several advantages. It is inert in acidic and
basic conditions and does not show reactivity. Another benefit is, concerning the applied
application, the porous size and chemical properties of active sites on the surface can be adjusted
accordingly. The metal particles can be retrieved by burning the catalyst support, which is why it
is widely used for developing heterogeneous catalysts [58]. Carbon is a considerably attractive
material for chemical and enzymatic transformations because of its high surface area and
porosity, electrons conductivity, and its inertness. Carbon can be used for developing improved
novel catalytic activity. The metallic nanoparticles (NPs) are impregnated on the surface by a
chemically functionalization/decoration process. Because of these porous properties, carbon
materials as a support are effectively good for heterogeneous catalysis as compared to oxide
supports. The oxide supports such as TiO2, y-Al203, hydrotalcite, and mesoporous silica, are
unstable at high temperature and pressures, particularly in pressurized water reactions, which is

utilized in the biomass transformation process [59].

Biomass includes lignocellulose which consists of cellulose, hemicellulose, lignin and a
little number of inorganic materials. The primary resources are sugar crops, starch crops and
aquatic plants. It also includes the wastes and residues from agriculture, forests, used plant oils,
animal fats and municipal sites. In dry wood, there is around 40-45% is cellulose. Cellulose is a
linear polymer of D-glucopyranose units which is linked by B-1-4 glycosidic bonds with
crystalline and amorphous domains. About 25-35% of dry wood is hemicellulose which is a
branched polysaccharide. The rest part is mostly lignin, which is a complex-amorphous polymer
of varying phenyl propane units bridged by ether and carbon-carbon bonds. Fuel alcohols and
other chemicals are produced from glucose monomers which can be obtained by hydrolysis of
cellulose. Hemicellulose is a major feedstock for the production of furfural and derivates
whereas lignin is a potential feedstock for high-value fuels [60] (lignin-derived, Mathew

lingholtz). Lignocellulosic carbon materials are major feedstock for the production of activated
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carbons [61]. These conversions are not so viable economically, however, the discovery of new

shale gas reserves decreased the financial pressure [62].

2.10 Activated Carbon-based Materials for steam reforming techniques

The role of support is vital in catalyst synthesis since it decides the activity and deactivation of
the catalyst [63-65]. Catalyst support generates the catalytic active centres for the supported
metals. The activity of support materials is highly governed by their chemical properties such as
chemical stability and some physical properties. Moreover, some other factors such as surface
area and disposal of metal particles over the surface play an important role [54]. Primarily, an
expensive or rare catalyst is spread over large support to enhance its use and to increase the
mechanical properties. The catalytic active sites become more stable when they are deposited on
the micropores of the support. When a suitable interaction between active sites and surface
supports is carried out, it not only increases the concentration of active sites but also passes
through maximum concentration [59]. The carbon materials as catalyst support have been used in
heterogeneous catalysts for the last two decades [66, 67]. The activated carbon has more scope in
this regard because it has various advantages when used as catalyst support. For example, low
cost made them readily available, good mechanical resistance, modifying pore size upon
requirement, and recovery of metal from spent catalyst [68].

AC is widely used in various applications such as catalysts themselves and catalyst supports
[69-72], wastewater treatments [73], adsorbent [74], storage materials [75], and supercapacitor
applications [76-79]. Bubanale et al. (2017) studied in detail the applications of AC from the
very beginning ages. It had been used for pharmaceutical purposes at the very beginning times.
Then with the industrial revolution, AC carbon was widely used for decolourization purposes in

chemical industries [80].

2.11 Precursor Material for activated carbon

While preparation of activated carbon, the raw and cheap material with greater carbon content

has been selected. The organic and inorganic material both are chosen as a precursor for

activated carbon synthesis, whereas, some ionic liquid solutions and deep eutectic solution are

used as special precursors while preparing activated carbon. The chemical and physical
24



properties are highly dependent on the precursor material selected and the way of preparation
and activation method are also one of the influencing factors of characteristic properties of
activated carbon [81]. The choice of agricultural waste for activated carbon is rather attractive
for the researcher. The animal, forest and agriculture waste is overwhelmingly chosen as a
material precursor for activated carbon synthesis since these are cheap raw materials readily
available. Table 2.2 represents some agricultural wastes that are extensively utilized while

activated carbon preparation with proximate and ultimate analysis [82].

Table 2.2 Proximate and ultimate analysis for agricultural residues

Proximate analysis (% w/w)  Ultimate analysis (% w/w)

Agricultural waste : i
Moisture Ash  Volatiles C H N S O

Palm shell 7.96 1.10 7247 5001 69 19 00 41
Palm stem 6.06 4.02 7239 4556 591 0.82 - 47.71
Grape stalk 15.69 10.16 51.08 46.14 574 0.37 0.0 36.60
Bamboo - 390 806 438 66 04 00 -
Coconut shell 8.21 0.1 73.09 48.63 6.51 0.14 0.08 44.64
Olive mill <5.0 <10 - 4564 6.31 142 - —
Almond shell 10.00 0.60 80.30 50.50 6.60 0.20 0.01 42.69
Wallnut shell 11.00 1.30 71.80 4510 6.0 03 0.0 48.60
Almond tree pruning 10.60 1.20 72.20 51.30 6.50 0.80 0.04 41.36
Olive stone 10.40 1.40 74.40 4480 6.0 0.1 0.01 49.09
Bamboo 244 6.51 69.63 4553 4.61 0.22 - —
Durian shell 11.27 484 — 39.30 590 1.00 0.06 53.74
Chinese fir sawdust 4.88 0.32 79.92 48.95 6.54 0.11 0.00 39.20
Banana empty fruit bunch 5.21 15.73 78.83 4175 5.10 1.23 0.18 51.73
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Delonix regia fruit pods 0.22 2.80 92.03 3422 450 1.94 042 58091

Corn cob 4.3 0.90 78.7 468 6.0 09 - 46.3
Pomegranate seed 5.38 1.83 78.71 4965 754 4.03 0.65 38.13
Birch 4.4 018 - 484 56 02 - 45.8
Salix 7.3 0.75 - 488 6.2 10 - 434
Sugarcane bagasse 6.2 090 - 473 6.2 03 - 46.2
Wheat straw 3.3 323 - 465 63 09 - 46.3
Bagasse — 6.2 83.3 4155 555 0.03 - 52.86
Rice husk — 16.7 675 36.52 482 0.86 - 41.10
Cassava peel 11.4 0.3 59.4 59.31 9.78 2.06 0.11 28.74
Rice stalk 14.17 14.93 66.33 40.79 7.66 1.17 0.49 49.89
Woody birch 6.6 0.2 81.2 484 56 02 - 45.8

2.12 Activated carbon preparation

The activated carbon (AC) is either prepared through direct activation of raw material or gone
through a two-step process that is the carbonization of material first then activation operation is
carried out. In carbonization, the hydrocarbons are evaporated in distilled apparatus at a
temperature less than 700 °C in an inert atmosphere. The process is known to be pyrolysis and

the product obtained in the result is referred to as char, biochar and carbonized material [83].

The next step is the activation of biochar. The variety of methods is being employed to
activate the biochar. Alongside the well-known activation methods; the physical and chemical
activation method, some other emerging methods are also utilized such as salt tempting and
ultrasonic pyrolysis. The selection of specific activation methods primarily relies on the carbon
source, the preparation process as well as the pre-treatment steps that are required prior to

pyrolysis and activation of the precursor material [8].
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2.12.1 Physical Activation

In the physical activation of biochar, there are two steps are being followed. The biochar is
subjected to oxidizing gases typically CO, and steam and sometimes a mixture of gases at an
evaluated temperature of 800 °C -1000 °C thus creating porous and high surface carbonaceous

material through reactions (7-9).

C+0,>CO, 9)

C+CO, - 2CO (10)

C+H,0->CO,+2H, (11)

There are several advantages and disadvantages of physical activation. The good thing about the
physical activation is that it is a lower-cost operation and not much chemical waste has been
observed. At the same time, the longer time of activation and bigger energy consumption are the

drawbacks of physical activation [84].

2.12.2 Chemical Activation

Chemical activation of biochar is called a wet oxidation process which is in step-process. The
chemical activation is typically suitable for high cellulosic materials such as wood and fruit pits
[82]. During the chemical activation process, the organic material is treated with chemical agents
at high temperatures. The chemical agents are typically strong oxidants and dehydrate such as
KOH, ZnCl,, H3PO,, K,COs3, etc. Sequentially, the carbonaceous material is impregnated with
chemical agents and activated simultaneously giving better porosity. Relatively to physical
activation, the chemical activation requires less energy, a limited period, much better porosity
and high surface area. Table 2.3 represents the activated carbon achieved from various precursor

materials by the chemical activation method [83].
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Table 2.3 Different types of activated carbon obtained by chemical activation method

Types of BET surface Pore volume _
Precursor AC yield (%)
reagents area (m,/qg) (ms/g)
Commercial
H,SO4 605 0.75 -
AC
Orange peels K2COs 1104.45 0.615 80.9
Pineapple peels K;COs 680 0.45 -
Walnut shell H3PO,4 789 0.304 80
Coconut
_ H3PO, 58 0.025 93.31
residue
Date palm pits  H3PO4 952 1.380 41
Cotton cake H3PO, 584 0.298 29.8
Walnut shells HsPO,4 668 0.64 -
Wood-plastic
composite H3PO, 1711.27 0.863 -
waste
Pineapple peels KOH 1006 0.59 -
Petroleum coke KOH 2940 1.658 47.95
Oil palm empt
-p Y KOH 1141 0.6 17.96
fruit bunch
Date press cake KOH 2632.5 1.239 44.5
Tamarind
ZnCl, 1322 1.042 45.26
wood
Tomato
processing solid  ZnCl, 1093 1.569 38.20
waste
Date stones ZnCl, 1045 0.641 40.4
Cotton stalks ZnCl, 794.84 0.63 37.9
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Cashew

ZnCl, 1100 0.565 59
nutshell
Date press cake NaOH 2025.9 0.932 26.2
Coconut shell NaOH 2825 1.498 18.8
Macadamia nut

NaOH 1524 0.826 19.79

shells

In the light acid-basic theory of the chemical activation process, the chemical agents are
categorized into further four groups such as acidic, alkaline, neutral, and self-activating agents.
These chemical agents take a variety of biomass having cellulose, hemicellulose, lignin, and
polysaccharides leading to a specific mechanism of activation. The porous structures develop in
activated carbon through the synergetic effect of pore expansion, pore formation, pore

combination and pore collapse [85].

2.13 Kinetics in steam reforming

The activation of methane (CHy,) is the rate-limiting step in the kinetics of steam reforming of
methane. The activation of CH,4 happens by collision phenomenon, where CH, dissociates into
CH3; and H species. The H atoms in CH3 have high energy, which can cause carbon formation.

The direct rate of steam reforming of methane is pseudo-first-order relation concerning partial

pressure ( P, ).
r, =Kx P, (12)

The turnover frequency (TOF) is calculated in this kinetic model, that would be the function of

temperature (T) and partial pressures (Py).

—Eg 3
TOF(T,P)=2xP,, x8° lSI.e[KB-Tj 1-_FeoPHy (13)
" o KeqPe, *P,
eq ' CH, 'H,0
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+2

TOF(T,P) = 2xkxP,, x8" (1-1) (14)

3
r:(l——KPCjD P-|-||32 } (15)
eq*TcH, *FH,0

The parameter 0* is the empty sites, whereby CH,4 collides. E, denotes the activation energy,
whereas the Kg represents a Boltzmann’s constant, T represents the temperature and & denotes
the pre-exponential factor. Khomenko et al. calculated the kinetics of steam reforming of
methane by using a quasi-steady state in terms of the Temkin identity at a temperature range of
470-700 °C.

k x PCH4 X PHZO xr

Ky oP
f(PHZO,PHZ)(HHZ;HZOJ

H,

r= (16)

Where k is constant, K,4is the equilibrium constant and f (Py, 0, Py,) is the polynomial factor in

terms of Py, and Py, .

The performance of the catalyst is determined by the methane conversion, which is
compared with theoretical thermodynamic equilibrium. The sampled gas is fed into GC (Gas
chromatography), which detects the gases such as CHy4, H,, CO, and N, by using the TCD
(Thermal conductivity detector). The conversion of CH,4 and the selectivity of H, and CO is

given in the following equation [86].

Conversion:
CH, (%) = molesof CH, converted 100 (17)
moles of CH, Introduced
Selectivity:
H, (%) = molesof H, produced «100 [87, 88] (18)

2xmolesof CH, converted
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moles of CO produced 5
[molesof CH 4+molesof CO2]converted

CO(%) = 100 (19)

The conversion of methane is calculated as follows:

Xen, %0 =|1-

out 100 (20)

out + [CO2 ]out )

Where o is the methane content in the fuel. For pure methane, it is 1.
The yield of Hydrogen[89, 90]:

molesof H, produced <100 (21)

Y =
4xmolesof CH, Introduced

Hy1 70

The surface rate of methane consumption is the rate of methane consumed per surface of active

metal:

XCH4 X FCHAin
fen, = (22)
) SSAnetal X mcat
where Xcy,is the conversion of methane, Fcy, . is the molar flow rate of methane into the

reactor, SSA,.:q: 1S the specific surface area of metal and m,,; is the mass of loaded catalyst.

N X, =X
Deactivation, % =( OX tJxlOO (23)
The long-term stability test has been carried out for the deactivation of the catalyst, which is the

conversion of methane at the start of the reaction (X,) with time t (X,).

There are enormous studies redeemed to investigate the kinetics involve in steam
reforming. Ki-Dong Ko et al. [91] investigated the kinetics of SRM by using the Marquardt
method reaction. According to the study, the reaction rate step becomes more complicated if

adsorption and desorption include on the catalyst surface. Conveniently, simple power-law

31



equation Eq. (24) is more feasible to use if product gases do not affect reaction rate.
r=Kk Py, Pio (24)

This is generally accepted that the reaction rate equation is first order concerning methane.

However, in some pieces of literature, the reaction order varies from zero to minus.

2.14 Thermodynamics in steam reforming
By far, a lot of studies have been carried out on various experimental and theoretical aspects of
steam methane reforming. Tabrizi et al [92] studied the thermodynamics of SMR based Gibbs
free energy minimization, and statistical methodology. According to their investigation, they
have studied the effects of different parameters such as temperature, pressure, and the ratio of
feedstock, and more importantly, their interactions have been investigated. Which were not
discussed in previous studies mainly on the statistical methodology approach [92].

Gibb's free energy minimization gives the composition of complicated chemical reactions
[93]. In the equilibrium configuration, the system is thermodynamically favourable when the
system has minimal energy, which means mathematically the differential of a system must be

zero at a given temperature and pressure [94].

) _
(dG'). , =0 (25)
The Gibbs free energy of a chemical reaction is as given in Eq. (26):
N
G'=>ny, (26)
i-1
ui=AG? +RT In(f/fi") 27)

The parameter G'is the total Gibbs free energy at constant temperature and pressure. N

represents the number of species in the feedstock and in is the number of moles of species.
Eq.(27) is the chemical potential equation. f represents the fugacity in the system and fo is the
standard fugacity.

fi=vdP (28)
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fio = R; (29)

Where y; represents the molar fraction of species i and ¢ represents the fugacity coefficient of

species i in the feedstock.

ini (AG§+RT In(ﬂ/fi°)+z/l,aikJ:O (30)

Eq. (30) becomes when Lagrange multipliers are introduced in gas phase equilibrium conditions.
The parameter AG;, is the standard Gibbs free energy formation, R is the universal gas constant.

N

_lni (AGZ +RTIn(f,/ fi°)+Zﬂiaikj+(ncAG?c(s))=0 (31)
k

Eq. (31) is the final equation. The Gibbs free energy and enthalpy of different species are in
Table 2.4. To calculate coke formation, graphite is presented, which has zero Gibbs free energy

and is calculated only in elemental constraints.

Table 2.4 The list of the number of Gibbs free energy and enthalpy of formation

Species AH s (k3 / mol) AG5y (k3 / mol)
CH, -74.5 -50.5

CO -110.5 -137.2

CO, -393.5 -394.4

H, 0 0

H.O -241.8 -228.6

O, 0 0

C 0 0

The mathematical relation of SMR among temperature, pressure and inlet steam per
methane is determined by the second-order polynomial equation, which is given in Eq. (32) :

Y:BO+an:Bixi+ZBijxixj+Zn‘l‘Bjjxj2 (32)
1= J=
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In Eq. (32), Y is the response of dependent variables, whereas B is the regression coefficient, and

X is the test variables. The test variable model equation is given in Eq. (33) :

X = | i (33)

The parameter Xx; is the coded value and X; is the encoded value of the ith independent variable,

whereas X is the encoded value of the i th independent variable. AX; is the step change value.

The primary gases which are formed in SMR experiments are H,, CO, CO;, H,0, and
CH,. In SMR reaction, the water-gas-shift reaction is sparsely exothermic, which comes along at
very low temperatures. Whereas the reverse water-gas-shift is highly endothermic and occurs at

high temperatures.

The reactions of the equilibrium conversions of reactants and the yield of products[95]

and the H,/CO ratio[96] are given as:

: [CH4]- _[CH4]
CH, conversion (%) = in ot » 100 (34)
[CH,]
H,0 conversion (%) _[H:0],-[H0], x100 (35)
2 [HZO]in
COyield (%)= €Ol x100 (36)
[COZ ]in + [CH4 ]in
) 2><[H2]
H, yield (%)= out 100 (37)

4><[CH4]in +2><[H20]in *

molesof H, produced

(38)
moles of CO produced

HZ/CO ratio =
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Coke formation is the major issue that occurs at high temperatures. Although there are certain
methods employed to avoid coke formation. For instance, by regulating the operation conditions
of steam to carbon ratio and fuel to oxidant ratio. When the oxygen to carbon ratio is kept greater
than 1, that prevents carbon formation because there is enough oxygen to oxidize. The

deactivation of the catalyst after hours long of reactions is as follow:

XCHlnitial _ XCH;OMS

%D = initial
XCH:{" 1al

(39)

Where XCH,"™® and XCH/*" are the methane conversion factors at initial timings and after

hours of running, respectively[96]
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Chapter 3

Methodology
3.1 Activated Carbon (AC) synthesis

The locally obtained hemp leaves are used as biomass precursors to synthesize an activated
carbon (AC). The schematic of AC synthesis is represented in Fig. 3.1(a). Initially, the hemp
leaves were undergone pre-treatment stages where hemp leaves were separated thoroughly
cleaned and washed. Sequentially, the hemp leaves were properly dried in an oven at 80 °C and
finally ground in mortar and pestle. For specific particle size, the ground hemp was sieved out at
the size of 0.6 mm. In the carbonization, the biochar (BC) has been produced in a tube furnace
(GSL-1800X, MTI corporation), heated at 750 °C for 2 h at a heating rate of 10 °C/min in an
inert atmosphere with an N gas flow of 40 ml min™. The yield of BC produced is calculated
using Eq. (40).

Wt'Of BC roduced
P %100 (40)
wt.of Biomass

Yield g, =
The obtained BC was activated with hydrogen peroxide H,0, (30% purity) by mixing 1.0 g of
BC to 10 ml H,O; ratio under constant stirring of 6 h at room temperature. The modified material
has been washed thoroughly with distilled water until effluent in colour, sequentially dried
overnight at temperature of 110 °C in the electric oven, the resulting material is labelled as
activated carbon (AC). Table 3.1 represents the elemental analysis of BC and AC as determined
by the CHNS analyser (CKIC 5E-2200)[1].

Table 3.1 The elemental analysis BC and AC via CHNS analyser

Sample Carbon (%) H, (%) N2 (%)
BC 45.70 1.08 0
AC 43.26 1.12 0
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3.2 Preparation of Ni-Co loaded AC catalyst

The chemicals and materials that are utilized for catalyst synthesis in the experiment were cobalt
(1) nitrate Co(NO3),.6H,0 and nickel nitrate Ni(NO3),-6H,O (98% purity, Sigma Aldrich),
hydrogen peroxide H,O; (30% purity), and distilled water for washing purposes.

. [ \
Crushing Sieving |

Hemp leaves 80°C, 30 hr

1

w -
Activated i
\\ Carbon g

Fig 3.1 The schematic diagram of material synthesis (a) AC (b) 5%Co@AC, 5%Ni@AC and

5%NiCo@AC
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The wetness impregnation method was used to prepare monometallic Ni, Co catalyst, and Ni-Co
bimetallic catalysts with high activity and high distribution as represented in Fig. 3.1(b). The AC
was used as catalyst support for catalyst preparation.

Cobalt nitrate (Co(NO3),.6H,O and nickel nitrate Ni(NO3),-6H,0O salts are used as an
active metals for catalyst preparation. The AC was immersed in a solution of cobalt nitrate
(Co(NO3),.6H,0 (0.04 M) and Nickel Nitrate Ni(NO3),-6H,0 (0.04M) with constant stirring at
60 °C for 5 h. The monometallic Co and Ni catalysts were sequentially impregnated on catalyst
support with impregnation rates of 5wt.% in terms of relative AC mass added. Following the
same process, bimetallic Ni-Co catalyst is prepared by co-impregnation with 5wt.%
impregnation rates. The resulting slurry was dried overnight at 110 °C in an electric oven.
Sequentially, the dried material is ground to fine powder form. In the final stage, the material is
passed through the calcination stage at a temperature of 750 °C for 4 h stay time in a tube
furnace in an inert atmosphere to remove volatile impurities. The final resulted catalyst is named
a 5%Co@AC, 5%NIi@AC, and 5%Ni-Co@AC catalysts.

3.3 Catalyst characterization
The various characterization techniques were employed to analyse the physicochemical and
structural properties of synthesized and spent catalysts.

The XRD technique is used for phase composition and lattice symmetry by using Model
dron8 Russia radiation source: copper kalpha. The operating conditions for XRD analysis are as
follow; the 20 measured from 20 °to 80° for fresh catalysts whereas for spent catalyst 20 ranges
from 5 to 90 at 0.05 step size, 30 min scan rate. The identification of the peaks of the calcined
and ground samples was carried out via a Bruker D8 advanced X-ray diffractometer with an
irradiation wavelength of 1.5418 A at 40 kV and 20 mA testing conditions.

SEM is tested for morphology and texture of fresh and spent catalysts at different
magnifications by using the JSM-6490A JEOL Japan machine with a resolution power of 3 nm at
30kV with an extension of 10-200,000X. Whereas elemental analysis is performed at EDX (Z2-
i7, analyser, EDAX Ametek) to investigate the elemental composition of a material.

The FTIR is analysed for specific functional and structural groups of all materials including

powdered hemp leaves by using Cary 630 FTIR (Agilent Technologies) at wavenumber ranges
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from 4000-650 cm™. The surface area, pore characteristics, and volume distribution of prepared
catalyst and spent catalyst is calculated by N, adsorption-desorption BET theory (Quantachome
Instruments version 11.05) analysis at 77.3 K bathing temperature. Before measurement, the
samples were subjected to outgassing at a temperature of 300 °C for 10 h stay time in a vacuum

to clean and dry the surface.

The TGA is performed by using TGA5500 (Discovery, series) for thermal stability and to
determine the carbon deposition on spent catalyst by maintaining nitrogen flow of 100ml/min,

heating ramp 20 °C/min up to 900 °C.

3.4 Experimental setup and catalytic activity for SMR
The experimental setup of SMR is shown in Fig 3.2. The SMR has been conducted in a thermal
fixed bed reactor (Parr Instrument, 5401, USA), having stainless steel (SS 316) rod (14mm outer
diameter and 12 mm inner diameter, length = 300 mm) with a single zone heating furnace. The
CH, flow rate is monitored by a mass flow controller (Brooke instruments, USA), and the
temperature of the reactor is regulated by the process controller (4871, Parr instrument) using a
K-type thermocouple. The temperature and flow rates are controlled under the online SCADA
system. The catalyst (0.30 g) has been placed in the centre of the SS rod, sandwiched between
quartz wool to maintain a uniform temperature. The peristaltic pump provides the water at a flow
rate of 20 ml/min and enters the preheater, and ten into the reactor along with CH, at the flow
rate of 10 ml/min. Before the reaction, the sample was reduced under a hydrogen flow rate of 40
ml/min for 1h at a temperature of 750 °C. After the reduction, the temperature was maintained
at 750 °C and introduced reactants. The reactant and product gases analysis were conducted in a
gas chromatograph (GC 2010 plus, Shimadzu) equipped with a thermal conductivity detector
(TCD). The TCD column details are reported elsewhere [2].

The performance of the catalyst is determined by the methane, H, and CO fractional
development [3]. Eqg. (41) represents the conversion of methane, whereas, Eq. (42) and (43)

represents the selectivity of hydrogen and carbon monoxide respectively [4-9].

_ CH, converted

CH, (%) X
CH, Introduced

00 (41)
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Fig 3.2 The experimental setup for steam reforming of methane on a fixed bed reactor
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Chapter 4

Results and discussions

4.1 Physicochemical properties of a catalyst

The synthesized catalysts and catalyst support (AC) structures were investigated using XRD
analysis, which is shown in Fig 4.1. The best reported catalytic activity, according to the study, is
found in AC and 5%Co@AC. The diffraction patterns validate the existence of the active metal
and carbon as shown by the appropriate JCPDS values in Table 4.1. According to the diffraction
patterns, all of the material devoted to distinctive carbon has a peak visible at an angle (260) of
29.31° (110). Graphitic carbon is said to have contributed to the peak at 26.04° (220) [1] which
becomes prominent in all catalysts as a result of the metal-graphitic combination [2, 3].
Additionally, the broad peak that can be seen from 23.10° to 43.29° is one of the distinctive
peaks of carbon materials. The axis of the graphite structure is also thought to be responsible for
the faint and wide C (100) peak at 20 = 40°-50° [4]. Similar to this, tiny peaks are seen at a 26 °
angle: (using JCPDS # 72-2091) Carbon peaks may be found at 29.49°, 42.19°, 52.31°, 61.19°,
69.27°, and 77.13° with planes (110), (200), (211), (220), (013), and (222), respectively. This is a
characteristic peak of carbon materials. The large peak broad peak at 26 23.4° to 40° corresponds
to the amorphous carbon structure. The weak and broad C(100) peak at 26 = 40°-50° is attributed
to the axis of the graphite structure [4].

The peak formation of the carbon materials was found to be wide, and the width indicates
the amorphous nature of the produced particles [5-7]. Although there are no prominent peaks
observed in XRD results. The reason may be the active metal samples are properly dispersed
over the catalyst support surface. Sometimes the XRD instruments are not very sensitive to a
small number of active metals[8, 9]. However, small peaks are observed at 20 angle: (with
JCPDS # 72-2091) 29.49°, 42.193°, 52.315°, 61.199°, 69.278°, and 77.136° having planes (110),
(200), (211), (220), (013) and (222) respectively corresponds to carbon peaks. The peaks at
26.8°, 44.1°, 56.0°, and 65.4° are attributed to the presence of the Co metallic phase on the
adsorbent surface [10].
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Fig 4.1 The XRD analysis of AC, 5%Co@AC, 5%Ni@AC, and 5%NiCo@AC catalysts

.Table 4.1 XRD analysis of the 5%Co@AC catalyst

2 0 (degree) hkl indices JCPDs #
Carbon 29.490 (110) JCPD#72-2091
42.193 (200)
52.315 211)
61.199 (220)
69.278 (013)
77.136 (222)
CoO 36.591 111) JCPD#74-2391
42.506 (200)
61.679 (220)
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73.899 (311)

77.782 222)

C030; 31.272 (220) JCPD#17-1701
36.874 (311)
38.549 222)
44.811 (400)
49.084 (331)
55.657 422)
59.358 (511)
65.237 (400)
68.631 (331)
69.744 422)
74.123 (620)

It is evident from the XRD pattern of the Co nanoparticles that the diffraction peaks at scattering
angles (20) of 44.31° and 51.65° are assigned to scattering from the (111) and (200) planes of the
Cobalt crystal lattice. This would indicate that nanoparticles having the same crystal structure as
bulk Co have been formed. When the percentage of O, is increased to 2.3%, we begin to observe
the formation of cobalt oxide (CoO) together with trace amounts of cobalt as confirmed by XRD
[11]. The existence of peak indexing at (111), (200), (220), and (311) (with JCPDS#74-2391) is
dedicated to the CoO phase. There are also diffraction patterns recorded corresponding to Coz04
at 36.591 (111) and two planes (400) at 44.811° and 65.237° (JCPDS# 73-1701) [12]. The
characteristic reflection peak at 36.8°, associated with Co304, was observed for the calcined
catalysts [13]. The presence of Co in the metallic form was confirmed by XRD patterns,
indicating that during pyrolysis Co ions were reduced to Co crystallites with zero oxidation state,
which stimulated the graphitization of gaseous carbon from the broken down organic ligands and
another carbon source [14]. The crystallite size is 35.304 nm calculated by using Scherrer
equation Eq. (44). The result is the same as reported by literature [15]. The catalyst with a small
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crystallite size appears to be effective throughout the volume and has a greater advantage in
catalytic activity [16].

D- kA
[ cosé

Ry "V‘"“"ﬂlpljﬁ a5
! ’1.‘-\"“,\‘.
5 & ) Na '

Fig 4.2 SEM analysis images of (a, d, g) BC, (b, e, h) AC, and (c, f, i) 5%Co@AC

Scanning electron microscopy (SEM) is employed for the surface morphology. Fig. 4.2
illustrates the images of untreated carbon (BC), AC catalyst support, and 5wt.% Cobalt-loaded
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activated carbon (5%Co@AC) at different magnifications. The images show the clear round
pores high in AC catalyst support which essentially provides a high surface area for better

loading of Cobalt particles [17].

Element Weight% Atomic%
CK 81.54 87.18
OK 13.82 11.09
MgK 0.47 0.25
SiK 1.01 0.46
KK 0.95 0.31
CakK 221 0.71
Totals 100.00
L.L..‘N_
) keV
Element W'c'i'ght%’ Atomic %
CK 66.3 76.3
OK 23.8 20.5
CaK 7.7 2.6
CoK 23 0.5

(€14

Aul

CK ok

keV

Fig 4.3 EDX analysis of (a) AC and (b) 5%Co@AC

Literature suggests that H,O, modification of carbon improves the porosity and surface
area by removing the inorganic compounds and impurities [18]. The diameter of round pores
observed in the AC support catalyst ranges from 9-13 nm. Whereas the Cobalt can be seen
scattered on the surface and internal cavities of the catalyst support and covered the pores of AC
[19]. Thus, the well-developed porosity and surface area increased the cobalt particle
distribution. In the case of 5%Co@AC, the AC can be seen in the low-density dark colour
whereas the cobalt particles are visible high dense light white colour. There are no clusters or
agglomeration has been observed. The partial blockage of pores not predominantly noted, which
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is might be associated with the filling of active metal in the pores and the surface of catalyst

support [20].

Fig. 4.3 represents the EDX of AC catalyst support and 5%Co@AC. There are various
elements in both samples. AC has a greater percentage of carbon 81.54%, and the presence of
oxygen is attributed to the formation of metallic oxides in the sample as discussed in XRD
analysis, the oxygen percentage greater than 2.3% gives metallic oxides. Whereas 5%Co@AC
retained the carbon percentage up to 66% while Co content was 2.3 wt. % as detected by EDX.
The peaks detected in ranges of 1.2 keV to 2.2 keV correspond to gold coating.

To identify the functional groups and structural bonds present in the material, an FTIR
analysis was conducted. Even though materials associated with AC mainly consist of carbon,
they also contain minor amounts of heteroatoms such as oxygen, nitrogen, hydrogen, and sulfur.
Therefore, it's crucial to look at the material's structural and chemical makeup [21]. Fig. 4.4
shows the infrared (IR) spectrum of hemp, AC, and 5%Co@AC, whereas Table 4.2 represents
the correlation table.

Table 4.2 The correlation table of Fourier Transform Infrared spectroscopy

Wavenumber (cm™)  Vibration Compound Class
3301 O-H alcohol

2926 C-H alkane

1613 C=C Conjugated alkene
1033 C-N amine

1420 O-H Carboxylic acid
881 C-H 1,2,4 trisubstituted
717 Benzene derivative

In the case of the IR spectrum of Hemp at top of the figure, as shown, the wave absorbed from
3000 cm-1 to 3600 cm-1, maxima at around 3290 cm-1 attributed to O-H stretching of hydroxyl
group corresponds to adsorb water molecules[22, 23]. The peak at 1630 cm-1 is because of the
protein amide | consequently the C=0 stretching vibration, whereas, at 1530 cm-1 is due to
amide Il of C-N stretching alongside N-H bending [24]. The C-H stretching at 2929 cm-1
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corresponds to methyl and methylene groups [22]. There is weak absorbance at around 1700 cm-
1 represents the C=0, which corresponds to Carboxylic ester present in pectin and waxes [25].
The absorbance at 1020 cm-1 represents C-O stretching attributed to alcoholic groups[26]. The
bands at 1420 cm—1 correspond to -CH2 stretching [23]. Another broadband in the 1470-
1330 cm—1 region consists of a series of overlapping absorption bands which are ascribable to
the deformation vibration of surface hydroxyl groups and in-plane vibrations of C—H in various
C=C—H structures [27].

Hemp
g
o
71
=
=
=
Tt
2
=
<
5% Co@AC
i TPy
‘(_C)’_/
1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm'l)

Fig 4.4 FTIR analysis of (a) Hemp (b) AC and (c) 5%Co@AC

A weak absorption sharp band at 880 cm—1, is usually attributed to the out-of-plane deformation
mode of C—H, which represents a sudden decrease of monosubstituted C—H. An increase of
isolated C—H in variously substituted benzene rings suggests a progressive substitution of C—H
bonds in the aromatic system and the formation of new C—R bonds [27]. As Fig 4.4(b) illustrates
that AC somehow retains most of the functional groups. Whereas, In the case of 5%Co@AC, O-
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H and C-H groups are faded. As TGA studies also support the idea that up to 100° C the moisture
and volatile matter start to release during the pyrolysis process. Furthermore, the O-H peak
almost vanishes because of calcination. Moreover, the characteristic vibration at 450 cm-1 is the
Co-O stretching of Cobalt oxide as shown in Figure 6 (c) [28]. There is small wide peak
absorbed at 576 cm—1 is characteristic peak of Co-O that is stretching vibration because of
Co304 [28, 29].

The surface area and pore characteristics of the material are calculated by N, adsorption-
desorption BET analysis at 77.3 K bathing temperature. Before measurement, the samples were
subjected to outgassing at a temperature of 300 °C for 10 h stay time in a vacuum to clean and
dry the surface. The N, adsorption-desorption isotherm of AC and Cobalt catalyst (5%Co@AC)
is given in Fig. 4.5. According to the International Union of Pure and Applied Chemistry's
(IUPAC) classification, the isotherm of activated carbon (AC) displays type | isotherms, which
denotes that the carbon is microporous. The platform for Type | isotherms often has a horizontal
or nearly horizontal appearance, and the adsorption isotherm directly meets the line P/P, = 1 in
most cases. The quantities adsorbed sharply rise at the low relative pressure zone (P/P, 0.2), as
demonstrated in the initial stage. This indicates that the microporous structure is where most
nitrogen molecules are adsorbed.[30]. The BET surface area calculated from the Density
Functional Theory (DFT) cumulative surface area function of AC and 5%Co@AC is 46.39 m%/g
and 179.565 m?/g respectively. The pore volume determined for AC and 5%Co@AC is 0.045
cm®g and 0.106 cm®/g respectively. Whereas the pore radius of AC and 5%Co@AC is 0.615 nm
and 1.814 nm respectively as given in Table 4.3.

Table 4.3 The surface area, Pore volume, and pore radius of AC and 5%Co@AC calculated by

the DFT cumulative surface area function

Sample name Sget (M?/Q) Pore volume (cm®/g) Half pore width
(nm)

AC 46.39 0.045 0.615

5%Co@AC 179.3 0.106 1.814

59



80

et 5% Co@AC

Volume adsorbed (cm’/g)

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p°)

0.07

(b)

0.06

0.05

3

Diffrential pore volume (¢cm’/nm.g)

0.04

—— 5% Co@AC

0.03

0.02

0.01

0.00

I I T T I

0 5 10 15 20 25 30

Pore Radius (nm)

Fig 4.5 (a) N adsorption (closed symbols)-desorption (open symbols) isotherm of AC and

5%Co@AC (b) Pore size distribution (BJH) of AC and 5%Co@AC
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As it is evident that catalyst support has a smaller surface area, porosity, and pore size
relatively catalyst composite. Generally, the BET surface area of material is inversely
proportional to the pore size radius since composites give a smaller surface area than the support.
This is a very rare event that is being observed sometimes that composite catalyst gives larger
surface area than that of support. Amin et al [31] also reported a phenomenon where composite
material gives more surface area than the catalyst support. One explanation of such a
phenomenon is that porosity is also one of the parameters that define the surface area of the
material. Sometimes in some cases, the material with small pore diameters shows lesser surface
area because of the small number of pores per gram as seen in this case [32]. Another possibility
is that the nature of metal and support also plays a crucial role in defining the surface area. The
reason may be that the active metal sites oxidize the activated carbon creating more micropores
thus increasing the surface area since XRD results reveal the presence of CoO and Co304 in the
sample. Additionally, Fig 4.5 (b) shows the BJH model-calculated pore size distribution. The
pore size distribution as it manifests spans from 1.5 nm to 14 nm in radius, with the bulk falling
between 1.6 nm and 3.0 nm. According to the pore size distribution, the pore radius of
5%Co@AC is 1.80 nm, while that of AC is 1.59 nm.

The thermogravimetric analysis test is performed for thermal stability of catalyst support
AC and Cobalt catalyst (5%Co@AC). The TGA analysis results are illustrated in Fig. 4.6(a-b).
In both cases, the weight loss is distributed in four temperature ranges. Initially up to 100 °C,
followed by roughly 650 °C and some weight loss observed after 700 °C. In the case of activated
carbon-based materials, at the initial stages of temperature, the organic matter decomposes then
obtained intermediates, and activating reagents decompose at elevated temperatures. At the
beginning 100 °C, the moisture and volatile matters start to decompose resulting in weight loss.
As temperature rises the organic matter typically lignin cellulose, and hemicellulose
decomposes. Further heating results in weight loss because of the carbonization and tar
formation of gaseous products and volatiles contributing to weight loss [33]. Some of the same
kind of behaviour has been observed in this case. The weight loss of 4wt.% occurred at around
100 °C in both cases as temperature rises are attributed to desorption of physiosorbed moisture,

decarbonization, and sometimes combustion of unreacted nitrates [34-36]. In addition, literature
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[34] ascribes that further weight losses correspond to the release of carbon dioxide and carbon

monoxides in carbon material cases.
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Fig 4.6 TGA analysis results of AC (a), 5%Co@AC (b), 5%Ni@AC(c) and 5%NiCo@AC(d)

4.2 Catalyst Performance analysis

4.2.1 Catalyst activity test

The SMR catalytic activity was carried out in a fixed bed reactor at a temperature of 750 °C for
AC support, sequentially impregnated monometallic Cobalt (5%Co@AC), monometallic nickel
(5%Ni@AC), and co-impregnated bimetallic Ni-Co (5%NiCo@AC) catalyst for 18 h testing
time. Fig. 9 (a) shows the CH,4 conversion results of all synthesized material. As clear from the
result, the CH,4 conversion for 5%Co@AC is best recorded that is 97.69% among all other
catalysts. The high CH, conversion for 5%Co@AC is since the Cobalt shows good interaction
between the support that is associated with reduced Co sites with metal loadings[35]. It can be
seen from the results that the CH,4 conversion order becomes for all samples as follow:
5%Co@AC > 5%Ni-Co@AC > 5%Ni@AC > AC. There is no CO, gas has been detected

through the activity indicating that no WGS reaction occurred.
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Fig. 9 (b) represent the H, production and Fig. 9 (c) represents CO production. As it is clear in
results H, production and CO production of 5%Co@AC are recorded as 66.08% and 10.39%
respectively, and that is also the best record among all synthesized materials. Whereas the H,
production for AC, 5%Ni@AC and 5%NiCo@AC becomes 53.36%, 61.02% and 65.89%
respectively. Likewise, the CO production for AC, 5%Ni@AC and 5%NiCo@AC becomes
5.56%, 10.71% and 8.88% respectively. Delvin et al [37] reported that at low-temperature Ni
catalyst gives better selectivity of hydrogen because it requires less activation energy than Co
catalyst. On the other hand, Co catalyst is suggested highly effective at elevated temperature
reactions for better hydrogen selectivity which is less prone to catalyst deactivation. Thus, Co
catalysts have more leverage over Ni catalysts for high temperatures. This phenomenon is also
understandable through thermodynamics following C-C bond cleavage and C-O bond cleavage.
The high-temperature reactions occur at expense of the net consumption of water. It is worth
mentioning that hydrogen selectivity of Co catalyst is high because the methane content in
organic compounds is high over nickel catalyst since the C-C bond cleavage over nickel relative

to the rate of C-O bond cleavage compared to cobalt catalysts.

From Fig 9 (d), the H,/CO ratio of 5%Co@AC is calculated as 2.67, which is less than other
materials. This is because Cobalt supported catalyst increases the reverse water gas shift reaction
that produces more CO relatively other materials [19]. Although, enormous research held on Ni-
Co bimetallic co-impregnation and monometallic Ni, Co sequential impregnation catalyst
activity for many reforming techniques such as SR reaction of coal tar, toluene, and phenol.
Many of them reported bimetallic Ni-Co as the best catalyst due to the fact of synergetic effect
and better ability of high dispersion of active sites [38-40]. However, there are some exceptions
to the principles. Grzegorz et al [41] suggest that catalyst support also plays a key role in
defining the activity of the catalyst. Another reason is a larger metal crystallite favours the
carbon deposition that deteriorates the long-term catalyst performance and becomes the reason
for catalyst deactivation hampering the catalyst stability. Whereas the catalysts with smaller
metal crystallites do not deposit the carbon too much that disturbs the catalytic activity thus
giving more stability and fewer chances of catalyst deactivation in the process. The high
dispersion of metal over the catalyst support is also describes the better activity of catalyst. As it
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is clear from the XRD and SEM results of Cobalt catalyst that high dispersion is observed in this

case.
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Fig 4.7 The catalytic activity of synthesized catalyst at 750 °C, H,O/CH,=2, in terms of (a)

methane conversion XCH,(%), (b) hydrogen production H,(%), (c) carbon monoxide production

CO(®%), and (d) Ho/CO

Fig. 10 (a,) exhibits the line-graph representation of methane conversion, Fig. 10 (b) shows

hydrogen production, Fig. 10 (c) represents the carbon monoxide production and Fig 10(d)

shows the H,/CO ratio with each sample along the time of sampling. As it is also evident from

bar graph results that until 6-7 samples the methane conversion was almost the same for all the

samples. After 7 samples the conversion of Ni and bimetallic catalyst started decreasing whereas,

the Co catalyst shows somehow linear behaviour. In the hydrogen production graph, there was

no dramatic difference among all samples has been observed as it is also clear from the hydrogen
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production graph that roughly one point difference among them i-e 5%Co@AC > 5%NiCo@AC
> 5%.Ni@AC>AC gives 66.08% > 65.89% > 61.02%>53.36% respectively.
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Fig 4.8. The graphical representation of (a) methane conversion XCH4(%), (b) hydrogen(H,)
production, (c) carbon monoxide (CO) production, and (d) the ratio of H,/CO. 2.2 Stability
analysis

4.2.2 Stability analysis

From the catalytic activity of all catalysts, the cobalt impregnated catalyst (5% Co@AC) is
deduced as the best-performed catalyst among other catalyst samples. The stability test of the
5%Co@AC catalyst is determined by running the catalyst for TOS 44 h at 750 °C, GHSV=6000

ml/h.gcat as presented in Fig. 11. As clear from the presented figure the methane conversion is
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gradually decreasing over time. The methane conversion is consistent with previous catalytic
test, starts from 99.70% and gradually decreases to 87% where it becomes stabilized since the
Cobalt shows good interaction between the support that is associated with reduced Co sites with
metal loadings[35].
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Fig 4.9 The catalytic stability test of 5%Co@AC for SMR reaction. Experimental conditions: at

750 °C, Hy/CH4=2, TOS=18h, GHSV=6000 ml/h.gcat

The average methane conversion in total screening time TOS 44 h becomes 93.17%. It also
shown that there is a little dip observed in methane conversion at 18 h indicates the deficiency of
necessary oxygen to convert methane [42]. The catalytic performance is also governed by
particle morphology, shape of catalyst support and the doping in lower valence cation. It is also
shown that the catalytic behaviour relies upon the catalyst preparation process and the

characteristics of catalyst support significantly influences the surface acidity like redox reaction
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of Co species [43]. Whereas the H,/CO ratio varies between 2-7 and the average value happens
to be around 4.5. Furthermore, there is no more decrease in the conversion of methane indicating
more resistance towards catalyst deactivation. The higher H,/CO ratio also depends upon S/C
inlet. Anyhow the high H,/CO ratio avoids the catalyst deactivation and is highly recommended
[44].

4.3 Characterization of spent catalyst

Fig. 4.10 represents the XRD analysis of the spent 5%Co@AC catalyst that has been checked for
stability analysis for 18 h. The broad peak at 26 (hkl)= 23.5° (002) and peak at 43.8° (101)
correspond to graphite carbon in the sample [45, 46]. Although there are no distinct peaks
observed. However, some weak peaks are detected at angles 20: 26.05°, 44.317°, 51.38°" and
62.43°. According to the literature [47], the peak at 26.05° corresponds to Cobalt oxide
crystallites (C0,03).
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Fig 4.10 XRD analysis of spent catalyst 5%Co@AC after 44h TOS
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The SEM micrograph images of spent 5% Co@AC are represented in Fig. 4.11(a-b). As the SEM
micrographs demonstrate that there is a significant textural change occurred in the spent catalyst.
The surface of the spent catalyst is much smoother and contains small grains than a fresh
catalyst. The rough surface of a fresh catalyst than spent is in agreement with the high surface
area and porous structure which is a decrease in the spent catalyst as evident by BET analysis
results which suggest the formation and deposition of carbon on the surface, that is because of

the faster methane cracking rate than that of carbon removal by gasification reactions[48].
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Fig 4.11 The SEM analysis of spent 5%Co@AC catalyst after 44 h TOS (a) Sum and (b) Ium (c)

EDX analysis of spent 5%Co@AC catalyst after 44h TOS
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Fig. 4.11(c) illustrates the elemental analysis EDX of 5%Co@AC spent catalyst. The
carbon and Cobalt have been significantly detected along with some other elements as evident
from XRD results also. Some carbonaceous species were also formed due to the reactive phase
during the reaction, a carbon gasification at high temperature was expected and produced CO

that had a higher syngas ratio[35].

Fig. 4.12(a) shows the N, physisorption isotherm of the spent Cobalt catalyst
(5%Co@AC) from the stability test analysis. The figure exhibits the combination of type | and
IV isotherm which proves the presence of micropores mad mesopores in the sample [49]. Table
4.4 represents the surface area, pore-volume, and pore radius calculated by the DFT method of
Cobalt spent catalyst. As it is evident from the BET results of fresh catalyst and spent catalyst
that the surface area and pore volume are significantly decreased in the spent catalyst which

suggests that pores are almost filled suggesting the deactivation of the catalyst.

Table 4.4 The surface area, Pore volume, and pore radius of spent 5% Co@AC were calculated

by the DFT cumulative surface area function after 44 h TOS

Sample Sger (M?/g) Pore volume (cm®g) Half pore width
(nm)
Spent 5%Co@AC 14.25 0.007 0.615

Fig. 4.12(b) illustrates the TGA analysis result of the stability test spent 5%Co@AC. The
TGA analysis is essential to determine the coke deposition on the spent catalyst. As the profile of
TGA depicts, there is a no significant weight loss has been observed. Roughly 1% mass loss
linearly with temperature was observed during the investigation. The mass loss regarded as the
change of Cobalt oxide into metallic cobalt with the loss of oxygen [50]. This indicates the small
carbon deposition on 5%Co@AC and catalyst shows greater stability as also cleared from SEM

results
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Fig 4.12 (a) BET analysis of spent catalyst 5%Co@AC after 44 h TOS. (b) TGA analysis of

spent catalyst 5% Co@AC after 44 h TOS.
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Chapter 5

Conclusions and Recommendations
5.1 Conclusions

The activated carbon derived from hemp leaves is used as catalyst support for nickel and cobalt
catalysts. The catalyst is synthesized in different optimum conditions and all catalyst samples
were investigated one by one for SMR in a fixed bed reactor at 750 °C temperature. Initially, all
samples, the catalyst, and support were operated for 8 h running time where methane conversion
and production of hydrogen and CO were recorded sequentially. The material recorded as the
best results is tested for catalyst stability. In our case, monometallic cobalt catalyst (5%Co@AC)
gives better results in methane conversion and hydrogen production. Although the hydrogen
production is noted with a bigger difference among all test materials. However, the methane
conversion of the cobalt catalyst is considerably good than other materials. In most cases, the
bimetallic catalyst gives the best results. However, in some cases, the monometallic catalyst also
performs considerably well. The reason is a larger metal crystallite favours the carbon deposition
that deteriorates the long-term catalyst performance and becomes the reason for catalyst
deactivation hampering the catalyst stability. Whereas the catalysts with smaller metal
crystallites do not deposit the carbon too much which disturbs the catalytic activity thus giving
more stability and fewer chances of catalyst deactivation in the process. The high dispersion of
metal over the catalyst support also describes the better activity of the catalyst. As it is clear from
the XRD and SEM results of the Cobalt catalyst that high is observed in this case. The activated
carbon derived Ni-Co@AC is synthesized and employed effectively for SRM to Syngas in a
fixed bed reactor. The activated carbon derived catalyst is characterised successfully and found
suitable for SRM. The addition of 5 wt% Co enhanced the methane conversion from 82.96% to

97.69%. The activated-derived catalyst is economical and greener approach for SRM
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5.2 Recommendations

All synthesized materials are investigated for SMR for better syngas production on a fixed bed
reactor. In the objective high methane conversion and better selectivity of hydrogen are expected
in the study. Moreover, all samples are studied under various characterization techniques
including XRD, BET, TGA, SEM-EDX, and FTIR. To the best of our knowledge, there is no
previous work done on monometallic and bimetallic Ni-Co specifically impregnated on hemp
leaves-derived AC for SMR reactions. However, there is considerable literature on monometallic
and bimetallic Ni-Co for other reforming techniques besides SMR. Moreover, there is
considerable literature found on hemp bast and fibre for AC production whereas hardly any
literature found on AC from hemp leaves. The effect of different experimental parameters on the
activity of hemp derived catalyst should be studied. Also, the kinetic study and reaction

mechanism for hemp derived catalyst should be investigated.
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