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Lay Summary

The objective of this research was to address two pressing issues: environmental impacts
resulting from crop burning and the need for a cleaner fuel source. The hydrogen production
from waste materials, particularly agricultural residue, could effectively address both
concerns. This approach offers a sustainable route to reduce the environmental impact of
agricultural waste by producing hydrogen, a fuel with a higher calorific value than
petroleum products and no pollution emissions. The current hydrogen production process
involves using fossil fuels, particularly natural gas, but catalytic steam reforming of bio-oil

derived from agricultural residue could be a promising alternative.

To achieve this, highly active perovskite catalyst LaNiosCoos503 was synthesized, which
was then rigorously characterized using various sophisticated techniques (XRD, XPS,
SEM, etc.) to ensure its purity and quality. The synthesized catalyst was then used to
produce green hydrogen via catalytic steam reforming of bio-oil, obtained by pyrolysis of
major agricultural residues such as wheat straw, rice husk, corn cob, and sugarcane bagasse.
The produced bio-oil's chemical composition was identified via GCMS, and the resulting
products received via steam reforming were analyzed using GC-TCD and FID. The spent
catalyst was also analyzed to determine the deactivation mechanism, with results indicating
that coke was deposited on the catalyst surface in both graphitic and amorphous forms,

along with the formation of carbon nanotubes (CNTS).

Furthermore, the kinetic parameters were also evaluated using a power law model. Finally,
the thermodynamics potential of advanced steam reforming processes, including sorption-
enhanced, chemical looping, and combined chemical looping and sorption-enhanced steam
reforming processes, was performed and compared with conventional steam reforming

process.

This research underscores the potential of catalytic steam reforming of bio-oil derived from

agricultural residue as a cleaner and more sustainable source of hydrogen production.



Abstract

Continued industrialization and urbanization all around the globe have resulted in
equally rapid growth in global energy consumption as well as demand. This massive surge
in energy demands has increased our dependence on fossil fuels to the point, where it is
resulting in unwarranted consequences. Catalytic steam reforming (SR) of agricultural
waste derived bio-oil for hydrogen production is a unique technology, offering twin
benefits of waste management as well as sustainable energy production.

The present study aims at developing a stable catalytic system for bio-oil steam
reforming process to produce green hydrogen. The bio-oil used in this study was produced
in the lab through pyrolysis of blend of agricultural residues. The produced bio-oil was
characterized via gas chromatography mass spectrometry (GCMS) and Fourier transform
infrared spectroscopy (FTIR). Furthermore, the perovskite catalysts LaNixM1.xO3 (M = Co,
Cu, and Fe) used for steam reforming process, were synthesized using sol-gel method and
their catalytic performance towards hydrogen production and bio-oil conversion was
evaluated in a fixed bed tubular reactor. A wide array of techniques such as X-ray
diffraction (XRD), Brunauer-Emmett-Teller surface area (BET), NHz and CO2 -TPD
(temperature programmed desorption), field emission scanning electron microscopy (FE-
SEM), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA) and
pyridine-FTIR were used to analyze the material properties of the synthesized catalysts.
The results of these analyses verified the successful formation of the highly sought-after
perovskite structure with good amount of surface oxygen vacancies as well as medium-
strength acidic and basic sites.

To establish an efficient catalytic system, process parameter (space-time and
reaction temperature) optimization and time on stream (TOS) studies were also conducted.
The TOS results displayed that LaNiosC00.503 perovskite catalyst is stable up to 12 h at 700
°C for space-time of 17.4 kgca.h/kgmolyio-oil. Additionally, the kinetic study of phenol steam
reforming process were also performed to study the various kinetic parameters. In-depth
characterizations (FE-SEM, TGA, Raman spectroscopy and XRD) of spent catalyst after
the reaction not only gave further insights about the excellent activity exhibited by the
chosen catalyst but also revealed information about the nature of the coke deposited on the

surface.



Furthermore, thermodynamic potential of various advanced steam reforming

processes was evaluated and compared with the conventional steam reforming process.

Keywords: Steam reforming; Hydrogen production, Perovskite catalyst, Agricultural

biomass; Catalyst deactivation; Kinetic study
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Chapter 1: Introduction

1.1 Background

Fossil fuels have been the predominant energy source for humans over the past two
centuries. The rapid urbanization and industrialization over the past few years have resulted
in a population explosion, which has fuelled a massive surge in global energy demands. As
of 2021, the majority of global energy consumption is still derived from non-renewable
sources, such as fossil fuels (natural gas, coal, and oil). According to the International
Energy Agency (IEA), in 2019, the total primary energy consumption was approximately
158,000 TWh, of which fossil fuels made up about 85%, as displayed in Fig.1.1. Among
these, oil is the most prominent contributor to the energy mix, followed by coal and natural
gas. Renewable energy sources, including wind, solar, and hydropower, are gaining
traction, although they still account for only a small portion of the total global energy mix.
In 2019, renewable energy sources constituted about 11% of total primary energy
consumption [1].

Renewable
5%

Coal
27%

Natural Gas
24%

Nuclear
4%

Hydropower
6%

34%

Fig. 1.1 Total primary energy consumption in world by fuel source (source International
Energy Agency (IEA), 2019) [1]
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In the Indian scenario, primary energy consumption has been increasing rapidly in
recent years due to the country's growing population and expanding economy. As of 2020,
the total energy consumption in India by fuel source is displayed in Fig. 1.2 according to
the ‘world energy outlook 2021 Report’. According to this report, the coal remains the
largest source of energy in India, accounting for around 45% of the total primary energy
consumption. Qil is the second largest contributor, accounting for approximately 24% of
the total. Natural gas (6%) and renewables such as hydropower, wind, and solar make up
the remaining portion of the energy mix [2]. The Indian government has set ambitious
targets to increase the use of renewable energy and reduce the country's dependence on
fossil fuels. In recent years, there have been significant investments in renewable energy
infrastructure, such as wind and solar power projects, and the government has set a target
to achieve 40% of the total installed power capacity from renewable energy sources by
2030.

Hydropower
) 2%
Biomass &

waste

21%
Coal
45%

Nuclear — 4
1%

Natural Gas
6%

non-hydro
renewables
1%

oil
24%

Fig. 1.2 Total primary energy consumption in India by fuel source (Source: world energy
outlook 2021 [2])

Moreover, the continued exploitation of fossil fuels brings with it a number of
significant challenges. Firstly, fossil fuels are finite resources, and their extraction rates are
outpacing their natural replenishment rates. This could result in their exhaustion within the
next two to three decades, which could make them too expensive relative to alternative
energy sources. Additionally, the combustion of fossil fuels leads to the emission of
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significant quantities of greenhouse gases, such as carbon dioxide (CO2) and methane
(CHa), which contribute to global warming and climate change. Finally, the extraction and
utilization of fossil fuels have significant environmental consequences. The process of
mining coal, drilling for oil, and hydraulic fracturing for natural gas often result in land

degradation, air and water pollution, and other forms of environmental harm.

Others
Coal 4% \ Natual Gas

48%

oil
30%

Fig. 1.3 Current hydrogen production sources (Source: BP annual report 2020 [3])

It's essential to recognize that the global energy landscape is constantly changing.
While the use of fossil fuels remains prevalent, the trend towards renewable energy is
gaining momentum as technology advances and costs decrease. Additionally, many
countries and organizations around the world have established targets to increase the use
of renewable energy and reduce the dependence on non-renewable sources, which could

significantly transform the global energy mix in the years to come.

Therefore, it is crucial to transition towards alternative, renewable sources of
energy, such as biomass, solar, wind, and hydropower, to ensure sustainable development
and reduce our dependence on finite and environmentally harmful sources of energy. In
recent years, hydrogen has received growing attention as a promising green fuel alternative
to fossil fuels due to its high energy content, widespread availability in nature, and zero-
emission when burned as a fuel. As displayed in Fig.1.3, the current dominant method of
producing hydrogen (nearly 96% of global hydrogen production) relies on the reforming of
fossil fuels such as natural gas, petroleum crude, and coal gasification, which results in
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substantial emissions of greenhouse gases and exacerbates the challenge of climate change

13].

Therefore, to meet the sustainability and economic demands of producing hydrogen,
research has shifted towards alternative sources such as biomass. The goal is to develop a
sustainable and economically viable method for producing hydrogen, reducing reliance on
finite and polluting fossil fuels, and mitigating the environmental impacts of energy
production. This shift towards alternative sources of hydrogen production has become
increasingly important for mitigating the effects of climate change and promoting

sustainable energy use.
1.2 Biomass as a green feedstock for energy production

In recent years, the utilization of biomass as a potential substitute for fossil fuels in H»
production at a commercial scale has been gaining significant attention. Biomass refers to
a diverse range of organic materials, including plants, trees, agro-industrial waste, and
agricultural residue, that can be obtained or regenerated in a relatively short period of time
[4]. Generally, biomass can be categorized as forest waste, energy crops and their by-
products, agricultural waste, and municipal solid waste, as depicted in Fig.1.4. The
increased interest in biomass as a source of energy can be attributed to several factors,
including its abundance, rapid renewability, and carbon-neutrality. Unlike fossil fuels,
which are finite and emit carbon dioxide (CO2) during combustion, biomass captures CO-
from the atmosphere during its growth process. This makes it a carbon-neutral energy
source, which is essential in the context of mitigating the effects of climate change.
Furthermore, the diverse nature of biomass materials provides a level of flexibility in terms
of the production process and the starting materials used. For example, forest wastes,
energy crops, and agricultural waste can all be utilized as starting materials in the
production of Hz [5-7].

Among the various biomass materials available, lignocellulosic biomass, such as
agricultural residues, is seen as a promising feedstock for hydrogen production, particularly
in countries that have a large agricultural sector, like India. India's agricultural sector covers
a large land area of 195 million hectares and produces a variety of crops, including rice,
wheat, pulses, and cotton. The production of these crops results in a significant amount of

agricultural residues, such as cob, husk, leaves, stubbles, and straws, which can be used as
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raw material for Hz production. The current estimated production of dry biomass residues
in India’'s agricultural sector is 683 million tonnes, with projections indicating that this
number could rise to 868 million tonnes by 2030 [6,8]. While some of the agricultural
residues produced by India's agricultural sector are used for domestic and industrial
purposes, a large amount goes unused and is often burned on-farm by farmers to clear the
fields for the next crop. This practice has serious consequences for both human health and
the environment, as it releases harmful gases like CO2, CO, CH4, NOx, and SOx into the
air, contributing to air pollution and global warming. Additionally, the burning of crop
residues results in the release of smoke and soot particles and a loss of important plant
nutrients such as nitrogen, phosphorus, potassium, and sulphur, which negatively affects

soil properties [6,8,9].

To address these issues with the disposal and management of agricultural residues,
these materials can be converted into industrially valuable products through various
thermochemical routes, such as pyrolysis, and further processed into hydrogen via catalytic
steam reforming. This transformation process would not only alleviate the environmental
impact of agricultural waste disposal but also yield a valuable source of green energy in the

form of hydrogen.

Energy Crops Agro-industrial Waste

j’ ;1.. 1:,.;,, .:”‘]“
% ™ 3

v" Bamboo

v Prosopis
cm -

Forest Waste

Paper mills

Sugar refineries
Food processing
Textile fibre waste

L T e S

Rice husk/straw
Wheat husk/straw
Coconut shell
Corn husk
Sugarcane trash

v’ Chips, barks,
leaves

v' Forest industry
based products
like sawdust

LN R

v" Food & kitchen waste
v Paper waste
v' Fabrics, cloths waste

Fig. 1.4 Classifications of biomass
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Table 1.1 Ultimate and proximate analysis of some common agricultural residues [8]

_ Ultimate analysis (Wt %0) Proximate analysis (Wt%0o)
Residue
Volatile Fixed
Type C H @) N S  Moisture Ash
matter Carbon
Rice
4428 683 479 128 O 5.2 6.26 74.47 14.09
Straw

Rice Husk 45.18 5.08 48.05 1.62 0.07 7.36 20.07 69.75 2.82

Wheat
4824 564 4555 056 — 7.66 7 78.33 7
Straw
Maize
4527 597 4767 109 - 1.88 2.81 77.85 17.46
Cob
Corncob 42.10 5.90 - 0.50 0.48 12.77 2.30 91.16 6.54
Neem
5436 7.36 33.68 3.89 0.70 7.32 3.26 78.20 11.12
seed
Cotton
53.10 355 37.34 4.47 154 10.05 6 67.95 16
seed
Sugarcane
76.83 8.19 1439 059 - 5.67 6.38 77.33 16.33
leaves
Banana
33.09 294 63.03 094 - 6.67 11.67 74.33 7.33
trunk
Arhar
36.19 364 5935 042 - 7.67 1.67 77.33 16.33
stalk
Coconut
Hell 64.23 6.89 27.61 0.77 0.50 10.1 3.2 75.5 11.2
she
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1.3 Biomass Conversion Strategies

Lignocellulosic biomass, consisting of cellulose, hemicellulose, and lignin, is a complex
biopolymer that exhibits variations in composition based on the type of biomass. These
components are interlinked and form a three-dimensional network, giving plants their
rigidity and strength. The hydrophobic nature of lignin and the crystalline nature of
cellulose, combined with the three-dimensional network, make it challenging to degrade

lignocellulosic biomass through chemical or microbial processes [10-12].

Because of its complexity, lignocellulosic biomass is challenging to break down,
and various strategies have been developed for its efficient conversion. These strategies are
classified into two categories: thermochemical and biochemical routes. The following

provides a detailed overview of these conversion technologies.
1.3.1 Thermochemical routes

The thermochemical conversion of biomass from agricultural waste into H. has been
considered a promising approach for green fuel production [13,14]. This method aims to
create a greenhouse gas-free ecosystem for long-term sustainability [15]. There are two
main thermochemical routes for this process: (a) the conversion of bio-waste into
hydrocarbons through gasification and (b) the direct liquefaction of biomass. The type of
biomass used as a feedstock has a substantial impact on the efficiency and yield of hydrogen
production. The primary thermochemical conversion methods include pyrolysis,
combustion, liquefaction, and gasification. Pyrolysis and gasification result in a mixture of
CH,4 and CO that can be converted into hydrogen through steam reforming (SR) and the
water gas shift (WGS) reactions. Combustion and liquefaction, however, have lower
hydrogen yields and can generate toxic by-products. They also require challenging
operational conditions such as high pressures [16]. Other advanced thermochemical
methods, such as sorption-enhanced steam reforming and integrated technologies

(combining pyrolysis and SR), have also been explored for hydrogen production.
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Table 1.2 Thermochemical conversion routes

Process Temperature (°C) Oxygen Products

Gasification 800-1200 Maybe Gases, char
required

Liquefaction  250-370 Not Required  Organic liquid

Pyrolysis 300-600 Not Required  Bio-oil, char, gases

Combustion 700-1400 Required Heat & Electricity

1.3.1.1 Gasification

Gasification is a thermochemical process that transforms biomass into a gaseous mixture
called syngas (H2 and CO) as main product, whereas the other side products are carbon
dioxide, methane, hydrocarbons, and char [13]. The gasification process is achieved by
exposing the biomass to high temperatures using steam and oxygen in a regulated
environment. The efficiency of gasification depends on various parameters, for instance,
the biomass type, catalyst, reactor design, and operating conditions. Suitable biomass for
gasification has a moisture level of less than 35% [17]. The gasification process involves
various endothermic and exothermic reactions, and the resulting syngas can be further
converted into hydrogen. Tar formation is a challenge in the process, but it can be reduced
through proper design, management, and use of additives. Biomass sources for gasification

include woody trees, plant crops, marine biomass, and composts [18].
1.3.1.2 Liquefaction

The liquefaction method of processing biomass involves the use of low to moderate
temperatures, around 250-370 °C, and high pressure, roughly 10-25 MPa, with the aid of a
catalyst [19]. This process is mainly employed when a high hydrogen to carbon ratio is
required. The resulting products from liquefaction are highly stable and possess high
heating values and low oxygen content. Prior to inputting the biomass into the column for
liquefaction, pre-treatment is necessary to remove unwanted woody substances to ensure a

stable suspension. After liquefaction, the mixture undergoes spontaneous phase separation
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to separate the solid, liquid, and gaseous phases. The solid residue can be utilized as a
biofuel fertilizer, while the oil can be extracted and used as fuel. The remaining aqueous
phase can also be used for further processing. However, this process is not widely used due
to its expensive nature and the difficulties associated with handling the lumped mixture
produced [20].

1.3.1.3 Pyrolysis

Table 1.3 Typical parameters and product yield in different modes of pyrolysis process

[21]
Mode Conditions Products
Temperature Residence Liquid Char Gas
(°C) Time (wt.%0) (wt.%0) (wt.%0)
Flash ~ 500 ~1s 75 12 13
Fast ~600 ~10-15s 50-70 20 30
Slow ~ 400 Very long 30 35 35

Pyrolysis is a commonly utilized process for the production of hydrogen due to its
advantages, such as easy storage and transportation and compatibility with various
equipment, including generators, incineration machines, and carriers [14]. This process
involves the thermal decomposition of biomass at high temperatures (in excess of 300°C
and up to 700°C) under an inert atmosphere, yielding the production of a gaseous mixture
of hydrogen and hydrocarbons, liquid bio-oil, and solid char. Initially, the original purpose
of pyrolysis was the production of char, but for hydrogen production, rapid or flash
pyrolysis can be used if high temperatures and sufficient residence time are available. This
process breaks down complex biomolecules such as cellulose, lignocellulose, proteins,
polysaccharides, and lipids into smaller organic molecules, such as gases and vapours.
Secondary reactions occur, resulting in the production of hydrogen and other by-products,
depending on the process parameters such as decomposition rate, heating rate, feedstock
composition, operating pressure, and temperature. Catalyst selection and reactor design
also play a significant role by improving the quality and yield of the reaction products.
Extensive research has been performed to explore the use of various feedstock materials,
including agricultural residue and post-consumer waste, in Hz production via pyrolysis

[22]. The process of pyrolysis can be further categorized into slow or conventional

9|Page



Chapter 1: Introduction

pyrolysis, fast pyrolysis, pyrolyzed derived bio-oil reforming, and flash pyrolysis, as
described in Table 1.3 [23].

1.3.1.4 Direct Combustion

Combustion is a process of converting biomass into heat or electrical energy by utilizing
the chemical energy stored within the feedstock in the presence of air. The electrical
efficiency of this process is low, ranging between 20% and 40%, and can be improved by
co-combusting biomass with coal in power plants [24]. However, it is recommended to use
biomass with a moisture level of less than 50% for this method to be effective. In some
cases, pre-treatment of the feedstock may also be necessary, which results in increased
capital investment [25]. Despite its potential for energy generation, combustion has several
drawbacks and low hydrogen yield, making it an unappealing option for hydrogen
production.

1.3.2 Biochemical routes

The biological conversion of biomass is another sustainable process for hydrogen
production. This conversion route involves the decomposition of biomass by bacterial
action to produce liquid fuels and gases. Anaerobic digestion and fermentation are the

major techniques for biochemical conversion.
1.3.2.1 Anaerobic digestion

This method involves several chemical reactions that break down the macro compounds
into simpler compounds that form CHas, CO, and other gases. The primary stages in this
process are acetogenesis, acidogenesis, hydrolysis, and methanogenesis [6]. The overall

efficiency of this method is around 21%.
1.3.2.2 Fermentation

The fermentation of organic compounds is a sequence of metabolic processes in which
microbes, mainly yeasts, transform simple carbohydrates such as hexoses and pentoses into
alcohol and CO- under anaerobic conditions. The process quality and yields are affected by
various variables, including feedstock, temperature, pH, substrate, and the duration of

fermentation [16].
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Fig. 1.5 Various routes for the production of hydrogen from agricultural waste

1.4 Bio-oil upgradation
1.4.1 Bio-oil

Bio-oil, also referred to as pyrolysis oil or pyrolytic oil, is a product obtained from the
thermal degradation of biomass through pyrolysis. The resulting bio-oil is a complex
mixture of water and a range of oxygenated compounds, including acids, alcohols,
aldehydes, esters, ethers, ketones, phenols, and sugars [23,26,27]. The composition and
properties of bio-oil are influenced by various factors, including the type of biomass
feedstock used and the reaction conditions employed during pyrolysis. For example, factors
such as temperature, heating rate, and duration of exposure (residence time) all impact the
composition of bio-oil produced [37-39].

Water constitutes a significant portion of bio-oil, accounting for 14-35% of its
weight. This is because of the moisture content of the original biomass as well as the
dehydration reactions that occur during pyrolysis. The thermal decomposition of the
cellulose and hemicellulose fractions leads to the formation of volatile monomeric
compounds, while the degradation of the lignin fraction yields the formation of oligomeric

compounds in larger quantities.
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Additionally, the bio-oil can be divided into two separate phases (aqueous and
organic phases) through distillation, followed by condensation, as the main separation
method. The aqueous phase is composed of hydrophilic monomeric organics, while the
organic phase is comprised of hydrophobic lignin-derived oligomers. The relative
proportion of these two phases is dependent on the specific composition of the bio-oil and
the methods used for separation [26,28-31].

Table 1.4 Physical and chemical characteristics of bio-oil [30]

Water [wt%] 14-35
p [Kg/m®] 1050-1250
pH 2.5-4
Uso-c [P] 0.4-10
Specific gravity 1.2
HHV [MJ/Kg] 16-19
C [wt%)] 55-65
H [wt%)] 5-7
O [wt%] 28-40
S [wt%] <0.05
N [wit%] <0.4
Ash [wt%] <0.2
Solids (char) 0.1-0.2%

Bio-oil differs significantly from crude oil in its chemical composition. While crude
oil is predominantly composed of carbon (>80% wt.) and hydrogen and has less than 1%
oxygen, bio-oil has a lower carbon content ranging from 55-65% and a much higher oxygen
content, ranging from 20-50% and sometimes even reaching 60%. These high oxygen and
water levels in bio-oil impart several unfavourable properties, such as a low heating value,
low chemical and thermal stability, low volatility, high viscosity, corrosiveness, and poor
combustion and ignition characteristics. These properties, along with variations in
composition based on feedstock, process conditions, and recovery setup, greatly limit the
potential use of bio-oil as a transportation fuel or energy source on a large scale [26,28—
33]. As a result, substantial oxygen removal is required prior to any potential utilization of
bio-oil.
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Table 1.5 . Composition of pyrolytic Bio-oil from sugarcane bagasse, wheat straw and
rice straw [34]

Compounds Composition*
Sugarcane Bagasse Wheat Straw Rice Straw

Alcohols - 26.96 27.54

Anhydrous sugars 23.99 0.33 4.58

Ester 3.46 12.38 4.39

Furans 22.75 6.58 16.68

Guaiacol 11.66 8.26 7.04

Phenolics 10.91 10.99 1.38
*GCMS area %

1.4.2 Bio-oil upgradation techniques

1.4.2.1 Hydro treating

Hydrotreating (HDT) is a hydrogenolysis technique used for the upgrading of bio-oil. This
process involves the treatment of bio-oil with Hz in the presence of a catalyst under mild
conditions and low pressure. Although this process is relatively cost-effective, its low
hydrogen yield and the high coking of the final product are major limitations. As a result,
the quality of the fuel obtained is often poor. The use of hydrotreating is still in practice,

but efforts are ongoing to improve its efficiency and produce a higher-quality product [35].

1.4.2.2 Hydro-cracking/ hydrogenolysis

Hydrocracking is a process that requires severe conditions, including high pressure (100-
2000 psi) and temperature (above 350°C), for its successful execution. The use of a dual-
function catalyst and solvents in this process leads to the production of a substantial number
of light products. Despite its advantages, hydrocracking is less attractive due to several
technical disadvantages, including high cost, clogging of the reactor, and deactivation of

the catalyst, among others [26,36].
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1.4.2.3 Supercritical fluid (SCF)

The supercritical fluid (SCF) technology is another bio-oil upgradation technique, which
employs solvents like acetone, methanol, ethanol, and glycerol. The use of SCF leads to
improved bio-oil quality and yield. However, the cost of the solvents used in this process
can be substantial, making it an expensive option. As a result, researchers are investigating
alternatives to these solvents. One such alternative that has shown potential is glycerol,
which is a low-value by-product of biodiesel production. The use of glycerol as a substitute
SCF solvent has been shown to produce comparable results to those obtained with other

solvents [37].

1.4.2.4 Steam Reforming

Steam reforming is another process to upgrade bio-oil into valuable products. SR process
is carried out at high temperatures in the presence of a catalyst and resulting the production
of clean and pure H,. Commercial nickel catalysts have been shown to exhibit excellent
activity in the processing of biomass-derived oil. Despite its potential, the SR process is
faced with several challenges, such as the deposition of coke on the catalyst surface and the
catalyst's degradation over time when used with bio-oil. In addition to this, SR is a complex

chemical process that requires a well-developed reactor for its implementation [38].

1.4.2.5 Chemical extraction

Chemical extraction is a technique used to separate valuable chemicals such as phenols,
organic acids, and n-alkanes from bio-oil. These chemicals have limited applications in the
production of wood flavors or liquid smoke. However, further advancements are necessary
to improve the economic viability of this process. This may involve developing more cost-
effective methods for extracting these chemicals or finding new applications for these

chemicals that can drive demand and increase their economic significance [39].
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Table 1.6 Catalytic bio-oil upgrading techniques [39]

Upgradation Reaction Pros Cons
Method Conditions
Hydrotreating 1 — 500°C Cheaper route High coking,
P = Low Already Poor quality of fuels
pressure commercialized
Hydro- T>350C Good yield of light Complicated
cracking/ P = High products equipment
hydrogenolysis presstre Expensive o
Catalyst deactivation
Reactor clogging
Superecritical Mild Higher oil yield Expensive solvent
fluid conditions Better fuel quality required
Steam T = 500- Produces Hz as a Fully developed
Reforming 800°C clean energy reactors required
P=1 atm resource Complicated process
Chemical Mild Good yield of Separation
extraction conditions valuable chemicals expensive
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1.5 Steam reforming process

Steam reforming (SR) is a well-established method for the production of hydrogen, which
has been utilized since 1930. The process involves the reaction of hydrocarbons and
oxygenates with water vapor in the presence of metal catalysts, resulting in the formation
of hydrogen (Hz), carbon monoxide (CO), and carbon dioxide (CO). The reaction is
endothermic in nature, meaning that it requires the input of heat energy to proceed
[5,6,22,40]. The first commercial steam reforming plant was established by Standard Oil
Co. in the USA in 1930, using light alkanes as the raw material [42].

Bio-oil is a renewable and sustainable resource that can be used as a feedstock for
steam reforming process to produce renewable H». Bio-oil is attractive as a reactant due to
its high hydrogen content, low sulphur and nitrogen content, which make it a promising
alternative to traditional fossil fuels. Steam reforming of bio-oil has the potential to reduce
greenhouse gas emissions and dependence on non-renewable fossil fuels. The steam
reforming of bio-oil involves mainly two chemical reactions. First, SR (eq.1.1) is a reaction
between the bio-oil (ChHmOxk) and steam (H20), which produces hydrogen (H), and carbon
monoxide (CO). Second, WGS (eq.1.2) is a reaction between carbon monoxide and steam,
which results in the production of additional hydrogen and carbon dioxide (COz). The

overall SR reaction (eg.1.3) is the combination of these two reactions [40,43,44].
Main reactions:

Steam reforming reaction (SR):
CoHynOp + (n — K)H,0 = 1 CO + (n +2- k) H, (1.1)

Water gas shift reaction (WGS):

Overall reaction:

CaHimOy + (20 — K)H,0 - (2n+ 2 — k) H, + nCO, (1.3)

Along with these major reactions, several side reactions (eq.1.4-1.11) are also involved
during steam reforming process, which are responsible for formation of coke as well as

other gaseous products[40].
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Other reactions:
Thermal decomposition reaction:
CoHy, O = C,H,, 0, + gas(H,, C0,,C0,CH,, CHy) + coke
Methanation reaction:
CO + 3H, —» CH, + H,0
CO, + 4H, —» CH, + 2H,0
Carbon gasification reaction:
C+H,0 & CO+H,
C 4+ 2H,0 < €O, + 2H,
Methane steam reforming reaction:
CH, + H,0 < CO + 3H,
Boudouard reaction:
2C0 & CO, +C
Methane decomposition reaction:
CH, & C + 2H,

1.5.1 Reaction mechanism

(1.4)

(1.5)

(1.6)

(1.7)

(1.8)

(1.9)

(1.10)

(1.11)

Since bio-oil contains a large number of oxygenates, some of which are extremely complex

in nature, a diverse range of reaction behaviours is observed during the process.

Furthermore, the oxygenates are known to exhibit interactions with one another, which

results not only in the formation of several by-products but also catalyst deactivation when

these by-products get deposited on the catalyst surface [45,46]. This complexity has a

significant impact on our understanding of the reaction mechanisms and the development

of effective catalysts. The existence of interactions among these oxygenates and the

resulting issue of severe coke deposition further adds to the complexity of the process and

poses challenges in process development. To mitigate these challenges, researchers often
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employ a reductionist approach by using simplified model compounds to represent the
different families of oxygenates found in bio-oil. This approach helps to establish a stronger

understanding of reaction pathways involved in the processing of bio-oil [7].

Studies have recognized the mechanism of bio-oil SR process which includes two
major reactions (a bifunctional mechanism) on the supporting metal catalysts. Firstly,
oxygenates are disintegrated on the metal surfaces to produce adsorbed carbon species
while yielding hydrogen. Secondly, water molecule is adsorbed, and its decomposition (in
form of H" and OH") takes place on the support material and generated —OH groups
subsequently move onto the metal and support interfaces or metal particles, where it
quickly reacts with carbonaceous species to generate Hz, COz, and CO [47]. Water
dissociated by the support materials may possibly hinder the catalyst efficiency by
significantly oxidizing the active metallic phases [43]. Hence, it is recommended that
effective management of the metal/support contact area be in place to encourage the steam

reforming process.
1.5.2 Process conditions for steam reforming process

The hydrogen production through steam reforming of bio-oils is influenced by several key
process parameters, including temperature, the ratio of steam to carbon, pressure, space
time, and the type of catalyst used. The entire process of SR is endothermic, implying that
as the temperature rises, the equilibrium shifts to the right, enhancing the production of
hydrogen [33,34]. Likewise, the steam-to-carbon ratio has a significant impact on H>
production. It was noticed that when the temperature and steam to carbon molar ratio
(SCMR) surged, Hz production increased. This was followed by increased carbon
conversion, which had been just 15% at 500 °C but had risen to 93 percent at 750 °C [48].
Subsequently, both H» yield and carbon conversion increased when SCMR ratio was raised
from 1.5 to 6 [49]. Furthermore, studies using a fluidized bed reactor and a fixed bed reactor
with CO; capture (using CaO and dolomite) at 650 °C and 13,000 h space velocity revealed
that Hz production decreases at high temperatures with CO2 capture, and the optimal
temperature for Hz production with CO> capture is between 550 °C and 650 °C [48].
Contrarily, increasing the SCMR ratio at reduced pressure conditions results in increased
H2 production. The highest H yield was observed for these experimental conditions within

the temperature range of 600 and 750 °C. Additionally, bio-oil steam reforming was carried
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out in a fluidized bed reactor and maximum H yield of 89% was found for space velocity
of 830 h™! and SCMR of 9 at 850 °C [50]. Whereas, the SR experiments performed in a
fixed bed micro-reactor achieved 80% hydrogen yield and 86% carbon conversion at space
velocity of 10,000 h™!, temperature 750 °C, and SCMR>4. A higher selectivity (nearly
100%) of hydrogen was reported in Nozzle fed reactor when experiments were conducted
at 800 °C and SCMR of 7.2 [50]. According to the findings, liquid feed rate and reaction
temperature are important factors in the catalytic steam reforming process. As the liquid
feed rate increases, the residence time reduces, resulting in a decreased H: production. On
the contrary, greater H yield had been observed which was attributed to the rise in partial
pressure in the catalytic reactor bed with increased liquid feed rate. As the reaction rate is
directly proportional to the concentration of reactant, a higher partial pressure leads to a
greater H yield. By optimizing these process conditions, researchers have examined steam
reforming over three different catalysts (12% Ni/y-Al203, 1% Pt/y-Al.O3, and C12A7/15%
Mg) and maximum Ha yield of 75% was reported for 1% Pt/y-Al2O3 catalyst at 700 °C [48].
A maximum H yield and carbon conversion of about 80% and 95% at 750 °C, respectively
was found which were higher than that obtained while comparing with other hydrocarbons

such as methane and naphtha.
1.5.3 Catalysts used for SR process

Catalyst development is an area of intense study in the field of biomass derived bio-oil SR
process. Bio-oil consists of a multitude of compounds, primarily acids, aldehydes, alcohols,
and cyclic compounds, which makes its composition highly complex [7,32]. The use of
model compounds, including acetic acid, is a common practice in the study of bio-oil steam
reforming to gain a more comprehensive understanding of the upgrading process. These
model compounds allow for systematic investigation and analysis of the bio-oil upgrading
process [40]. In the field of bio-oil SR process, researchers have been exploring the use of
acetic acid as a reactant to optimize the reaction process. Beyond operating parameters,
catalysts also play a critical role in the success of the process. The choice of catalyst, such
as metal oxides, zeolites, or acid-base catalysts, can significantly influence the product
yield, composition, and reaction kinetics. To obtain the desired product properties, it is
crucial to carefully select and optimize the catalyst type, loading, and operating conditions.
Moreover, metal oxide catalysts containing noble metals (such as Pd, Rh, Pt, and Ir) and

transition metals (such as Co, Ni, Cu, and Fe) have been shown to be effective in the steam
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reforming process. This is due to their ability to dissociate C-C and C-H bonds, which is
an essential aspect of the bio-oil SR process [53,54]. These catalysts have demonstrated
promising results, making them an attractive option for researchers in the field. While noble
metals have shown promising activity in the bio-oil SR process, their high cost can limit
their widespread use. As an alternative, transition metals such as Ni and Co have
demonstrated excellent bond-breaking ability, making them a more cost-effective option.
These metals are typically impregnated on oxide supports, such as Al,O3, to improve their
activity. During the SR process, the metal component acts primarily to crack model
compounds by dissociating the C-C and C-H bonds, while the oxide support aids in the
activation of steam, generation of highly mobile oxygen, and suppression of coking.
Overall, the combination of metal and oxide support results in improved performance in
the SR process [45,55].

As displayed in Table 1.7, researchers have studied the effect of different noble and
transition metal on Al,Oz support. For noble metals, Rh has shown promising results
towards conversion as well as Hz selectivity for acetic acid SR process because of its higher
C-C bond dissociation capability on comparing with Pt and Pd [55]. On the other hand, Pt
has been known to be effective in the WGS reaction, which is beneficial to the acetic acid
SR process. Besides noble metals, transition metals especially Co and Ni have also
displayed good catalytic activity for acetic acid SR process. Ni and Co both have C-C and
C-H bond dissociative property while Fe and Cu have activity only for C-C dissociation
and C-H dissociation respectively [7]. In addition, it has been found that Ni/Al.O3 is more
stable than Co/Al>Os due to its higher resistance to oxidation. Hu et al. [56] has also
developed a multi-metal catalyst, made up of Cu, Zn, and Co, in which each of the three
metals serves a specific role based on their differing bond-breaking capabilities. This multi-
metal catalyst has shown improved performance compared to single metal catalysts,
highlighting the potential benefits of using a combination of metals in the bio-oil synthesis
reaction process. Cu was intended to help with the WGS process, while Co was meant to
help with the acetic acid SR reaction, and Zn was supposed to help with catalytic
performance at lower temperatures [53]. Several novel theories using Co-based catalysts
were suggested by researchers for the steam reforming process. Moreover, it was found
that Co nanoparticles (< 5 nm), have displayed better activity for the decomposition of H20O,
which promotes the oxidation of carbonaceous species during the process. Along with this,

the type of supports is also important in regulating reaction routes during SR process. For
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example, the use of Al.Oz (acidic in nature) as a support material in ethanol SR process
favours the formation of ethylene by ethanol dehydration route, which subsequently
polymerize and promotes coke deposition on the catalyst surface [57,58]. On the other
hand, MgO (basic in nature) promotes acetaldehyde formation via ethanol
dehydrogenation. Besides acidic and basic support material, reducible support materials
were also used in SR process, which promotes acetone formation [59]. The hydrogen yield
is definitely influenced by the chemical characteristics of these intermediates. Hence, these
studies offer additional insight into the basic understanding of the SR reaction mechanism.

Table 1.7 Effect of different noble and transition metal catalyst for steam reforming
process [43,44]

Catalyst Temperature Conversion Selectivity Remarks
(°C) (%) Hz (%)

Fe/ALO, 550°C 45 34 o Actiye only for
cracking of C-C bond

CwALO, 550"C 50 23 e Promote WGS reaction

e Active only for

cracking of C-H bond

NV/ALO, 550°C 100 92 e Active for cracking of
C-C bond and C-H
bond

e Promote SR reaction
o Coke formation

Co/ALO, 550°C 100 90 e Active for cracking of
C-C bond and C-H
bond

e Promote SR reaction
o Coke formation
e [ess stable than Ni

Rh(0.5 800 C 97 96 eMore active for C-C
bond cracking than

0
Wi%e)/ALO, other noble metals
e Expensive
e High temp. required
Ru(1 800" C 38 90 o E)‘(pensive ‘
wt%)/Al 0, e High temp. required
Pt(1 771°C 80 15 . Efﬁ(;.ient for  WGS
o reaction
wEeyALO, ¢ Coke formation
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"1.5.4 Catalyst deactivation in SR process

As mentioned earlier, the steam reforming process is highly intricate, even when focusing
on a single model compound. The outcome of the reaction can be influenced by various
factors, including the nature of the catalyst used, such as the type of metal, metallic particle
size, metal oxidation state, properties of the support/metal oxide promoter as well as the
kind of reactants investigated [46,60]. Gaining insight into the steam reforming process, a
single model compound can provide valuable insights, but determining the steam reforming

reaction mechanism of actual bio-oil is a more complex challenge.

During the steam reforming process, various factors can contribute to the
degradation of the catalyst, including sintering of the support material and metal
crystallites, as well as coke deposition [7,48,60-62]. To tackle these challenges, recent
studies have focused on developing more efficient Ni-based catalytic systems such as bi-
metallic, spinel, perovskite etc[63-67]. Different metals' synergistic effects may help to
design an effectual catalytic system for bio-oil steam reforming process. Among these,
perovskites have emerged as a promising class of catalysts for Hz production thru
reforming, exhibiting exceptional values with both methane and bio-oil model compounds
as feedstock [53,67—70]. Perovskite-type oxide catalysts, possessing the general formula
ABOQOg, are extensively explored in heterogeneous catalysis for various catalytic reactions
such as oxidation and/or reduction due to their stability. The A sites are generally occupied
by rare-earth (lanthanide) metals and/or alkaline earth metals, whereas the B sites typically
house transition metals with 3d, 4d or 5d configurations [71,72]. By changing or partial
substituting metals at the A and/or B sites, a large number of perovskite catalysts with
different catalysts can be synthesized. Furthermore, this may result in a drastic change in
the redox and/or surface properties of the synthesized catalysts, such as the formation of
oxygen vacancies, which in turn may also lead to an equally drastic enhancement in
catalytic performance [72]. In addition, they can also serve as excellent precursors for the
synthesis of supported bimetallic catalysts [72]. Researchers have explored the different
catalysts of such combinations for the steam reforming processes. Lanthanum metal has
capability of larger oxygen vacancies because of its bigger ionic radius, which is helpful
for the in-situ coke oxidation during the reaction. Moreover, the partial substitution of
various transition metals at B-site provides the synergistic effect of two metals, resulting

the excellent catalyst stability and higher hydrogen gas yield.
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Another hindrance in the SR process is the deactivation of the catalyst due to the
formation of carbonaceous species on its surface caused by the thermal breakdown of
organic molecules (eq.4). In view of this, it is important to understand the nature of the
coke deposited on the catalyst surface in order to mitigate its negative effects on the SR
process and maintain the efficiency of the catalyst. In this direction, Nogueira et al. [73]
reported that, on performing the thermogravimetric analysis (TGA) of spent catalysts (15
Ni/Al and 15Ni5Mg/Al), the initial weight loss was reported in a temperature range of 300-
400 °C, which was attributed to oxidation of amorphous coke. While, the second and
greatest weight loss was recorded at temperature greater than 500 °C, which was ascribed

to oxidation of graphitic/filamentous carbonaceous species formed on catalyst surface.

Moreover, bio-oil oxygenates are more susceptible to polymerization than
hydrocarbons (e.g., aldol condensation, and olefin polymerization). Similarly, the severity
of polymerization also increases owing to presence of big thermally unstable compounds
(e.g., phenols, furans, carbohydrates,) at higher temperatures. Few methods have been
suggested to reduce coke deposition on catalyst surface. One is to reduce the surface
reactions that contribute to the production of carbonaceous species [46]. Another intends
to promote water dissociation in order to assist the gasification of coke precursors and, as
a result, inhibit the production of coke. Unfortunately, since water disintegration may
oxidize the active site, reducing the number of metallic sites available on the surface, posing
an intriguing issue concerning the balance of promoting surface carbonaceous species

gasification while preventing active metal site oxidation [43,55].

Furthermore, decreasing the number of metallic sites can be helpful in reducing the
deposition of carbonaceous species on the catalyst surface. These factors, if not carefully
considered and managed, can negatively impact the stability of the catalyst and hinder its
performance during steam reforming operations. It is important to carefully balance the
various factors involved in the steam reforming process to achieve optimal results. Hence,
catalyst deactivation in bio-oil SR process is mainly due to coke deposition on its surface

and sintering of metallic particles at high temperature.
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1.6 Observation and research gaps
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Mainly, the steam reforming of bio-oil model compounds, particularly acetic
acid, has been widely studied in the context of SR process. However, simulated
bio-oil consist of major organics groups may give better insight for SR process.
The use of Ni-based catalysts in steam reforming has been shown to be highly
effective in converting acetic acid and producing a high yield of H». This makes
Ni-based catalysts a promising option for the production of hydrogen from bio-
oil and other organic feedstocks.

In the context of use of noble metals for SR process, Rh (rhodium) and Pt
(platinum) have been found to have excellent catalytic activity, capable of
efficiently converting organic feedstocks into hydrogen and carbon monoxide.
However, their high cost limits their widespread use in industrial applications.
Catalyst deactivation is a significant concern in steam reforming process.
Catalyst deactivation refers to the decline in the efficiency and performance of
the catalyst over time, leading to a decrease in the yield of hydrogen produced.
This can be caused by various factors, such as the accumulation of carbonaceous
deposits on the surface of the catalyst, poisoning of the catalyst by impurities in
the feedstock, and mechanical failure of the catalyst structure.

La-based catalysts have shown promising activity towards steam reforming
process due to their ability to suppress the formation of coke and maintain high
thermal stability.

Perovskite-type oxide catalysts (ABO3) have shown excellent catalytic activity
in various reactions, such as oxidation and reduction, due to their ability to
support multiple active sites for reaction. This high activity, combined with their
stability at high temperatures, makes perovskite-type oxide catalysts a
promising option for steam reforming reactions.

Moreover, the partial substitution at A and B position using different metals is
also an unique approach to increase the catalytic performance due to an increase
in lattice defects.

Kinetic studies for the steam reforming process have mainly been focused on
acetic acid. However, as bio-oil contains more complex and cyclic molecules,
such as phenolics, a kinetic study of the steam reforming process for phenol

could provide valuable insights into the steam reforming of bio-oil.
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1.7 Objective

The motivation behind this work was to find an alternative source of energy which can

fulfil the global energy demand via a sustainable route. In this regard, the present study

aims to develop a catalytic system to produce green and renewable hydrogen via steam

reforming of bio-oil derived from agricultural residue.

1.7.1 Main Objective

To develop a stable and highly selective catalytic process for hydrogen production from

bio-oil, especially from agriculture waste.

1.7.2 Specific objectives

1.

2.
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Thermodynamic analysis of the overall reaction system.

Preparation and characterization of metal-based catalysts based on extensive

literature survey.

Study the performance of these catalysts to maximize hydrogen production

and identify an optimal catalyst for the process.
Evaluate the effect of process variables for maximization of hydrogen yield.

Kinetic study of the catalytic steam reforming process at optimized

parameters.
Catalyst deactivation study and coke analysis.

Comparative analysis with advanced steam reforming processes.
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1.8 Organisation of the thesis

Chapter 1: This chapter consists of the introduction of this dissertation. It includes the
motivation behind work. Moreover, a discussion was made about existing energy sources
and associated problems in this direction. The detailed discussion is made on alternative
energy sources, i.e. green hydrogen produced via catalytic steam reforming. The extensive

literature survey in this direction has been also discussed.

Chapter 2: This chapter includes the detailed experimental procedure for the catalyst
synthesis, and various characterization techniques for fresh and spent catalysts.
Furthermore, the detailed methodology of catalytic steam reforming experiments and

biomass pyrolysis is also discussed.

Chapter 3: This chapter contains the thermodynamic potential followed by catalytic
activity tests for synthesized LaNixCo1-xO3 perovskite catalysts for simulated bio-oil steam
reforming experiments. It also includes the process parameter optimization, and catalyst
stability test.

Chapter 4: This chapter includes the synergistic effect of various metals at A and B-site
elements of perovskite catalyst (ABO3) for steam reforming of simulated bio-oil to produce
green hydrogen.

Chapter 5: This chapter consists of the kinetic study of steam reforming of phenol with
the optimum catalyst obtained from the previous studies. The kinetic study parameters were

evaluated using the power law model.

Chapter 6: This chapter contains the steam reforming of raw bio-oil using optimum
catalyst at optimum process parameters obtained from the previous studies. The raw bio-
oil used here is prepared in the lab via pyrolysis of a blend of agricultural residues (rice

husk, wheat straw, corn cob and sugarcane bagasse).

Chapter 7: This chapter contains the catalyst deactivation study for the different bio-oil
mixture (SB1, SB2, raw bio-oil). The qualitative and quantitative analysis have been

discussed in detailed for all cases.
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Chapter 8: This chapter comprises the comparative study of various advanced steam
reforming processes with the conventional steam reforming of bio-oil. Various aspects of
the advanced steam reforming process were discussed to maximize the hydrogen yield and
the heat requirement of the process.

Chapter 9: This chapter summarizes the overall conclusion of the thesis.
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Chapter 2: Materials and Methods

This chapter presents a comprehensive description of the experimental procedures
employed for the synthesis of catalysts, as well as the characterization techniques utilized
for both fresh and spent catalysts. Additionally, a detailed experimental methodology for

the conduct of catalytic steam reforming experiments and biomass pyrolysis is discussed.
2.1. Catalyst synthesis
2.1.1 Materials used

The reagents La(NO3)2.6H20 (Loba Chemie), Cu(NO3)..3H2O (Loba Chemie),
Ni(NO3)2.6H.0 (Hi-Media), Co(NO3)..6H20 (Hi-Media), Fe(NO3)3.9H.0 (CDH India),
Ce(NO3)2.6H20 (Hi-Media), Ca(NO3)2.4H2O (Loba Chemie), Zr(NO3)2.6H-.O (Loba
Chemie) and citric acid (CDH India) were used for the synthesis of different combination

of perovskite catalysts.
2.1.2 Catalyst preparation

The perovskite catalysts used throughout this work were synthesized via a sol-gel method,
as previously reported in literature [71,74—76]. Firstly, the metal precursors were dissolved
in distilled water using a magnetic stirrer. Subsequently, 5% excess (molar) citric acid
(gelling agent) was added to the solution, and the mixture was evaporated at 80 °C until gel
formation. The resulting gel was dried at 105 °C in a hot air oven for 12 h, followed by
grinding and calcination at 800 °C (ramp rate 5 °C/min) for 6 h in a muffle furnace
(Nabertherm "LE6/11/3216").
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Fig. 2.1 Synthesis of perovskite catalyst
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2.2 Characterization of catalysts

The synthesized fresh and spent catalysts were characterized to evaluate their

catalytic properties via different characterization techniques as listed below:

X-ray diffraction (XRD)

BET-surface area

Field emission scanning electron microscopy (FESEM)
Energy-dispersive X-ray spectroscopy (EDX)

Fourier transform infrared spectroscopy (FTIR)
Thermo gravimetric analysis (TGA)

Temperature program desorption (TPD)

Temperature program reduction (TPR)

© © N o gk~ wDh -

X-Ray Photon Spectroscopy (XPS)
10. RAMAN Spectroscopy

2.2.1 X-ray diffractogram (XRD)

The crystal structure of calcined perovskite catalysts was investigated using X-ray
diffraction (XRD) by utilizing a Rigaku Miniflex 600 diffractometer. The instrument was
set at 30 kV and 10 mA and utilized Cu Ka radiation (A=1.5406 A) within a 20 range of
10° to 80°, with a scanning speed of 4°/min. Additionally, in-situ XRD analysis of reduced
catalyst sample was carried out using a Bruker D8 venture diffractometer. This instrument
was equipped with an Anton Paar TCU 2000N temperature control unit, and the analysis
was performed at respective reduction temperatures under a Hz/N2> atmosphere. The
identification of crystalline phases was carried out by utilizing the technique of X-ray
diffraction, specifically by comparing the 26 values or d-spacing of the characteristic Bragg
reflections of the investigated samples to those of reference samples as listed in the
Inorganic crystal structure database (ICSD) database. The average crystallite size (D) of
catalyst samples was obtained through the application of the Scherrer equation to the full
width at half maximum (FWHM) of the X-ray diffraction peaks, after correcting for the
instrumental broadening effect.

k=
- L*Cos0O
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Where d is the crystallite size, K is dimensionless shape factor (taken as 0.9, by assuming
spherical crystal), A is wavelength of X-ray, and B represents instrumental broadening of
the diffraction line, which corresponds to the Bragg angle (8), quantitatively represented

by the full width at half maximum (FWHM) of the corresponding diffraction peaks.
2.2.2 BET-surface area

The textural properties of the catalysts, such as average pore size, pore volume and BET
surface area, were determined using a Belsorp mini X instrument. Prior to analysis, the
catalysts were subjected to degassing at 200 °C for 3 h in a degassing chamber to remove
any adsorbed moisture and impurities. Specific surface area and pore size distribution were
determined through the application of the Brunauer-Emmett-Teller (BET) equation and the
Barrett-Joyner-Halenda (BJH) method, respectively, in a relative pressure range of 0.05 to
0.3. Adsorption-desorption isotherms were also generated for the catalyst samples.

2.2.3 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) characterization technique utilizes a high-energy,
focused electron beam to obtain a variety of signals from the specimen through interactions.
The region within the specimen where the primary electron beam interacts with the sample
is referred to as the interaction volume. As the electron beam interacts with the sample
surface, it produces various signals such as Auger electrons, secondary electrons,
backscattered electrons, and X-rays. These signals provide information about the sample’s
morphology, texture, and chemical composition. A typical SEM signal used to generate a
2D image of the sample's morphology is the secondary electrons. The SEM can achieve
magnification levels between 20X and 105X with a spatial resolution of 20nm. The electron
gun, consisting of a filament and shield, generates a highly focused and energetic electron
beam through thermionic emission in an ultra-high vacuum. In the present work, the surface
morphology of fresh and spent catalysts was recorded using a JEOL-JSM-7610FPlus field

emission scanning electron microscope (FESEM).
2.2.4 Energy-dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX) is a commonly employed analytical method
for identifying and determining the distribution of individual elements present in a sample.

The method is based on the principle that each element has a unique atomic structure, which
32|Page



Chapter 2: Materials and Methods

results in a distinct elemental peak in the EDX spectra, serving as a fingerprint of the
element. An electron beam is produced by an electron gun and directed towards the sample,
resulting in the ejection of electrons upon impact. These ejected electrons are replaced by
electrons from higher energy levels, which subsequently emit X-rays. The energy or
wavelength of these emitted X-rays is used to determine the elemental composition of the
sample. The emitted X-rays are detected by a highly sensitive detector, which converts the
energy of the X-rays into a voltage pulse through a charge sensitive preamplifier and
multichannel analyzer. This voltage measurement is then analyzed by a computer system
to determine the elemental composition of the catalyst sample. Bruker make EDX
instrument equipped with FESEM instrument was used to record the elemental composition

here.
2.2.5 Diffuse Reflectance infrared Fourier transform spectroscopy (DRIFT)

The nature of acidic surface sites of the fresh catalysts was determined by recording the
diffuse reflectance infrared Fourier transform (DRIFT) spectrum of adsorbed pyridine (Py-
FTIR). A ThermoScientific Nicolet iS50 spectrometer equipped with a Mercury-Cadmium-
Tellurium (MCT) detector and a Harrick Praying Mantis cell was used for this purpose. For
this analysis, a small amount of catalyst sample was loaded into the DRIFT cell and pre-
treated at a temperature of 200 °C for 1h under Argon atmosphere to remove physiosorbed
moisture. Subsequently, the sample was cooled down to room temperature and then
exposed to pyridine for 30 minutes. After this, the cell was flushed with Argon for 30
minutes to remove the physically adsorbed pyridine on sample surface, following which
the spectra (64 scans, and 4 cm™ resolution) was recorded at room temperature. Next, the
temperature was raised to 100, 200, and 300 °C at a rate of 10 °C/min and spectra was

recorded at each of these temperatures in a similar manner.
2.2.6 Thermo gravimetric analysis (TGA)

The amount of carbon/coke deposited on the catalyst surface was carried out through
thermogravimetric analysis (TGA) on a TA SDT 650 thermal analyser. The spent catalyst
was obtained by unloading the reactor after the experiments. Each TGA experiment was
performed by loading the 15-20 mg of spent catalyst on the 90 uL crucible. After that, spent

catalyst samples were heated up to 800 °C (5 °C/min ramp rate) with 100 ml/min air flow.
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The presence of oxygen mobility/mobile oxygen species in the synthesized
perovskite catalysts was also investigated by TGA of a mixture of the catalysts and carbon
black (1:1 by weight). The mixture was heated in an inert atmosphere (N2, 100 mL/min)
from 50 °C to 900 °C at a rate of 10 °C/min. Due to its extremely high fixed carbon content
(99.6%), carbon black be considered pure carbon and does not lead to any interference
during the TGA analysis [71,77]. As a result, any weight loss recorded during the analysis
can be attributed to the oxidation of carbon by the mobile oxygen present in the perovskite
catalysts, confirming their presence.

2.2.7 Temperature program desorption (TPD)

The acidity of the catalyst was quantitatively determined through the use of Temperature
Programmed Desorption (TPD) with ammonia (NHz3) as the probe molecule. The analysis
was performed on a Quantachrome CHEMBETTM TPR/TPD instrument. The samples
were first preheated at 300 °C at a heating rate of 10 °C/min under continuous helium (He)
flows for 30 minutes. Afterwards, the sample cell was cooled to 50 °C and NH3 gas (10%
in He) was adsorbed onto the catalyst surface by flowing through the sample for 1 h at a
flow rate of 10 mL/min. The excess or physically adsorbed NH3 gas was then removed by
He flow (50 mL/min) for 30 minutes. Finally, the amount of desorbed gas was determined
using an inbuilt temperature-controlled device (TCD) as a function of temperature in the
range from 50-500 °C at a rate of 10 °C/min. Similar TPD methodology was used for basic

sites of the catalyst using CO> as probe molecule.
2.2.8 Temperature program reduction (TPR)

In order to get the reduction temperature for calcined catalyst, temperature programmed
reduction (TPR) experiments were carried out using ChemiSoft TPx V1.03 (2750)
(Micrometrix). Firstly, pre-treatment of 50-100 mg of catalyst samples were done under an
argon atmosphere (Ar flow rate = 30 ml/min) at 250°C for 1h and then subsequently cooled
at room temperature. After pre-treatment, the catalyst samples were reduced under 30
ml/min flow rate of 10% HJ/Ar gas mixture in the temperature range of 25 °C to 750°C
(ramp rate of 10 °C/min). The H2 consumption amount was continuously monitored by a

thermal conductivity detector (TCD).
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2.2.9 Raman spectroscopy

Raman spectroscopy is a hon-invasive technique used to analyze chemical compounds and
determine their structural characteristics, phases, and polymorphs. This method is based on
how light interacts with the chemical structure of a material, leading to most photons being
scattered at the same wavelength as the incident light, known as Rayleigh scattering. A
small fraction of photons are scattered at different wavelengths, known as Raman
scattering, and the energy difference between the incident and scattered photons is called
the Raman shift. Scattered photons with less energy than the incident photons are known
as Stokes scattering, while those with more energy are known as Anti-Stokes scattering. In
the current study, Raman scattering measurements were conducted using a Renishaw inVia
Raman microscope and a LabRam Horiba scientific instrument with 532 nm excitation

laser.
2.2.10 X-Ray Photon Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a widely used analytical technique for surface
analysis that provides detailed information on the chemical state and composition of a
material. It is a highly surface-sensitive method that can be applied to a wide range of
materials. The technique involves the excitation of the sample with Al Ko x-rays, which
leads to the emission of photoelectrons from the surface of the material. These emitted
electrons are quantized using an electron energy analyzer, and their binding energy and
intensity can be used to determine the chemical state and concentration of specific elements.

The binding energy (B.E.) of the ejected photoelectrons is given by the equation
B.E.=h*v—K.E.—®

where ¢, K. E., and hv represent the work function, kinetic energy, and photon
energy, respectively. The average penetration depth for XPS analysis is around 5 nm. In
the current study, measurements were carried out using the Versaprobe PHI 5000 (Physical
Electronics) scanning system and the ESCALAB XI+ (ThermoFisher Scientific), both

under an ultrahigh vacuum analysis chamber and using Al Ko X-rays.
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2.3 Thermodynamic assessment of the steam reforming process

Before performing the steam reforming experiments, thermodynamic potential of simulated
bio-oil and model oxygenates was tested using Aspen plus software. A thermodynamic
analysis was conducted to enhance the comprehension of the suitability of the reaction-
product model systems and establish correlations between the process variables, such as
temperature, steam to carbon ratio (S/C), and the distribution of products. In order to
achieve this, the temperature of the reactor was varied within the range of 400 to 1000 °C
at atmospheric pressure, for steam to carbon molar ratio of (1.5-4). The product
compositions were estimated by utilizing the standard Gibbs’ free energy minimization
technique. The species under consideration were hydrogen, carbon monoxide, methane,
carbon dioxide, carbon, unreacted simulated bio-oil and water, which were also identified

from preliminary experiments.
2.4 Possible Reactions

The steam reforming (SR) and water gas shift (WGS) reactions are the leading reactions
involved in the bio-oil SR process. The overall bio-oil SR process is endothermic in nature
and produces gaseous products, i.e. Hz, CO2, and CO[48,78]. However, few other side
reactions may also occur during SR process, for instance, thermal decomposition,

methanation, Boudouard reactions etc.
2.4.1 Main reactions

Steam reforming reaction (SR):

CoHimOy + (n — k)H,0 - 1 CO + (n+2 — k) Hy AH = +ve 2.1)

Water gas shift reaction (WGS):
CO + H,0 & CO, +H, AH = -41 KJ/mol (2.2)

Overall reaction:

CalimO + (20— K)H,0 > (2n+ 2 — k) Hy +nCO, AH=4+ve  (23)

36|Page



Chapter 2: Materials and Methods

2.4.2 Other reactions

Thermal decomposition reaction:
CoHpmOy = CeHy0, + gas(Hy, €05, €O, CH,, CHy) + coke  AH=+ve  (2.4)
Methanation reaction:
CO +3H, » CH, + H,0 AH = -206 KJ/mol (2.5)
CO, + 4H, - CH, + 2H,0 AH = -165 KJ/mol (2.6)
Carbon gasification reaction:
C + H,0 & CO + H, AH = 131 KJ/mol (2.7)
C + 2H,0 < CO, + 2H, AH =90 KJ/mol (2.8)
Methane steam reforming reaction:
CH, + H,0 < CO + 3H, AH =206 KJ/mol (2.9)
Boudouard reaction:
200 CO,+C AH =-171.5 KJ/mol (2.10)
Methane decomposition reaction:

CH, & C + 2H, AH = 74.9KJ/mol (2.11)

2.5 Catalytic experiments for steam reforming reaction

All steam reforming (SR) experiments were conducted in a fixed-bed reactor unit under
various process parameters, such as reaction temperature, steam to carbon molar ratio
(SCMR), and feed flow rate, at atmospheric pressure as depicted in the schematic diagram
(Fig. 2.1). The reactor tube, constructed of Inconel 800 material with an internal diameter
of 9.24 mm and a length of 520 mm, was placed inside a furnace with two heating zones.
Prior to each SR experiment, the catalyst was in-situ reduced at 650 — 800 °C (as determined

from H>-TPR analysis for various catalyst composition) for 2.5 h under a continuous flow
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of hydrogen and nitrogen mixture (50 vol% each). The simulated bio-oil/ raw bio-oil/
phenol and water mixture were pumped through an HPLC pump and fed into a pre-mixer
heater (temperature 200 °C) to vaporize the feed mixture. The vaporized feed mixed with
a carrier gas nitrogen (50 ml/min) was then fed into the reactor tube. The reactor tube was
loaded with 1 g of calcined catalyst with inert material silicon carbide (SiC), which was
mixed to maintain uniform temperature throughout the bed. All the experiments were
conducted by maintaining the plug flow condition, i.e. the ratio of catalyst bed height to
particle size and the ratio of internal diameter of the tubular reactor to particle size of
catalyst were kept as 50 and 30, respectively. The SR experiments were conducted utilizing
various catalysts, at different steam to carbon molar ratios (1.6-3.26), temperatures ranging
from 600 to 800 °C and with different space-time conditions. The obtained vapors were
condensed using a condenser and then fed into the gas-liquid separator (GLS). The obtained
gaseous products were analyzed using Agilent 7820B GC (gas chromatograph)-TCD
equipped with Hayesep T, Hayesep Q and Molecular-sieve packed columns installed in
series and liquid products were analyzed by an Agilent 7890B GC-FID (gas
chromatograph- flame ionization detector) using DB-5 capillary column.

Catalyst performance and optimum parameters were evaluated by quantitative

analysis of feed conversion and gaseous products (H2, CO2, CHa, and CO) yield.

The yield of hydrogen was calculated from the following equation:

Molar flow of H, in gaseuos product stream
2.20xMolar flow of C in feed stream

yield of hydrogen gas (%) = %X 100 (2.12)

The yield of other gaseous products was calculated from the following equation:

Molar flow of C in gaseous speices i/

yield of gaseous species'i’' (%) = %x 100 (2.13)

Molar flow of Cin feed stream
Where species ‘i’ denotes CO2, CH4 and CO gases.

The conversion calculations were done based on the amount of carbon element in the

simulated bio-oil mixture using the following formula:

Conversion (%) =

(Molar flow of C in feed stream—Molar flow of C in product stream)

x 100 (2.14)

Molar flow of Cin feed stream
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The SCMR was calculated by using the following formula:

S/ _ no.of moles of water fed (2.15)

no.of moles carbon fed

The weight hourly space-time (WHST) was calculated by

W Weight of catalyst
F a0 ~ Molar flow rate of bio—oil

(kgcat- h/kgmalbio—oil) (2-16)

The amount of coke deposited on catalyst surface was calculated as

weight of coke deposited on the catalyst bed per hour (2 17)
weight of catalyst '

Coke deposition rate =

=
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Fig. 2.1 Schematic diagram of steam reforming experimental setup

2.6 Kinetic experiments
The objective of a kinetic study is to understand the rate of a chemical reaction and to
develop a rate equation that is based on the fundamental reaction mechanism. This rate

equation is then validated by comparing it to experimentally observed data. This approach

allows for the identification of the rate determining step and the determination of the
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reaction kinetics parameters such as the activation energy and the pre-exponential factor.
In the present study, steam reforming experiments were performed to evaluate the kinetic
parameters for the phenol steam reforming process with the optimum catalyst. As the
phenol was used as a model compound for the kinetic study, all the process parameters
were again optimized along with the catalyst stability study. Furthermore, the Kinetic
experiments were performed under 1 atm pressure and at temperatures of 600, 650, and 700
°C. The experiments also varied the space time (W/Fao) from 15 to 31 Kgcat.n/kmolpnon and
the steam to carbon molar ratio from 1.6 to 3.2 using fresh catalyst samples diluted with an
inert material (SiC). The kinetic parameters were then evaluated using a non-linear least-
square regression technique to analyze the data. Moreover, the power law model was used

to calculate the kinetic parameters.
2.7 Pyrolysis experiments

In order to get the raw bio-oil via pyrolysis process, the experiments were conducted using
a tubular fixed bed reactor with an inner diameter of 25.4mm and 1000 mm length as
displayed in Fig.2.2. The reactor tube was placed inside a split furnace with two heating
zones, and 40g of dried biomass was loaded into it during each experiment. The agricultural
residue mainly rice husk, wheat straw, corn cob, and sugarcane bagasse were collected from
the villages of Rupnagar district. Before using for the pyrolysis experiment, the agricultural
residues were washed properly with the distilled water to remove the impurities present in
it. Furthermore, the agricultural residues were dried in an oven to remove the moisture and
then the dried biomass was chopped and crushed in a grinder before using in the
experiments. After that, the pyrolysis experiments were carried out in a fixed bed reactor
by varying temperatures between 400-600 °C, at different heating rates ranging from 5-40
°C/min, and a fixed nitrogen flow rate of 50mL/min. The obtained vapours were passed
through a condenser followed by a gas liquid separator to separate the liquid and
gaseous. The resulting liquid products were analyzed using an Agilent 7890B GC-MS (gas
chromatograph- mass spectroscopy) system equipped with a DB-5 capillary column.

The yields of pyrolysis products have been calculated using following equations:

weight of bio-oil formed
weight of feed taken

Bio — oil yield (wt.%) = %X 100 (2.18)
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weight of biochar formed

Biochar yield (wt.%) = x 100 (2.19)

weight of feed taken

Gases yield (wt.%) = 100 — (bio — oil yield + biochar yield) (2.20)
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Fig. 2.2 Schematic diagram of pyrolysis experimental setup
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LaNixCo01-xOs catalysts

This chapter presents the potential of utilizing simulated bio-oil, which comprises of an
elemental composition akin to that of bio-oil obtained from pyrolysis of agricultural waste
used by other researchers, for the production of green hydrogen via catalytic steam
reforming [76,79,80]. The simulated bio-oil (SB1) used in the study was a mixture of acetic
acid (62.3 mol%), phenol (19.9 mol%), and benzaldehyde (17.8 mol%). Prior to conducting
catalytic steam reforming (SR) experiments, it was deemed important to assess the
thermodynamic potential of the process. This evaluation aimed to gain a deeper
understanding of the process parameters, reactions and conditions that impact the reaction’s
efficacy. The insights gained from this assessment were utilized to fine-tune the conditions
for the catalytic experiments and enhance the production of the desired products. Following
the evaluation of the thermodynamic potential, a series of perovskite catalysts (LaNixCo-
xO3) were synthesized using the sol-gel method. These catalysts were then tested for their
activity in steam reforming simulated bio-oil using a tubular fixed bed reactor. The catalysts
were characterized using techniques such as BET, XRD, TPR, SEM-EDX, TGA, and
Raman spectroscopy. The optimal conditions for the steam reforming process were
determined by varying various process parameters such as reaction temperature, weight
hourly space-time (WHST), and steam to carbon molar ratio (SCMR) under atmospheric
pressure. This was done to determine the most favorable conditions that would result in the

highest yield and selectivity of the desired products.
3.1. Thermodynamic analysis

The aim of the thermodynamic analysis was to assess the production and selectivity
of hydrogen and to determine how the process variables such as temperature, feed molar
ratio, and pressure affect these outcomes. The thermodynamic analysis is critical as it offers
a fundamental understanding of the reaction, as the equilibrium conversion is the maximum
that can be achieved with any catalyst. This analysis provides valuable insights that can be

utilized to optimize the steam reforming process and enhance the production of hydrogen.
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3.1.1 Effect of steam to carbon molar ratio
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Fig. 3.1 Effect of steam to carbon molar ratio on gaseous products selectivity and bio-
oil conversion (T = 700 °C and P=1 atm)

The study on the impact of steam carbon-to-methane ratio (SCMR) on the steam reforming
of simulated bio-oil (SB1) was performed at 700 °C and 1 atm pressure. The results indicate
that the addition of water to the feed has a substantial effect on the reaction outcomes. The
high water content has been found to suppress the formation of coke and promote the water-
gas shift reaction, leading to an increase in hydrogen selectivity.

However, the high water content also requires a high enthalpy for evaporation,
which may have implications for the overall energy efficiency of the reaction. Despite this
and as displayed in Fig. 3.1, the results demonstrate that the addition of water to the feed
results in a more complete steam reforming reaction and the shift towards the water-gas

shift and methane reforming reactions.

The study indicates that an increase in water content in the feed leads to a decrease
in carbon monoxide (CO) selectivity and an increase in carbon dioxide (CO2) selectivity,
while methane (CHy4) selectivity decreases. This highlights the significant impact that water
has on product selectivities in steam reforming reactions for bio-oil and underscores the

importance of considering the effect of water in such reactions.
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3.1.2 Effect of reaction temperature
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Fig. 3.2 Effect of temperature on gaseous products selectivity and bio-oil
conversion (SCMR = 2.7 and P=1 atm)

The temperature has a significant influence on the formation of gaseous products during
bio-oil steam reforming and presented in Fig. 3.2. At low temperatures, around 400 °C, the
reaction pathway is dominated by decomposition reactions, resulting in high selectivity
towards methane formation and low selectivity towards hydrogen production. However, as
the temperature increases, the reaction pathway shifts from decomposition to steam
reforming reactions, which are more favorable for hydrogen production. As a result, the

selectivity towards hydrogen increases, while the selectivity towards methane decreases.

At higher temperatures, above 700 °C, the water gas shift reaction begins to shift in
the reverse direction, which is an exothermic reaction. This leads to an increase in the
selectivity towards carbon monoxide and a decrease in the selectivity towards carbon
dioxide. The reverse water gas shift reaction becomes more significant at high temperatures
as the equilibrium constant (K) decreases with increasing temperature. The thermodynamic
analysis of the process reveals that the maximum hydrogen production occurs between 600
°C and 700 °C with a steam-to-carbon ratio of 2.7. At this temperature range, the conditions
are favorable for both steam reforming and water gas shift reactions to occur in the forward

direction, maximizing hydrogen production.

In conclusion, temperature plays a critical role in determining the distribution of
gaseous products during bio-oil steam reforming. Understanding the temperature-
45|Page



Chapter 3: Simulated bio-oil steam reforming experiments with LaNixCo1xOz catalysts

dependent reaction pathways is important for optimizing the process for maximum
hydrogen production and minimizing the formation of unwanted byproducts. Henceforth,
these thermodynamics observations were employed for catalytic steam reforming

experiments and discussed in the following section.
3.2. Catalyst' characterization

In the study, a series of perovskite catalysts LaNixCo:1xO3 (x=0, 0.2, 0.4, 0.5, 0.6, 0.8 and
1.0) were synthesized using the sol-gel method. The fresh synthesized catalysts were then
examined using various characterization techniques such as BET (Brunauer-Emmett-
Teller) surface area analysis, X-ray diffraction (XRD), temperature-programmed reduction
(TPR), scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX),
thermogravimetric analysis (TGA), and Raman spectroscopy. These techniques helped in
understanding the structural, textural, compositional, and thermal properties of the

catalysts.

3.2.1. X-ray diffraction (XRD)

‘DCD O Perovskite ¢NiO A Co304

Intensity (a.u.)

20 30 40 50 60 70 80
20 (degree)

Fig. 3.3 XRD patterns of (a) LaCoO3 (b) LaNio2C00g0s3, () LaNio.4Co0603, (d)
LaNig5C00503, (e) LaNiosC00.40s3, (f) LaNio.sC00.203 (g) LaNiOs catalysts
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The obtained XRD spectra (Fig.3.3) exhibits peaks at 20 values of 23.2°, 32.8°,33.2°,
40.5°, 41.2°, 47.4°, 58.5°, 58.8°, 59.83°, 68.7°, 69.7°, 78.5° and 79.1° were attributed to
the (012), (110), (104), (202), (006), (024), (030), (214), (018), (220), (208), (134) and
(128) lattices of perovskite structure[77,79,81-83]. The presence of all these characteristic
peaks of perovskite in the diffractograms indicates the successful formation of the
perovskite crystalline phase in all synthesized catalyst samples. Furthermore, as expected,
there was no shifting of the peaks were observed when the loading amounts of Ni and Co
were changed in any of the samples because of the fact that Ni and Co have nearly similar
ionic radii. Besides these peaks, few additional peaks (displayed in Fig. 3.3) of lesser
intensity were observed, which could be attributed to either NiO (ICSD code: 646096) or
Co0304 (ICSD code : 56123)[77,81,83]. No peaks attributed to any oxide phase of La was
observed in any of the patterns, indicating its successful incorporation into the mixed metal
oxide (perovskite) structure. The average crystallite size for fresh catalyst samples is
calculated by taking average of five most intense diffraction peaks (20 = 23.2°, 32.8°,33.2°,
47.4° and 58.5°) which are the main characteristic peaks of perovskite using Scherrer
equation and displayed in Table 3.1[84,85].

— Reduced catalyst
Fresh catalyst
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£ %
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e
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Fig. 3.4 XRD patterns of (a) fresh and (b) reduced LaNio5C00503 catalysts.

Fig.3.4 shows the XRD patterns for the fresh and reduced LaNiosC00503 catalysts.
It is observed that all peaks of fresh LaNixCo1-xO3 except two located at 20 = 24.0° and
32.8° disappears, while peaks corresponding to La>O3z and Ni-Co alloy (ICSD code:
108308) appears after reducing LaNiosCo0s03 as displayed in Fig.3.3(b). This signifies

that LaNio.sC00503 decomposed into La2Os and metallic Ni and Co species (Ni-Co alloy),
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which get dispersed on La>Os surface [83,86,87]. The most intense peak of reduced sample
exhibited at 20 = 44.5° reveals the signature of Ni-Co alloy formation with crystallite size
44.7 nm [88].

3.2.2. BET surface area

The textural properties of fresh LaNixCo1-xOz catalysts (x=0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1)
such as BET specific surface area (SSA), average pore size, pore volume and crystalline
size are shown in Table 3.1. The SSA and pore volume were found to be in the range of
3.5-6.1 m?/g and 0.0092-0.0152 cm?®/g, respectively. The crystalline sizes of the calcined
catalysts were calculated by using the Scherrer equation and are displayed in Table 3.1.
The calcined catalyst sample LaNigs5C00503 had maximum SSA (6.1 m?/g) and pore
volume (0.0152 cm?®/g) among all prepared catalyst samples, while the average pore size
and crystalline size were found 10.8 nm and 47.6 nm, respectively.

Table 3.1 Textural properties of LaNixCo1xO3 (x=0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1) catalyst
samples

Catalyst Specific Pore Avg. pore Average
Surface area® volume® sizeP crystallite size®

(m?/g) (cm?/g) (nm) (nm)
LaNiOs 3.8 0.0104 18.2 30.7
LaNiosC00.203 4.6 0.0116 15.6 64.8
LaNio.6C00.403 4.2 0.0108 13.0 62.3
LaNio5C00503 6.1 0.0152 10.8 47.6
LaNi0.4C00.603 3.5 0.0092 17.3 59.5
LaNio.2C00.803 3.7 0.0101 20.4 42.2
LaCoOs3 4.1 0.0108 17.8 32.7

4calculated using BET method
bcalculated using BJH method
‘calculated by the Scherrer equation (26 = 23.2°, 32.8°,33.2°, 47.4° and 58.5°)
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3.2.3. SEM and EDX

SEl  20kV WD11mm  SS59 x1,800 10pum
Sample 0000

Fig. 3.5 Morphological (SEM) image for fresh LaNios5C00503 perovskite
catalyst

The surface morphology of the calcined LaNiosC00503 catalyst is presented by SEM image
as illustrated in Fig. 3.5. It shows uniform distribution of porous like structure. Mousavi
and Pour have also observed that macroporisity of perovskite catalysts were increased by
substituting the Co with Ni [83]. The elemental compositions of different regions on the
surface of calcined catalysts using SEM-EDS technique are being displayed in Table 3.2.
The composition of all prepared catalyst samples is very close to their stoichiometry ratio,
which clearly demonstrates the homogenous distribution of elements in prepared catalyst

samples.

Table 3.2 Elemental analysis of LaNixCo1.xOs3 catalyst by EDS analysis

Catalyst Atom%
Samples La Ni Co 0
LaNiOs 26.15 8.95 0 64.90

LaNio.sC00.203 26.17 7.03 1.83 64.97
LaNio0.6C00.403 25.51 5.48 3.35 65.66
LaNio.5C00503 25.02 5.05 4.92 65.01
LaNi0.4C00.603 25.75 3.21 5.78 65.26
LaNio.2C00.803 26.12 1.75 6.98 65.15

LaCoO3 25.83 0 9.21 64.96
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3.2.4. Temperature Programmed Reduction (TPR)
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Fig. 3.6 TPR profiles of (a) LaCoO3z (b) LaNio2C00g03, (c) LaNio.4C00603, (d)
LaNio.5C0050s3, (€) LaNio.sC00.403, (f) LaNio.gC00.203 (g) LaNiOs catalysts.

TPR profiles of the prepared LaNixCo1xOz catalysts (x=0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) are
displayed in Fig. 3.6, where each catalyst sample has shown a similar trend for the reduction
profiles. The peaks obtained from TPR analysis can be categorized into three reduction
zones, i.e., low (below 400 °C), moderate (400-500 °C) and high temperature (greater than
500 °C) zones. In each curve, the peak intensities indicate the amount of hydrogen (reducing
gas) consumed during each reduction process.

The first reduction peak in the low-temperature zone is correspond to the reduction
of NiO and Co304 (formed in very small amount) get reduced into Ni® and Ca° which are
weekly bounded in the perovskite structures [89,90]. The second reduction peak at
moderate temperature zone is ascribed to the reduction of Ni** and Co®* to Ni?* and Co?*
respectively [87,91]. Further, the reduction peak at high-temperature zone is related to the
reduction of Ni?* and Co?* to Ni® and Co° respectively and formation of La2Os, which is
in good agreement with reported work [83,92]. However, these reduction peaks shifted
slightly to higher temperatures on increasing the Co content. After complete reduction, Ni
and Co metal species forms a very strong interaction with metals and oxides, especially in

perovskite and spinel catalysts [63,81-83].
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Moreover, the hydrogen consumption amount was calculated for each reaction step
for all catalyst samples and displayed in the Table 3.3. The total amount of hydrogen
consumed is increased with the Ni amount, which confirm that Ni is more reducible than
Co [83]. The hydrogen consumption amount for first reduction step is minimum for all the
catalyst samples, which confirms the imperceptible formation of NiO and Coz04. However,
for Ni/Co=1, the hydrogen consumption during first reduction step is minimum which
signifies that most of the Ni and Co species were well incorporated in the perovskite
structure. Furthermore, it was also observed that LaNiosC00503 had shown the highest
hydrogen consumption in the moderate and high temperature zone among different
LaNixCo1.xO3 catalysts, which indicates the strongest interaction of different atoms present
in this perovskite structure. Incidentally, Ni and Co species are evenly mixed in the
perovskite structure because of their similar ionic radii, resulting formation of bimetallic
Ni-Co alloy [87,92]. The XRD analysis of reduced catalyst sample (as displayed in Fig. 3.4
) also confirms the formation of Ni-Co alloy. The similar type of reduction behaviour and
formation of metallic alloys of different perovskite material for SR process has already
been reported by other researchers [75,86,87,93]. These results concluded that the
equimolar concentration of Ni and Co species provide a more stable perovskite structure

among all the prepared perovskite catalysts.

Table 3.3 Hydrogen consumption for LaNixCo1xOz during H2-TPR analysis

Catalyst Reduction Temperature Hz Consumption Hz Consumption
(°C)2 [mL H2/gcat] [mmol Hz/geat]

LaCoO3 371(20), 430(52), 628 (28) 301 13.53
LaNio2C00g03  378(9), 445(64), 634 (27) 291 13.07
LaNio4C00603  396(9), 450(52), 630(39) 301 13.53
LaNiosC00503  384(4), 441(61), 624(35) 315 14.16
LaNiosC00403  382(8), 461(57), 622(35) 361 16.25
LaNio8C00203  368(11), 433(55), 575(35) 377 16.96

LaNiO3 350(9), 444(56), 530(34) 392 17.62

aNumbers in the bracket represents the H> consumption percentage for each reduction step
(peak)
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3.3 Steam reforming of simulated bio-oil (SB1) over LaNixCo1-xOs catalysts

After studying the different properties of the synthesized perovskite catalyst, the steam
reforming experiments were conducted to test the different composition of perovskite
catalyst LaNixCo1xO3 (x=0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1). The steam reforming of single
model compound (acetic acid) had been explored by many researchers [49,71,94-97].
However, rigorous study on steam reforming of real bio-oil is yet to be explored. Therefore,
the present study aims to explore the steam reforming of mixture (representative of main
functional group present in bio-oil) of bio-oil model compounds, which is a step further to
understand complexity of real bio-oil. The model compound composition of simulated bio-
oil have been chosen to meet the property of real bio-oil, such as pH (2.6-3.0), density
(1052-1065 kg/m®) and kinematic viscosity (1.4-1.7) as well as the major functional group
present in the real bio-oil [98]. The simulated bio-oil used in the present study is acidic in

nature and possesses the following properties as presented in Table 3.4.

Table 3. 4 Properties of Simulated Bio-oil 1

Property Value
pH 2.8
density(kg/m?®) 1054
kinematic viscosity(cst) 1.7

3.3.1 Influence of Ni and Co content

The effect of Ni and Co species present in LaNixCo1xOz (x=0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1)
catalysts on gaseous products and simulated bio-oil conversion was studied and shown in
Fig. 3.7. The results displayed that the simulated bio-oil conversion was found similar
(>90%) for all catalyst samples. However, the maximum hydrogen yield of 83% was
observed on LaNiosC00503 catalyst, where B position was substituted by an equimolar
amount of Ni and Co elements. The LaNio.sC00503 catalyst exhibited the best catalytic
activity among all the prepared catalysts because of its strong interaction of atomic species
inside the perovskite lattice and formation of Ni-Co alloy (after reduction), which was also
in agreement with the reported work [74,87]. Furthermore, the maximum specific surface

area (6.1 m?/g), pore volume (0.0152 cm®/g) and minimum crystallite size (47.6 nm) also
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confirmed that the LaNiosC00503 catalyst is the best catalyst among all LaNixC01.xO3

catalysts.
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Fig. 3.7 Effect of different Ni and Co content on hydrogen yield and bio-oil conversion for
LaNixCo1xO3 perovskite catalyst (W/Fao =18.4 kgcat.h/kgmolpio-oir, S/C = 2.7, T=650 °C
and P=1 atm)

3.3.2. Effect of reaction temperature (RT)

The effect of reaction temperature (RT) was studied on simulated bio-oil conversion and
yield of the gaseous products in the range of 600-800 °C as displayed in Fig. 3.8. The results
revealed that the conversion of bio-oil model compounds increased with temperature as the
SR reaction is favoured at high temperature because of its endothermic nature. As the
temperature increased from 600 to 650 °C, Hz yield increased from 45% to 83%. This sharp
change in Hz yield was observed because of a sudden increment in carbon conversion at
650 °C. At 700 °C, the maximum H> yield of 87% was found, but further increasing the
temperature, it decreased to 53% at 800°C because of the equilibrium shift favouring
reverse WGS reaction. The same pattern was noted for CO3 yield, as it increased from 64%
to 76% with an increase in temperature from 600 to 650 °C, maximize at 81% at 700 °C,
and it dropped subsequently beyond 700 °C. Moreover, the increasing trends of CO (8-
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27%) and CHs (1-4%) evidently proves the occurrence of reverse WGS and thermal

decomposition reactions, respectively.
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Fig. 3.8 Effect of temperature on gaseous products and bio-oil conversion for
LaNio5C00503 perovskite catalyst (W/Fao =18.4 kgcat.n/kgmolpio-oii, S/IC= 2.7 and P=1
atm)

3.3.3. Effect of steam to carbon molar ratio (SCMR)

The effect of SCMR on simulated bio-oil conversion and gaseous products yield was
studied at 650 °C for space-time 18.4 kgcat.h/kgmolpio-oit USiNg LaNiosC00.503 catalyst and
presented in Fig.3.9. It was observed from the experiments that on increasing the SCMR
from 1.6 to 2.7, simulated bio-oil conversion increased from 71% to 95% while the
hydrogen yield increased from 65% to 83%. This trend clearly demonstrated that an
increase in the amount of steam in the feed mixture favoured SR and WGS reactions, which
was also confirmed by the increase in CO> yield. However, on further increasing the SCMR
to 3.26, the bio-oil conversion and H: yield both remain almost unchanged, whereas the
reduction in CO and increase in CO, was recorded. The WGS and carbon gasification
reactions could be the possible reasons for this, which was also in agreement with other
researchers [79]. Moreover, the methane steam reforming (MSR) reaction is also favoured
at higher SCMR [62]. In the present study, the slight decrease in CH4 was observed on
increasing the SCMR (1.6-3.2), which confirms the occurrence of MSR reaction.
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Therefore, a steam to carbon ratio of 2.7 is found to be optimum for SR of simulated bio-

oil on LaNio5C00.503 catalyst at 650°C w ith space-time of 18.4 kgcat.h/kgmolbio-oil.
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Fig. 3.9 Effect of steam to carbon ratio on gaseous products and bio-oil conversion for
LaNiosC00503 perovskite catalyst (W/Fao =18.4 Kgcat.n/kgmolbio-oil, T = 650 °C and P=1
atm)

3.3.4. Effect of weight hourly space-time (WHST)

The product yields and simulated bio-oil conversion were studied by varying WHST from
7.14 to 18.36 Kgcat.h/kmolpio-oil at 650°C for a fixed SCMR of 2.7 using LaNig5C00503
catalyst. As demonstrated in Fig. 3.10, Hz yield and simulated bio-oil conversion showed
an increasing trend from 74 to 95% and 46 to 83%, respectively by changing WHST from
7.14 to 18.36 Kgcat.h/kmolpio-oil at 650 °C with SCMR of 2.7 on LaNips5C00503 catalyst.
Meanwhile, the other gaseous products yield was also demonstrated the same trend and
found to be maximum at a WHST of 18.36 kgcat.n/kmolpio-oit. The obtained results revealed
that higher space-time is favourable for SR as on increasing the space-time reactants get
more contact time with the catalyst, which promotes SR as well as WGS reactions.
Therefore, a space-time of 18.36 kgcat.n/kmolpio-oil Was chosen optimum for further TOS

studies.
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Fig. 3.10 Effect of weight hourly space time on gaseous products and bio-oil conversion
for LaNio5C00503 perovskite catalyst (S/C=2.7, T = 650 °C and P=1 atm)

3.3.5 Time on stream (TOS) study

TOS study was executed for LaNio5C00503 catalyst at 650 °C and 700 °C for a fixed SCMR
and space-time of 2.7 and 18.36 kgcat.n/kmolbio-oil, respectively, to monitor the catalyst
stability in terms of gaseous products yield and simulated bio-oil conversion with respect

to time.

Firstly, the time on steam (TOS) experiments were executed at 700 °C temperature
as the highest hydrogen yield, and feed conversion was obtained at this temperature. The
results (Fig. 3.11(a)) revealed that hydrogen yield and simulated bio-oil conversion was
constant for initial 2 h, and then started decreasing and reached 90.7% and 50%,
respectively, after 6 h. The observed deactivation at 700°C was attributed to carbon species
deposited on active sites of the catalyst. The carbon formation was observed in a large
amount due to massive cracking of the bio-oil molecules, which was also confirmed by TG
analysis. Further, the product gases obtained after this massive cracking may undergo via
Boudouard reaction, and methane decomposition reaction, which are responsible for the
coke formation. It was also indicated from slight decrease in CO and constant CO and CH4

yield throughout the run time. Moreover, the reactor blockage was observed which
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occurred due to excessive coke formation abolishing the porosity of the catalyst bed after

6 h of the experiment.

Similarly, the time on steam (TOS) experiments were performed separately at 650
°C, keeping other process parameters the same as the TOS study at 700 °C. The results
displayed excellent catalyst stability for 12 h, as demonstrated in Fig. 3.11(b). The carbon
conversion was found to be nearly constant (~95%) up to 12 h, while the H; yield was
constant up to 9 h in the range of 83 (+2 to 3)%. However, H; yield started decreasing
afterwards (beyond 9 h) and reached 76% after 12 h because of slight catalyst deactivation.
Furthermore, CO; yield demonstrated the same trend as H> yield, whereas a small increase
in CHz and CO gas yield was observed because of catalyst deactivation which supresses
both SR and WGS reactions [46].

Along with gaseous products yield, coke deposition yield was also calculated after
the TOS experiments for both the temperatures (650 °C and 700 °C). The percentage yield
of carbon deposited on catalyst surface was calculated by TGA method using equation 18
and found 0.94% and 1.62% for SR process at 650 °C and 700 °C, respectively.

Therefore, it was concluded from the TOS study that LaNigsCo00503 catalyst was more
stable at 650 °C rather than 700 °C.
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Fig. 3.11 Effect of time on steam on gaseous products and bio-oil conversion for
LaNig5C00503 perovskite catalyst (W/Fao =18.4 kgcat.n/kmolyio-oil, S/C = 2.7 and P=1
atm) (a) Temperature = 700 °C, (b) Temperature = 650 °C.
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Chapter 4: Effect of Partial substitution at A and B site of
LayA1yNixM1xOs catalysts

The present chapter delves into the examination of the synergistic effect that results from
partial substitution at the A and B positions in LaNiO3 with alternate metal elements (Ce,
Ca, Zr for the A position, and Co, Fe, Cu for the B position) during the SR process for the
generation of green hydrogen from simulated bio-oil. As presented in Table 4.1, the
simulated bio-oil used here is a mixture of major organic groups present in the bio-oil
obtained from rice husk pyrolysis[98,99]. These organic groups are acids, ketones, furans
and phenolic compounds and their respective representative are acetic acid (35 mol %),
hydroxyacetone (22 mol%), furfural (11 mol%) and phenol (32 mol%). The elemental
composition of the simulated bio-oil also constitutes a similar composition as real bio-oil
used by other researchers[76,79]. The different LaNiosMos03 (M = Ni, Co, Cu, and Fe)
catalysts were synthesized and their performance was evaluated in a tubular fixed bed
reactor for simulated bio-oil steam reforming process. The process parameters temperature
and space-time were optimized for steam to carbon molar ratio of 2.7. The fresh and spent
catalysts were characterized via different characterization techniques, for instance, XRD,
FTIR, TPD, TGA, BET, XPS, RAMAN spectroscopy and FESEM etc.

Table 4.1 Comparison of simulated bio-oil used for the present work with the literature

Chemical Pyrolysis bio-oil Pyrolysis bio-oil Simulated
groups composition composition Bio-0il2
(Wt.20)[98] (Wt.90)[99] (SB2)
Organic acids 25-28 18-25 27
Phenols 35-40 35-45 38
Furans 12-15 10-12 14
Ketone 18-21 10-15 21
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4.1 Catalyst characterization
4.1.1 X-ray diffraction (XRD)
4.1.1.1 B-site substitution

Fig. 4.1. displays the XRD diffraction patterns of LaNio.sMo 5Oz catalysts (M = Cu, Fe, Co,
and Ni) synthesized via sol-gel method. The diffractogram of LaNiO3z exhibited peaks at
26 values of 23.2°, 32.8°, 33.2°, 40.6°, 47.4°, 53.5°, 58.8°, and 68.7° that can be indexed
to the (012), (110), (104), (202), (024), (116), (214), (018), and (220) lattice planes of
rhombohedral LaNiOz perovskite phase[77,81,83,100]. The presence of these characteristic
peaks indicates the successful formation of perovskite phase. Besides these, additional
peaks were observed at 37.2°, 43.3°, and 62.8°, which could be indexed to the (101), (012)
and (110) lattice planes of NiO, respectively, and at 31.4°, which corresponds to the (004)
lattice plane of La»>0s3[70,77,81,83]. In addition, a small intensity diffraction peak
corresponding to the (111) plane of La:NiO4 perovskite phase, possibly arising from the
decomposition of LaNiOs, was also observed at 24.1°[101]. Partially substituting Ni with
Co and/or Cu did not result in any shifting of the characteristic peaks belonging to the
perovskite phase, as observed in the diffraction patterns of LaNios5C00503 and
LaNiosCuos03. However, when Ni was partially substituted with Fe, the two most intense
peaks belonging to the perovskite phase at 32.8° and 33.2° were observed to have merged
and shifted to a lower 20 value of 32.3°. A similar shift towards lower 20 values was
observed for other characteristic peaks of perovskite structure as well, which can be
attributed to the difference in ionic radii of Ni** and Fe3* ions [101—103]. In addition to the
characteristic peaks of perovskite phase, the diffraction patterns of all the synthesized
LaNiosMos03 catalysts exhibited peaks at 37.2°, 43.3°, and 62.8°, which could be
attributed to NiO. For the case of LaNiosCuos03 catalyst, peaks corresponding to CuO
were observed at 35.6°,38.7°, and 48.9°[77,81,83,104]. Furthermore, two small intensity
peaks which could be indexed to La>O3 were observed at 25.4° and 30.4° in the pattern of
LaNio5Cuos0s3. Similarly, the diffractogram of LaNiosFeosOs also exhibited peaks
corresponding to Fe2O3 at 20 = 35.6°. In addition, the peaks at 37.2°, and 43.3° could also
correspond to Fe>Oz (ICSD collection code — 96075). The presence of peaks corresponding
to the oxides of Cu, Fe, and Ni is indicative of the incomplete incorporation of these metals

into the perovskite structure.
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Fig. 4.1 XRD diffraction patterns of reduced (a) LaNiOs, (b)
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Fig. 4.2 XRD diffraction patterns of fresh (a) LaNiOgz, (b) LaNig5C0050s3,
(c) LaNio.sFeo503 and (d) LaNigsCuos03
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Fig. 4.2 displays the XRD patterns for reduced LaNiosMo 503 catalysts (M = Ni, Co,
Cu, and Fe). Post-reduction, the characteristic diffraction peaks of LaNiOs structure were
observed to have completely disappeared from its XRD pattern. Instead, peaks
corresponding to just La2Oz (260 = 26.2°, 29°, 30°, 39.7°, 46.3°, and 55.5°) and Ni metal
(26 = 44.5° and 51.8°) were observed [83,105], confirming that the perovskite structure
disintegrated completely under the reduction conditions used, giving way to metallic Ni
dispersed on La>Oz support. The XRD patterns of perovskite catalysts where Ni had been
partially substituted with Co, Cu and Fe not only exhibited peaks corresponding to La>O3
but also some of those characteristics of the perovskite phase, signifying its incomplete
decomposition. Besides these peaks, diffraction peaks corresponding to Ni-Co alloy (ICSD
collection code-108308) at 20 = 44.5°, 51.8°, Ni-Cu alloy (ICSD collection code-103063)
at 20 = 44 °, 51.2° and Ni-Fe alloy ((ICSD collection code-103555) at 43.8°, 50.9° in the
diffractograms of reduced LaNio5C00503, LaNiosCuosOz and LaNiosFeosOscatalysts,
respectively. The presence of peaks corresponding to La>;Os alloys confirms the strong
interactions between Ni and the substituted metals, as well as the formation of La.Og,
supported bimetallic Ni-M (M = Co, Cu and Fe) catalysts after reduction. Interestingly, the
peaks corresponding to Ni-Fe alloy were noted to have shifted slightly from those of Ni
metal towards lower 20 values, indicating that only part of Fe undergoes reduction under
the conditions used and that the Ni-Fe bimetallic alloys formed as a result are rich in Ni
[75]. Furthermore, the textural properties such as BET surface area, which was obtained by
N2 adsorption desorption isotherm, pore volume and average pore size of catalyst samples
were displayed in Table 4.2. The crystallite size of fresh and reduced catalyst samples was
also calculated using the Scherrer equation and found to be maximum for LaNio.5C00.503

catalyst.
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Table 4.2 Textural properties of LaNiosMos03 (M = Ni, Co, Cu, and Fe) catalyst samples

Catalyst Specific Pore Avg. pore Crystallite size®
surface area®  volume® size® CF  Reduced

(mg) M) m)

LaNiOs 5.7 0.028 18.2 28.8 35.7

LaNio5C00503 7.4 0.015 10.8 42.1 44.7

LaNiosFeos03 51 0.012 17.3 36.7 22.3

LaNiosCuos03 4.3 0.011 20.4 33.1 17.8

4calculated using BET method

bcalculated using BJH method

‘calculated by the Scherrer equation #(20 =perovskite characteristic peak at 32.8)
*(26 = Ni-M alloy characteristic peak)

4.1.1.2 A-site substitution
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Fig. 4.3 XRD patterns of (a) LaNiosCo0os503, (b) LaosCeosNiosC00503, (C)

Lao5CaosNig5C00503 and (d) LaosZrosNiosC00.503

Fig. 4.3 shows the XRD diffractogram of the calcined Lai-xMxNios5C00503 catalysts. For
the case of LaNiosC00503 catalyst, diffraction peaks corresponding to the rhombohedral
perovskite phase were observed at 20 values of 23.2°, 33°, 40.6°, 47.4°, 53.1°, 58.8°, and
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68.7° [40,77,81]. Additionally, peaks were also observed at 26 values of 37°, 43°, and 62.5°
which could correspond to the presence of either NiO (ICSD collection code — 53930) or
CoO (ICSD collection code —53057) phases, signifying that the metals were not completely
incorporated into the perovskite structure [40,77,81]. No peaks corresponding to any La
oxide phase was not observed in the diffraction pattern, indicating complete incorporation
into the perovskite structure. When La was partially substituted with Ce, the resulting
Lao.sCensNio5C00503 catalyst did not exhibited any shift in the peaks corresponding to the
perovskite structure, which is expected as La®*" and Ce®" ions have similar ionic radius
[71,81,106]. Diffraction peaks belonging to the cubic phase of CeO, were observed at 20
values of 28°, and 55.8° (ICSD Code — 155608) [81] and those belonging to NiO were
noted at 37.1°, 43.2°, and 62.5° [40,77,81]. Additionally, the peaks at 46.3° and 66.9° could
be ascribed to La>0O3 (ICSD Code — 154586). Partially replacing La with Ca did not lead to
any shifting in the characteristic peaks of perovskite did not exhibit any shift owing to the
very similar sizes of La**and Ca?* ions [71,107]. While peaks corresponding to NiO and/or
Co304 were observed in the diffractogram, those corresponding to CaO were not detected,
which indicates complete incorporation of Ca in the perovskite structure [108]. Finally,
when La was partially with Zr, only two peaks corresponding to perovskite phase was
observed at 20 values of 33.1° and 47.6°. Furthermore, their intensity was observed to have
reduced remarkably as compared to that in the diffractograms of other synthesized Lai-
xMxNio5C00503 catalysts. Simultaneously, an intense peak belonging to La>Os emerged at
28.8° (ICSD collection code — 154588) as well as those belonging to ZrO, were noted at
31.1°,44.5° 55.4°, 61.9° and 64.9° (ICSD collection code —92092). Peaks corresponding
to NiO (ICSD collection code — 53930) and/or CoO (ICSD collection code — 53057) also
emerged at 36.9 ° and 42.9°, as seen for the other three catalysts. Additionally, the peaks at
28.8°,33.1°,47.6°, and 56.5° could also possibly be attributed to the formation of a mixed
La>Zr,O7 phase (ICSD collection code — 15165). The appearance of peaks corresponding
to single and mixed oxides of La and Zr suggest that partially replacing La with Zr does
not favor the formation of perovskite structure due to the large difference in the ionic radius
of the La®" and Zr* ions [71].
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4.1.2. Temperature programmed reduction (TPR)

4.1.2.1. B-site substitution
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Fig. 4.4 Ho-TPR profiles of LaNiosMos03 perovskite catalysts

TPR profiles of LaNiosMos03 (M= Cu, Fe, Co, and Ni) catalysts are presented in Fig. 4.4
All perovskite catalyst samples have shown quite similar type of reduction profiles. The
reduction profile of LaNiOs exhibited peaks in three temperature ranges — low (< 400 °C),
moderate (400 to 500 °C) and high (> 500 °C). The small shoulder reduction peak at low-
temperature zone can be ascribed to the reduction of NiO species exhibiting weak
interactions with the perovskite structure to Ni° species [70]. The existence of reduction
peaks in the moderate and high-temperature zones is indicative of a two-step reduction
process of the perovskite phase. These observations are in good agreement with the
available literature [75,105,109,110], according to which the reduction reaction may be

proposed to occur as follows:
2LaNl03 + H2 d LazNizos + H20 (41)

La,Ni,0s + 2H, - 2Ni® + La,05 + 2H,0 (4.2)
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The peak between 400-500 °C may be attributed to the reduction of the LaNiOs
perovskite phase, wherein its Ni®* species gets reduced to Ni?* species, resulting in the
concomitant formation of La2NiOs phase [75,105,109,110]. Meanwhile, the peak between
500 to 600 °C can be allocated to the reduction of Ni%* species to Ni°, which get dispersed
on La>03 [75,109-111]. It can therefore be concluded that the perovskite structure formed
after calcination is completely demolished after reduction, producing metallic Ni° dispersed

on LaxOs.

The reduction profile of LaNiosCo0o503 catalyst was nearly similar to that of pure
LaNiOs, exhibiting peaks in the low, moderate and high-temperature regimes. While the
reduction peak in the low temperature could be ascribed to the reduction of NiO and Co304
phases weakly interacting with the perovskite structure to their respective metallic states,
the peaks in the moderate zone correspond to the reduction of Ni** and Co** species present
in the perovskite phase to Ni?* and Co?*, respectively [70,83]. The third peak, lying in the
high-temperature region, can be ascribed to the reduction of Ni?* and Co?* species to Ni°
and Co®, respectively and the formation of La,03 [70,83]. This peak was observed to have
shifted from between 500-600 °C for unsubstituted LaNiOs to above 600 °C for the
LaNio5C00503, which could be attributed to the partial replacement of Ni by Co in the
perovskite structure resulting the formation of Ni-Co bimetallic alloy on La;Os surface
[70,83].

When Ni was partially replaced with Fe, all of the peaks corresponding to the
reduction of different Ni species (Ni®* — Ni° and Ni?* — Ni°) exhibited a significant shift
towards higher temperatures. Furthermore, a new, broad hump-shaped peak beyond 750 °C
was also noted to emerge. This shifting of Ni reduction peaks towards higher temperatures
and the emergence of a broad peak at such a high temperature may be attributed to the
strong interaction of Fe in perovskite structure. [75,110-113]. The reports available in
literature suggest that reduction of Fe-based catalysts proceeds in two steps : reduction of
Fe,03 to FesOs which exhibits peak between 300-450 °C and that of FesO4 to Fe® during
which a peak can be observed in 500-900 °C range [75]. Moreover, the shifting of reduction
at higher temperatures has often been ascribed to the existence of strong interactions
between Fe and La>Os. Partially substituting Ni with Fe has been observed to lead to a
similar enhancement in stability towards reduction, particularly at larger loadings of Fe

[75,110-113]. The existence of a reduction peak at such elevated temperatures in Ni and
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Fe-containing perovskites has been assigned to the reduction of a fraction of Fe, aided by
Ni and the subsequent formation of Ni-Fe bimetallic alloys [75,110-113]. Furthermore, the
reduction profile for LaNiosCuosO3 catalyst presented little shift of first peak towards lower
temperature stating the reduction of NiO and CuO together and formation of Ni-Cu
alloy[79,104]. However, the slight shift of second and third reduction peaks was noted,
which may be because of the reduction of Ni?* to Ni® which was difficult after the

substitution of Cu while compared with LaNiOs.

Thus, the observed shifting of reduction peaks to higher temperatures could be
concluded to emanate from and confirm the presence of strong interaction of Ni with other
transition metals (Co, Fe, and Cu) and the formation of bimetallic alloys. These results are
in good agreement with the results obtained from XRD analysis of the reduced catalyst,

where diffraction peaks of bimetallic Ni-Co, Ni-Fe and Ni-Cu alloys were observed.

4.1.2.2. A-site substitution
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Fig. 4.5 H>-TPR profiles of LagsAo0s5NiosC00503 perovskite catalysts
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Fig. 4.5 shows the H>-TPR profiles of LaixMxNios5C00503 catalysts. The reduction profile
of LaNio5C0050s3 catalyst exhibited three peaks, one each in the low (< 400 °C), medium
(400-500 °C) and high (> 500 °C) temperature regions (Fig. d). Here, the peak in the low
temperature zone corresponds to the reduction of the segregated Ni and Co oxide species
interacting very weakly with the perovskite phase to Ni® and Co° species [40,83]. Similarly,
the peak in the moderate zone corresponds to the Ni** and Co®* species of the perovskite
phase undergoing reduction to Ni?* and Co?* species, respectively [40,83]. Lastly, the peak
in the high temperature zone emerges because of the formation of Ni® and Co° species from
the reduction of Ni?*and Co?* species and the concomitant formation of La20O3[40,83]. The
partial substitution of La with Ce and Zr induced a significant change in the reduction
profiles of the resulting catalysts (Fig. a and c). For the case of LaosCeosNiosC00503
catalyst, the peak corresponding to the reduction of segregated oxides was moved to a
slightly higher temperature. The peak belonging to the reduction of Ni* and Co®' in
perovskite phase moved to a higher temperature while showing an increased intensity. On
the other hand, the peak corresponding to the formation of Ni® and La,Os species was
shifted emerged at a significantly temperature while also having undergone a significant
reduction in intensity. Soongprasit et. al. [114] and Podila et. [115] have reported that
partial substitution of La by Ce boosts the reducibility of the catalysts due to the movement
of the lattice oxygen towards area deficient in oxygen. Consequently, the behaviours
exhibited by the peaks in the medium and high temperature zones could be ascribed to the
increased reducibility brought about by Ce substitution, because of which the Ni* and Co®*
present in the perovskite structure were reduced to Ni° and Co° species at lower
temperatures. On a similar note, partial replacement of La with Zr also led to a significant
change in the reduction characteristics. The reduction peak attributed to the reduction of
Co?* and Ni?* species, formed by the reduction of Co®* and Ni®* species present in
perovskite structure, saw a drastic shift to a lower temperature (505 °C) as compared to its
position for LaNiosCo0s503 catalyst. As such, this broad peak could correspond to the
formation of metal Ni and Co species and that of La,O3-ZrO, support. The peaks in the low
and medium temperature zone, meanwhile, only saw a minor shift. Finally, for the case of
LaosCaosNios Co0os03 catalyst, the peaks exhibited a notable shift towards higher
temperatures as compared to their positions for LaNios Coo503 catalyst. The results are in
agreement with those reported by Junior et. al. [116] and Onrubia-Calvio et. al. [108] who
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noted that Ca incorporation into the perovskite structure not only boosted the resistance to

reduction for the perovskite phase as well as the segregated Ni and Co oxides.

4.1.3. Surface Acidity and Basicity
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Fig. 4.6 NHz- TPD profile of LaNio.sMos03 (M= Ni, Co, Fe, and Cu) perovskite catalysts
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Fig. 4.7 Infrared spectra of Pyridine molecules absorbed on LaNios5C00503 perovskite
catalyst surface

The surface acidity of all synthesized perovskite material was characterized by NHs-
temperature programmed desorption (TPD) as displayed in Fig. 4.6. Depending on the
desorption temperature, the observed surface-active sites can be broadly classified into
three categories: (i) low acidic strength (less than 200 °C) (ii) medium acidic strength (300-
500 °C) (iii) high acidic strength (More than 500 °C). It could be clearly understood from
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Fig. 4.6, that all fresh catalysts exhibit acidic sites of medium strength, which are
accountable for promoting the formation of carbon during the steam reforming reactions.
The total acidic site concentration of LaNiosC00503 was found to be 44.6 umol/gcat from
NH3-TPD experiment. In order to shed further light on the type of surface acidity present
in the synthesized perovskite catalyst samples, pyridine-FTIR experiments (Fig.4.7) were
performed. Bands corresponding to the presence of Lewis (L) acidic sites were observed at
1437 and 1582 cm™ [117]; additionally, a minor band that may be attributed to Brgnsted
(B) acidity was observed at about 1550 cm™. Another minor band that may possibly be
ascribed to both Lewis as well as Brgnsted acidic sites was observed at 1482 cm™. In order
to test the strength of these acidic sites, the analysis temperature was elevated from 100 °C
to 300 °C. As the temperature rose to 200 °C, a marked reduction in the intensity of the

bands was noted, signaling the desorption of a significant amount of the adsorbed pyridine.
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Fig. 4.8 CO»- TPD profile of LaNio5C00.503 perovskite catalysts

Further raising the temperature to 300 °C led to a nearly complete disappearance of the
bands, which corroborates results of NHs-TPD analysis that the catalysts are home to

surface sites of medium acidic strength.

The surface basicity of LaNiosC00503 was determined by CO.- TPD experiments,
as shown in Fig. 4.8. Like the case of NHs-TPD, the desorption peaks in CO.-TPD can also
be broadly classified into three categories of strength depending upon the temperature at
which they appear: (i) weakly basic (below 200 °C), (ii) medium strength (200-500 °C) and
(iii) strongly basic sites (above 500 °C). The TPD profile of LaNiosC00503 exhibited two

broad peaks between 300 and 500 °C, signifying CO- desorption from basic sites of medium
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strength and the total basic site concentration was found 8.75 umol/gcat. In addition, a peak
began to emerge as the temperature rose above 600 °C, which may be attributed to the
decomposition of bulk carbonates and/or lanthanum oxycarbonates, which originate from
the adsorption of CO2 on basic La,O3 [118].

4.1.4 X-ray photoelectron spectroscopy (XPS)

4.1.4.1 B-site substitution
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Fig. 4.9 XPS O1s profiles of LaNiosMos03 (M= Cu, Fe, Co, and Ni) perovskite catalysts

The XPS profile of O 1s (Fig. 4.9) presented three peaks at 527-528.5 eV, 529-530 eV and
531-533 eV representing lattice oxygen (Ovatice), adsorbed oxygen (Oags) and other oxygen
(Ooth : adsorbed water/hydroxyl/carbonated species) vacancies, respectively [71,75,102].
Perovskite-type catalysts are well known to possess oxygen vacancies and/or oxygen
mobility, which, according to several reports available in literature, can be enhanced by
partial and/or complete substitution of metals at A and B sites[71,77,119]. Oxygen
vacancies have been noted to play an influential role in the activation and evolution of
oxygen from the lattice, allowing it to participate in reactions [71,77,120]. Therefore, their
presence in a catalyst provides a boost to catalytic reactions, with Da et. al[121] reporting
that perovskite catalysts having higher oxygen vacancies are capable of accelerating
catalytic reactions and providing enhanced performances. In this context, the evaluation of

the availability of oxygen vacancies on catalysts' surface is crucial, which can be
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accomplished by evaluating, in turn, the adsorbed oxygen species Oads. The general
consensus is that for oxide-type catalysts such as perovskites, greater the number of oxygen
vacancies on the catalysts' surface, the greater are the surface adsorbed oxygen species Oads
[71,121].In this context, the obtained O1s profiles were deconvoluted to Oads/OLattice ratios
for LaNiOs as well as each of the LaNiosMo 5Oz catalysts so as to shed light on the variation
in oxygen mobility/vacancies produced by partially substituting Ni with Co, Cu and Fe.
The values for LaNiOs, LaNios5C00503, LaNiosFeos0s, and LaNiosCuosO3 were
determined to be 0.81, 1.01, 0.86 and 0.90, respectively. The results demonstrate that while
the LaNio.5Cuo 503 catalyst exhibited the highest Oags, it was the LaNio.sC00503 catalyst that
had the highest Oads/OLatiice ratio and, consequently, the highest concentration of surface
oxygen vacancies. This may explain the enhanced catalytic performance as well as coke
suppression observed during the evaluation of catalytic activity. [71,75,121]. However, O1s
peak corresponds to 531-533 eV binding energy representing the physically adsorbed
oxygen and found maximum for LaNiosCuosO3 on comparing with all calcined

perovskites.

4.1.4.2 A-site substitution
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Fig. 4.10 XPS O1s profiles of LaosAosNiosC00503 (A= La, Ce, Ca, and Zr) perovskite
catalysts

Fig. 4.10 displays the O1s spectra for the synthesized Lai-xMxNios5C00503 catalysts. The
existence of three peaks in the O1s spectrum points towards the existence of three different

types of oxygen species on the surface of the catalysts. While the peak at a binding energy
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of ~528 eV corresponds to the lattice oxygen (Oiatice), the peaks at binding energy values
of 529-530 eV and 530-531 eV correspond to adsorbed oxygen (Oags) and other oxygen
species (Ooth) such as hydroxyl or carbonated and/or adsorbed water, respectively
[71,75,102]. Perovskite catalysts are known for possessing significant amounts of oxygen
vacancies [71,77,120], whose presence has been known to accelerate catalytic reactions
and result in improved performances [71,77,119,121]. It is widely accepted that for metal
oxides, oxygen vacancies on the oxides’ surface influence the adsorbed oxygen species
(Oads). Thus, the greater the content of Oags Species, the greater would be oxygen vacancies
presently [71,121] and consequently, catalytic activity would also be higher. It has been
noted by several studies available in literature that modifying perovskite catalysts by partial
substitution at either A or B-site can result in increased surface oxygen vacancies
[71,77,120]. Accordingly, to evaluate the changes in oxygen mobility induced by partial
substitution of La at A site by Ca, Ce and Zr, the O1s spectra obtained were deconvoluted
to determine the Oads/Olattice ratio. The values of this ratio were found to be 1.01, 0.63, 0.41
and 0.0001 for LaNig5C00503, LaosCeosNiosC00503, LaosCaosNiosC00s03, and
LaosZrosNiosCoos503, respectively. As such, the results demonstrate that partially
substituting La with these Ce, Ca and Zr decreased the extent of oxygen vacancies in the
catalysts, which would explain the reduced catalytic stability encountered later during the

evaluation of catalytic activity.
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4.1.5 TG Analysis
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Fig. 4.11 TGA plot for mixture of fresh perovskite and carbon (a) LaNiOs, (b)
LaNio5C00503, (€) LaNiosFeosO3 and (d) LaNio.sCuos03

In order to gain further insight into the changes in the oxygen evolution behaviour brought
about by the partial substitution of Ni with other first-row transition metals (Cu, Fe, and
Co) on the availability of the mobile oxygen species, TG analysis was performed. The
results of the TG analysis of LaNiosMos03 (M= Cu, Fe, Co, and Ni) catalysts and carbon
mixture are presented in Fig.4.11, with the total weight loss was found 3.5%, 1.8%, 2.8%
and 1.6% respectively. Weight loss was noted to have occurred primarily in three regions
i.e., (i) up to 200 °C (ii) 200-600 °C and (iii) beyond 600 °C. The weight loss in the first
region was noted due to the moisture adsorbed on the surface, while that in the second
region may be assigned to a-0xygen, which corresponds to surface oxygen vacancies [77].
The weight loss in the third region represents the reduction in weight because of the lattice
oxygen (-oxygen) present in the perovskite structure[77]. Additionally, the results of the
TG analysis revealed that LaNiosCuosOs catalyst exhibited the maximum amount of
physically adsorbed oxygen (Oags), which is in good agreement with the observations made
in the XPS analysis.
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4.1.6. Surface Morphology

Fig. 4.12 FESEM images of fresh perovskite LaNiosC0os503 catalyst captured at
magnification of (a) 24000x(b) 100,000x

The FESEM images of LaNiosCo0os0s catalyst were captured at two different
magnifications (24000x and 100000x) to visualize the surface morphology and crystal size
of the synthesized LaNiosC00503 catalyst and the results are displayed in Fig.4.12. It could
be clearly seen from the FESEM image taken at 24000x (Fig.4.12(a)) that the catalyst
possesses large void spaces which confirm its highly porous nature. The porous nature of
the catalyst material is usually desired for good catalytic activity for heterogeneous
catalytic reaction systems. In addition to this, the image taken at 100,000x (Fig.4.12(b))

clearly demonstrates the catalyst contains nanoparticles having crystal size of 75-150 nm.
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4.2 Steam reforming of simulated bio-oil (SB2) over LayA1yNixM1xOs catalysts

The steam reforming experiments were performed to evaluate the effectiveness of
perovskite catalysts synthesized through partial substitution of metal elements at the A and
B positions in LaNiO3. The metal elements used for substitution were Ce, Ca, Zr for the A
position and Co, Fe, Cu for the B position. The goal was to determine the impact of these
substitutions on the properties and performance of the perovskite catalysts in steam
reforming. The simulated bio-oil (SB2) used in the experiment is a mixture of the major
organic groups found in real bio-oil obtained from rice husk pyrolysis [98]. The organic
groups included in the SB2 are acetic acid (35%), hydroxyacetone (22%), furfural (11%)
and phenol (32%). The elemental composition of the simulated bio-oil is similar to that of

real bio-oil used by other researchers, as referenced in [76,79].

4.2.1 Effect of partial substitution at A and B — site of perovskite catalyst
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Fig. 4.13 Effect of different perovskite catalysts LaNio.sMo.503 on gaseous products yield
and bio-oil conversion (W/Fao =17.4 Kgcat.n/kgmolyio-oil, S/C =2.7, T=700 °C and P=1 atm)
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The evaluation of the catalytic activity of the synthesized LaNiosMos03 (M= Cu, Fe, Co,
and Ni) perovskite catalysts for bio-oil steam reforming was started by assessing the role
of the metal substituted in B site on conversion and product yields at specified process
conditions (WHST =17.4 kgca.h/kgmolsio-oit, S/C = 2.7, T=700 °C and P=1 atm). The results
obtained, as shown in Fig. 4.13, revealed that the values of conversion and H; yield over
unsubstituted LaNiO3z perovskite were 87% and 70%, respectively. Among the catalysts
with Ni partially replaced by Co, Cu and Fe, the LaNiosC00503 exhibited the best
performance, with the values of bio-oil conversion (94%) and Hz yield (79%) obtained over
it being higher than those for LaNiOs as well. The yield of CO was also found to be the
highest for this particular combination. LaNiosCuo.sO3and LaNiosFeosOs catalysts, on the
other hand, exhibited lower conversion (78% and 80%, respectively) and H; yield (52.4%
and 54%, respectively) values than LaNiO3z. Moreover, these catalysts were exhibited
notably higher CHs yields (11.4% and 12.4%, respectively). The obtained results are in
good agreement with those reported by Hu and Lu [53] for acetic acid steam reforming
over first-row transition metals for instance, Cu, Fe, Co, and Ni. They noted that Ni and Co
were active for the scission of both C-C as well as C-H bonds, making SR and WGS
reactions highly favourable over them and explaining the high values of conversion as well
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as Hz and CO; yields obtained over LaNio5C00503. Fe and Cu, meanwhile, were found to
be selective for C-C bond activation and C-H bond cleavage, respectively, thereby
explaining the low values of conversion and H: yield and higher CH4 formation obtained
over LaNiosCuos03 and LaNiosFeosO3 catalysts. Another reason for the observed superior
performance of LaNiosCo0o503 catalyst could be the formation of a Ni-Co alloy after
reduction owing to the existence of strong interactions among Ni and Co, confirmed by the
XRD analysis of reduced samples. Usually, such alloys are known to possess smaller
crystallite sizes, which would play a positive role in boost the catalytic activity towards
reforming [70,75].

As displayed in Fig. 4.14, the effect of partial substitution at A- site of
LaosA05NiosC00503 (A= Ce, Ca, and Zr) on the SB2 conversion and hydrogen gas yield
was evaluated for SB2 steam reforming process. The results of the steam reforming reaction
show that the conversion of SB2 is nearly constant for all combinations of the catalyst. This
observation indicates that the partial substitution of metal elements at the A-site does not
have a significant impact on the conversion of SB2. Additionally, the results show that the
hydrogen yield is nearly constant (80% + 3%) when La is partially substituted with Ca and
Ce metals, and similar results were obtained for CO», CO, and CH4 gas yields. However,
the hydrogen yield for LagsZrosNiosC00503 decreased to 70%. This decrease is attributed
to an increase in CH4 production, which is related to the pro-methanation nature of Zr.

Based on the results, it can be concluded that the LaNiosC00503 catalyst is the
optimal catalyst for the bio-oil steam reforming process. The improved performance of
LaNiosC0050s is likely due to the high concentration of oxygen vacancies on its surface.
Additionally, the results show that CO, a by-product of the reforming reaction, is formed
in similar amounts over all tested catalysts. As a result, LaNio5C00503 was chosen for
further study [70,75].

78|Page



Chapter 4: Effect of partial substitution at A and B site of LayA1yNixM1xOs catalysts

4.2.2 Influence of reaction temperature
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Fig. 4.15 Influence of reaction temperature on gaseous products yield and bio-oil
conversion for LaNiosCo0503 perovskite catalyst (W/Fao =17.4 kgcat.h/kgmolpio-oil, S/C =
2.7, and P=1 atm)

The influence of reaction temperature on bio-oil conversion and product gas distribution
was evaluated over LaNigsC0o503 catalyst was studied in the range of 600-800 °C, the
results of which are displayed in Fig.4.15. It is clearly evident that the bio-oil conversion
and gaseous products yield increases on increasing the temperature owing to endothermic
nature of thermal cracking and steam reforming reactions. Because of this, H yield also
increased significantly from 55% to 79% on raising the temperature from 600 °C to 700 °C.
Further raising the temperature to 750 °C did not produce any appreciable increment in Hz
yield; however, on further increasing the temperature, a slight decrease in H> yield was
noted. A similar pattern was observed for CO> yield, which jumped from 52% to a
maximum value of 65% with an increase in temperature from 600 °C to 700 °C, and dropped
subsequently as the reaction temperature rose beyond 700 °C. The yield of CO witnessed a
significant upward trend (8-40%) as the reaction temperature varied from 600 °C to 800 °C,
which may be attributed to the increased favourability of reverse WGS reaction at such
elevated temperatures. Additionally, the increasing values of CHa (3-6%) point toward the
occurrence of methanation and thermal decomposition reactions at high temperatures.
These results are in good agreement with the studies performed in this direction
[76,79,122].
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4.2.3 Influence of weight hourly space-time (WHST)

The influence of weight hourly space time (WHST) was investigated in terms of gaseous
product yields and simulated bio-oil conversion at 700 °C and a fixed SCMR of 2.7 over
LaNio5C00.503 perovskite catalyst. The WHST was varied from 7.04 to 17.4 kgcat.n/kKmolbio-
oil by changing the volumetric flow rate of the reactants. As displayed in Fig.4.16, the
gaseous product yield and simulated bio-oil conversion increase with WHST, signalling
the requirement of sufficient and/or high residence time for the reaction to be happen. The
highest gaseous products yield (H2= 79% , CO2 = 64% , CO = 24% and CH4 = 6%) and
simulated bio-oil conversion (94%) were obtained at a space-time value of 17.44
Kgcat.n/kmolpio-oil. The obtained results show that the steam reforming process is favourable

at high residence time, which is also in synchronization with our previous study [70].
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Fig. 4.16 Influence of weight hourly space time on gaseous products and bio-oil conversion
for LaNiosC00.503 perovskite catalyst (S/C=2.7, T =700 °C and P=1 atm)
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4.2.4. Time on stream (TOS) study
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Fig. 4.17 Influence of time on steam on gaseous products and bio-oil conversion for
LaNio5C00.503 perovskite catalyst (W/Fao =17.4 Kgcat.n/kgmolpio-oi, S/C = 2.7, T=700 °C
and P=1 atm)

The time on stream (TOS) tests were conducted to evaluate the catalyst stability over
extended time periods at the optimum process conditions (T = 700 °C, SCMR= 2.7, and
WHST = 17.44 kgcat.h/kmolbio-oit) over LaNiosC00503 catalyst with regard to gaseous
products yield and simulated bio-oil conversion, as shown in Fig.4.17. It is evident that the
catalyst exhibited excellent performance over a period of 12 h, with the value of H> yield
remaining nearly constant (79% = 3 %) for up to 8 h and then declining very slowly and
reached to 74% at 12" h. A similar pattern was noted for the conversion (94%) and the CO;
yield (64%). However, a slight increase in the formation of CO and CH4 was observed. It
could be possible because of the deposition of coke on catalyst surface, which may decrease
the catalytic activity towards the dissociation of C-H and C-C bonds. Coke deposition on
the catalyst surface was confirmed by thermogravimetric analysis of the spent catalyst.
Even though the simulated bio-oil used in this study is a mixture of complex model
compounds instead of the single model compound-containing oil used in literature, we
found that the catalyst activity is not much effected by coke deposition as has been reported
by other researchers for steam reforming experiments [123-125]. From the XPS and TG
analysis it is clearly evident that synthesized perovskite has a good amount of oxygen
vacancy, favouring coke suppression by in-situ oxidation during the process. Finally, from
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TOS study, it can be concluded that LaNiosC0o503 catalyst is highly stable for bio-oil steam
reforming process and could play an important role while designing an efficient catalytic

system for steam reforming of bio-oil to produce green hydrogen.
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The development of a kinetic model is a crucial step for the commercialization of the steam
reforming process. The model is based on the optimum process conditions that have been
determined through experimentation. This model is essential for the design and

optimization of the reactor used in the SR process.

The kinetic model describes the rate at which the reactants are converted into
products and is typically represented by a set of mathematical equations. These equations
can be derived from the experimental data obtained under the optimum process conditions.
The kinetic model can be used to predict the performance of the reactor under different
operating conditions, such as varying the temperature, pressure, or reactant concentrations
[126-129].

Furthermore, this model can be used to optimize the reactor design by identifying
the most favourable conditions that maximize the yield of the desired product while
minimizing the formation of unwanted by-products. Additionally, the kinetic model can be
used to identify the rate-limiting step in the reaction, which can provide important insights

into the underlying mechanisms of the SR process.

In summary, the kinetic model developed using the optimum process conditions is
a crucial step in the commercialization of the SR process. The model enables the design
and optimization of the reactor, which can improve the performance of the process, increase
the yield of the desired product, and reduce the formation of unwanted by-products.
Additionally, the kinetic model can provide valuable insights into the underlying

mechanisms of the SR process.

Before developing the kinetic model for the phenol steam reforming process, a
thorough study on process parameter optimization was conducted. The focus of this study
was to identify the optimum process conditions for the reaction by varying parameters such
as reaction temperature, steam to carbon molar ratio (SCMR), and space-time. By
conducting this study, the most favourable conditions for the phenol steam reforming

process were determined, which were then used as the basis for developing the kinetic
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model. This optimization study is critical for achieving the highest conversion efficiency
and products yield in the phenol steam reforming process, and it lays the foundation for the

kinetic model development.
5.1 Process parameter optimization

5.1.1 Effect of temperature
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Fig. 5.1 Effect of reaction temperature on gaseous products and phenol conversion for
LaNio5C00.503 perovskite catalyst (W/Fao =30.14 kgcat.n/kgmolphenol, S/C = 2.7 and P=1
atm)

The impact of reaction temperature on the conversion of phenol and the distribution of
gaseous products over a LaNiosC00503 catalyst was thoroughly investigated in the range
of 600-800 °C. The results, depicted in Fig. 5.1, demonstrate a clear correlation between
increasing reaction temperature and the phenol conversion and gaseous product yields,
which is a direct consequence of the endothermic nature of thermal cracking and steam
reforming reactions [130,131]. More specifically, the H, yield increases significantly from
54% to 85% as the temperature increases from 600 °C to 700 °C. However, it is important
to note that further increases in temperature above 700 °C do not result in a significant
increment in H yield and may even cause a slight decrease (79%). A similar trend was
observed for CO> yield, where the maximum value of 54% was reached at 700 °C before
decreasing at higher temperatures. Additionally, the yield of CO showed a significant

upward trend (14-45%) as the reaction temperature varied from 600 °C to 800 °C, which
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can be attributed to the increased thermodynamic favorability of the reverse water-gas shift
reaction at elevated temperatures. Furthermore, these results also indicate an increase in
CHa yield (1-9%) as the reaction temperature increases, which can be attributed to the
occurrence of methanation and thermal decomposition reactions at high temperatures (750
°C). However, as the temperature is further increased to 800 °C, a slight decrease in CH4
yield is observed in conjunction with an increase in H> and CO- yields. This suggests the
occurrence of methane steam reforming reaction at this elevated temperature. This confirms
that the reaction mechanism is influenced by the temperature and it is important to consider

this factor in the optimization of the process.

5.1.2 Effect of SCMR
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Fig. 5.2 Effect of SCMR on gaseous products and phenol conversion for LaNio5C00503
perovskite catalyst (W/Fao =30.14 Kgcat.h/kgmolphenol, T = 700 °C and P=1 atm)

The effect of steam to carbon molar ratio (SCMR) on the conversion of phenol and the
distribution of gaseous products was studied using a LaNiosCo0503 catalyst at a reaction
temperature of 700 °C and a space-time of 30.14 Kgcat.h/kgmolpheno. The results, as
illustrated in the corresponding Fig. 5.2, demonstrate that as the SCMR increases from 1.6
to 2.7, the conversion of phenol also increases from 76% to 97%, and the yield of hydrogen
increases from 49% to 85%. This trend illustrates that an increase in the amount of steam
in the feed mixture enhances the steam reforming (SR) reactions (eg. 1) and water-gas shift

(WGS) reactions (eq. 2), as supported by the increase in CO; yield. However, when the
85|Page



Chapter 5: Kinetic Study

SCMR is further increased to 3.26, there is no significant change in the phenol conversion
as well as the yield of gaseous products (H2, CO, and CO2). However, the slight decrease
in CH4 yield as SCMR increases (1.6-3.2) confirms the occurrence of methane steam
reforming (MSR) reactions, which are usually favored at higher SCMR [53,132].
Therefore, it can be concluded that an SCMR of 2.7 is the optimal value for phenol steam
reforming using LaNiosC00503 catalyst at a reaction temperature of 700 °C and a space-

t|me Of 3014 kgcat.h/kngIphenol.

5.1.3 Effect of space time
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Fig. 5.3 Effect of space time on gaseous products and phenol conversion for LaNig5C00503
perovskite catalyst (T = 700 °C, S/C = 2.7 and P=1 atm)

The influence of weight hourly space time (WHST) on the conversion of simulated bio-oil
and the distribution of gaseous products was studied using a LaNiosCo00503 catalyst at a
reaction temperature of 700 °C and a fixed steam to carbon ratio (SCMR) of 2.7. The
results, as depicted in Figure 5.3, demonstrate that as the WHST increases from 15.43 to
30.14 Kgcat.n/kmolphenol, the conversion of phenol also increases from 67% to 97%, and the
yield of hydrogen increases from 34% to 85%. This trend illustrates that an increase in the
contact time of the reactants with the catalyst by increasing the WHST is favorable for
steam reforming (SR) reactions as well as water-gas shift (WGS) reactions [124,125]. The
higher space-time allows for more extended interactions between the reactants and the

catalyst surface, which results in a more efficient utilization of the catalyst, promoting both
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SR and WGS reactions. Furthermore, the yield of other gaseous products such as CO and
CO. also showed a similar trend, reaching maximum values at a WHST of 30.14
kgcat.n/kmolpnenot. These results indicate that increasing the WHST is a crucial factor in
optimizing the process, as it improves the conversion of phenol and increases the yield of

hydrogen and other gaseous products.

5.1.4 Time on stream study
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Fig. 5.4 Time on stream study on gaseous products yield and phenol conversion for
LaNio.5C00.503 perovskite catalyst (W/Fao =30.14 kgcat.n/kmolphenot, T =700 °C, S/IC = 2.7
and P=1 atm)

The stability of the LaNiosC00503 catalyst for phenol steam reforming (PSR) was
evaluated over an extended period of time using time on stream (TOS) tests. These tests
were conducted under optimal process conditions of 700 °C, steam-to-carbon molar ratio
(SCMR) of 2.7, and weight hourly space velocity (WHST) of 30.14 kgcat.h/kmolghenol. The
results, as depicted in Fig.5.4, indicate that the catalyst performance remained exceptional
for a duration of 60 hours. The yield of hydrogen (H2) was observed to be nearly constant
at 85% for the initial 45 hours before a slow decline to 79% at the 60™ hour. A similar trend
was observed for the yield of carbon dioxide (CO>), which remained at 54% for the initial
45 hours before a decline to 48% at the 60th hour. However, the phenol conversion
remained constant throughout the stability test. Additionally, a slight increase in the

formation of carbon monoxide (CO) and methane (CH4) was observed. This increase could
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be attributed to the deposition of coke on the catalyst surface, which decreases the catalytic
activity towards the dissociation of C-H and C-C bonds [46,133]. The presence of coke on
the catalyst surface was confirmed via thermogravimetric analysis of the spent catalyst.

Moreover, the X-ray photoelectron spectroscopy (XPS) and thermogravimetric
analysis (TG) revealed that the synthesized perovskite had a significant amount of oxygen
vacancies, which favor coke suppression via in-situ oxidation during the process. Based on
the TOS study results, it can be concluded that the LaNiosCo0503 catalyst is highly stable
for the PSR process and could play an important role in the design of an efficient catalytic
system for steam reforming process to produce green hydrogen. The stability of the catalyst
is a crucial factor in the design of catalytic systems, as it ensures the longevity and
consistency of the process. The results of this study demonstrate the potential of

LaNio5C00503 as a highly active catalyst for PSR and the production of green hydrogen.

Furthermore, the above optimum process conditions were utilized to develop the
kinetic model, which is important step required for reactor design and optimization to
promote the commercialization viability of the SR process.
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5.2 Development of kinetic model

The kinetics of the phenol steam reforming reaction can be modeled using a power law
model, which is an empirical equation that describes the reaction rate as a function of the
reactant concentrations [134,135]. The power law model for the phenol steam reforming

reaction can be expressed as:
—Ty = k * Dpp * D (5.1)

where —r, is the reaction rate, k is the rate constant, pph and pw are the partial pressure of
phenol and water, respectively, and n and m are the reaction order with respect to phenol

and water.

The reaction order with respect to phenol (n) and water (m) can be determined
experimentally by performing a series of experiments at different reactant
concentrations/partial pressure and measuring the reaction rate. The values of n and m can
then be determined by fitting the experimental data to the power law model using a least-

squares regression analysis.

The rate constant k can be determined by measuring the reaction rate at a specific
temperature and reactant concentrations and then using the Arrhenius equation, which
relates the rate constant to temperature. It can be represented as:

-E

k= ko eRt (5.2)

where ko is the pre-exponential factor, Ea is the activation energy, R is the ideal gas constant

and T is the temperature in Kelvin.

Design equation for catalytic fixed bed reactor can be written as:

Y= f dxa (5.3)

Fao (-ra)

Where, w is weight of catalyst, Fao is the reactant molar flow rate, x, is the conversion and

—1,4 is the rate of reaction.

The presented data describes the results of an experimental study on the conversion
for phenol steam reforming using LaNio.sC0050s3 catalyst at various temperatures and space

times. The conversion of phenol was measured at 600 °C, 650 °C, and 700 °C and the results
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were recorded in Table 5.1-5.3. The results showed that as the temperature increased, the
phenol conversion also increased. Additionally, an increase in space time resulted in a
higher phenol conversion. The experimental rate of reaction and corresponding partial
pressure data for each run were also recorded in Table 5.1-5.3.

Table 5.1 Reaction results at 600 °C

pph(atm)  pw(atm) Reaction rate Phenol W/Fao
(kmol/kgcat.n) conversion (%) (Kgcat.h/ kmol)

0.017 0.428 0.0229 69 30.14

0.019 0.449 0.0251 61 24.35

0.021 0.483 0.0260 53 20.42

0.024 0.502 0.0267 47 17.58

0.025 0.530 0.0272 42 15.44

Table 5.2 Reaction results at 650 °C

pph(atm)  pw(atm) Reaction rate Phenol w/Fao
(kmol/kgeat.nh) conversion (%)  (Kgcat.h/ kmol)

0.011 0.370 0.0282 84.97 30.14

0.015 0.402 0.0311 75.66 24.35

0.018 0.432 0.0321 65.55 20.42

0.020 0.452 0.0349 61.33 17.58

0.022 0.480 0.0357 55.08 15.44

Table 5.3 Reaction results at 700 °C

pph(atm)  pw(atm) Reaction rate Phenol W/Fao
(kmol/kgcat.h) conversion (%) (Kgcat.h/ kmol)

0.005 0.303 0.0323 97.40 30.14

0.007 0.358 0.0373 90.86 24.35

0.011 0.389 0.0402 82.04 20.42

0.015 0.391 0.0437 76.83 17.58

0.017 0.420 0.0440 67.90 15.44
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The kinetic parameter (k) and the order of reaction with respect to phenol and water
(m, n) were evaluated by using non-linear regression analysis based on the Levenberg-
Marquart algorithm. This method was implemented in the software program POLYMATH,
and was used to minimize the sum of residual squares of the reaction rates. The function to
be minimized in this study is a residual sum of squares function, represented by the equation
provided. It is commonly used in non-linear regression analysis and optimization, and it is
calculated by taking the difference between the calculated rate of reaction (rca) and the
experimental rate of reaction (rexp) at each data point. The calculated difference is then
squared and summed over all data points (i = 1 to N) to give the total residual sum of
squares (F). This function is used to determine the best-fit kinetic parameters (k) and
reaction order (m,n) by minimizing the value of F. Mathematically it can be presented in
the following form:

N
F = z 1(rcall- - Texpi)z (5.4)
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Fig. 5.5 Effect of space time on phenol conversion for LaNios5C00503 perovskite catalyst
(W/Fao =30.14 kgcat.n/kmolphenol, S/C = 2.7 and P=1 atm)

Fig. 5.5 presents the phenol conversion data at different temperatures (600 °C, 650
°C, and 700 °C), which was used to calculate the kinetic parameters via power law model
as per the method described above. The kinetic parameters, including the rate constant k
and the calculated reaction orders (m, n), were determined for three different temperatures

(600 °C, 650 °C, and 700 °C). It was observed that the values for these parameters (k =
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0.112, n =0.14, and m = 0.38) were consistent across the temperature range of 600 °C-700
°C, leading to the conclusion that the power law model for the phenomenon of interest can
be effectively applied in this temperature range. Hence the power law model for PSR at
700 °C can be written as

—14 = 0.112  pO1* « p2;38 (5.5)
| ]
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Fig. 5.6 Arrhenius plot based on power law model for phenol steam reforming using
LaNio5C00.503 perovskite catalyst

Furthermore, the activation energy and the frequency factor of the reaction were
determined by utilizing the Arrhenius equation (eq.2). This was achieved by plotting the
logarithm of the rate constant against the inverse of the absolute reaction temperature, as
depicted in Fig. 5.6. The activation energy and frequency factor are important parameters
in understanding the kinetics of a chemical reaction. The activation energy (Ea) of the
reaction was determined to be 13495 KJ/kmol, which is a measure of the energy required
for the reaction to occur. The pre-exponential factor, also known as the frequency factor,
was found to be 0.59 kmolphenol/Kgeat.h.atm®®L, This value is a measure of how likely the
reaction is to occur at a given temperature and is often used in combination with the
activation energy to predict the rate of a chemical reaction. By employing these kinetic
parameters, the rate equation for phenol steam reforming using LaNio.5C00503 perovskite

catalyst can be written as

—13495
—1,=0.59 e kT *phlt«pl38 (5.6)
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derived bio-oil

The present chapter aims to explore the potential of catalytic steam reforming as a means
of producing hydrogen from bio-oil which is derived from a blend of different types of
biomass feedstocks, particularly rice husk, wheat straw, corn cob, and sugarcane bagasse.
These feedstocks have been selected as they represent the waste generated by the primary

crops grown in the northern region of India, particularly in the state of Punjab.

This study involves the pyrolysis of an agricultural residue blend, followed by the
catalytic steam reforming of the resulting bio-oil to produce green hydrogen. Firstly,
various process parameters such as temperature, ramp rate, effect of feed stocks, were
studied to maximize the bio-oil yield. Then, the produced bio-oil was subjected to catalytic
steam reforming process, utilizing the most effective LaNio5C00503 perovskite catalyst,
which was previously determined through separate investigations. The catalytic steam
reforming experiments were executed at the optimized process conditions established in

previous studies.

The results of the study have the potential to provide valuable insights into the
feasibility of using biomass waste as a sustainable source of hydrogen, thereby contributing

to the development of cleaner and more sustainable energy solutions.
6.1 Pyrolysis of agricultural blend to produce bio-oil

The agricultural waste materials collected from the vicinity of the Indian Institute of
Technology Ropar in the Rupnagar district underwent a pre-treatment procedure prior to
utilization in the pyrolysis experiments. This pre-treatment methodology is described in
detail in Chapter 2. The treated agricultural waste materials, including rice husk, wheat
straw, corn cob, and sugarcane bagasse, were blended in equal weight ratios to form a
homogeneous mixture, which was then used in the pyrolysis experiments. The objective of

the pyrolysis experiments was to maximize the production of bio-oil as the primary product.
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6.1.1 Effect of temperature

120

[ Bio-oil ] Biochar ] Gases

100 -+

o]
o
1

Yield (Wt.%)
2

400 450 500 550 600
Temperature (°C)

Fig. 6.1 Effect of temperature on products yield (Ramp Rate = 10 °C/min, N> flowrate =
50 mL/min, Feed: Agricultural residues blend)

The temperature effect was evaluated and presented in Fig. 6.1 for the pyrolysis of a blend
of agricultural residues at temperatures ranging from 400-600 °C with the aim of
maximizing bio-oil production. The weight percentages of the three products produced
(bio-oil, biochar, and gases) are documented in Table 6.1. At 400 °C, the highest yield was
observed for biochar (42.8%), while the yields of bio-oil and gases were 36% and 21.2%,
respectively. The maximum bio-oil yield (40.6%) was recorded at 450 °C, with biochar and
gas yields of 35.3% and 24.2%, respectively. With further increase in temperature to 600
°C, the bio-oil and biochar yields decreased, while the gas yield increased, which could be
attributed to the prevalence of gasification reactions at higher temperatures. These results

are consistent with previous studies in this direction [136—-139].
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Table 6.1 Pyrolysis products yield at different temperature (Ramp Rate = 10 °C/min, N2
flowrate = 50 mL/min, Feed: Agricultural residues blend)

Temperature (°C) Bio-oil (wt%) Biochar (wt%) Gases (Wt%o)

400 36 42.8 21.2
450 40.6 35.3 24.2
500 37 31 31.8
550 34.4 29.4 36.2
600 31.2 26.7 42.1

6.1.2 Effect of ramp rate
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Fig. 6.2 Effect of ramp rate on products yield (Temperature = 450 °C/min, N2 flowrate =
50 mL/min, Feed: Agricultural residues blend)

The impact of heating rate (ramp rate) on the production of pyrolysis products was
investigated at a constant temperature of 450 °C and N2 flow rate of 50 mL/min. Four
different heating rates of 5, 10, 20, and 40 °C/min were employed, under slow pyrolysis
condition. The results, as presented in Table 6.2, demonstrate that an increase in heating
rate from 5 to 10 °C/min led to an increase in bio-oil yield, followed by a decrease. At a
slow heating rate of 5 °C/min, a lower bio-oil yield and a higher biochar yield (39.5%) were
observed due to the slower decomposition of the volatile component of biomass.

Conversely, with increasing heating rate from 5 to 40 °C/min, the yield of gases increased,
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with a maximum yield of 38.1% gases being recorded at a heating rate of 40 °C/min. This
was attributed to the rapid decomposition of biomass and secondary decomposition of
volatile components, as well as excessive decomposition of char [140]. Thus, it can be
concluded that the maximum yield of bio-oil was obtained at a heating rate of 10 °C/min.

Table 6.2 Pyrolysis products yield at various heating/ramp rate (Temperature = 450

°C/min, N flowrate = 50 mL/min, Feed: Agricultural residues blend)

Ramp rate (°C/min) Bio-oil (Wt%) Biochar (wt%) Gases (Wt%b)
5 37 39.5 23.5
10 40.5 35.3 24.2
20 36.3 31.6 32.1
40 33.6 28.3 38.1

6.1.3 Effect of feed stocks
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Fig. 6.3 Effect of feed stocks on products yield (Ramp Rate = 10 °C/min, N2 flowrate = 50

mL/min, Temperature = 450 °C/min)

The results of pyrolysis processing on various agricultural residues are presented in Fig.
6.3 and Table 6.3. The process conditions were optimized with a ramp rate of 10 °C/min,

N2 flowrate of 50 mL/min, and a temperature of 450 °C/min. The yields of bio-oil, biochar,
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and gases were determined for individual agricultural residues as well as a blend of all four
residues. The highest bio-oil yields were obtained from corn cob (42.3%) and sugarcane
bagasse (41.8%). Rice husk and wheat straw had lower yields at 38.3% and 30%
respectively. The bio-oil yield for the blend was 40.6%, while the yields of biochar and
gases were 35.3% and 24.2%. These results indicate that the composition of agricultural
residues has a significant impact on the yield of bio-oil and other products obtained through
pyrolysis processing.

Table 6.3 Pyrolysis products yield for different feed stocks (Ramp Rate = 10 °C/min, N>
flowrate = 50 mL/min, Temperature = 450 °C/min)

Feed Bio-oil (wt%o) Biochar (wt%) Gases (wt%o)
Mixed Feed 40.6 35.3 24.2

Corn Cob 42.3 32 25.7
Sugarcane Bagasse  41.8 32.2 26

Rice Husk 38.3 33 28.7

Wheat Straw 30 37.6 324
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6.1.4 Effect of temperature on bio-oil composition
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Fig. 6.4 Effect of temperature on bio-oil composition (Ramp Rate = 10 °C/min, N2 flowrate
=50 mL/min, Feed: Agricultural residues blend)

The study of the effect of temperature (400-600 °C) on the composition of bio-oil produced
from a blend of agricultural residues via pyrolysis was performed using a ramp rate of 10
°C/min. The bio-oil was analyzed using Gas Chromatography-Mass Spectrometry (GCMS)
to determine the chemical compounds present. The resulting data was then classified into
9 functional groups, including acids, alcohols, aldehydes, esters, furans, ketones, phenols,
sugars, and others. The bio-oils were found to be a complex mixture of organic compounds
with a high concentration of oxygenated species such as phenols, ketones, and carboxylic
acids. The study showed that bio-oils produced at different temperatures had similar
compositions. The major constituents of the bio-oils were identified as phenolic
compounds, such as phenol, cresols, guaiacols, and benzendiols, in addition to acetic acid
and ketones.[98,141-143] It was concluded that the acids, ketones, furans, and phenols
made up a significant portion of the bio-oil, contributing 70-85% of its composition.
However, the obtained bio-oil has several limitations, including instability over time and a
low heating value compared to petroleum products. These drawbacks highlight the need
for further upgrading of the bio-oil into biofuels, chemicals, or other value-added products
to enhance its commercial viability. One possible solution is to perform catalytic steam
reforming of the bio-oil, which can significantly improve its quality and generate carbon-
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neutral green hydrogen. This process holds significant potential for the development of

sustainable energy sources and the reduction of greenhouse gas emissions.

Table 6.4 Bio-oil composition at different temperatures

Temperature(°C) 400 450 500 550 600
—>

Compounds GCMS Area (%)
Acids 313 32.3 33.3 341 353
Alcohols 2.65 3.8 4.4 5.6 7.4
Aldehydes 1.2 1.8 2.6 3.2 4.2
Esters 1.2 1.6 2.3 3.5 4.8
Furans 16.6 15.2 13.3 12 9.2
Ketones 14.9 15.1 16.2 17.7 19.3
Phenols 16.9 15.6 13.7 10.5 7
Sugars 3.2 3.6 4.6 6.7 7.8
Others 12 11 9.6 6.7 5

6.2 Catalytic steam reforming of raw bio-oil

Bio-oil produced via pyrolysis of a agricultural residue blend was used as a feed stock for
catalytic steam reforming experiments. The production of bio-oil was carried out via
pyrolysis of a blend of agricultural residues and its elemental composition was determined
through CHNS analysis. The results indicated that the bio-oil consisted of 43.4% carbon,
6.2% hydrogen, and 50.4% oxygen, yielding a molecular formula of C3eHs2032. The

overall steam reforming reaction is as follows:

CH;690086 +1.13H,0 - 1.98H, + €O,

In order to investigate the hydrogen production potential from bio-oil, the TOS
experiments were performed utilizing LaNiosC00503 catalyst for steam reforming process
at optimized process parameters. The temperature was set at 700 °C, the steam-to-carbon
mole ratio was established at 2.7, and the flow rate of the bio-oil feed was maintained at 12
ml/h (to maintain same space time of previous studies). As displayed in Fig. 6.5, the
performance of the LaNigs5C00 503 catalyst in the steam reforming of bio-oil was evaluated

over a 12 h period. The results showed that the catalyst exhibited high activity in producing
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hydrogen, with a yield of 74% (£3%) at 5™ h that gradually decreased to 60% at 12" h. The
conversion rate of bio-oil to gaseous products followed a similar trend, decreasing from
94% at 5" h to 80% at 12" h. The CO and CO yields also declined, from 64% and 38% at
5" h to 55% and 35% at 12" h, respectively. This decrease in catalytic activity was
attributed to the accumulation of coke on the catalyst surface, which reduced the ability of
the catalyst to dissociate the C-H and C-C bonds in bio-oil and suppressed the steam
reforming and water-gas shift reactions. However, the CH4 yield increased from 5% to 8%
over the course of the experiment, likely due to reverse methane decomposition and/or
methanation reactions [46,144,145]. Overall, the results demonstrate the excellent activity
of the LaNio5C00.503 catalyst to efficiently produce green and renewable hydrogen through

the steam reforming of bio-oil.
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Fig. 6.5 Influence of time on stream on gaseous products and bio-oil conversion for
LaNiosC00503 perovskite catalyst (feed flow rate= 12mL/h, S/C = 2.7, T=700 °C and P=1
atm)
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6.3 Comparison of raw bio-oil steam reforming processes

Only a limited number of studies have investigated the raw bio-oil as a reactant in steam
reforming process. The finding of these studies are being summarized in Table 6.5 and
compared with the findings of the present study. The primary source material for these
studies was typically pine wood or sawdust, which was converted into bio-oil and
subsequently utilized in a catalytic steam reforming process for hydrogen production. Upon
comparison with other studies in this area, it becomes apparent that the LaNios5C00503
catalyst exhibited remarkable stability, with a maximum operational duration of 12 hours
and the highest yield of hydrogen, reaching up to 60%.

Table 6. 5 Comparison of raw bio-oil steam reforming processes

Biomass Catalyst Process Conversion & TOS  Reference
source conditions H2 yield

Pine wood Lao.sCep2FeOs3 T =800°C Xa=6557%H, 5h G.Chenetal.

SCMR =2 yield = 53% 2015 [80]

Pine wood saw  LapsKo2MnOz T =800°C Xa=76.6%H> 9h G.Chenetal.
dust SCMR =3 yield = 49% 2016 [76]
Pine wood saw LaCoo09Cuo10s T =800°C Xa =80% H> 9h J. Yao et al
dust SCMR =2 yield = 54% 2016 [146]

Pine saw dust Ni/La20s3- T =700°C Xa =90% H> 6h B.Valleetal.
aAl203 SCMR =15 yield = 48% 2018 [144]

Agricultural  LaNiosCo0s0s T =700°C Xa=80%H2 12h Present
biomass blend SCMR =27  vyield =60% study
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Chapter 7: Catalyst deactivation study

This chapter focuses on studying how catalysts used in steam reforming processes lose their
activity over time, a process known as deactivation. It presents a detailed analysis of the
coke deposits on the spent catalysts, which is the main cause of deactivation, by using
various techniques such as X-ray diffraction (XRD), Raman spectroscopy, thermal
gravimetric analysis (TGA), and field emission scanning electron microscopy (FESEM).
The analysis was performed on spent catalysts obtained from steam reforming studies using

different reactant feeds.
7.1 Catalyst deactivation study for simulated bio-oil 1 (SB1)

The catalyst deactivation behavior of spent catalysts obtained from the steam reforming
TOS experiments of SB1 at temperatures of 650 °C and 700 °C was investigated in order
to comprehend the underlying mechanisms responsible for the decline in catalytic activity.
An in-depth analysis of the spent catalysts was performed to elucidate the causes of

deactivation.
7.1.1 Raman spectroscopy

The qualitative analysis or nature of coke deposited on the catalyst surface after SR process
was confirmed by Raman spectroscopic technique. The Raman spectra were deconvoluted
into two characteristic peaks mainly as follows: (i) G band (1575-1600 cm™) represents
graphitic layers with ordered aromatic structure and (ii) D band (~1350 cm™) corresponds
to amorphous carbon material with disordered aromatic structure, which confirms the
presence of microcrystalline graphite or multilayer filamentous carbon fibers [77,147]. Fig.
7.1 represents the Raman spectra of fresh and spent LaNio.5C00.503 catalyst at temperature
650 °C and 700 °C.
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Raman spectra of spent catalysts obtained after experiments at temperature 650 °C
and 700 °C, have shown D and G bands, which confirms the deposition of coke on the
catalyst surface. The intensity of D and G bands for spent catalyst at 700 °C are greater than
the spent catalyst obtained at 650 °C, which confirms that the coke deposition was more
during reaction at 700 °C. Furthermore, the ratios of the intensity (In/lg) of D and G bands
ascribed to the dominance of deposited coke type on the catalyst surface. The Ip/lg ratio
was found 1.03 for spent catalyst obtained from the reaction at 650 °C, which indicated the
dominance of less structured carbon material deposited on the catalyst surface. While, the
In/lG ratio for spent catalyst obtained from the reaction at 700 °C was 0.97, which confirmed
the deactivation occurred mainly due to deposition of large amount of filamentous or

graphitic carbon.

Intensity (a.u.)

)
1000 1250 1500 1750
Raman shift (cm'l)

Fig. 7.1 Raman spectra of (a) fresh and spent LaNiosC00503 perovskite catalyst at (b)
650 °C and (c¢) 700 °C reaction temperature
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7.1.2 Surface morphology
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Fig. 7. 2 SEM images of spent perovskite LaNiosC00503 catalyst (a) spent catalysts at 650
°C (b) spent catalyst at 700 °C

Further, the surface topology of the spent catalyst after SR process was analyzed by SEM
technique. SEM images of the deactivated catalyst after SR process at 650 °C and 700 °C
were shown in Fig. 7.2 (a) & (b). Coherently with Raman analysis, the SEM image of
deactivated catalyst at 650 °C revealed the dominance of amorphous or less structured coke
formation. In addition, the formation of filamentous carbon (small amount) with rod-like
structure (diameter = 5-8 um) on the catalyst surface was also observed, which does not
fully cover surface of the active sites and hence porosity of the bed remains unaffected
during the deactivation process [148]. These type of rods are also known as carbon-fibers;
few researchers reported the formation of carbon fiberss during the catalytic SR of acetic
acid and biomass tar using Ni-based catalyst [148-153]. However, the morphological
image of used catalyst at 700 °C displayed the formation of large amount of
structured/filamentous carbon along with formation of agglomerated coke distributed on
catalyst surface, which covered the active sites and make it inaccessible for further reaction
[7,46,133,152,154]. Moreover, the excess deposition of coke destroyed the porosity of the
catalytic bed resulting in blockage of the reactor [95,155].
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7.1.3 Thermogravimetric analysis
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Fig. 7. 3 TG analysis of spent perovskite LaNio5C00503 catalyst; (a) spent catalyst after 12
h TOS study at 650 °C, (b) spent catalyst after 6 h TOS study at 700 °C

The amount of coke deposited on the catalyst surface was calculated by TG analysis in the
presence of air. TGA results revealed that major weight loss of spent catalyst was occurred
in the temperature range of 200 °C to 500 °C as shown in Fig. 7.3 (a) & (b), which
correspond to the formation of CO> gas, further confirming the presence of carbonaceous
species. The coke deposition rate was found 125 mgcarbon/(gcat.h) for SR process at 650 °C
temperature, whereas, at 700 °C, the massive increase in the rate of coke deposition (215
MQgcarbon/gcat.n) Was observed. In addition, the same can be concluded from the increased
rate of heat flow during TG analysis of spent catalyst at 700 °C because of the exothermic
nature of carbon oxidation reaction (Fig. 8.3). Moreover, Nogueira et al. stated that the
amorphous carbon oxidizes in the presence of air at low temperature (~300 °C) while
graphitic carbon oxidizes at high temperature (~500 °C) [73]. Thus, from heat flow curves
of TG analysis, it was observed that the formation of amorphous and structured/graphitic
carbon was lesser for spent catalyst at 650 °C in comparison with spent catalyst at 700 °C,
which is supported by the fact that a massive cracking of bio-oil compounds occurs at high
temperature (700 °C).

Therefore, it can be concluded that the coke formation during SR process at 650 °C
do not deactivate the whole catalyst rather partially covered the active sites. Whereas, the
excessive coke formation at 700 °C (dominated by graphitic carbon) resulting in

deactivation of the whole catalyst and hence, abolishing the porosity of the catalytic bed.
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7.2 Catalyst deactivation study for simulated bio-oil 2 (SB2)

The spent catalyst obtained from the TOS study of the steam reforming of SB2 (discussed
in section..., Chapter5), underwent a comprehensive analysis to ascertain the
characteristics and quantity of deposits, as well as their effect on the catalyst bed and its
activity in the steam reforming process. Ni based catalyst have been reported to prone to
coke formation because of its acidic nature, which reduces the catalytic bed porosity as well
as activity for steam reforming reactions. Therefore, for understanding the nature, amount
and its effect on catalytic bed various analysis, XRD, TG, SEM and RAMAN analyses of

the spent catalyst were performed.

7.2.1 RAMAN spectroscopy
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Fig. 7.4 Raman spectra of spent (a) LaNiOs, (b) LaNio5C00.503, (€) LaNiosFeo.503
and (d) LaNiosCuos0s3

The nature of coke was predicted from the Raman spectroscopy technique of spent
perovskite catalysts. As shown in Fig.7.4, the Raman analysis was performed for the spent
LaNiosMos03 (M= Ni, Co, Fe, and Cu) catalysts. All samples have shown two significant
peaks located at: (a) 1350 cm™ and (b) 1580cm™ representing D and G bands, respectively.
The D band in Raman analysis confirms the presence of less structured or amorphous
carbonaceous species, whereas the G band is evidence of the formation of more structured

or graphitic carbon [154]. Along with this, the degree of graphitization Ic/lp (ratio of the
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intensity of G and D bands) was also computed to understand the dominance of the two
different types of coke in the spent catalysts. The Ic/lp was minimum for LaNiOz and after
partial substitution of B- site element, an increasing trend was observed, and found to be a
maximum 0.96 for LaNiosCoos503 catalyst. These results signify that the formation of
structured graphitic carbon was maximum for LaNiosCoos503 catalyst, among other

synthesized catalysts.

7.2.2 Surface morphology

Fig. 7.5 FESEM images of spent perovskite LaNiosC00503 catalyst captured at
magnification of (a) 1200x(b) 100,000x

The FESEM analysis of spent LaNio.sC00.503 catalyst obtained after 12 h TOS study was
performed (Fig.7.5) at two different magnifications (1200x and 100,000x) to visualize the
surface morphology as well as the coke. The formation of a large amount of graphitic or
filamentous carbon and agglomerated amorphous carbon can be observed in Fig.7.5 (a).
Furthermore, on increasing the magnification, the formation of carbon nanotubes (CNTSs)
of 80-90 nm also became evident (Fig. 7.5(b)). Researchers have reported that amorphous
coke plays a major role in reducing the catalyst bed porosity as comparable to CNTs or
graphitic coke [60,156,157]. Moreover, the amorphous coke blocks the metal active sites
and leads to catalyst deactivation and resulting decrease in conversion and products yield.
However, the filamentous coke grows as a tip growth which partially cover the active site
and less affect the catalytic activity as compare with amorphous coke. The coke generated
during the bio-oil steam reforming reactions is mainly responsible for the catalyst
deactivation which may lead to reactor blockage after long hour run. However, there was
no blockage observed in the present study during TOS.
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7.2.3 XRD analysis
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Fig. 7.6 XRD diffractogram of spent perovskite LaNig5C00503 catalyst

Fig. 7.6 displays the XRD pattern of the spent LaNiosC00503 catalyst obtained after TOS
study. The diffractogram exhibited peaks corresponding to Ni-Co bimetallic alloy at 26
values of 44.5° and 51.4°, as well as those corresponding to La>Os, which is in good
agreement with the XRD analysis of freshly reduced LaNios5C00503 Besides these, peaks
corresponding to the hexagonal phase of La202COs at 26 values of 22.3°, 27.6°, 33.8°,
42.6°, 47.5° 51.8° 54.7°, 57° and 67° were noted to have emerged [118,158]. The
emergence of peaks corresponding to this phase can be attributed to the ability of rare earth
metal oxides such as La,Oz to maintain catalyst structure and react with the CO2 being
generated to form La,O>COs. In turn, this new phase plays an important role in suppressing
coke formation on active metal sites by providing oxygen species to the deposited carbon,
which gets removed as CO», while La20,COz gets reduced to La»,Oz [77,159]. Besides Ni
metal, the acidity and/or basic nature of the support material has also been known to play
an important role in coke formation. While supports such as Al,Os actively promote the
formation of coke owing to the presence of highly acidic sites, materials such as La»0s3,
Ce02, MgO, etc. retard coke formation due to their inherently basic nature and the presence

of oxygen vacancies [160]. Consequently, the prolonged stability displayed by the catalyst

109|Page



Chapter 7: Catalyst deactivation study

over the course of the TOS study indicates reduced coke formation which in turn could

ascribed to the basic nature of La,O3 and the presence of oxygen vacancies.

7.2.4 Thermogravimetric analysis
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Fig. 7.7 TG analysis of spent perovskite LaNio5C00503 catalyst

Furthermore, the quantitate analysis of coke deposited on the catalyst surface was
performed by TG analysis of spent catalyst under constant air flow. He et al.[152] discussed
in detail about the coke deposited on catalytic surface in reforming reaction. The
carbonaceous species present in the spent catalyst is of different types such as
amorphous/disordered coke and graphitic/structured coke. These carbonaceous species
start oxidizing under air at 300-700 °C and the oxidizing temperature depends on the nature
of the coke. Li et al.[153] also discussed the nature of coke and the temperature required
for its oxidization for different bio-oil model compounds in reforming reactions. In our
previous study [70], a comparative evaluation was conducted to gain insight about the
nature and amount of coke for simulated bio-oil steam reforming reaction at different
temperatures. Valle et al.[157] reported that the amorphous carbon oxidize at low
temperature (less than 500 °C), while the filamentous carbon oxidize at higher temperature
(above 500 °C). Here, as displayed in the Fig. 7.7 it can be observed that the major weight
loss occurred at 450 — 650 °C, which is slightly higher than the previous study (section
7.1.3). This increase in coke oxidation temperature signifies the formation of more
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structured carbonaceous species. Furthermore, the coke deposition rate was also computed
and found to be 41.9 mgcarbon (geat.h)?, with the rate of formation of amorphous coke being
8.03 MQcarbon (gcat.h) ™ and that of graphitic coke being 33.87 mgcaron (Jeat.h) ™. Thereby, it
can also be concluded that the bio-oil model compounds and the reaction temperature both

play an important role on nature of the coke formed during reforming reaction.
7.3 Catalyst deactivation study for raw bio-oil reforming

Following the catalyst deactivation study for simulated bio-oil (SB1 & SB2) steam
reforming, the spent catalyst obtained after steam reforming with raw bio-oil was also
analysed. This investigation aimed to provide insights into the underlying mechanisms of
catalyst deactivation and to inform strategies for mitigating coke formation and improving

catalyst performance for scaling up this process.

7.3.1 RAMAN spectroscopy
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Fig. 7.8 Raman spectra of spent LaNio.5C00.503 catalyst after raw bio-oil reforming

Figure 7.8 presents the Raman spectra of the spent LaNi0.5C00.503 catalyst, obtained from
the study of the deactivation behaviour (TOS) of this catalyst. The purpose of this analysis
was to investigate the nature of the coke deposits on the catalyst surface. The results showed

that the presence of graphitic carbon was more abundant than encapsulating or disordered
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coke on the catalyst surface. Additionally, the degree of graphitization (lc/lp), which
measures the relative proportion of graphitic and disordered carbon in the coke deposits,
was calculated and found to be 1.05, indicating that graphitic or more structured carbon
was dominant. These results are in good agreement with the other studies performed in this
direction [46,124,133].

7.3.2 Surface morphology
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Fig. 7.9 FESEM images of spent perovskite LaNiosC00503 catalyst captured at
magnification of (a) 1900x(b) 30,000x
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The morphology and composition of the coke deposits on the spent LaNig5C00.503 catalyst
were analysed in detail using FESEM analysis. The analysis was conducted after a 12 h
steam reforming experiment with raw bio-oil. As shown in Figure 7.9, the analysis was
performed at two different magnifications (1900x and 30,000x). The results showed that
the catalyst surface was covered with a significant amount of graphitic or filamentous
carbon and agglomerated amorphous carbon. The results of the Raman analysis, as
presented in Fig. 7.8, showed that the majority of the coke deposits on the spent catalyst
was graphitic in nature. This was further confirmed by the observation of a large number
of carbon nanotubes (CNTS) in the FESEM analysis, as shown in Fig. 7.9(b). The presence
of CNTs is an indication of graphitic coke, which has a well-ordered, crystalline structure.
This result highlights the importance of understanding the nature of coke deposits and their
impact on catalyst performance, as different types of coke can have varying effects on
catalyst activity and stability. The presence of graphitic coke, in particular, is significant as
it is known to have a lesser impact on catalytic activity as compared to other forms of coke.
This information can be useful for developing strategies to mitigate coke formation and

improve catalyst performance for bio-oil steam reforming processes.

In conclusion, the FESEM and RAMAN analysis provide valuable insights into the
nature and amount of coke deposits on the spent catalyst, which can inform strategies for
mitigating coke formation and improving catalyst performance. A better understanding of
the mechanisms of catalyst deactivation will be critical for the scaling-up of steam
reforming processes for bio-oil upgrading.
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Chapter 8: Advanced steam reforming processes

This chapter presents the thermodynamic potential of H> production via different bio-oil
steam reforming processes. The purpose of the study was to assess the conventional bio-oil
steam reforming process and identify areas for improvement. In this regard, two potential
avenues for intensification were identified. First was the utilisation of a simulated bio-oil
mixture comprising model compounds from major oxygenate families in order to take into
account the chemical complexity of actual bio-oil. The second was incorporating advanced
technologies — in-situ CO> capture, chemical looping and combined CO> capture-looping —
into conventional technology. Here, CaO was selected as the sorbent while NiO was the
selected oxygen carrier. A thorough evaluation was carried out for the three advanced
reforming processes and the results obtained were compared against those of conventional
steam reforming, which served as the benchmark. The performance of all four processes
were compared in terms of H» yield and selectivity as well as required energy for each
process. The results obtained were subsequently used to throw light on the most appealing
features and drawbacks of each process. In the end, some possible avenues for future work
were also mentioned. Given the highly endothermic nature and significant carbon footprint
of the current steam reforming process, by far the most important issue addressed in this
study is how H> could be produced from bio-oil economically with minimal environmental

footprint.
8.1 Simulation Methodology

The bio-oil obtained from the pyrolysis of agricultural residues such as rice husk and straw
contains oxygenates like acids, phenols, ketones, furans etc., resulting a very complex and
unstable mixture. The simulated bio-oil used in the present study is a mixture of
representative of major oxygenates present in the bio-oil, as reported by several pyrolysis
studies [98,141]. The selected model compounds and their mass fraction in the simulated

bio-oil are reported in Table 1.
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Table 8.1 List of model compounds, oxygenates family and their mass fraction used in the
present study

Model Compound Oxygenate Family Mass Fraction in Bio-oil (%)
Acetic Acid Acids 22.53
Hydroxyacetone Ketones 18.30
Levoglucosan Anhydrosugars 4.22
Vanillin Substituted phenols 7.04
p-Cresol Substituted phenols 7.04
Furfural Furans 14.08
Guaiacol Methoxyphenols 9.85
Phenol Phenols 14.08
Toluene Hydrocarbons 2.86

Here, the four different processes for hydrogen production from bio-oil were
modeled and/or explored: conventional steam reforming (CSR), and three advanced
reforming processes namely sorption-enhanced steam reforming (SESR), chemical looping
steam reforming (CLSR), and sorption-enhanced chemical looping steam reforming (SE-
CLSR). The simulation of the processes was carried out using the Aspen Plus simulation
package. For CSR process, Soave-Redlich-Kwong (SRK) equation of state was used as the
thermodynamic package. Meanwhile, for SESR, CLSR, and CL-SESR processes, a
SOLIDS model with ESSRK as the thermodynamics package was used due to the presence
of solids. Heating and/or cooling of reactants and/or product streams were modeled using
a HEATER model. RGIBBS model was used for simulating reforming reactor as well as
SORBENT and OTM regeneration reactors while fluid-solid separation was simulated by
a CYCLONE model.

H2, CO, CO», CH4, H20, Ca0, NiO, CaCOgz, Ni, N2 and O2 were considered as
possible products for the processes under consideration. To account for coke formation
during reforming, graphite was considered as one of the possible products. Formation of
any other compounds was assumed to be unfavourable from a thermodynamic viewpoint
at the relevant operating conditions. It was assumed that the reactivity and structure of the

sorbent and the oxygen carrier remained unchanged with recurring cyclic operation.
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Additionally, particle size distribution was assumed to have no bearing on the activity of
the solids. Lastly, it was assumed that there was no pressure and heat loss in any of the

units.
8.1.1 Process description of conventional and advanced reforming processes

In the CSR process (Fig. 8.1), bio-oil and water streams were first mixed (MX-01) to
generate a feed stream which was then heated to the reaction temperature using a heat
exchanger (HE-01). Following this, the vaporised feed stream was fed to the reforming
reactor (RCTR) where the bio-oil was converted to an H>-rich gaseous mixture via reactions
mentioned in Eq. 8.1-8.4. While these equations represent the major reactions taking place
during the process, some side reactions such as methanation, Boudard and coke formation
reactions may also take place alongside them [161-163]. Subsequently, the produced gas
was cooled down by passing it through a heat exchanger (HE-02).

For advanced reforming processes, besides the feed stream containing bio-oil and
water, a second input stream consisting of solids — SORBENT for SESR, OTM for CLSR
and a combined SORBENT + OTM for SE-CLSR - was also fed to the reforming reactor
RCTR after being heated to reaction temperature using a heat exchanger. The presence of
CaO results in in-situ CO capture during the reaction, shifting the chemical equilibrium
and resulting in enhanced H> selectivity and purity. Moreover, CO> capture also releases
some heat which lowers the energy demand of the reforming reactor. Meanwhile, OTM
(NiO) acts as a source of oxygen for partial oxidation of the feed, releasing heat and again
lowering the energy demand for reforming. In the reforming reactor, steam reforming
reactions take place alongside those involving CaO and/or NiO. Following the reaction, the
gaseous and solid products were separated using a cyclone separator (CYCLONE). The
gaseous products were passed through a heat exchanger to obtain cooled products
(PRODUCTYS). The solid products consisting of spent sorbent and/or reduced oxygen
carrier were transported to CALCINE and OXIDISE reactors, respectively, where they
underwent regeneration. For SE-CLSR process, the solid stream containing spent solids
was first separated into two separate streams containing the spent sorbent and oxygen
carrier, which were then regenerated in two separate reactors. In CALCINE reactor, the
spent SORBENT present in the form of CaCO3 was heated at high temperature, resulting

in the desorption of CO- and the formation of CaO. Meanwhile, the reduced OTM was

117|Page



Chapter 8: Advanced steam reforming processes

regenerated by oxidation using air as the oxidant in the OXIDIZE reactor. The regenerated

solids were then heated and/or cooled down to the reformer temperature using a heat

exchanger and were then recycled back to the reformer. The WASTE GAS generated

during the regeneration of the solids was cooled down before being discharged. Fig. 8.2,8.3
and 8.4 represent the process flow diagrams for the proposed SESR, CLSR and SE-CLSR

processes, respectively [161-163].

Bio-oil Steam Reforming Reaction
CoHimOi + (n — k)H,0 -1 CO + (n+2 — k) H,
Water Gas Shift (WGS) Reaction

CO + H,0 < CO, + H,

Global Steam Reforming Reaction
CoH,, Op + (21 — K)H,0 > (2n +2- k) H, +nCO,
Methane Steam Reforming Reaction
CH, + H,0 < CO + 3H,

Methanation Reactions

CO + 3H, & CH, + H,0

CO, + 4H, < CH, + 2H,0

Boudard Reaction

2C0 & C (s) +CO,

Methane Decomposition Reaction

CH, & C (s) +2H,

Carbon Oxides Decomposition Reactions

CO + Hy, & C + H,0
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CO, + 2H, & C + 2H,0

Carbonation Reaction

CaO (s) + CO, » CaCO05(s) AHZ2%8 = —177.8 k] mol™?!
Sorption-Enhanced Steam Reforming (SESR)

ColimOi + (20 — K)H,0 + nCa0 — (2n +2 — k) H, + nCaCo;
Oxidation of Hydrogen

NiO (s) + H, & Ni(s) + H,0 AH?°8 = —1.83 k] mol™?
Oxidation of Carbon Monoxide

NiO (s) + CO © Ni(s) + CO, AH?%8 = —42.98 k] mol™!
Oxidation of Methane

CH, + NiO & CO + Ni + 2H, AHZ%% = 204 k] mol™!
Partial Oxidation of Bio-oil

CnHmOy + (n = k)NiO - (n— k)Ni +nCO + ~H,

Complete Oxidation of Bio-oil

ColimOi + (20 + 2 — k) NiO > (2n+2 = k) Ni +nC0, + 2 H,0

Chemical Looping Steam Reforming (CLSR)
2k k 2k
CoHp O + (n — ?) NiO + (n - §) H,0 - (n - ?) Ni + nCO,

m k
+(Tl + ? - E)HZ

Sorption-Enhanced Chemical Looping Steam Reforming (SE-CLSR)

CalimOi + (n = Z)Ni0 + (n— £)H,0 +nCa0 - (n—%) Ni + nCaC0;
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+(n+ 2 - S)H2 (8.19)
Sorbent Regeneration/Calcination
CaCO05(s) - CaO (s) + CO, AHZ2%8 = 177.8 k] mol™? (8.20)
OTM Regeneration/Oxidation
Ni(s) + 0.50, — NiO (s) AH2%8 = —240 k] mol™?! (8.21)

—Eooi—\. 5
(M)— {(\/])——{¥roncuTs
[WATER |—{,”

MX-01 HE-01 RCTR HE-02

Fig. 8.1 Process flowsheet for the proposed CSR process
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Fig. 8.2 Process flowsheet for the proposed SESR process
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9
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Fig. 8.4 Process flowsheet for the proposed SE-CLSR process
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8.1.2 Methods of data processing

To evaluate and compare the performance of conventional as well as advanced reforming

processes, the following parameters were utilised:

Product Selectivity and/or Concentration

Selectivity and/or concentration of species i (mol%, dry basis) =

moles of product i formed

100 (8.22)

Total moles of gaseous products formed
Where, the term gaseous products refer to CO, CO, CHs and Ho.

Hydrogen Yield

Mass of Hydrogen produced kgn,

Hydrogen Yield = Mass of bio—oil fed KEbio-oil (8'23)
Energy Demand

Qo emio-il =~ syoieeorbiaoilzed  Gamo? (8.24)
Qoneyan-on = LRI G2 629
Qinet/H2 = Yioos ofttyrogen prodaced Gme? (8.26)

For the purpose of determining the net energy demand of a process, only the heat
duties of the major equipment such as reforming reactor, heat exchangers to heat and/or
cool the reactant and product streams and the solids, and regeneration reactors was
considered. Accordingly, the energy demand for equipment separating solids and gases and

downstream H> purification unit was ignored.
8.2 Thermodynamic evaluation of different SR processes

In the present study, CSR process serves as the benchmark against which the advanced
reforming processes — SESR, CLSR and SE-CLSR - were compared. Accordingly, the
effect of important process parameters such as steam to carbon molar ratio (SCMR),
reforming temperature, sorbent to carbon ratio and oxygen carrier to carbon ratio was
investigated to arrive at a set of process conditions that provided the highest H; yield and

selectivity. In addition, the energy demand of the proposed processes was also taken into
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consideration. In all the processes under consideration, bio-oil was observed to have
undergo complete conversion. As a result, the outlet stream from the reactor consisted of

H», CO, CO2, CH4, and spent sorbent and oxygen carrier.
8.2.1 Conventional steam reforming (CSR) process

Fig. 8.5 displays the effect of steam to carbon molar ratio (SCMR and/or S/C) on product
distribution as well as energy demand and H: yield. At low S/C values, particularly at
SCMR = 1, significant amount of coke formation was noted. Moreover, CHs and CO
formation was also observed in significant amount, as a consequence of which the
selectivity of H2 and COz in the product stream was smaller (Fig. 8.5(a)). However, on
increasing the SCMR, the concentration of coke, and CHas start decreasing due to
domination of bio-oil steam reforming, and methane steam reforming reactions,
respectively over decomposition reaction [164]. Subsequently, the CO formed reacts with
steam via WGS reaction (Eq. 2) to yield Hz and CO2, which explains the low final CO
selectivity. These observations suggest that low S/C values were not conducive for SR
reactions but were instead favourable for decomposition reactions [161,162,164-166]. It
can be seen from Fig. 5(a) that H2 selectivity rises initially as the S/C value is increased
from 1 to 5 and then plateaus beyond this value. A similar trend was also observed for CO>
selectivity, which also became nearly constant at S/C > 5. However, increasing the SCMR
beyond 5 didn’t result in much change in the selectivity of Hz, which was found to increase
by just 1.5% as the S/C ratio doubled from 5 to 10. The selectivities of CO2 and CO also
exhibited a similar trend, remaining nearly constant at S/C values greater than 5. While
increasing SCMR value beyond 5 had little effect on H. selectivity, the same cannot be said
for the overall energy demand of the process. It is clear from Fig. 5(b) that Qp, nevBio-oil and
Qb, nevr2, Which represent the net energy demand of the process per unit mole of bio-oil
feed fed and per unit mole of H> produced respectively, exhibited an almost linear
increasing trend with SCMR values. Doubling the S/C ratio from 5 to 10 led to Qp, nevBio-oil
and Qb, nevr2 Values increasing from 1328.5 MJ kmolsiooi* and 159.5 MJ kmolnz? to
2335.8 MJ kmolgio-oi* and 262.3 MJ kmolwz? respectively, which corresponds to an
increment of 75.8% and 64.5%, respectively. Such a large increase in energy consumption
could be ascribed to the huge amount of energy required for heating the reactants.
Meanwhile, the H> yield, which denotes the amount of H> produced per kg of bio-oil fed,

only rose by 6.9% from 0.194 kgn2 Kgsio-oii™* to 0.208 kgn2 Kgsio-oii™t. Consequently, it is safe
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to conclude that using SCMR values results in a massive energy demand, outweighing the
increment in amount of Hy that can be produced and thereby, making the process inviable
from an economic standpoint. Accordingly, an SCMR value of 5 was used for carrying out
further studies.
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Fig. 8.5 Effect of SCMR on (a) product selectivity and (b) energy demands (MJ kmoln.-1
and MJ kmolgio-oil-1) and Ha yield (kgHz Kggio-oii-1) in CSR process

Much like the SCMR value, the reaction temperature also has a huge effect on the
product distribution, as can be seen from Fig. 8.6. At the lower end of the investigated
temperature range, H: selectivity was found to be quite low (42.1%). CH4 was found to be
present in significant amount in the product stream with a 21.5% selectivity, while CO
formation was negligible. At temperatures on the lower end of the investigated range (~
400 °C), methanation reactions (Eg. 4 and 5) which consume H; are favoured [162,164],
explaining the low Hz yield and selectivity. Hz selectivity increased as the temperature rose
from 400 °C and flattened out at 600 °C; simultaneously, CHa selectivity started declining
and became zero at 600 °C. Increased formation of H. was accompanied by CO formation
in increasingly larger amounts as the temperature rose from 400 to 600 °C, as can be seen
in Fig. 6. Increasing the temperature beyond 600 °C did not lead to any increase in H>
selectivity; instead, it remained nearly constant until 650 °C and then started decreasing as
the temperature rose further beyond 700 °C [162,166]. On the other hand, CO formation
was noted to have accelerated, with its selectivity increasing rapidly as temperature
increased beyond 600 °C. The above observations can be explained by the fact that with
increasing temperatures, Ho consumption via methanation reaction is diminished; however,
H> production from WGS reaction is also diminished since it is exothermic in nature
[162,164,166]. The H> saved from reduced methane formation compensates the reduced H»

formation from WGS reaction, as a result of which H> selectivity continued to increase and
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reach a maximum at a certain temperature (600 °C). However, beyond this temperature,
methane formation is practically negligible while reverse WGS reaction becomes more and
more favourable, resulting in H2 consumption and thereby leading to reduced selectivity.
With respect to the energy demands, it is evident from Fig. 6b that utilisation of high
temperatures in the reformer resulted in higher energy demands (Qp, net/Bio-oil and Qp, RR/Bio-
oil). The high energy demands are obvious given that massive amounts of energy would be
required to raise the reactants to reformer temperature. Meanwhile, the energy demand per
mole of H> produced (Qp, nevH2) Was the highest at lower temperatures and decreased to a
minimum with increasing temperatures in the range of 550-600 °C. With further increase
in reformer temperature beyond 600 °C, the value of Qp, neyH2 again rose sharply. This can
be attributed to the fact that H. yield is quite low at lower temperatures due to methanation
reaction (Fig. 6b), as a result of which Qp, nevh2 is very high. With increasing temperatures,
the Hy yield rises rapidly, bringing down the energy required to produce a single mole of
H>. At very high temperatures, the H> yield falls again due to its consumption in reverse
WGS reaction, as a consequence of which the energy demand Qp, neyH2 riSes once again. It
can be inferred from the above discussion that neither very low temperatures nor very high
temperatures are conducive for Ho production and that the highest yields are obtained at
moderate temperatures. Consequently, the reaction temperature of 600 °C was used for
carrying out further investigations since highest H» yield was obtained at this temperature
with the lowest energy demands.
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Fig. 8.6 Effect of temperature on (a) product selectivity and (b) energy demands (MJ
kmolxz-1 and MJ kmolgio-oi-1) and Ha yield (kg2 kggio-oi-1) in CSR process
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8.2.2 Advanced reforming processes

Previously for the case of CSR process, it was noted that the highest H, selectivity and
yield were obtained at an SCMR value of 5 and reaction temperature of 600 °C.
Accordingly, these conditions were used as the base case for evaluating the H> production

potential of the three advanced processes under consideration.
8.2.2.1 SESR process

SESR process is an intensified process that results from combining the traditional steam
reforming process (CSR) with the simultaneous sorption of CO> using a solid sorbent,
which in this case is CaO. CO2 can be continuously and selectively removed during the
reforming reaction itself in SESR, which shifts the equilibrium position of the reactions
towards greater Hy yields as well as purity. The sorbent gets converted to CaCOs and is
regenerated by heating at high temperature in calcination reactor. Consequently, the molar
ratio of sorbent to carbon in the bio-oil is an important factor when it comes to achieving
maximum H selectivity. Fig. 8.7(a) represents the results obtained from varying the molar
ratio of CaO to C (CaO/C MR) on the product selectivities and energy demand at a SCMR
value of 5 and temperature 600 °C. As the CaO to C MR increased from 0, CO:
concentration in the product gases leaving the reforming reactor dropped rapidly owing to
its capture by reaction with CaO (Eq. 11). CO2 capture shifted the equilibrium of WGS
reaction in the forward direction (Eg. 2), leading to a rapid increase in the H2 concentration
[162] while that of CO dropped to zero. The low concentration could be explained by the
fact that CO»-sorption pulls the equilibrium position of WGS reaction in the forward
reaction, thereby resulting in the consumption of CO. Also, greater the amount of sorbent
fed, the greater is the amount of CO, captured and CO consumption is also equally large
[162,164]. Owing to the low CO and CO. concentrations, the equilibrium positions of side
reactions such as methanation and/or decomposition reactions are shifted backwards, as a
result of which they are inhibited [161,167]. The H2 concentration continued to increase
with increasing CaO/C MR until eventually stabilising for values > 1, reaching a maximum
concentration of 98.72 mol% in the product gases, marking an increment of about 32.5%
over the maximum concentration for CSR process. H: yield also exhibited a similar trend,
increasing rapidly as the CaO/C ratio rose from 0 and then peaked out as the latter

approached values > 1, with an increment of about 11% over the base case yield (optimum
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CSR vyield) (Fig. 8.7(b)). Further increasing the sorbent loading would only contribute to

increased energy requirement without any effect on H; yield [166].

For the case of energy demands (Fig. 8.7(b)), the trend observed was different from
that noted for CSR process. In SESR, the energy demand of the reforming reactor Qp, rRribio-
oil exhibited a steep decline with increasing CaO/C ratios, becoming negative and stabilising
at CaO/C > 1. The negative energy demand suggests that the energy liberated via CO>
sorption in the reactor was much larger than the energy to be supplied externally for
carrying out the steam reforming reaction. Consequently, the reforming reactor could
essentially be operated without supplying any external heat; in fact, the heat generated
could be put to use somewhere else in the plant for generating utilities such as steam. At
Ca0/C MR value of 1, where highest H» yield was obtained, a staggering 253% reduction
in the energy demand of the reforming reactor was noted over that for CSR process. For
CSR process, however, the Qp, rrivio-oil had displayed an increasing trend (Fig. 5b). This
could be attributed to the fact that due to the endothermic nature of the overall reforming
process, heat has to be supplied externally to overcome the thermodynamic limitations
[162,166]. The greater the SCMR value and/or reforming temperature, greater is the energy
required to process a mole of bio-oil; consequently, the CSR process involves greater
energy demand. Meanwhile, in SESR, heat is liberated when CO; is captured during the
reforming process due to the exothermic nature of the sorption process (Eq 11). The amount
of heat liberated increases as the amount of sorbent fed increases, which results in a greatly
reduced energy demand for the reformer. Qp, netmwio-oit Was reduced very slightly (~3.5 %),
while Qp, nevH2 for SESR saw a slight increase (~7.1%) over the values obtained for the
base case (CSR at optimum conditions). This is because of the addition of a regeneration
unit for converting the spent sorbent back to its original form. Due to the highly
endothermic nature of the regeneration step (Eq. 20), the regeneration reactor requires a
large amount of energy, which is why the overall energy demand for the process only

changed minimally.
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Fig. 8.8 displays the effect of reformer temperature on the product distribution and energy
demand for SESR process. It was observed for CSR process that low temperatures in the
reformer favour methanation and WGS reaction and this behaviour is expected to remain
the same for SESR process as well. However, in this case, low temperatures also favour the
CO2 sorption process which is a strongly exothermic reaction (Eq. 11). As a result, at the
lower end of the investigated temperature range, CO2 concentration in the product gases is
negligible (Fig. 8.8(a)). Furthermore, the complete removal of CO: in turn pulls the
equilibrium of WGS reaction in the forward direction, ensuring complete conversion of CO
to CO.. The absence of CO and CO- inhibits methanation, due to which CH4 concentration
in the product gases is much lower than that observed for CSR process at the same
temperature range (Fig. 8.6(a) and Fig. 8.8(a)). The concentrations of CO and CO;
remained negligible until 600 °C, beyond which their values increased notably.
Accordingly, H> selectivity and yield were also the highest and almost constant from 400
to 600 °C (99.94% and 0.216, respectively) (Fig. 8.8). A particularly sharp rise in CO>
concentration was observed as the temperature soared above 700 °C and thereafter, it
decreased again as temperature rose further. Correspondingly, the H» yield and selectivity
started declining rapidly as temperature surged beyond 600 °C before eventually stabilising
at 750 °C. The decreased H> formation could be attributed to the fact that the CO> sorption
reaction is most favourable at temperatures up to 600 °C [162]. As the temperature
increases beyond 600 °C, the reverse of the sorption reaction (CO. desorption) becomes
increasingly favourable. Consequently, CO. is no longer captured, which in turn slows

down WGS reaction and lowers Hx production. At temperatures above 750 °C, no CO>
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capture was observed; also, at such high temperatures, reverse WGS reaction is more

favourable, which explains the increased CO formation [162,164,166].

The energy demands also exhibited a very similar trend (Fig. 8.8(b)), wherein their
values were at their lowest and almost constant up to 600 °C. The heat liberated during CO>
capture and WGS reaction greatly compensates the energy required for carrying out
reforming, thereby keeping the net energy demand low. At higher temperatures, however,
CO- capture is greatly reduced, which in turn reduces the liberated heat; similarly, WGS
reaction also slows down. Consequently, the heat now has to be supplied externally to meet
the energy requirements that were earlier being compensated by in-situ generated heat.
Also, in high-temperature regimes, the highly endothermic reverse WGS reaction takes
over. These factors lead to a massive surge in both the reforming energy demand and the

overall energy demand, as seen in Fig. 8.8(b).
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Fig. 8.8 Effect of temperature on (a) product selectivity and (b) energy demands (MJ
kmoln2-1 and MJ kmolgio-oii-1) and Ha yield (kg2 kgsio-oi-1) in SESR process

8.2.2.2 CLSR process

Like the SESR process, CLSR is an intensified process which combines the two processes
of steam reforming and partial oxidation inside the reforming reactor. The partial oxidation
is carried out by the transfer of oxygen from the lattice of a solid material (oxygen carrier).
In this way, the feed is partially oxidised, liberating heat in the process, which greatly
lowers the energy requirement of the reformer. The oxygen carrier, on the other hand, gets
reduced in this process, is separated from the products and then regenerated back in an
oxidiser with air as an oxidant. Using OTMs as sources of oxygen instead of air prevents
the outlet gaseous stream from being diluted with huge amounts of N2, saving significant
capital investment in downstream H> purification. Consequently, the molar ratio of oxygen
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carrier and/or OTM to the carbon the bio-oil feedstock (NiO/C MR) is an important
parameter to consider given that that the presence of NiO in the reforming reactor is likely
to promote several reactions (Eq. 13-17), which in turn will lead to a markedly different
product distribution. Fig. 8.9 displays the effect of NiO/C MR on product distribution and
energy demand of the process at SCMR =5 and 600 °C. Additionally, CO2 concentration
in the product gases was noted to have climbed up rapidly as the NiO/C MR increased from
0 to 1 while Hz concentration in the product gas diminished equally rapidly from 66.58
mol% obtained in traditional CSR process to 53 mol% at NiO/C value of 1, corresponding
to a reduction of 20.5% of CO concentration also underwent a slight decrease and CH4
concentration remained almost negligible through the entire range of NiO/C MR values.
The H> yield was hit more badly, declining by 43.2% as compared to the H> yield for CSR
at optimum conditions. The massively reduced Ha selectivity and yield in CLSR process
could be attributed to the fact that a lesser amount of H> is generated from Eq. 16 and 17 as
compared to Eq. 1. Additionally, some of the generated H: could also get oxidised by the
oxygen carrier via Eqg. 13. The low concentrations of CH4 and CO could be explained by
their oxidation to CO and CO respectively via Eq. 14 and 15. The oxidation of CO is also
partially responsible for reduced H. formation since its oxidation to CO. lowers its

concentration in the reformer, preventing the WGS reaction from occurring [162].

With respect to the energy requirements of the process, the energy demand of the
reforming reactor only decreased slightly with increasing the oxygen carrier to carbon ratio.
On the other hand, Qp, netmio-oil and Qp, nevH2, Which represent the overall energy demand,
were greatly reduced - 74.8% and 55.6%, respectively - as the NiO/C MR was varied from
0to 1. This could be attributed to the heat liberated during — (i) the partial oxidation of bio-
oil feedstock and the product gases in the reforming reactor and (ii) the regeneration of the
spent oxygen carrier in the oxidiser reactor (Eq. 21). Cerqueira et. al. [162] noted a similar
large reduction in Hy yield with increasing feed rates of oxygen carrier (NiO) while
investigating steam reforming of olive mill wastewater. It is amply clear from the obtained
results that the addition of an oxygen carrier and/or OTM is advantageous from the point
of view of energy efficiency, and the greater the amount of the OTM fed, the greater is the
reduction in the energy demand of the process. Technically, at high enough values of NiO/C
molar ratios, both the reforming reactor as well as the entire process could theoretically be
operated in autothermal mode. However, its addition is also directly responsible for a

reduction in the amount of H. that can be produced from bio-oil, with the reduction being
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drastic at high NiO/C mola ratios. Consequently, the oxygen carrier material should be
added in such a way that a maximum possible reduction in energy demand is achieved
while keeping the reduction in H, yield as low as possible. Accordingly, it was decided that
for further investigations, the NiO/C molar ratio would be selected in such a way to ensure
the reduction in Hy yield is as low as possible. At a NiO/C ratio of 0.2, a 7.3% and ~15%
reduction was observed in the values of Qp, neyBio-oil aNd Qp, nevHz, respectively over those
of the base case while the reforming energy demand Qp, /io-oil SAW @ mere ~2% reduction.
The H: yield, meanwhile, was around 8% lower than that obtained from CSR process.

Accordingly, this value was selected for carrying out further studies.
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Fig. 8.9 Effect of NiO/C MR on (a) product selectivity and (b) energy demands (MJ
kmoln2-1 and MJ kmolgio-oii-1) and Ha yield (kg2 Kggio-oii-1) in CLSR process

Fig. 8.10 represents the effect of temperature on the product distribution and energy
yield of CLSR process at a NiO/C molar ratio of 0.2. It can be observed from Fig. 10a that
the product distribution for CLSR process was almost identical to the one obtained for CSR
process (Fig. 6a). Throughout the investigated temperature range, the H> and CHs
concentrations obtained with CLSR were only slightly smaller than those obtained with
CSR while the CO> concentration was just a bit higher than the CSR values. The rather
small difference in the product concentrations obtained with CSR and CLSR is due to the
fact that since the oxygen carrier is only present in a small amount, the extent of oxidation
is also quite small. The trend observed for H yield and overall energy demand per mole of
H> produced Qp, nevH2 Was also almost similar to their trend for CSR process. The value of
Qb, nevH2 reduced sharply as the temperature rose, and reached a minimum at 600 °C, which
corresponds to maximum Ha production (Fig. 8.10(a)). Subsequently, the value of Qp, netH2

slowly increased as the temperature was increased further. The reforming energy demand
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Qb, rriBio-oil and overall energy demand per mole of bio-oil processed Qp, netsio-oil, hOwever,
exhibited a trend quite different from that for CSR process. For CSR process, the values of
these parameters had been increasing in an almost linear manner as the temperature
increased. However, for CLSR, Qp, rrio-oil and Qp, netsio-oil INitially increased with
temperature before essentially stabilising at temperatures above 600 °C. As such, this
difference in trends of energy demands could probably be ascribed to the compensation of
external energy requirements by the heat liberated during the partial oxidation of bio-oil
feedstock and product gases. Overall, it can be safely concluded that 600 °C was the

optimum temperature for obtaining the highest possible H> yields.

8.2.2.3 SE-CLSR process
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Fig. 8.10 Effect of temperature on (a) product selectivity and (b) energy demands (MJ
kmolnz-1 and MJ kmolgio-oii-1) and Hy yield (kgn2 Kggio-oii-1) in CLSR process

The SE-CLSR process can be thought of a hybrid intensified process that combines
traditional, sorption-enhanced and chemical looping-enhanced reforming into a single
process. The idea behind combining sorption with chemical looping is to bring together the
benefits obtained from CO2 capture in sorption reforming with the increased energy
efficiency provided by chemical looping reforming. The combined process would then
generate H> in higher purity and yield as well as at lower energy requirements. With this is
mind, a combined sorption-enhanced chemical looping reforming (SE-CLSR) process was
proposed, whose flowsheet is presented in Fig. 8.4. In the previous investigations on SESR
and CLSR process, it was observed that highest H yields and lowest energy demands were
obtained at CaO/C and NiO/C molar ratios equal to 1 and 0.2, respectively. Consequently,
the same molar ratios of sorbent to carbon and OTM to carbon were selected for evaluating
the performance of the combined process displayed in Fig. 8.4. Since the temperature has

a huge influence on the CO> capture ability of the sorbent as well as the variety of reactions
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that take place during reforming, it was considered worthwhile to explore how its effect on

product distribution and energy demand of the intensified SE-CLSR process (Fig. 8.11).

It can be seen from Fig. 8.11(a) that the product distribution obtained with SE-
CLSR over the entire investigated range of temperatures is almost identical to that obtained
with SESR. The apparent similarity in product distribution could be ascribed to the
presence of CaO and NiO. Due to the presence of NiO in the reactor, bio-oil feedstock as
well as products such as CHs4, CO and H> get oxidised. Additionally, the presence of CaO
results in near complete CO> capture, which in turn pulls the WGS reaction and CHgs
oxidation reactions in the forward direction. Consequently, the product gas leaving the
reformer consists of just the excess steam and Hz. As the CO. sorption reaction is an
exothermic reaction, it is highly favoured at low-temperature conditions. Similarly, the
oxidation reactions of CO, CH4 and H> are also exothermic and, therefore, favoured at low
temperatures. As a result, Ho is obtained in extremely high purity at temperatures between
400 and 600 °C, with its concentration in the outlet gas being > 99% in the above-mentioned
range. Similarly, Hz yield was also noted to be the highest at 400 °C and remained constant
up to 600 °C (Fig. 8.11(b)), following a sharp reduction was noted in both yield and
concentration in the outlet gas. The reduction could be assigned to the fact that as
temperatures, CO»-sorption onto the sorbent becomes increasingly unfavourable, and
above 750 °C, CO.-sorption completely ceases (Fig. 8.11(a)). The CO2 concentration in the
reformer rises rapidly, which slows the WGS reaction and in consequence, H> formation.
Furthermore, high temperatures favour the reverse WGS reaction, which results in the

consumption of CO2 and H> and explains the increasing CO concentration (Fig. 8.11(a)).

With regards to the energy demand, it can be noted from Fig. 8.11(b) that the values
of Qp, nevH2 and Qp, rriBio-0il Were the lowest at 400 °C and remained nearly stable at these
values for temperatures up to 400 °C, which is in line with the observations made for H>
yield and concentration in the outlet gas. At low temperatures, the WGS, CO2-sorption and
oxidation reactions liberated heat that is much larger than the energy requirement of the
reformer, which can be seen from the net negative value of its energy demand in Fig.
8.11(b). With increasing temperatures, these reactions are slowed down, in turn limiting
the amount of heat liberated and raising the amount to be supplied externally. As
temperatures reach the higher end of the investigated range, heat is no longer available from

COg capture, and endothermic reactions such as reverse WGS reaction take over. With the
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in-situ heat generation already diminished, the amount of energy to be supplied externally
increases tremendously. The value of Qp, nevsio-oil 2SO remains practically constant up to
600 °C, following which a small increase was observed. The relatively small change in Qp,
net/Bio-oil IS due to the heat liberated from exothermic oxygen carrier regeneration balancing
the heat required for sorbent regeneration. Since the amount of heat generated in the
reformer is quite large and vastly outweighs the energy required to maintain the
temperature, the reactor could be operated in an autothermal mode, i.e., without supplying
any energy externally. The excess heat left behind after that required for sustaining
autothermal operation could then be utilised for generating utilities and/or electricity, and

bringing down the operational cost of the proposed process.
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Fig. 8.11 Effect of temperature on (a) product selectivity and (b) energy demands (MJ
kmolxz-1 and MJ kmolgio-oii-1) and H yield (kgn2 Kggio-oi-1) in combined SE-CLSR
process

8.3 Comparing conventional and advanced reforming process

In the previous section, a thorough thermodynamic investigation was carried out to evaluate
the potential of Hz production via steam reforming of bio-oil and four processes were
considered: traditional (CSR), sorption-enhanced (SESR), chemical looping enhanced
(CLSR), and sorption and chemical looping enhanced (SE-CLSR). During the course of
the investigations, the effect of important process variables was evaluated in-depth and a
set of optimum process conditions which yielded the highest H» yields were arrived upon,
as shown in Fig. 8.5-8.11. Given that both H; yield and purity as well as the energy
requirement, are equally crucial when a new process technology is being developed. It was
considered worthwhile to how the four proposed processes under consideration fare against
one another (Table 8.2 and Fig. 8.12). It could be noted that the highest H> was obtained
for SESR process (0.216 kgnz Kgsio-oi™t), owing to the enhancement of WGS reaction
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produced by the in-situ capture of CO- in the reforming reactor. The second highest yield
was obtained with the combined SE-CLSR process (0.197 kgnz Kgsio-oil™), though it must
be mentioned that the yield for the combined sorption and looping enhanced process was
only ~1.5% higher than that of CSR process (0.194 kg2 Kgsio-i?). The rather small
increase in Hy yield in the SE-CLSR can be ascribed to the oxidation of some of the
produced Hz. CLSR provided the smallest Hz yield among all the process (0.178 kgn2 kggio-
oi 1), Which could be ascribed to the fact that the smaller amount of H produced during the
process as a result of the partial oxidation of some of the produced H, and increased

favourability of CO oxidation over the WGS reaction.

When comparing these processes, the energy requirements play a crucial role as the
SR process is highly endothermic. If the energy requirements of the proposed processes are
high, the operating costs would also be equally high, which in turn would adversely affect
the economic viability of the proposed. In this context, the CSR process had particularly
high energy demands stemming from the need to supply heat for the endothermic steam
reforming reactions. While it provided the highest H> yield, the SESR process also boasted
high overall energy demands, as seen in Fig. 8.12. The net energy required to process one
mole of bio-0il (Qp, nevio-oi) Was higher for SESR than that for CSR. The energy
requirement per mole of Hz produced Qp, nevH2 Was only slightly smaller than that for CSR.
This is because the energy requirement saved via CO2-sorption is eventually almost
balanced out by the heat that has to be supplied externally to regenerate the spent sorbent.
However, it should be mentioned that the immense amount of heat generated during CO»-
sorption in the reforming reactor could be utilised elsewhere, driving down the energy
requirements of the process on the whole to some extent. Despite the drawback of high
energy requirements, what makes SESR particularly appealing is the fact that it produces a
very high yield of high purity Hz, which saves a lot of capital investment in designing a
downstream processing unit for purification. The energy demands for CLSR process were
almost the opposite of that observed for SESR. It had nearly the same heat demand for
reforming reactor as the CSR process due to the limited extent of oxidation. The energy
demands over the whole process were significantly reduced because of the heat liberated
during the exothermic OTM regeneration. In theory, there exists an excellent potential to
carry out the entire process in essentially autothermal mode by using higher values of
NiO/C molar ratios. However, the drastically improved energy efficiency will be achieved

at the cost of severely lowered H, yield. In conclusion, while the increased energy
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efficiency makes the CLSR process hugely attractive from an economic standpoint, H>
production is considerably reduced. Consequently, a larger amount of bio-oil feedstock
would be required if the H> production is to be at par with that from CSR or SESR
processes, which is a major downside as it will result in increased costs for raw material
procurement. Additionally, a downstream purification unit will be needed since the outlet
stream also contains substantial amounts of CO and CO,. As a result, for CLSR, the
disadvantages associated with increased capital investments elsewhere in the process
outweigh the cost benefits achieved with increased energy efficiency and dent its potential

as a possible candidate for H, production.

Lastly, when CO»-sorption and bio-oil partial oxidation were combined to have a
highly intensified SE-CLSR process, a major improvement was observed in terms of the
energy efficiency. The reforming reactor had a highly negative energy demand, just like
the SESR process, signalling that the in-situ heat generation is orders of magnitude larger
than the energy required to carry out reforming. As such, it provides an opportunity that the
reforming reactor could potentially be operated in autothermal mode. Also, any excess heat
left behind after ensuring autothermal operation could be utilised elsewhere for in the
process for generating useful utilities. As for the overall energy demands of the process -
Qb, nevH2 and Qp, nevsio-oil — @ Substantial reduction (> 10%) was observed for SE-CLSR as
compared to both CSR and SESR. This is because the heat liberated during the highly
exothermic regeneration of oxygen carrier compensates for the high energy demands of the
endothermic sorbent regeneration process.  Furthermore, a large amount of heat can also
be recuperated from the cooling of sorbent and oxygen carrier post-regeneration and from
cooling the waste gases, which would also contribute greatly to reducing the net energy
load. The fact that SE-CLSR process offers high yields of Hz in very high purity and at
considerably lower energy requirements is a major advantage that none of the other
processes have. The above-mentioned factors make SE-CLSR process by the most
appealing both from a technological and economic standpoint among the four processes

considered here in this study.
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Table 8.2 Comparison of H. yield and energy demands of the four processes under
consideration

Process H2 Yield QD, nevH2 QD, net/Bio-oil QD, RR/Bio-oil
(kgHz kgBioil!)  (MJ kmoln2t)  (MJ kmolgio-i™)  (MJ kmolsio-oii™)
CSR 0.194 159.5 1328.5 286.3
SESR 0.216 150.1 1389.3 -477.4
CLSR 0.178 74 1131 280.7
SE-CLSR 0.197 132 1112 -484.6
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Fig. 8.12 A comparison of the Hz yield (kgnz kgsio-oii-1) and energy demands (MJ kmoln2-
1 and MJ kmolgio-oii-1) for the four processes at their optimum conditions.

8.4.5 Concluding remarks

This work was aimed at evaluating the potential of H> production from pyrolysis bio-oil
through steam reforming. In this regard, two opportunities were identified to understand
conventional reforming and suggest strategies for intensification. First was the modelling
of bio-oil as a mixture of model compounds as opposed to using single model compounds
so as to have a much closer resemblance with actual bio-oil. The second was the

investigation of three advanced reforming processes — SESR, CLSR and SE-CLSR whose
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performance was compared with that of the conventional steam reforming (CSR) process.
To this end, a thorough thermodynamic evaluation was carried out to assess the potential
of the four processes for H> production. The effect of important process parameters such as
steam to carbon (SCMR), sorbent to carbon (CaO/C) and oxygen carrier to carbon (NiO/C)
ratios and reforming temperature was investigated to arrive at a set of optimum process
conditions that provided the highest H> yield. For the purpose of assessing and comparing
the performance of the four processes, 3 parameters were taken into consideration: H>
concentration and/or purity, and yield and the energy demands (Qb, rRriBio-oil, QD, net/Bio-oil,

and Qbp, net/HZ)-

The conventional reforming process provided a relatively high yield of 0.194 kg
Kgsio-oil > With high external energy requirements. An enhancement in process performance
in the form of improved H; yield and/or reduced energy demands were observed in the case
of advanced reforming processes. Sorption-enhanced process provided the highest H» yield
(0.216 kgn2 kgsio-i™’) among all the processes, albeit at the cost of increased consumption
of energy. Chemical looping, on the other hand, led to reduced energy consumption at the
expense of H yield. Combining CO2 sorption and chemical looping in the SE-CLSR
process led to a high purity H; yield of 0.197 kgn2 Kgsio-oi* With markedly lower energy
demands as compared to all the other processes. Hz was obtained in very high purity, doing
away the need for an expensive downstream product purification unit. Additionally, a large
amount of heat generation was noted in the reforming reactor which could potentially be
used to operate the reactor under autothermal condition while the excess heat could be
utilised elsewhere in the process for heating purposes. Consequently, the above-mentioned
factors make SE-CLSR an exciting and promising route for sustainable hydrogen

production.

Overall, the results obtained in this study demonstrate that advanced reforming
processes such as SE-CLSR could strengthen the technological and economic viability of
bio-oil as an alternative and renewable feedstock for hydrogen production. While
thermodynamic analysis is an extremely informative tool that is a first step towards
developing dynamic and realistic models of actual processes, further work is required in
process development to carefully assess the feasibility of a real advanced reforming
process. In this direction, heat integration is likely to be a major consideration given that

there is a huge potential to recover heat from solids (sorbent and oxygen carrier) and waste
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gases. Economic constraints are also likely to be a crucial parameter; furthermore,
optimisation could also be carried out to look for areas with scope for further
intensification. In conclusion, a techno-economic analysis could provide a real time idea of
a proposed process's technological and economic viability and suggest any remedial steps

to boost the prospects.
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9.1 Conclusions

The catalytic steam reforming of bio-oil represents a promising avenue towards the
generation of environmentally friendly hydrogen from renewable resources. By utilizing a
catalyst, the bio-oil - a derivative of biomass transformation processes - is transformed into
hydrogen gas. This methodology is deemed to be "green" as it harnesses the potential of
renewable biomass as its feedstock, generating hydrogen that serves as a clean energy
source. The hydrogen produced through this method can be utilized in a range of
applications, including transportation and electricity generation, thus reducing greenhouse
gas emissions and dependence on finite fossil fuels. Furthermore, the employment of
catalysts elevates the process's efficiency and helps to mitigate its cost, making it a highly
desirable option for hydrogen production. Additionally, following observations were noted
via a systematic study performed in the direction of setting a stable catalytic system for
green hydrogen production from agricultural residue.

e The catalytic steam reforming of simulated bio-oil (SB1) using LaNixCo01.xO3
perovskite catalysts was investigated in a tubular fixed-bed reactor to evaluate their
catalytic performance for hydrogen production. Results showed that the
LaNio5C00.503 catalyst had the best catalytic activity among the various synthesized
catalysts. Further Ho-TPR analysis confirmed the strong interaction between the
metal species at the B position and other metals and oxygen atoms in the perovskite
structure for the LaNio5C00503 catalyst. The highest hydrogen yield of 87% and
simulated bio-oil conversion of 98% were obtained at 700 °C, with a steam-to-
carbon molar ratio of 2.7 and a weight hourly space time of 18.4 kgcat.h/kgmolpio-oi.
These results highlight the importance of identifying the optimal catalyst and
reaction conditions for the steam reforming of bio-oil in order to maximize the
production of green hydrogen.

e The synergistic effect of partial substitution at the A and B positions in LaNiOz with
alternate metal elements (Ce, Ca, Zr for the A position, and Co, Fe, Cu for the B
position) during the SR process for the generation of green hydrogen from
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simulated bio-oil (SB2) was evaluated. Moreover, the catalytic properties of partial
substitution on LaNiOs were assessed via a series of characterizations such as XRD,
H>-TPR, TPD (NH3 and CO3), Py-FTIR, XPS, TG and FESEM analyses. The XRD
analysis of reduced catalysts revealed the formation of bimetallic Ni-M alloys
supported on LayO3, which was also confirmed from H>-TPR analysis. The XPS
and TG analysis of the catalysts confirmed the availability of oxygen vacancies on
the surface of the catalysts, with the maximum concentration being observed for
LaNio5C00503. As a result, LaNio5C00503 catalyst exhibited excellent activity and
stability during TOS study over a period of 12 h.

e The bio-oil was produced via the pyrolysis of a blend of different types of biomass
feedstocks, particularly rice husk, wheat straw, corn cob, and sugarcane bagasse
(primary crops Punjab state). The produced bio-oil was then utilized for the catalytic
steam reforming to produce green hydrogen at optimized process conditions and
catalyst. The TOS results showed that the LaNiosC00503 catalyst exhibited high
activity in producing hydrogen, with a yield of 74% (+3%) at 5" h that gradually
decreased to 60% at 12" h. In conclusion, the average H: yield was found 65% over
the course of the stability experiments

e Catalyst deactivation study was performed to comprehend the nature of the coke
precursors deposited on catalyst surface, by using various techniques like XRD,
TGA, FESEM, RAMAN etc. The results indicated that the formation of La20.CO3
phase validated the catalyst's (LaNiosC00503) high ability to suppress the formation
of coke. Furthermore, the appearance of graphitic carbon and/or CNTs along with
the amorphous carbon was observed through Raman and FESEM analyses. It was
also noted that the reaction temperature played a crucial role in determining the
nature of the coke formed and that an increase in temperature led to an increase in
the formation of CNTs.

e The phenol steam reforming experiments were performed with optimum catalyst to
identify the optimized process parameters for the kinetic study of phenol steam

kmolpio—oil

reforming process. The Kinetic parameters (k, =059 &E, =

kgcqr-h.atm0-51

13495 %) were obtained using the power law model and rate equation is found

—13495 0
tobe —7, = 0.59 x e ’RT  * pp* = p3;38,

142 |Page



Chapter 9: Conclusion and future recommendations

Thermodynamic study of advanced steam reforming processes — SESR, CLSR, and
SECLSR, were performed and compared with CSR process. The results revealed
that the SESR process may improve the purity of hydrogen by capturing CO2 gas,
which can help to reduce greenhouse gas emissions and combat climate change. It's
worth noting that while these processes have potential benefits, more research is
needed to further optimize and commercialize them, including improving the
efficiency of the sorbent materials, reducing the costs associated with carbon

capture, and optimizing the reaction conditions for maximum hydrogen production.

9.2 Future recommendations

Sorption enhanced steam reforming experiments may provide more insight for
improving the purity of hydrogen gas.

Combined pyrolysis and steam reforming process may also improve the process
efficiency.

A pilot plant study can provide valuable information and insights into the process
being studied and help to identify any challenges that may need to be addressed

when scaling up to an industrial scale.

The utilization of the bio-refinery concept enables the full utilization of all by-
products generated during the process. For instance, biochar produced as a by-
product from the pyrolysis process can be transformed into a profitable component
during the scaling up of the process. Another example is the conversion of carbon
dioxide into valuable chemicals.

The study on techno-economic viability of the biomass to green hydrogen

production process is also required for scaling up this process to industrial scale.
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Rotameter
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Appendix

Agricultural residue & Bio-oil
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Appendix

Gas chromatograph of gas samples
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