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1.1 Introduction

The present principal energy source for the globe, which began with non-renewable and limited
fossil fuels, has enabled a tremendous period of wealth and growth for human civilization
during the past few centuries. The depletion of these finite resources is a result of the constant
increase in energy consumption to support industrialization and growth. They don't regenerate
on a human timescale after being devoured[1]. But because of their irreversible use, carbon
dioxide (CO2) accumulated in the atmosphere, changing the climate[2]. Recent studies showed
that CO> is being released abundantly from power plants, cement industries, steel plants,
petroleum, oil & gas, and petrochemical plants. The atmospheric CO, concentration is now
predicted to rise to 417.2 ppm in 2022, which is 51% higher than pre-industrial levels. During
the 2012-2021 decade, atmospheric CO> increase was 5.2 +0.02 GtC yr—1 (48 % of global
CO:2 emissions), and the preliminary growth rate estimate for 2022 is around 5.3 GtC yr—1 (2.5
ppm) (Global carbon budget 2022).Given that greenhouse gases cause major issues like global
warming, humanity must address the growing concentration of these gases in the
atmosphere[1]. The International Panel on Climate Change (IPCC) predicted that by 2100, the
CO; level will rise to 570 parts per million[3]. Reducing CO emissions is an extensive and
difficult task[4]. Thus, the recycling of CO: as a feedstock to produce hydrocarbons presents
great economic and environmental interests([5]. Utilizing CO, provides a different carbon-
neutral method for producing useful chemicals and fuels [6]. In an effort to combat climate
change and advance sustainable energy alternatives, businesses and governments throughout
the world are accelerating the development of CO.-to-methanol conversion technology.
Globally, several organizations are leading this innovative field by converting industrial CO2
emissions into methanol, a versatile chemical and fuel. Carbon Recycling International (CRI),
based in Iceland, pioneered this technology with their George Olah environmental methanol
plant and, in 2022, expanded operations with a 110,000-ton capacity plant, demonstrating the
scalability of CO: utilization Global Leader in Carbon Capture and Utilization & Emethanol
[7]. Similarly, LanzaTech, headquartered in the U.S., employs gas fermentation to transform
industrial waste gases into methanol and other valuable products[8]. In Denmark, European
Energy is constructing one of the largest e-methanol plants, harnessing renewable energy to
drive CO: conversion. Innovators like Syzygy Plasmonics in the U.S. are employing
photocatalysis, a light-driven process, for methanol production[9], while Dimensional Energy
focuses on converting CO: and water into syngas, a precursor to methanol[10]. Meanwhile, the

U.S.-based Air Company specializes in producing carbon-negative fuels by transforming CO:
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into alcohols[11], and the UK’s Carbon Clean Solutions integrates CO: capture with industrial
processes to generate methanol and other chemicals. These companies exemplify the
worldwide initiative to reduce carbon emissions by developing innovative solutions, opening
the door to a more sustainable future. India, too, has emerged as a significant player in the CO:
to methanol conversion sector, showcasing its commitment to sustainable energy and carbon
neutrality[12]. The National Thermal Power Corporation (NTPC) has launched their CO: to
methanol plant at its Vindhyachal facility. This plant, equipped with indigenously developed
technology, converts captured CO: into methanol with an impressive purity of 99.9%, marking
a major advancement in carbon utilization[13]. Another notable initiative is the CO: to
methanol pilot plant in Pune, established through a public-private partnership between the
Indian Institute of Technology Delhi (IIT Delhi) and Thermax [14]. This facility, with a
capacity of 1.4 tons per day, highlights India's focus on developing indigenous carbon capture
and utilization (CCU) technologies, contributing to a circular carbon economy. Furthermore,
the Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR), in collaboration
with the Telangana government, is planning to set up India’s first large-scale CO: to methanol
plant. This project aims to transform industrial CO- emissions into methanol sustainably. These
pioneering efforts are bolstered by research and development programs across India's academic
and industrial sectors[15]. Institutions like the Indian Institute of Science (11Sc) and the Council
of Scientific and Industrial Research (CSIR) are actively working to develop scalable CO-
conversion technologies. Such initiatives address the dual challenge of mitigating carbon
emissions and meeting the growing demand for methanol in industrial applications, including
alternative fuels, pharmaceuticals, and chemicals[15].

Liquid Organic Hydrogen Carriers (LOHCs) are a transformative technology in the quest for a
sustainable energy future. These innovative compounds provide a safe, efficient, and scalable
solution for hydrogen storage and transportation, addressing key challenges associated with
traditional methods such as cryogenic liquefaction and compression. LOHCs work by
reversibly binding hydrogen molecules through hydrogenation and dehydrogenation cycles,
allowing hydrogen to be stored and transported in a liquid state under ambient conditions. This
capability mitigates risks related to high-pressure hydrogen handling and eliminates the need
for costly infrastructure, making LOHCs a promising enabler of the hydrogen economy. The
importance of LOHC technology lies in its ability to unlock The potential of hydrogen as a
clean energy vector, capable of decarbonizing hard-to-abate sectors such as transportation,

heavy industry, and power generation. By facilitating the seamless transport of hydrogen across
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regions and countries, LOHCs pave the way for energy-rich regions to export hydrogen
globally, bolstering energy security and supporting the transition to a low-carbon economy.

Globally, several companies are at the forefront of advancing LOHC technology, driving
innovation and commercial adoption. Hydrogenious LOHC Technologies, based in Germany,
is a recognized leader in this domain. The company has developed advanced LOHC systems
that are already being deployed for industrial-scale hydrogen storage and transport.
Hydrogenious’s solutions, such as their StorageBOX and ReleaseBOX, offer high safety
standards and efficiency, making them a reliable choice for hydrogen logistics[16]. Another
major player is Chiyoda Corporation, headquartered in Japan, which has developed the SPERA
Hydrogen™ technology. This innovative system enables the transportation of hydrogen using
methylcyclohexane (MCH) as an LOHC. Chiyoda has successfully demonstrated the
commercial viability of its technology by transporting hydrogen from overseas production sites
to Japan [17]. Honeywell, a global leader in energy technologies, is exploring LOHC solutions
to support hydrogen storage and transport as part of its broader energy transition strategy[18].
Similarly, Axens, a French company specializing in sustainable chemistry, has been actively
developing LOHC technologies to optimize hydrogen logistics for industrial applications[19].
In India, the LOHC landscape is evolving rapidly as the country accelerates its hydrogen
economy roadmap under initiatives like the National Hydrogen Mission. In order to design,
integrate, and develop a Liquid Organic Hydrogen Carrier (LOHC) solution and an e-Bus
powered by a 9-M hydrogen fuel cell, Qil India Limited (OIL) has signed an incubation
agreement with Ohm Clean Tech Private Limited. 11T-Guwahati would provide mentorship
and support to the start-up[20]. The growing adoption of LOHC technology by these companies
illustrates the global and national commitment to making hydrogen a fundamental component
of the energy transition. LOHCs not only address technical challenges but also enable scalable
hydrogen deployment, ensuring the viability of using hydrogen as an eco-friendly and
adaptable energy carrier. By leveraging LOHCs, hydrogen can be efficiently stored and
transported over long distances, facilitating cross-border energy trade and fostering
international cooperation. This capability is particularly significant for countries like India,
which can leverage LOHCs to import hydrogen from energy-rich nations while simultaneously
exporting its domestically produced hydrogen to global markets. Moreover, LOHC systems
align with global sustainability goals by minimizing greenhouse gas emissions and reducing
the environmental footprint of hydrogen logistics. Unlike traditional hydrogen storage

methods, LOHCs provide a closed-loop system with minimal energy loss, enhancing overall
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efficiency and cost-effectiveness. LOHC technology represents a breakthrough in hydrogen
storage and transportation, addressing key barriers to hydrogen’s widespread adoption. With
leading companies driving innovation, LOHC systems are poised to revolutionize the global
hydrogen economy. These advancements not only support decarbonization efforts but also
foster energy security and international collaboration, making LOHCs a cornerstone of the
sustainable energy transition. By embracing LOHC technology, countries and companies

worldwide are laying the foundation for a cleaner, greener, and more resilient energy future.

1.2 Direct CO2 conversion to methanol
1.2.1 COg2 conversion technologies

The continuous increase in anthropogenic carbon dioxide concentrations necessitates
significant climate mitigation strategies to avoid adverse greenhouse consequences. A new
school of thinking has emerged as a result of technological developments in the diverse
spectrum of CO2 consumption, with the goal of valuing atmospheric CO. as a raw material for
useful and reasonably priced commodities. As scalable and market-driven pathways for the
CO. commodity market, these innovative CO, conversion technologies—which include
electrolysis, photocatalysis, biohybrid, nanoporous confinement, and chain insertion—

outperform traditional carbon capture techniques.

1.2.1.1 Electrocatalysis

In most cases, electrochemistry and catalysis work together to generate electrocatalysis.
According to a basic understanding, electrochemistry contributes to the conversion of chemical
and electrical energy, while catalysis speeds up the system's chemical reactions. Since this
conversion technique allows reactants and electrocatalysts to communicate and share, and
Electrocatalysis can be considered a distinct form of heterogeneous catalysis since the

electrocatalyst may act as an electrode element[21].

1.2.1.2 Photocatalysis

According to Adamu et al.,2020, a photocatalyst is often classified as a semiconductor with a
lower bandgap energy than an insulator. If the energy in the electromagnetic radiation is equal
to or higher than the energy in the bandgap, the material's valence electrons will actively
permitting the positively charged holes to reside in the valence band while migrating in the
conduction band. The generated charge carrier's electrode potential facilitates a photocatalyst's
redox thermodynamics. Meanwhile, the photocatalyst's kinetic properties are controlled by

both light-driven processes and redox chemistry.
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There are several disadvantages to photocatalysis, despite the fact that it is regarded as an
appealing alternative for a thermocatalytic process that operates at high temperatures and
pressures[22]. Low yield [23], poor light absorption [24], and photocorrosion[22] are the
disadvantages. High charge recombination [25], incompatible bandgaps[26], and slow electron
transport [23] are all linked to low yield. In the meantime, low UV light energy and a wide
variety of bandgaps are associated with poor light absorption. The photocatalysis cannot
proceed as planned because of the photocorrosion[26].

1.2.1.3 Biohybrid

Biohybrid systems essentially include both organic (living organisms) and inorganic
(semiconductors and/or photocatalysts) components to mimic natural photosynthesis, which
converts CO2 into chemicals and building blocks. Currently, biohybrid systems that efficiently
convert CO; into chemicals or fuels by combining artificial and biological methods are made
up of two components: (1) microbial electrosynthesis systems and (2) photosynthetic
semiconductor biohybrid systems. Therefore, living things like bacteria or microalgae are
crucial to the effectiveness of CO> conversion. Both systems, however, operate differently from

one another.
1.2.1.4 Electroreduction of CO+ in metal-organic framework

In aqueous solutions such as monoethanolamine and diethanolamine, which are utilized in the
majority of industrial sectors’ widely used CO: separation methods, amine solvents readily
react and neutralize acidic CO, gasses. But it's also well known that amine absorption
technology has drawbacks, such as corrosion, oxidative adsorbent corrosion, sorbent flow
fluctuations, and high energy consumption[27] . As active electrocatalysts, tunable nanoporous
solid adsorbents electrochemically convert CO: into possible Cl-based fuels and building
blocks, is one of the developing solutions to the barriers. To this end, metal-organic
frameworks (MOFs) have become a distinct class of crystalline materials featuring unique
three-dimensional (3D) microporous and crystallographic structures. Moreover, MOFs may be
readily synthesized to enable minor modifications to their characteristics to accommodate
particular uses[28]. Depending on the synthetic pore sizes, MOFs may easily adsorb various
gases through a molecular sieving action. The use of MOFs to selectively adsorb and extract
CO. from gas mixtures is therefore extremely feasible[29]. Nevertheless, the high
implementation costs and high temperature adsorption capabilities of this technology are often

associated with its disadvantage.
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1.2.2 Current status of methanol production

Methanol is a component used in the industrial manufacturing of various added-value
chemicals, like formaldehyde [30,31], olefins [32][33], and biodiesel[34,35]. Methanol is used
extensively in the plastics industry, as a solvent in the pharmaceutical industry, and in the
extraction of animal and plant products as in the preparation of vitamins, cholesterol, and
hormones[36]. In addition to this, Methanol is used to make a wide range of intermediates used
in the production of several everyday items, including paints, resins, silicones, adhesives,
antifreeze, and more. In addition to gasoline, methanol is utilized as a fuel for
transportation[37]. Methanol consumed in 2018 was 140 million metric tons. In 2030, it is
predicted to be 280 million metric tons.

Valuing CO2, lowering CO, emissions, and meeting the demand for the aforementioned
compounds are the objectives. It is desirable to develop a kinetic equation that quantitatively
characterizes the effects of carbon dioxide and includes temperature distribution in industrial
reactors that can be anticipated in order to accomplish this aim in addition to mechanistic
elucidation of the impacts. Although such equations have been developed previously, none of
them adequately capture the synthesis patterns across various catalysts. The process by which
CO2 hydrogenates to methanol was not entirely understood in previous decades. This is because
the competing reverse water-gas shift (RWGS) process (Eg. 2)[6] places significant
thermodynamic constraints on the conversion. The effectiveness of the process determines
whether a technology is adopted in the industrial setting. At the moment, there is a lot of room
to comprehend the emerging technologies associated with methanol synthesis by carefully
examining the reaction mechanism and its associated kinetics. For the synthesis of methanol,
lower temperatures and greater pressures are the ideal thermodynamic parameters. Because the
RWGS reaction is endothermic and so repressed at low temperatures, this permits great
methanol selectivity. Methanol is produced primarily by the carbon monoxide catalytic
hydrogenation which makes for 10% of the world's H2 consumption. The industrial procedure
is conducted at 250°C and 50-100 bar. In addition to Hz, renewable methanol has been
suggested as a carbon-neutral energy vector for liquid fuel [38].

In order to keep the methanol formation process cost-competitive, process intensification
techniques are employed in larger-scale production, which is the focus of future methanol
reactor research. As was previously noted, the synthesis of methanol is an exothermic process,
which means that fewer moles of methanol are produced in the system in relation to the amount

of gaseous reactant mixtures that are introduced into it. This property suggests that the
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methanol synthesis process as a whole is economical and effective at using low temperature
and high pressure reaction conditions. A commercial plant process's main issue is that heat
removal from the reaction system be effective for more cost-effective and efficient plant
operation, as excess heat inside the reactor might impact reaction rate and selectivity. This extra
heat causes a number of unwanted byproducts to be produced, which further increases the
required recycling rate. Because the WGS process, CO, and CO- hydrogenation reactions are
exothermic among the processes involved in methanol synthesis, a high reactor temperature
results in a lower methanol conversion. Therefore, to get a higher methanol production, the
recycling ratio needs to be increased, which necessitates recycling the unreacted gas more often
than at lower reactor temperatures. Condensing the methanol product requires cooling the gas
before recycling. The reacting gas mixtures are then supplemented with fresh gaseous
reactants. The raw material in methanol production facilities consists of methanol, water, and
a few impurities. Byproducts of the production of methanol include formaldehyde, formic acid,
dimethyl ether (DME), and ketones [39].

Methanol Uses

Ethylene, formaldehyde, acetic acid, aromatics, methyl tertiary butyl ether (MTBE), dimethyl
carbonate (DMC), biodiesel, and other compounds are all produced industrially using methanol
as a building block. One of the most valued new technologies in the field of producing gasoline
from renewable resources is the "methanol to gasoline (MTG)" method. Solid acid catalysts
such as zeolites and SAPO have proved effective in catalyzing the conversion of methanol into
aromatic and olefinic hydrocarbons. In order to provide a more selective spectrum of alkenes
for the synthesis of gasoline, these catalysts are constantly being improved. Consequently, from
the standpoint of the global economy, investment in critical methanol technologies is crucial.
Because of the enormous accumulation of greenhouse gases in the atmosphere brought about
by centuries of fossil fuel consumption, the UNFCCC members reached the Paris Agreement
in 2015. By establishing two long-term temperature targets, this agreement seeks to mitigate
the risk and effects of global warming: (i) limiting the increase in global temperatures to well
below 2 °C over pre-industrial levels, and (ii) taking more proactive measures to limit the
increase to 1.5 °C over pre-industrial levels. A 20/20/20 approach was used to accomplish these
objectives, which include a 20% reduction in CO, emissions, a 20% increase in the market
share of renewable energy, and a 20% improvement in the efficiency of existing

equipment[39].
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Table 1.1 Physical properties of methanol [39]

Properties Value
Boiling point (°C) 64.70
Critical temperature (°C) 239.43
Critical pressure (kPa) 8096
Critical volume (ml/mol) 118
Critical value of compressibility factor 0.224
Heat of formation at 25 °C (kJ/mol) -239.03
Free energy of formation (liquid) at 25°C (kJ/mol) | -166.81
Heat of fusion (J/g) 103
Heat of vaporization at boiling point (J/g) 1129
Heat of combustion(gross) at 25°C (J/g) 22662
Autoignition temperature (°C) 464
Flash point (°C) 11
Surface tension at 25°C (mN/m) 22.1
Specific heat of vapour at 25°C (J/gK) 1.370
Specific heat of liquid at 25°C (J/gK) 2.533
Vapour pressure at 25°C (kPa) 16.96
Solubility in water Miscible
Density at 25°C (g/ml) 0.7866
Refractive index 1.3284
Liquid viscosity at 25°C (mPa) 0.541
Dielectric constant at 25°C 32.7
Thermal conductivity at 25°C (W/mK) 0.202

1.3 Liquid organic hydrogen carrier (LOHC)

Fossil fuel supplies will survive for hundreds of years if energy use keeps on its current pace
[40]. However, the fear of climate change may terminate the fossil fuel era before the fossil
fuel reserves run out. Hydroelectric power (17.8%) and traditional biomass used for cooking
and heating in developing countries (73.4%) accounted for 13.5% of the world's total primary
energy supply (TPES), or 13 555 Mtoe (570 EJ), in 2013. The International Energy Agency's
(IEA) "New Policies Scenario™ predicts that by 2035, the share of renewable energy in primary
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energy would reach 18% due to the growth of hydropower, biofuels, wind, and solar
photovoltaic (PV). By 2050, it is predicted that 100400 EJ of global energy output would
come from renewable sources [40]. The disparities in the production and use of renewable
energy between areas, as well as the fluxionality of its creation, necessitate the development of
innovative energy storage medium. For instance, the areas that are most areas that are most
suitable for producing renewable energy are frequently located distant from areas with the
highest demand. As a result, energy must be transported over vast distances and internationally.
The summer months, when energy demand is at its lowest, offer the greatest potential for solar
energy generation in the northern latitudes. Wind conditions are subject to sudden changes. All
things considered; the erratic generation of renewable energy presents difficulties. Even the
hydroelectric capacity is not used to its full potential during periods of low usage.
Practical energy storage devices are required to eliminate the constraints of Large-scale
renewable energy deployment is necessary to balance energy prices and enhance energy
security. Excellent energy storage options include coal, oil, and gas. Other energy storage
technologies offer advantages and disadvantages, including variations in size classes, storage
period lengths, and energy transmission capacities. For instance, compressed air and pumped
hydro energy storage systems have brief discharge periods. Although batteries range in
capacity from kW to more than 100 MW, they have a poor gravimetric energy density and are
unable to store electricity for long periods of time. Not every application calls for the same
kind of energy storage. For instance, long-distance land transportation and aircraft rely on
premium liquid fuels, while the shipping and power and heating industries can handle more
difficult fuels.

With its high energy density and zero carbon emissions when used, hydrogen is a viable energy
carrier for a clean and sustainable energy future. However, because hydrogen is a low-density
gas under normal circumstances, storage and transportation are one of the biggest obstacles to
its widespread use. Hydrogen can be stored under high pressure at ambient temperature or
below, or it can be preserved as a cryogenic liquid at its normal boiling point of 20 K. However,
the traditional mechanical ways of storing hydrogen (compression or liquefaction) are
expensive in terms of money and energy. One alternative method of storage that has been
investigated is Cryocompression of hydrogen. Moreover, hydrogen may be kept in solution in
metals, adsorbed as a diatomic molecule in porous materials, or combined with other elements

to form hydrogen compounds [42-44].
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1.3.1 Hydrogen storage
1.3.1.1 Mechanical storage of hydrogen
1.3.1.1.1Compression

An efficient compressed hydrogen storage system typically requires a working pressure of 700
bar and a capacity of 220 L to store 5 kg of hydrogen gas. The mass of the cylinder, which is
usually made of steel, is one major drawback. To get around this, composite cylinders were
developed, which significantly decreased operating pressures and reservoir masses. A type 1V
vessel, a lightweight composite cylinder with a polymer liner akin to high density polyethylene
HDPE, was developed to prevent gas diffusion and load-bearing composite overwrap. This
device achieves a gravimetric hydrogen uptake capacity of 1.7 kWh.kg-1 and a volumetric
hydrogen absorption capacity of 0.9 kwh.L-1, according to the Department of Energy (2015).
This storage method is used in the upcoming Toyota Mihai hydrogen fuel cell vehicle. The
storage tank's volume is enough for onboard usage, despite the high pressure being a major
safety risk [45].

1.3.1.1.2Liquification

An substantial hydrogen infrastructure enables the delivery and storage of large quantities of
hydrogen as a liquid at around 20 K (-253°C). The current global capacity is just around 50
tons per day, which is insufficient to power a largely hydrogen-based mobility system. On the
other hand, hydrogen liquefiers are an established technology that can process up to 30 tons of
hydrogen per day and consume 30 to 45 MJ of energy per kilogram of liquefied hydrogen.
Nonetheless, a number of studies indicate that liquefier capacities of up to 900 tons per day-1
and energy requirements as low as 18-25 MJ.kg-1 could be achievable. One benefit of liquid
hydrogen is that it has a large volumetric storage capacity. At -253 °C and 1 atm, liquid
hydrogen has a volumetric energy density of 70.8 g.L-1, which is significantly greater than that
of compressed gas. However, the process of liquefying hydrogen is highly expensive and
energy-intensive. According to Ekins and Bellaby (2008), Hydrogen liquefaction was
estimated to cost between $1 and 1.5 kg-1, whereas the cost of compressions at 700 bar was
0.15-0.6 $.kg[41]. A double-walled container or a cryostat can be used to hold liquid
hydrogen. But the boil-off effect, which results in leaks, is the issue. The boil-off phenomena
happens when liquid hydrogen absorbs heat from its surroundings or when it is delivered and

refuelled, since it easily evaporates.
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To avoid costly and hazardous boil-off loss, the tank has to be vented every three to five days

when it is not in use.

1.3.1.1.3Cryocompression

Compression and cryogenic hydrogen storage are combined in the most recent hydrogen
storage methods. In the head space, pressurized liquid hydrogen vessels can produce a mixture
of high pressure and liquid hydrogen [42]. The density of hydrogen in liquid form reaches 87
g.Lt at 237 atm, up from 70 g.L ! at 1 atm [43]. These scientists claim that because the
hydrogen inside the cryocompressed vessel may be released at a greater temperature, the
vessels can tolerate heat. To maintain the hydrogen density at 30% of the original liquid
hydrogen density, the venting is stopped once the tank reaches room temperature and the
internal pressure of the vessel is maintained at a constant level. When not in use, this enhances
tank safety and facilitates better storage. Furthermore, at pressures greater than 13 atm,
compressed hydrogen turns into a supercritical fluid, which can free up container space and

raise the volumetric energy density.

1.3.1.2 Chemical storage of hydrogen

1.3.1.2.1Hydrogen storage by chemical reaction with water

Hydrogen may be produced by a chemical reaction between water and other materials, such
sodium metal, which can be produced by reducing NaOH in a solar furnace. Calculations show
that the gravimetric density of hydrogen kept with sodium is 3.0 weight percent; the gravimetric
density increases to 6.3 weight percent when lithium is used in place of sodium. For on-board
hydrogen storage applications, this storage method is no longer utilized because of several
problems, chief among them being the control of chemical compound reduction to produce
original metal [44].

1.3.1.2.2Hydrogen storage in covalent hydrides

Additionally, hydrides such as organic compounds and ammonia are studied.

For example, methylcyclohexane dehydrogenation/toluene hydrogenation, tetralin
dehydrogenation/naphthalene hydrogenation, and decalin dehydrogenation/naphthalene
hydrogenation are examples of reversible catalysis pairings that have been used to create
organic chemical hydrides [49]. The dehydrogenation process is the key component of non-
metallic hydrides. For instance, cyclohexane must be dehydrogenated at 300°C to produce
benzene[44], and ammonia must be broken down and hydrogen produced at temperatures more

than 400°C in the presence of Ni or Ru catalysts. The kinetics of hydride absorption and
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desorption are extremely slow, even though the production and regeneration of hydrides need
a high temperature [45].

One creative way to deal with these issues is using Liquid Organic Hydrogen Carriers
(LOHC:s).

1.3.2 What Are LOHCs?

LOHCs are organic compounds capable of reversibly binding hydrogen through catalytic
hydrogenation and dehydrogenation reactions. In their hydrogen-rich form (hydrogenated),
they serve as hydrogen carriers, and in their hydrogen-lean form (dehydrogenated), they are
ready for reuse. Examples of widely studied LOHC systems include:
o Toluene/Methylcyclohexane: Toluene is hydrogenated to methylcyclohexane for
hydrogen storage and dehydrogenated back to toluene for hydrogen release.
e Dibenzyltoluene/ Perhydrodibenzyltoluene: A high-performing LOHC system with
a high hydrogen storage capacity.
1.3.3 Key Advantages of LOHC Technology

1. High Hydrogen Storage Density: LOHC systems provide a hydrogen storage capacity
comparable to or better than conventional methods such as pressurized tanks or
cryogenic liquefaction.

2. Safe and Stable: LOHCs are liquids under ambient conditions, reducing the risks
associated with hydrogen storage under high pressure or at extremely low temperatures.

3. Infrastructure Compatibility: They can be stored and transported using existing
liquid fuel infrastructure, making them economically viable for large-scale
implementation.

4. Reusability: LOHC compounds are chemically stable and can undergo numerous
hydrogenation and dehydrogenation cycles without significant degradation.

1.3.4 Working Principle of LOHCs

The LOHC cycle involves two primary steps:
1. Hydrogenation: The hydrogen-lean LOHC absorbs hydrogen in the presence of a
catalyst converting to its hydrogen-rich form. This reaction is typically exothermic.
2. Dehydrogenation: The hydrogen-rich LOHC releases hydrogen through a catalytic
process, regenerating its hydrogen-lean form. This reaction is endothermic and requires

external energy input.
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1.4 Statement of problem
There is a significant scope to intensify the processes for conversion of CO2 to methanol
production. Also, hydrogen storage and transportation are facing challenges as the technologies
are not well matured. In view of these challenges, the objectives are formulated as follows:
Part 1: Direct conversion of CO, to methanol production
i. Development of fixed-bed reactor model for isothermal and adiabatic reactor conditions
ii. Experimental investigation for higher Hz to COx ratios to study the performance of the
isothermal reactor under optimal conditions
iii. Comparative analysis of adiabatic and isothermal model simulations to obtain the
performance of the reactor
Part 2: Development of versatile Liquid organic hydrogen carrier (VLOHC)
iv. To establish optimal conditions for hydrogenation of quinoline to Decahydroquinoline
(DHQ)formation under pressurized conditions with heterogeneous catalyst (Pd/Al>Oz)
v. Selection of suitable solvents for hydrogenation of quinoline
vi. Study of hydrogen uptake capacity for Quinoline under optimal conditions
vii. To identify the hydrogen release capacity of Decahydroquinoline using Pd/Al>Os catalyst
viii. Energy analysis for hydrogenation and dehydrogenation processes
Thesis is organized into six chapters as follows:
Chapter 1 Discusses the introduction on direct conversion of CO2 to methanol and liquid
organic hydrogen carriers with current status of industrial plants
Chapter 2 Design of fixed-bed reactor for direct conversion of CO2 hydrogenation to methanol
Chapter 3 Experimental studies for direct conversion of CO2 to methanol production in FBR
Chapter 4 Kinetics studies for Quinoline hydrogenation to decahydroquinoline
Chapter 5 Dehydrogenation studies for decahydroquinoline for hydrogen generation
Chapter 6 Mass and energy analysis for 1 ton per day of DHQ production

Chapter 7 Conclusions
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Chapter 2

Design of fixed-bed reactor for direct
conversion of CO2 via hydrogenation
to methanol

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 19



AcSIR CHAPTER 2

2.1 Introduction

Direct conversion of CO; via hydrogenation to value-added chemicals is a vital approach for
utilizing CO2 emitted in the atmosphere from various fossil sources. A wide range of kinetic
models with appropriate assumptions regarding the reaction mechanisms and their parameters
have been suggested by researchers over the last few decades[1-3]. The rate expressions are
developed based on a dual-site LHHW mechanism[4-10]. Although various kinetic models
have developed, the CO, hydrogenation to methanol reaction mechanism was relatively
unclear. This is due to the major thermodynamic limitations on conversion due to competing
reverse water—gas shift (RWGS) reactions[11]. Industrially, it depends on various performance
parameters such as efficiency, safety and CO, mitigation, etc. to adopt technology. There is a
wide variety of opportunities for understanding how methanol synthesis technologies are

developed by studying the reaction mechanism and its associated kinetics. Kinetic modelling is
largely used in techno-economic assessment (TEA) studies[12,13].

To study mechanistic approaches for the conversion of CO> to useful products, it is
necessary to develop a kinetic equation that describes the effects and predict the
temperature distribution quantitatively in industrial reactors[14]. Methanol production
through the conversion of carbon dioxide route is obtained via a catalytic process using
three reversible reactions: (a) carbon monoxide hydrogenation reaction, (b) reverse

water-gas shift (RWGS) reaction, and (c) carbon dioxide hydrogenation.

CO + 2H, 5 CH;OH AH°(298 K) = - 90.5 kJ/mol (a)
COz + Hz 5 CO + H,0 AH°(298 K) = + 41.1 k/mol (b)
CO; + 3H2 5 CHsOH + H20  AH°(298 K) = - 49.4 kJ/mol ()

The preferred thermodynamic conditions for methanol synthesis are low temperatures and
higher pressures. This allows high methanol selectivity as the RWGS reaction is endothermic
and therefore, suppressed at low temperatures. In order to fully describe, analyze, and forecast
the dynamics of many systems or events under various circumstances, mathematical models
offer a potent set of tools. Kinetic modelling is one of the most important mathematical
frameworks among chemical engineering prediction approaches, with many uses, especially in
reactor design and optimization research[15].

Kinetic models were developed based on the rate expressions of all the elementary reactions
and their reaction parameters. Many studies have considered Langmuir— Hinshelwood —
Hougen — Watson (LHHW) or Eley — Riedel mechanisms and one or more rate-limiting steps

(RDS) for the development of kinetic modeling. In the case of the LHHW reaction,
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participating reactants will get adsorbed first on the catalyst surface, and then react to form
products. The Eley—Rideal mechanism, begins with the adsorption of the reactant on the
catalyst active site, while one of the other reactants remains in the bulk phase, and after
colliding with each other form products[16].

2.2 Literature review

In the last few decades, researchers have proposed many kinetic models based on different
assumptions about reaction mechanisms and reaction parameters.

Natta et al.(1955), developed a kinetic model for the ZnO/Cr,03 catalyst assuming only the
hydrogenation of CO, in which it is proposed that the trimolecular reaction of CO and
molecular hydrogen to be a rate-determining step. The proposed rate equation at temperatures
of 300-360°C is shown in equation 2.1 [17].

2 p2 _YCH30H
YCOPCOYHZPHZ_

r= teq (2.1)

- 3
(A+BYCOPCO+CYH2PH2+DYCH30HPCH3OH)

r is the rate of methanol formation,
v, is the fugacity coefficient of species i,

P, is the partial pressure of species,

Keq is the equilibrium constant of carbon monoxide hydrogenation to methanol

A, B, C, and D are empirical constants

Considering methanol synthesis with carbon dioxide-rich synthesis gas, Bakemeier et al.
(1970) observed a mismatch in the comparison of measured rates with those calculated using
Kinetic equations. Then it was realized that carbon dioxide-dependent terms must be
incorporated so that the kinetic equations would be useful for process design. A new rate
equation for the ZnO/Cr,Os catalyst assuming the methanol desorption to be rate determining
step is obtained. This rate equation predicts that the methanol yield would decrease as the CO>
partial pressure is increased [17].

“E  PoPH2(1-Pcuzon/(PcoPhizKeq))

r = Aeﬁ * _E
142eRTPcoy
PH2

In the above equation, A, E, n, m, D, and F are semiempirical parameters.

(2.2)

Leonov et al. (1973) is the first researcher to model methanol synthesis kinetics over a
Cu/ZnO/Al,O3 catalyst for temperatures between 220 and 260°C and pressures in the range of
40-55 atm. Their model assumed CO is the source of carbon in methanol and neglected the

effect of CO in the feed, the rate-determining step is methanol desorption. The examination

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 21



AcSIR CHAPTER 2

was limited to a narrow pressure range and did not consider the presence of any reaction

considering the utilization of carbon dioxide [12]. The rate equation is as below,

r=k (P(():'CSJPHZ _ _Pliion ) (2.3)

0.66 0.5
Pcazon  PcoPHz2Keq

where,

k is the rate constant for the forward reaction

Keq IS the equilibrium constant

Denny and Whan et al. (1978), also reviewed various contradictory reports on the effects of
CO: on the synthesis and emphasized the partial pressure of carbon dioxide term in the kinetic
expression[17]. Klier et al.(1982), developed taking into account the partial pressure of CO>
without considering its role as a reactant[17]. The rate expression for the temperature range of
225-250°C and pressure of 75 atm is represented as follows,

Peoz\’ P
Kiedox * ($2) + (RooPh, —58%)

3
P
<1 + Kredox (%)) * (F + Kcoz Peo2)™

— 1/Ki (PcuzonPuz0/Piz) (2.4)

r =k * + K'(Pcoy

where,

k is the rate constant, F is a linear function of pressures of Hz, and CO, and the exponent n
ranges from 1 to 3. Villa et al.(1985) studied the kinetics of the low-pressure synthesis of
methanol from carbon monoxide and hydrogen along with the reverse shift reaction of carbon
dioxide over a commercial Cu/ZnO/Al;Os catalyst[1]. The model developed by Villa et
al.(1985) considered CO as the only reactant and incorporated the CO; adsorption term in the
model as high concentrations of CO. gets strongly adsorbed on the catalyst surface[1].
Following kinetic models were derived as given in equation (2.5),

r = fcoffiz—fcHzon/Keq,1 (2.5)
1 (C1+Cafco+Cafcoz+Cafz)3 '

Where at T= 506K
C, = exp (3.49 + 4883(1/T — 1/T))
C, = exp (2.53 + 39060(1/T — 1/T))
C; = exp (3.70 + 15948(1/T — 1/T))
C, = exp (1.54 + 8229(1/T — 1/T))
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Ce = exp (5.18 + 9380(1/T — 1/T))
Graaf et al. (1986,1988,1990) have developed kinetic model based on an LHHW mechanism,
taking into account hydrogenation of CO and CO. as well as water-gas shift reactions
(reactions (a), (b), and (c)) over a commercial CuO/ZnO/Al0s MK-101 Haldor Topsoe
catalyst. They considered the rate laws are based on a dual-site LHHW mechanism. Operating
conditions are in the range of 210 to 245°C at 15-50 bar[5,18,19].

fco fuz > —(fcuzon/ (Fuz "> K1) } (2.7)

I'CH30H= kleO{ 5
(1+bcofco+bcozfcoz) (Fuz > +(buzo /buz®*)fuz0)

— fco 2fnz—(fcofuzo0/K2)
rH20 = kzbcoz{ 0S5 05 (2.8)
(1+bcofco+bcozfcoz)(fuz "+ (buzo/buz ~)fH20)
5 15
— feofuz >~ (fenzonfuzo/ (fuz " °K3))
FCH30H = ksbcoz{ 05 05 (2.9)
(1+bcofco+bcozfcoz) (fuz "+ (buzo/buz ~)fH20)

McNeil et al.(1989) developed a rate expression for CO. hydrogenation based on the available
information on reaction mechanisms in the literature in contrast to empirical models based on
experimental results for the operating conditions in the temperature range of 210-240°C and
pressures from 2.89 to 4.38MPa [10]. The overall rate expression is as given below,

, P
k'tKcuKi2KiiKeo (Pcopﬁz - %&H)

 KeuKii3Ki KeoPeo Py + KeozPeoz + Kiiz Pz

r

" P, P
I KiaKnKeoaKcroz (eoz Pz — - Soroapi22)
2

+
KR53 K KeozKenozPeo2 Py + K" co2Plo2 + Kuzo Pizo

(2.10)

J Skrzypek et al.(1991) concluded that CO- is necessary for the process to start and proceed
rather than CO. They considered only 2 reactions viz CO> hydrogenation and RWGS reaction.

[8]. Following are the rate expressions,

ry
) (PcozPi2) — (1/Kp1) (Penzon Pazo /Paz)

= k1Kf2Kco2 3 (2.11)
(1 + KpzPaz2 + KeozPeoz + KenzonPenzon + KuzoPuzo + KeoPeo)

I

Pro,P%) — (1/K Pro P

_ szHZKC02< (PcozPiz2) — (1/Kp2) (PeoPuzo) 2) (212)

(1 + KpzPaz + Keoz2Peoz + KensonPenson + KuzoPazo + KeoPeo)

Vanden Bussche et al.(1996) developed a unique steady-state kinetic model for methanol
synthesis and the water gas shift reaction on a commercial Cu/ZnO/Al,Oz catalyst. It
effectively couples the rate of both overall reactions through the common surface oxygen

intermediate. In addition to it, kinetic equations describe the influence of inlet temperature,
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pressure, and feed composition[9]. The most relevant kinetic model considering a single-site
adsorption mechanism is the one developed by Bussche and Froment in 1996[20]. A steady-
state kinetic model was developed for methanol synthesis and the water gas shift reaction. The
experiments used to determine the Kinetic parameters were performed on an industrial
Cu/ZnO/Al,O3 catalyst at pressures between 15 and 51 bar and for temperatures varying
between 180 and 280°C.

k’5aK’2K3K4KH2PCOZPHZ [1 - (1/K )(PCH33?HPHZO)
Pco2 P2

I'MeOH =

- 2.13)
3 (
(1 I (KHZO/KSK‘)HHZ)(PHZO/PHZ) | vV KHZPHZ | I:HZOPHZO)

k'1Pco2[1 — K3 (Pa20Pco/PeozPaz)]
FrwGs = s ; (2.14)

(1 + (Kuzo/KeKoKuz) (Puzo/Puz) + v/KuzPuz + KuzoPuzo0)
A microkinetic model by Grabow and Mavrikakis (2011) has 49 elementary steps that represent

the different intermediates involved in the methanol synthesis. An interesting result is that,
under typical conditions, their study showed majorly CO. hydrogenation leads to the
production of methanol. As concluded by the authors, further studies are required to determine
more quantitative results[21]. As stated in the paper of Kunkes et al.(2014), one of the major
mechanistic questions is related to whether methanol synthesis and RWGS are parallel
pathways, whether methanol synthesis and RWGS share a common intermediate, or whether
methanol formation proceeds by sequential RWGS and CO hydrogenation is discussed[22].

In the work done by Park et al.(2014), the kinetic model for the synthesis of MeOH and the
corresponding reaction rates were developed assuming the adsorption of CO and CO2 on
various types of active sites of the commercial catalysts and using the rate-determining steps
reported in the literature. Observations showed the negative effects of space velocity due to the
reduced residence time, and the positive effects of the pressure by the increased concentration
of the reactants. The developed model also showed the correlation between CO2 hydrogenation
and WGS reaction, and the maximum MeOH production could be determined by the optimal
temperature and CO fraction. Additional experiments regarding various particle sizes
confirmed the change in the effectiveness factor as a result of the internal diffusion limitation.
By combining the kinetic model with the information regarding the effectiveness factor, it can

be easily applied to the design of large-scale reactors for the synthesis of MeOH[6].
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K aKco (feo fuz"° — fenson/(Kpafu2))

I'co = 05e 05 (2.15)
(1 + Kcofco) (X + Kyzfuz — + Kuzofuzo)
FRWGs = k/gKco2 (fcozfH2 —fcofuzo/Kpg) (2.16)
= 05 .
(1+Kcoz2fco2) A+KY3 a2 +Kuzofh20)
rcos= k' cKcoz (fcoz fuz > —feuszonfuzo/(Kpcfuz ) (2.17)

(1+Kcozfco2) (1+Ki5 iz +Kuzofuz0 )

Portha et al.(2017) developed kinetic expressions for methanol synthesis from a CO2 /H:
mixture based on a dual-site LHHW mechanism adopted from Graaf et al.,(1988). They found
a good agreement between the model-predicted values and the experimental values in the range
of operational parameters[7]. Bisotti et al.(2021) stated that the Graaf and the VVanden Bussche
— Froment models are not fully adequate in characterizing conditions. The refitted Graaf model
is proposed to be more flexible on the operating conditions and feed compositions than
conventional models[4]. Over the years, the reaction pathway towards methanol using a Cu-
based catalyst has been widely investigated due to Copper’s highly active nature, and naturally
available element of the earth's crust which makes it sustainable and economical [23,24]. It has
been detailed investigated as a model catalyst for CO, to methanol reaction [25] and it is the
only catalyst we are going to analyze and use for detailed simulation studies. In this chapter,
detailed modeling studies are performed using reported models for high molar Hz to CO; ratios
to improve the performance characteristics for conversion of CO2 to methanol over CuZA
catalyst to have proper temperature control, most importantly to increase methanol yield per
unit catalyst weight.

2.3 Comparison of Kinetic models

All of the established kinetic models published in the literature can be classified into four
categories according to the choice of carbon sources and reaction processes as given inTable
2.1 Kinetic models based on the selection of carbon sources and reaction mechanismsKinetic
models based on different assumptions about reaction mechanisms and reaction parameters is

given in Table 2.2.
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Table 2.1 Kinetic models based on the selection of carbon sources and reaction mechanisms

al.(2024)

Groups [ Author Source | Observations/ Findings Reference
Takagawa et 1. Both CO and CO2 were regarded as
| al.(1987) CO & |carbon sources [2,18,26]
Graaf et al.(1988) | CO2
_ 2. RWGS was included in the model
Seidel et al.(2018)
1. Considered the CO and CO:
Klier et al.(1982) hydrogenation reactions for Kkinetic
modelling
I CO & 2. However, they did not include the
[10,17]
) CO2 RWGS reaction, as they assumed that
McNeil et )
the COz could not directly be
al.(1989) ] )
converted into CO during methanol
synthesis
1. The mechanism adopted proposed
Il Villaet al.(1985) |[CO that methanol is produced from CO [1]
only
Skrzypek et o 1. Considered the CO> hydrogenation
2
al.(1991) reaction and the RWGS reaction
Askgaard et 2. Through the RWGS reaction CO
al.(1995) can be produced but may or may not
Vanden Bussche take part in the methanol synthesis
v and [7_
Froment(1996) 91527 28]
Kubota et
al.(2001)
Portha et al.(2017)
Kouzehli et
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Table 2.2 Kinetic models based on different assumptions about reaction mechanisms and
reaction parameters

Sr. Author Observations/ Findings References
No.
1 Leonov et al.(1973) | 1. First to present a kinetic model of methanol [1]

synthesis catalysed by a CuZA catalyst

2. They did not include the effect of CO2 in the
reaction feed

2 Villa et al.(1985) 1. Developed model including the partial [1]
pressure of CO2, but the role of CO; as a

reactant was also omitted

2. Considered CO as a sole reactant and
included a CO; adsorption term in the model as
CO. gets strongly adsorbed on the catalyst

surface at high concentrations

3 Dybkjaer et | 1. Developed a rate expression for methanol [29]
al.(1986) synthesis based on the LHHW mechanism,
where H> is dissociated and adsorbed on one
site on the catalyst surface and then reacts with
adsorbed CO: on a nearby active site of the

catalyst to form methanol

2. According to this model, H2 and H.O are
competing for the same active sites, and the
carbonaceous gases (CO and CO.) are adsorbed

on different active sites

4 Takagawa and| Derived empirical rate expressions for all three [2]
Ohsugi.,(1987) methanol synthesis models (3 equations) under
a wide scale of operation parameters and

included them in their kinetic model

5 Graaf et al.(1988) 1. Included CO and CO: hydrogenation [18]

reactions and WGS reactions into the model
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2. A total of 48 reaction schemes were derived
from the various elementary reactions and then
the model was statistically scrutinized for the
best possible kinetic modeling

3. In 1990, they updated the set of reaction
parameters for the kinetic model using their
experiments carried out in a spinning basket

reactor

6 McNeil et al.(1989) | Developed a rate expression for CO2 [10]
hydrogenation based on the available
information on reaction mechanisms in the
literature in contrast to empirical models based

on experimental results

7 Skrzypek et al.(1991) | Experimentally observed that only CO: is the [8]
dominant carbon source during methanol
synthesis and included CO> hydrogenation and

the WGS reaction in their kinetic model.

3 \VVanden Bussche and| 1. A kinetic model of methanol synthesis was [9]
Froment.(1996) developed by assuming CO; as the main
reactant, and all the reactions were carried out
in a fixed bed reactor catalyzed by ICI 51-2

commercial catalyst

2. In their proposed reaction mechanism,
carbonate species were formed on the active

site of the catalyst

3. They showed that the developed model
successfully described the methanol formation
rate at a wide range of temperature, pressure,

feed gas composition

¢) Kubota et al.(2001) | 1. Developed a kinetic model by assuming CO- [30]
hydrogenation as a dominant reaction in

methanol synthesis
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2. They also compared their experimental yield
data generated in the pilot plant study with the
model-predicted data and found both were in

good agreement

10 |Portha et al.(2017)

CO produced during RWGS reaction is
considered in the kinetic modeling

[7]

11  |Poto et al.(2022)

In this work, single-site, dual-site, and three
adsorption-site kinetic models are used to study
the kinetics of CO hydrogenation to methanol

over a Cu/CeO,/ZrO; catalyst.

[31]

12 |Kouzehli et al.(2024)

A new kinetic model based on a single active
site LHHW mechanism was created after a
thorough Kinetic analysis of the synthesis of
methanol from CO; hydrogenation over
commercial Cu/ZnO/Al;O3 catalysts was

presented.

[32]

2.4 Reactor model

Modelling of reactions

Various kinetic models are reported to describe methanol synthesis using copper-based

catalysts. The modelling and simulation studies are performed for different reaction

conditions, i.e., temperature, pressure, feedstock composition, and catalysts. Different

Kinetic rate expressions are deduced based on the rate-determining step. Generally, the

LHHW kinetic model is constituted by the kinetic factor (mostly rate constant), driving

force expression (depending on the reactants available in the reaction medium), and

adsorption term. The rate of reaction is expressed as follows:

Kinetic factor * driving force]

Rate of reaction = [

Adsorption term

The following three reactions are the basis for Kinetic rate expressions:

CO + 2H2 = CH3OH (A)
CO,+H, = CO+H)0 (B)
CO; + 3H, = CH30OH + H,0 (C)
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The elementary reactions for the above three reactions are represented for each species
on the catalyst site as follows:
Reaction (A)

COsl +Hs2 = HCOsl +s2 (A1)
HCOsl1 + Hs2 = H>COsl +s2 (A2)
H>COsl + Hs2 = H3COsl +s2 (A3)
H3COsl + Hs2 & CH3OH +sl+s2 (A4)
Reaction (B)

CO2s1 +Hs2 = HCO.s1 +s2 (B1)
H CO2s1 + Hs2 =& COsl + H20s2 (B2)
Reaction (C)

CO2s1 +Hs2 = HCO2sl +s2 (C1)
HCO2s1 + Hs2 = H2CO2s1+ s2 (C2)
H2CO2s1 + Hs2 = H3COzs1+ s2 (C3)
H3CO2s1 + Hs2 = H2COs1 + H20s2 (C4)
H2COsl + Hs2 = H3COsl+ s2 (C5)
H3COsl + Hs2 = CH3OH + sl1+ s2 (C6)

There are 48 combinations of different kinetic rate expressions that can be derived, with
the corresponding reaction rates of elementary reactions. This is predicated on the idea
that only the surface reaction is the rate-controlling step and all other elementary
reactions are in equilibrium. The driving-force groups are the sole variations among the
kinetic rate expressions. Table 2.1 lists these driving-force categories. Here, we have
considered all 48 combinations of the kinetic models those could be used for simulation
studies. The Kinetic parameters, adsorption, and equilibrium constants are taken from
Portha et al.(2017). The rate of reaction for each reaction is based on the dual-site
Langmuir—Hinshelwood-Hougen-Watson (LHHW) mechanism with dissociative
hydrogen adsorption. The A3B2C3 model rate expressions for three reactions are

expressed as follows[7]

15 0.,
= kibeo { Pco Pu2 (Pcuzon/(PH2 ~*K1)) } (2.18)

(1+bcoPco+bcozPcoz) (Puz®+(bu20/buz *>)PH20)

f2 = Kabcoa { Pco 2PH2—(PcoPH20/K2) } (2.19)

(1+bcoPco+bcozPcoz) (Puz+(buz0/buz">)PH20)

PcoPu2t®—(P P Pu. 1K
f3 = k3bc02{ coPu2 (PcH30H 01.-:;20/( H2 3())% (2.20)
(1+bcoPco+bcozPco2)(Puz2 ~+(bH20/bH2 ~)PH20)
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In addition to the following rates, further simulations are performed using driving force
terms as given in Table 2.3 for all the 48 model combinations to verify the best model
fit for the experimental data.

Table 2.3 Driving force terms of rate expressions for reactions

Rate controlling step | Driving force group

Al Peo Prz®® — (Penzon/Puz " °Ky)
A2 Pco Puz — (Penson/Pu2K1)

A3 PeoPuz'® — (Penzon/Puz* K1)
Ad Pco Puz? — (Penzon /K1)

Bl Peoz Puz®® — PeoPuzo/(Puz " °K3)
B2 Pco2Puz — PeoPuzo/Kz

Cl PeozPuz"® — PensonPuzo/(Puz > °Ks)
C2 Pco2Puz — PeuzonPuzo/(Puz Ks)
C3 PeozPuz"® — PenzonPuzo/(Puz "°K3)
C4 Peo2Puz’ — PenzonPuzo/ (PuzKs)
C5 Peo2Puz”®/Puzo — Penzon/(Puz”°Ks)
C6 Poo2Puz’/Puzo — Penson/Ks

2.5 Adiabatic model development

An adiabatic system is described as no substantial loss or gain of heat with the
surroundings taking place during the reaction. A detailed mathematical model is
developed to assess the effectiveness of the catalyst in one single tubular adiabatic
reactor. The following assumptions are considered to simplify the mathematical model.
i) Steady-state conditions

i) ldeal gas behavior

iii) Radial heat and mass transfer effects are negligible

iv) No mass transfer limitations

A one-dimensional pseudo-homogeneous model is assumed since the particles in the two
phases are so tiny, that gradients between them are not taken into account. Steady-state
conditions are considered because the time scales of the processes involved are much larger
than the time scale of any transient effects. For adiabatic fixed-bed reactors, steady-state

conditions are commonly assumed because the system reaches a stable operating condition
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over time, and the variations in temperature, pressure, and concentration along the reactor bed
become negligible compared to the overall operating conditions. In this process, gas molecules
behave closely to the predictions of the ideal gas law. This assumption is justified as the
compressibility factor Z for the gas mixture at high pressure and temperature is estimated using
the Soave—Redlich—-Kwong equation of state (SRK) and is found to be nearly unity [33,34].
Assuming no mass transfer limitations, the reactor model is simplified to focus solely on the
kinetics of the catalytic reaction[20,24].

The steady-state energy balance for the adiabatic catalytic reactor is given by the following

equation,

3 3
AQ =W, + ) Fililn = ) FiHilo = 0 (221)
i=1 i=1

As there is no shaft work involved in the process, work done (Ws) = 0;

Heat removed or generated due to cooling,

AQ = UM (Ta —T) = ?AW(Ta—T) (2.22)
b

The final expression for differential element in a packed-bed reactor can be represented
as,

Ua
dT  pp AW(Ta —T) — XL, ridHy,
= 2.23
dw U F; Gy (2:23)

For adiabatic reactor operation, (Ta-T) =0,

dT  ¥i_,riAHy
W TGy

(2.24)

Where,
T is the reactor temperature, K
Ta is ambient temperature, K
W is the weight of the catalyst, g
AH,,; is the heat of reaction in J/mol of i*" reaction, J/(mol.K)
F; is the molar flow rate of species, j, mol/h.
Cyj is the specific heat capacity of species j, J/ (mol. K)[35]
The reactor simulations are performed using MATLAB® by varying inlet temperature

in an adiabatic fixed-bed catalytic reactor and the effect of parameters on CO:
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conversion, methanol selectivity, methanol yield, and rate of reactions are studied. Inlet
conditions along with feed composition and catalyst are specified in Table 2.3.

2.5.1 Effect of feed temperature

The effect of feed temperature on CO2 conversion, methanol selectivity, and yield are
simulated for a reactor pressure of 50 bar. The increase in feed temperature influences
these parameters for the reactor shown in Figure 2a. The CO2 conversion was minimal
(<1%) at 100°C, and it reached a maximum of 24.54%, with a methanol yield of 16.42%
at 200 °C and thereafter remained constant with an increase in feed temperatures (210
°C, 230 °C, 250 °C, and 300 °C). The rate of CO2 hydrogenation favors the yield of
methanol formation over CO hydrogenation as the reverse water gas shift
reaction(RWGS) reaches its thermodynamic equilibrium condition to proceed with the
reaction. As CO and CO: hydrogenation reactions are highly exothermic in nature,
temperature inside the reactor increases for an adiabatic reactor. Therefore, the
temperature profile shows increase in temperature for different inlet feed temperatures

along the length of the catalyst bed as shown in in Figure 2b.

35 - 330
% | (@) —%—CO: Conversion 100 —~ * 190°C —a—200°C
= 30 —A—MeOH Yield = (b) 210°C ——230°C
—r 10} )0
S MeOH Selectivity | g9 & m 00 f\ T F0C e300
o 2 2
e g2 B
S 20 o & B
ok g =
Z.2 15 IR,
\ =
27 W0
g I C 3
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S s 05 2
@]
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Figure 2.1 a) Effect of feed temperature on CO. conversion, MeOH selectivity, and yield b)
Temperature profile at different feed temperatures at 50 bar pressure; ¢) Effect of pressure on
CO; conversion, MeOH selectivity, and yield d) Temperature profile at different Inlet
pressures from 10 to 50 bar at Hz: CO2 = 3; GHSV =720 h?
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The optimum feed temperature to operate the reactor is 200°C to limit the reactor
temperature to 250°C as the increase in reactor temperature may favour reverse water
gas shift reaction. The effect of feed temperature showed an increase in conversion from
0.17% at 100°C to 24.23% at 200°C. However, selectivity towards methanol decreased
with increase in temperature from 99.80% to 31.18%, hence, the maximum methanol
yield of 16.42% is obtained for the feed temperature of 200°C.

2.5.2 Effect of pressure

The effect of pressure is studied to predict the performance parameters of the adiabatic
reactor model in the range from 10 to 50 bar. The performance parameters with respect
to the effect of temperature and pressure are represented in Supplementary information
for an optimum feed temperature of 200 °C. The CO2 conversion increased from 9.38%
to 24.53% with decrease in rate from 10 bar to 50 bar. The selectivity towards methanol
increased from 40.26% to 66.93%, eventually, the yield of methanol increased from
3.78% to 16.42%. It is observed that high-pressure reaction conditions are favourable to
achieve increase in CO2 conversion, methanol selectivity, and yield. The maximum CO2
conversion of 24.53% and methanol yield of 16.42% are observed at a pressure of 50
bar as shown in in Figure 2c. The rise in reactor outlet temperature with respect to
pressure is modelled along the catalyst bed length as shown in in Figure 2d. The
maximum temperature of 246°C is obtained for a pressure of 50 bar and approaches
plateau along the bed length.
2.6  Isothermal model development
A one-dimensional pseudo-homogenous model for an isothermal fixed-bed reactor is
developed with mass balance, momentum balance, and Ergun equation to predict
concentration and pressure profiles. The models are simulated using MATLAB
considering three chemical reactions that involve the LHHW kinetic model. The model
is represented with a pseudo-homogeneous plug-flow model with the following
assumptions:

i. Steady-state regime

ii. No axial dispersion

iii.No mass transfer limitations
This leads to a one-dimensional model based on mole balance for multi-component

species involving parallel reactions,
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Fio— Fj+ (Vipri)~AW= 0 (2.1)
For a differential element in a packed bed reactor,

dF,
dTN= zi=1_3Vi]-ri (226)
j=1-5

Where,

Fj = molar flowrate of species

W = weight of the catalyst

Vijj = stoichiometric coefficient of species j in reaction i

ri = rate of reaction for the species i
As the fluid passes through a packed bed of catalyst, it experiences pressure loss in the
reactor. Specifically, when the size of catalyst particles is small, the pressure drop in the
catalyst bed has to be considered. In this work, we have assumed that catalyst particles
are of uniform size. The reactor simulations are performed using MATLAB® by varying
inlet temperature in an adiabatic fixed bed catalytic reactor and the effect of parameters
on CO2 conversion, methanol selectivity, methanol yield, and the rate of reactions are
studied. Inlet conditions along with feed composition and catalyst are specified in Table
2.3.

2.6.1 Effect of temperature and pressure

The isothermal model simulations are performed in the temperature range from 180 to
300°C for different pressures of 10, 30, and 50 bar. It is observed that CO2 conversion
increases with an increase in temperature until optimum and then attains a plateau to attain
thermodynamic equilibrium as shown in Figure 2.2a. The maximum CO- conversion is attained
in the temperature range from 230 to 250°C for 50 bar to achieve maximum methanol yield.
The CH3OH and CO selectivity as a function of temperature are shown in Figure 2.2b and
Figure 2.2c. The CH3sOH selectivity increases to its maximum and decreases gradually with
increase in temperature. On the contrary, CO selectivity decreases under optimal CO:
conversion and increases further with increase in temperature. This may be due to favouring
reverse water gas shift reaction at high temperatures leading to high CO formation whereas
CO- and CO hydrogenation favours in the temperature range from 200 to 230°C. The yield of
methanol is calculated based on CO> conversion and methanol selectivity. Hence, the optimal
conditions for methanol yield were chosen to be 230-250°C as shown in Figure 2.2(d). These

conditions form the basis for the operation of the reactor isothermally. The outlet product flow
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rates are obtained for optimal conditions at a pressure of 50 bar, H»-to-CO- ratio of 3 and GHSV
of 720 h™*as shown in Figure 2.3a. The product composition comprises CO, CO,, CH3OH and
water formation. As evident from Figure 2.3, the optimal methanol formation is at 230-250°C
due to CO and CO- hydrogenation at this temperature and a further increase in temperature
favours reverse water gas shift reaction for CO and water formation. The individual reaction
rates are simulated for a better understanding of in-situ reaction rates that contribute to
methanol, CO, and water formation. As shown in Figure 2.3b, the reaction rate for reverse
water gas shift reaction is much faster in comparison to CO and CO> hydrogenation. Therefore,
the increase in CO contribution to methanol formation is further illustrated for different H» to
CO; ratios to study with respect to relative reaction rates. It was clear that methanol formation
increased with an increase in the H> to CO ratio as reported in the literature[25]. Hence, the
simulations are carried out to demonstrate the relative rates for three reactions with increased

H, to CO> ratios.
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Figure 2.2 Effect of temperature on (a) CO2 conversion (b) Methanol selectivity (c) Methanol
yield for Hz: COz = 3; GHSV =720 h't at P = 50 bar

2.6.2 Effect of molar H2/CO; ratio

The variation in Hz to CO2 molar ratio has significant effect on the rate of reactions as
reported in the literature[25]. The effect of H> to CO2 molar ratios of 3, 6, and 9 are
simulated in the pressure range of 10 to 50 bar at an optimal temperature of 230 °C for
different GHSV of 720 to 1800 h*. As shown in Figure 2.4(a-d), CO2 conversion,
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methanol selectivity, yield, and space-time yield have a direct influence with increase
in Hz to CO: ratio. The effect of pressure also has a direct influence on the performance
parameters of the reactor model under similar conditions. Therefore, the present
simulations are performed from 10 to 50 bar pressure and the maximum CO2 conversion
of 44.02%, selectivity of 81.18%, yield of 35.74%, and the space-time yield of 140.28
mMg/gea .h is obtained at 1800 h - for H, to CO- ratio of 9. Although CO2 conversion,
methanol yield, and space-time of methanol yield are increased by a significant margin,
the selectivity of methanol reaches thermodynamic equilibrium beyond the H» to CO>
ratio of 6 as shown in Figure 2.4. Therefore, it is recommended to operate the reactor at
high flow rates of H> to CO: ratio beyond stoichiometric quantities to improve the
reactor performance.

Table 2.3 Comparison of inlet conditions and performance parameters for adiabatic and
isothermal reactor models for Hz: CO. = 3 and P = 50 bar

Parameter Adiabatic model | Isothermal model
COz inflow (ml/min) 15 15, 30, 45

H> inflow (ml/min) 45 45, 90, 135
Total flow rate (ml/min) 60 60, 120, 180
H2: CO2 molar ratio 3 3,6,9

CuZA catalyst (g) 3 3

Particle size (um) 400 400

GHSV (h}) 720 720, 1260, 1800
CO- conversion (%) 24.54 25.02
Temperature (°C) 190-300 180-300
Pressure (bar) 10-50 10-50

Performance parameters at 230°C, 50 bar, WHSV = 720 h't; H,/CO,= 3

Methanol selectivity (%) 66.93 76.66
CO selectivity (%) 33.07 23.34
Methanol yield (%) 16.42 19.18
STYchson (MY/geat.h) 64.47 75.30
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The model predictions compare very well with the experimental data for the H2 to CO>
ratio of 3, 6, and 9 for 10 bar pressure as reported in the literature[25]. Therefore, the
simulations are extended up to 50 bar under optimal conditions and the performance
parameters are compared for different ratios. The rate of enhancement in the
performance parameters drastically improved for the H2 to CO: ratio of 3 to 9 from
19.03% to 36.41%. Further simulations are analysed for different reaction rates to
identify the reaction dominance that contributes to methanol production. The detailed

simulation results are plotted for one-to-one comparison as given in Appendix A.
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2.7 Comparison of adiabatic and isothermal reaction conditions

The comparative performance analysis for methanol production in adiabatic and isothermal
reactors with respect to feed temperature is shown in Figure 2.5(b) and 2.5(c). It clearly
indicates that as the feed temperature increases beyond 200°C, the methanol production

decreases and the reaction rate drops at a shorter reactor length in the adiabatic reactor. Since

- 0008 ¢ 190°C  —4—200°C 0.010
= a = 0009 | (b) * 190°C  —+—=200°C
5 0.007 @ o 2100c  —2300c | Z ®)  C sl00c ——2300C
E 0.006 —#-250°C  —#—3002C g 0.008 —#-250°C —e—300 °C
2" : T 0.007
< < 0
E 0.005 S 0.006
&= 0.004 o3 0.005
= g 0.004
§ 0.003 < 0003
0.002 =
bole = 0.002
g 0.001 E 0.001
0.000 © © 0.000
0 3 6 9 12 0 3 6 9 12
Catalyst bed length (cm) Catalyst bed length (cm)
o 0009 —e— Adiabatic
3 o008 | ©
\g, 0.007 —o—Isothermal
£ 0.006
3
2 0.005
g 0.004
§ 0.003
= 0.002
2
= 0.001
©

180 200 220 240 260 280 300 320
Feed temperature (°C)

Figure 2.5 Effect of feed temperature on outlet molar flowrate of methanol along the length of
a) Adiabatic and b) Isothermal reactor c¢) Comparison among adiabatic and isothermal reactor

the adiabatic reactor does not remove any heat generated during the reaction, a higher feed
temperature raises the temperature throughout the reactor, moving the equilibrium to the left
and hastening the rate at which the generation of methanol declines. In the isothermal reactor,
as shown in Figure 2.7(b), the effect of the temperature rise is quite the opposite: although high

temperature shifts the methanol production equilibrium to the left, it is compensated by the
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increase of methanol production rate. Moreover, the reaction equilibrium can be maintained
along the reactor as the cooling system keeps the temperature constant. However, when the
feed temperature increases above 230°C, the higher reaction rate can no longer compensate for
the shifted equilibrium, causing the methanol production to drop. The simulations are carried
out for both adiabatic and isothermal reactor models to understand the behavior resulting in
methanol formation in each case. The temperature profile is a significant factor contributing to
the operation of a methanol synthesis reactor. Methanol is generated via reversible exothermic
reactions (a) and (c), which benefit from low temperatures. In the adiabatic configuration, heat
released inside the reactor accumulates and there is no cooling system available to take the heat
out of the reactor. Consequently, the increase in temperature inhibits the exothermic reactions
and eventually suppresses the methanol production. Contrary to the adiabatic case, the constant
temperature can be achieved by providing a cooling system that takes out the heat produced
from the exothermic reaction, while keeping the temperature constant. This maintains the
reaction equilibrium in favour of the methanol production, eventually leading to a higher
methanol yield at the end of the isothermal reactor. It is also worth noting that methanol
production in an isothermal reactor does not level off until the end of the reactor length,
indicating the possibility of obtaining an even higher methanol yield along the length of the
reactor. The comparison between adiabatic and isothermal reactor operation can also be
explained using equilibrium constants data. It is evident that equilibrium rate constants favour
isothermal conditions with an increase in feed temperature for RWGS and CO, CO:
hydrogenation reactions.

2.8  Sensitivity analysis

The studies on adiabatic and isothermal reactor conditions present a detailed examination of
reaction kinetic modelling for a fixed bed reactor aimed at enhancing methanol production.
Simulations were conducted over a temperature range of 180°C to 300°C and pressures of 10,
30, and 50 bar to evaluate reactor performance in terms of CO. conversion, CO and methanol
selectivity and methanol yield. The optimal conditions at the pressure of 50 bar and temperature
of 230°C were identified. A comprehensive sensitivity analysis was performed to assess the
impact of variations in kinetic constants (k,, k., k;) within £5 % range on CO: conversion,

methanol selectivity, and methanol yield.
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2.8.1 Sensitivity analysis: Rate constants varied at a time
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Figure 2.6 Sensitivity analysis with all the rate constants varied by a fixed change (-5 to +5%)
at 210°C, 230°C, and 250°C for 10 bar, 30 bar, and 50 bar pressure.
There is not significant effect on the performance parameters observed when the values of rate

constants varied at a time. It shows the robustness of the rate constant values as can be seen in

Figure 2.6.

2.8.2 Sensitivity analysis: Rate constants varied seperately

CO2 conversion remains stable with variation in all the rate constants showing minimal
sensitivity whereas methanol selectivity and methanol yield remain fairly constant as ki shows
little sensitivity at 10 bar as can be seen in Figure 2.7(a). Both decrease with Positive variation
in k2 and increase with negative variation in ko, Both are more sensitive to change in ks. The
increase with Positive variation in k3 and decrease with negative variation in ks At 30 bar, as
shown in Figure 2.7(b). CO. conversion, methanol selectivity, and methanol yield remain
nearly constant, indicating low sensitivity to k; and ko. Positive variations in ks lead to increase
in all values, while negative variations result in a decrease in all values. CO conversion,
methanol selectivity, and methanol yield remain nearly constant, indicating low sensitivity to
ki and ko at 50 bar, as shown in Figure 2.7c. Positive variations in k3 lead to an increase in all

values, while negative variations result in a decrease in all values.
_______________________________________________________________________________________________________________________________________________________|
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The analysis revealed that changes in kinetic constants have minimal effect on the reaction

outcomes with the importance of accurate kinetic parameter estimation for process

optimization. The sensitivity analysis offers valuable insights into enhancing the robustness

and reliability of reaction models with implications for the design and optimization of industrial

processes involving CO: conversion and methanol synthesis. The research advances the

understanding of how variations in kinetic parameters influence catalytic reactions, providing

practical guidance for improving the efficiency and reliability of CO2 conversion and methanol

production processes, thus supporting the broader objective of optimizing catalytic systems for

better environmental and economic performance.
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At P=10 bar, T=230°C
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At P=30 bar, T=230°C
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At P=50 bar, T=230°C
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Figure 2.7 Sensitivity analysis of rate constants at 230°C at various pressures a) 10 bar b) 30
bar and c) 50 bar
2.9 Conclusions
The kinetic models developed for the synthesis of methanol from CO. are under high-pressure
conditions that require experimental investigation for kinetic parameters evaluation. The role
of CO in direct CO2 catalytic hydrogenation reactions is analysed through reverse water gas
shift reactions using kinetic models in this work. Simulations are performed for increased mole
ratios of H> to COz to envisage the performance characteristics of the fixed bed reactor model.
Based on modeling and simulation investigation for direct CO> hydrogenation, the
conclusions are as follows:

i) The effect of temperature and pressure is well understood with adiabatic and isothermal
model simulations.

i) The isothermal model showed much better performance for CO, conversion, selectivity,
and methanol yield. The result showed that the isothermal configuration converted 2.76%
more methanol yield compared to the adiabatic reactor.

iii) The reaction rates showed that reverse water gas shift reaction enhanced the rate of
methanol formation by 5 times via CO hydrogenation alone as CO formation favors with
an increase in temperature. However, the contribution of CO2 hydrogenation for methanol
formation is much higher compared to CO hydrogenation.

iv) The higher H. to CO; ratio yielded better performance under low-pressure conditions as

reported in the literature. Therefore, the model showed enhancement in the reaction rates
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with improved methanol yields of 19.03%, 29.25%, and 36.41% for H> to CO2 molar ratios
of 3, 6, and 9, respectively.

v) A comprehensive sensitivity analysis showed <1% change in methanol yield for variations

in kinetic constants (ki, k2, k) within £5 % range.

vi) This sensitivity analysis offers valuable insights into enhancing the robustness and

reliability of reaction models with implications for the design and optimization of

industrial processes involving CO: conversion and methanol synthesis.
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Experimental studies for direct

conversion of CO- to methanol

production In fixed bed reactor
(FBR)
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3.1 Introduction

The atmosphere's content of the greenhouse gas carbon dioxide is steadily rising. Currently,
several techniques are being investigated to either lower the CO. content or transform it into
useful chemical compounds. The work aims to valorise CO2 while reducing emissions and to
meet the demand for chemicals that have applications in various chemical industries. In
particular, CO> hydrogenation presents the most elevated possibility for industrial application
with a technology readiness level (TRL) of 9 with a noteworthy capability for net CO>
utilization[1]. However, there are challenges remain in the selective hydrogenation of CO; to
methanol due to its thermodynamically unstable nature. Hydrogenation of carbon dioxide to
methanol is an exothermic reaction with experimentally determined enthalpy change AH29sk =
—49.4 kJ/mol. As two molecules of products form from four molecules of reactants, low
temperature and high pressure the production favours methanol whereas high-temperature
favours competing reverse water—gas shift (RWGS) reaction. Consequently, a compromise
must be struck between high temperatures, which increase the reaction rate, and at low
temperatures, which increase the conversion. We aim to investigate temperature, and pressure
conditions to either shift the reaction equilibrium towards a desirable product and/or to have
proper temperature control, most importantly to increase methanol yield per unit catalyst
weight. Developing a highly effective catalyst that can be operated at lower temperatures is
one of the ways to overcome this equilibrium limitation to reduce the energy barrier for the
breaking one C—O bond from a CO2 molecule and thus improves the reaction kinetics[2,3]. Cu-
based catalyst has been widely investigated as a highly active and naturally available element
in the earth's crust which makes it sustainable and economical. This catalyst is considered as
model catalyst for the conversion of CO> to methanol production [3—7]. In an effort to enhance
the process, several researchers have studied the mechanism of CO2 hydrogenation to methanol
throughout the years; nevertheless, the molecular mechanism is still hotly contested. Although
the precise nature of the active site is yet unknown, its significance throughout the reaction is
widely established. Apart from catalyst studies, kinetic modelling(KM) is largely used in
techno-economic assessment (TEA) studies[8,9]. The following choices for KM usage
during a TEA are listed in decreasing order of confidence: 1) Ideally, laboratory tests on the
specified catalyst and raw materials should be carried out, and the results should be matched
to a KM; 2) Comparing TEAs conducted with multiple KMs can provide an estimate of the
TEA's uncertainty in place of directly relevant experimental corroboration of a KM used in a

TEA study; 3) if only one KM is used, a more recent one should be chosen because it is more
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likely to represent the current commercial state-of-the-art for a given catalyst composition and
could predict yield and conversion with higher accuracy. A wide range of kinetic models with
appropriate assumptions regarding the reaction mechanisms and their parameters have been

suggested by researchers over the last few decades [10-12].

The rate expressions are developed based on a dual-site LHHW mechanism [13-19]. Although
various kinetic models have developed, the CO. hydrogenation to methanol reaction
mechanism was relatively unclear. This is due to the major thermodynamic limitations on
conversion due to competing reverse water—gas shift (RWGS) reactions [20]. Industrially, it
depends on various performance parameters such as efficiency, safety and CO. mitigation, etc.
to adopt technology and there is a wide variety of opportunities for understanding how
methanol synthesis technologies are developed by studying the reaction mechanism and its

associated kinetics.

To study mechanistic approaches for the conversion of CO> to useful products, it is
necessary to develop a kinetic equations that describe the effects and predict the
temperature distribution quantitatively in industrial reactors[21]. Methanol production
through the conversion of carbon dioxide route is obtained via catalytic process using
three reversible reactions: (a) carbon monoxide hydrogenation (reaction 1), (b) reverse
water-gas shift (RWGS) reaction (reaction 2) and (c) carbon dioxide hydrogenation

(reaction 3).

CO + 2H, 5 CH;OH AH°(298 K) = - 90.5 kJ/mol (a)
COz + Hz 5 CO + H,0 AH°(298 K) = + 41.1 k/mol (b)
CO, + 3H2 5 CHsOH + H20  AH°(298 K) = - 49.4 kJ/mol ()

Low temperature and higher pressure are considered to be the most suitable
thermodynamic conditions for the synthesis of methanol according to the Le Chatlelier
principle[22,23]. This allows high methanol selectivity as the RWGS reaction is
endothermic and therefore, suppresses at low temperatures. It is needed to have a trade-
off temperature to maximize CO. conversion to methanol. In this chapter, detailed
modelling studies are performed using reported models for high molar H, to CO» ratios
to improve the performance characteristics for conversion of CO, to methanol over
CuZA catalyst to have proper temperature control, most importantly to increase

methanol yield per unit catalyst weight.
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3.2 Literature review

The direct conversion of CO2 to methanol in a fixed bed reactor offers a promising route
for CO: utilization, providing a sustainable pathway to produce methanol, which is
widely used in energy and chemical industries. Fixed bed reactors (FBRs) are
advantageous for their simple design, easy catalyst loading, and scalability. Copper (Cu)
catalysts supported on zinc oxide (ZnO) and alumina (Al=Os) are widely used due to
their high activity and selectivity towards methanol. The incorporation of promoters like
Zr0O:2 has been shown to improve catalytic performance, particularly by enhancing CO:
adsorption and stabilizing active sites [16].

Methanol synthesis from CO: involves a multi-step hydrogenation mechanism, often following
pathways that include intermediates like Formate species. Fixed bed reactor studies reveal that
Cu-based catalysts facilitate CO: activation and hydrogenation, with reaction temperature,
pressure, and gas flow rate influencing methanol selectivity and overall conversion rates [24].
Studies using advanced spectroscopy techniques, such as in-situ DRIFTS and XPS, provide
insights into the surface chemistry during CO: hydrogenation, which helps optimize catalyst
composition and operating conditions[25].

In FBRs, exothermic reactions such as CO: hydrogenation require effective thermal
management to maintain stable temperatures and prevent hot spots. Multi-stage heating and
tailored reactor designs help manage these challenges and maintain high methanol yields [26].
CO:2 to methanol reactions are sensitive to pressure, temperature, and H./CO: ratio. Optimizing
these parameters in FBRs is essential to enhance methanol selectivity. Studies have shown that
higher pressures favor methanol formation, while an optimal temperature range ensures
efficient CO2 conversion without undesired byproducts like CO [27].

As environmental issues have become increasingly urgent, several studies on the development
of catalysts to produce methanol from CO. have been conducted. An experimental
investigation of the CuO/ZnO catalyst for the CO2 hydrogenation process to methanol was
carried out by Fujita et al.(1998) [28]. Arena et al.(2007) then used co-precipitation under
ultrasonic irradiation to create a CuO/ZnO/ZrO; catalyst and assessed its effects on conversion
and reaction rate[29]. In an effort to enhance CO2 hydrogenation processes, several researchers
have recently concentrated on the effects of active metals including Pd, Au, and Ag on different
catalysts. The methanol production rate on Au/ZnO catalysts was examined by Hartadi et
al.(2016) who discovered that the catalyst activity for CO2, hydrogenation in CO2/H; is
noticeably greater than that for CO hydrogenation in CO/H. synthesis gas[30]. Typically,
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commercial methanol synthesis catalysts (Cu— ZnO—Al203) are prepared by a coprecipitation.

Although many catalyst materials with various compositions have been found active and

selective for methanol synthesis from CO2, the Cu—ZnO system prepared by coprecipitation

still remains the most investigated due to its high activity and high product selectivity besides

economic advantages. As CuZA catalyst is widely used in industries due to its advantages for

carrying out catalytic hydrogenation of carbon dioxide to methanol. In literature it is mentioned

that 69% catalyst is prepared by coprecipitation method from last decade literature. So, we

initially prepare copper zinc oxide alumina (CuZA) catalyst by using coprecipitation method.

Summary of the catalysts, their preparation method, reaction parameters like temperature,

pressure, gas hourly space velocity (GHSV), and its effect on the conversion of carbon dioxide,

methanol selectivity and yield is given in the Table 3.1 below.

Table 3.1 Summary of the literature study of Catalyst, coprecipitation method and reaction

parameters on the conversion of CO., methanol selectivity and yield

g T g |E
S s18 |£ 8
z : 1812 |5 |§ g |5
§ 2 ERE- s |2 |3 |2
g o o | B [ S 7 > |z
g 2 12 12132 |9 |5 |5 |8
2218 1215 |8 |2 |2 |2
Cu/ZnO/Al,03 | Co- 200 |10 3] 684 | 79 [ 66.1] 5.2 | Hamid,
(MET1) precipitation et al.
230 |10 3 | 684 | 169|337 57 | (2020)
260 |10 | 3 | 684 | 171| 0 | © [31]
200 |10 6 | 684 | 145 | 77.6 | 11.3
230 |10 6 | 684 | 25.4 | 388 9.9
260 |10 6 | 684 247 02| 0
200 |10 9 | 684 | 186 | 77.6 | 14.4
230 |10 9 | 684 | 31 | 437135
260 |10 9 | 684 | 226 | 146 | 3.3
Cu/ZnO/Al,03 | Co- 200 |10 3 | 684 8 |803] 64
(MET3) precipitation
230 |10 3] 684 [152] 39 | 59
260 |10 3 | 684 | 206188 3.9
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200 |10 6 684 | 119 | 76.8 | 9.1
230 |10 6 684 | 22.8 | 46.5 | 10.6
260 |10 6 684 | 269 | 151 | 4.1
200 |10 9 684 | 16.8 | 79.2 | 13.3
230 |10 9 684 | 29.6 | 44.7 | 13.2
260 |10 9 684 | 343|149 | 51
Cu/ZnO/AlO3 | Co- 270 |50 3 | 4000 | 23.7 | 43.7 | 10.3 | Wei Wei
precipitation 6 |etal
Cu/ZnO/Al,0; | Co- 190 |50 | 3 | 4000 | 10.7 | 81.8 | 8.75 | (2015)
1Z2rO2 precipitation [32]
Cu/ZrO; Co- 250 |30 3 13 | 95 1.2 | Weeet
precipitation al.(2020)
Cu/Zn0/ZrO; Co- 250 |50 2 26.8 | 91.7 | 24.6
precipitation
Cu/ZnO/AlO03 | Co- 250 |30 3 9 17 | 15
precipitation
Cu/Zn0O/ZrO; Co- 250 |35 4 8 15 1.2
precipitation
Cu/Zn0/ZrO; Co- 240 | 30 3 175 | 484 | 85
precipitation(
Catalyst
diluted by
SiC)
Cu/ZnO/Al,03 | Co- 250 |30 3 21.1 | 50.1 | 10.6
precipitation
(Catalyst
diluted by
quartz)
Cu/y- Al203 Co- 260 | 30 3 156 | 10.7 | 1.7
precipitation
CZA-K Co- 240 | 30 3 | 2400 | 14 96 | 13.4 | Nagaraju
precipitation Pasupule
ty et al.
(2021)
Cu/ZnO/Al,03 | Co- 260 |331 | 10 | 18200 | 65.8 | 77.3 | 7.73 Atul
precipitation 0 Bansode
et al.
(2017)
[4]
Cu/ZnO/Al,03 | Co- 260 |331 | 10 | 20000 | 95.7 | 98.2 | 1.58
precipitation
Cu/ZnO/Al,03 | Co- 280 | 442 3 | 10000 | 65.3 | 91.9 | 15.2
precipitation 0
30CuzZn-ANIT | Co- 240 |50 10000 | 6.5 | 59 | 3.83 | Laetitia
precipitation Angelo
with zinc et al.
nitrate (2015)
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[33]

Co-
precipitation
with zinc
nitrate

260

50

10000

155

42

6.51

Co-
precipitation
with zinc
nitrate

280

50

10000

19.5

37

7.21

30CuZn-Aox

Co-
precipitation
with zinc
oxide

240

50

10000

12.9

46

5.93

Co-
precipitation
with zinc
oxide

260

50

10000

20.8

39

8.11

Co-
precipitation
with zinc
oxide

280

50

10000

24

35

8.4

30%Cu/41%Zn
0/21% Al,0O3

Co-
precipitation

210

50

7800

5.1

20

1.02

30%Cu/41%2Zn
0/21% Al,03

Co-
precipitation

210

50

3.9

7800

7.7

45

3.46

30%Cu/41%2Zn
0/21% Al,03

Co-
precipitation

210

50

7800

8.8

38

3.34

30%Cu/41%2Zn
0/21% Al,03

Co-
precipitation

210

50

7800

9.8

40

3.92

30%Cu/41%2Zn
0/21% Al,03

Co-
precipitation

220

50

3.9

7800

111

43

4.77

30%Cu/41%2Zn
0/21% Al,03

Co-
precipitation

230

50

3.9

7800

15.8

38

6.00

Portha et
al.(2017)
[16]

3.3 Material and Methods
3.3.1 Catalyst

For each experiment, a commercial copper-based catalyst (CuZA) is used. Figure 3.1 shows

the commercial methanol synthesis catalysts pellets and sieved particles. A commercial
methanol synthesis catalyst (Cu/ZnO/Al>Os, Product No.: 45776) was purchased from Alfa

Aesar. ThermoFischer Scientific (Product ID: 45776). The molar concentration of each
component in Cu/ZnO/Al>0s (CuZA)is in the range of CuO = 60 to 68 %, ZnO = 22 to 26 %,
Al203 =8 to 12%, and MgO =1 to 3 %.
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(b)

Figure 3.1 Commercial Cu/ZnO/Al»Os catalyst from ThermoFischer Scientific a) Pellet form
and b) Crushed form

3.2.2 Catalyst Characterization
3.2.2.1 X-ray diffraction (XRD)

The crystalline nature and phase formation of the sample was analyzed using Powder X-ray
diffraction (PXRD) data were collected from a PAN analytical X pert Pro dual goniometer
equipped X-ray diffractometer using Cu Ka (1.5418 A) radiation within a scanning angle of 2

0 from 5 to 95° and a step of 2° every 1 minute.
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Figure 3.2 XRD pattern for CuZA catalyst

3.2.2.2 Nitrogen adsorption-desorption (BET)

Pore volume, average pore radius, and specific surface area measurements of calcined catalysts
were performed by nitrogen adsorption—desorption at —76°C  using the
Brunauer—Emmett—Teller (BET) method on a Quantachrome BET apparatus. DFT method is
used. Before analysis, all the samples were outgassed at 250 °C under vacuum for 3 h to remove
adsorbed moisture. The adsorption—desorption curve shows type 1V isotherm characteristics
having a prominent hysteresis loop in the relative pressure (P/P,) range of 0.2 to 1, signifying
its mesoporous structure. The presence of hysteresis is due to the capillary phenomenon. Gases
condense in the tiny capillary pores of the solid at pressures below the saturation pressure of
the gas. Pore size distribution gives us an idea of the presence of mesoporous particles in the
sample. (By IUPAC mesoporous pore diameters lies between 2 to 50 nm). Catalyst has a

specific surface area of 123.129 m2/g and a total pore volume of 0.2701 cc/g.

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 59



AcSIR CHAPTER 3

N
=
=

—e— Adsorption
—e—Desorption

= tn
= =
= (]

Volume adsorbed (cc/gm)
LS ]
=
=

200
100
0 |
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure
€Y

0.010
0.008

dv log r (cc/g/ A)
o]
8
(=)}

0 50 100 150 200 250 300 350
Pore Diameter A

(b)

Figure 3.3 (a) BET adsorption — desorption isotherm and (b) pore size distribution of CuzZA
catalyst
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3.3  Experimental work
3.3.1 Experimental set-up

A tubular fixed bed high-pressure reactor consisting of a stainless steel (SS316) reactor with
an inner diameter of 7.5 mm, outer diameter of 14 mm and reactor length of 40 cm was placed
in the temperature-controlled furnace (ATS, USA) as shown in Figure 3.4. A thermocouple (K
type, Watlow) was placed along the axial direction of the reactor tube to make direct contact
with the catalyst and to measure the temperature of the catalyst bed accurately. The reactor
temperature was controlled using PID controller for furnace coils at three different sections.
The total pressure inside the reactor system was controlled by a back pressure regulator
digitally using a pressure transmitter. The feed gas flow rates were controlled using a mass
flow controller (MFC, Brooks, USA) for CO2 and H> gases directed from the respective gas
cylinders. The reactor components comprise of condenser, high-pressure gas-liquid separator,
low-pressure gas-liquid separator and wet gas meter. The experimental set-up was operated

using SCADA system without manual interventions for all the experiments.
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(b)

Figure 3.4 (a) Process flow diagram (b) Actual reactor set-up for conversion of CO; to
methanol production using fixed bed reactor

3.3.1 Experimental procedure

The experiments were carried out using a commercial copper-based -catalyst,
Cu/ZnO/Al;O3 (CuzA) catalyst as discussed in section 3.3.1. Catalyst pellets were
crushed using a mortar pestle into tiny particles in the size range of 300 to 500 microns.
For the first set of experiments, a catalyst bed of length 11.3 cm with a catalyst weight
of 3 g and the same weight of inert (silica gel) was placed inside the reactor. The inert
material is used for dual purposes: (i) to pre-heat the feed gases and ii) to reduce outlet
vapour temperature in case of hotspot generation which may decompose methanol. For

the second set of experiments, a catalyst bed length of 22.6 cm long with a catalyst
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weight of 6 g and the same amount of inert material was placed inside the reactor.
Reactor was operated under steady condition. Initially we performed experiments at different
time scales from 1h, 2h. We could not get sufficient methanol. So, we decided to collect enough
methanol at the end of the reaction by keeping reaction for 5 h to ensure sufficient methanol
production for analysis. Initially, the experiments were carried out at a constant pressure
of 40 bar, GHSV of 720 h'! and the reaction was performed for 5 hours by varying
temperature, flow rate and weight of the catalyst for varying reaction conditions as given
in Table 3.2 Reaction conditions and the performance results of the CuZA catalyst The bed is
placed in the middle of the electrical heating element/zone. To adjust the location of the
catalytic bed, quartz wool is placed between the inert material and catalyst bed which
will prevent seepage of catalyst particles through inert material. The product composition
at the reactor outlet estimated by calculating the CO> conversion, product selectivity, product

yield and space-time yield is defined as follows,

Molar flow rate of i species
P ¥ 100 (3.1)

Selectivity (%) =

Total molar flowrate of all products

. Molar flowrate of desired product
Yield (%) = P « 100 3.2)
Molar flowrate of reactant fed
m F
STYMethanol ( g ) — IMethanol 100 (33)
gcat-h cat

Where, Fymethanol 1S the methanol flowrate, mg/h
Smethanol 1S methanol selectivity, %
STY ethanot 1S the space-time yield of methanol, mg/gcat.h
Wt is the amount of catalyst, g

Table 3.2 Reaction conditions and the performance results of the CuZA catalyst

Flowrate (ml/min) Amount of
Exp.| P T Catalyst | GHSV
_ methanol &
No. | (bar) | (°C) | CO2 | H2 Total | weight(g) | (h?)
water (mg)
1 40 | 210 15 45 60 3 720 32.10
2 40 | 230 15 45 60 3 720 161.70
3 40 | 250 15 45 60 3 720 358.10
4 40 | 210 30 90 120 6 720 121.00
5 40 | 230 30 90 120 6 720 323.20
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6 40 | 250 30 90 120 6 720 1261.60

3.4 Results and discussion
3.4.1 Effect of inlet flowrate and weight of catalyst on methanol yield

The experiments are carried out for H> to CO2 ratio of 3 using 3 g and 6 g powdered
catalyst for 60 and 120 ml/min. After the reaction protocol is set, carbon dioxide and
hydrogen are passed through the preheaters at 200°C and then directed to the reactor.
Mass flow controllers are used to modify the desired gas flow rates. The gas hourly
space velocity (GHSV) is maintained by providing an overall gas feed flow rate to
catalyst weight. Prior to it, the catalyst was reduced under Hx flow (10 ml/ min) and N2
flow (90 ml/ min) at atmospheric pressure from room temperature to 330°C and then
maintained the reactor under isothermal for 2 h. The reduced catalyst is cooled to 100°C
under the same flow conditions. The actual CO> hydrogenation experiments are
performed at 210, 230 and 250 °C at a pressure of 40 bar for 5 h. The required gas flow
rates are adjusted to 60 ml/min and 120 ml/min by keeping molar ratio of H» to COs> is
3:1. For set-1 of reactions, CO2 hydrogenation is carried out under the flowrate of 15
ml/min of CO2, 45 ml/min of Hz and for set-2, CO2 hydrogenation is carried out under
the flowrate of 30 ml/min of CO., 90 ml/min of Hz at 210, 230 and 250°C. Reaction
products are condensed and collected from a gas-liquid separator. The concentration of
reactants and products was analysed by gas chromatography (Nucon GC, 5765)
equipped with manual injection functionality. The GC method is developed to detect
methanol from the product mixture and water formed from the reverse water gas shift
reaction. The product composition is detected by TCD (Thermal Conductivity Detector)
using Helium as a carrier gas. The TCD channel is equipped with a Porapak-Q column
with dimensions of 2.1 mm ID, 1/8” of OD and a length of 6 feet. The liquid phase
composition is further quantified for the evaluation of performance parameters.

It is clear from the experiments that the increase in temperature increased the rate of
product formation as is evident from Figure 3.5. The experimental results for space-time
yield of methanol are well compared with the model predictions by Graaf et al. (1988)
and Portha et al. (2017) at 250°C and 40 bar as reported in Figure 3.6(b). Therefore,
further experiments are carried out at 250°C and 50 bar for higher H2 to CO2 molar ratios

of 3, 6 and 9 under similar reaction conditions.
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Figure 3.5 Amount of total product for different temperatures at 40 bar

Table 3.3 Case-1 Experimental data validation with reported literature

T Flowrate | Model MeOH (%) Exp. Model STY MeOH Expt. STY
(°C) | (ml/min) MeOH (mg/geat. h) MeOH
Yield (%) (mg/gcat. h)
Graaf et Portha et | Present Graaf et al. | Porthaet | Present
al. (1988) | al. (2017) | Study (1988) al. (2017) | Study
210 60 13.77 13.25 0.16 5.43 5.23 0.95
230 60 28.90 25.05 0.73 11.41 9.89 4.30
250 60 53.79 43.78 2.06 21.23 17.28 12.13
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Figure 3.6 Comparison of the effect of temperature on a) Methanol yield and b) STY of
MeOH with reported literature
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Table 3.4 Case-2 Experimental data validation with reported literature

T | Flowrate | Model MeOH (%) Exp. Model STY MeOH Expt. STY
(°C) | (ml/min) MeOH (Mg/gcat. h) MeOH
yield (%) (mg/gcat. h)
Graaf et | Portha Present Graaf et | Portha et | Present Study
al. et al. Study | al. (1988) al.
(1988) (2017) (2017)
210 120 13.77 13.25 0.23 2.72 5.23 1.36
230 120 28.90 25.05 0.79 5.70 9.89 4.63
250 120 53.79 43.78 3.21 10.61 17.28 18.90
60
—o—DPortha et al. model
50 —o—Graaf et al. model
= Present study
< 40
= 30
S
= 20
10
0
210 230 250
Temperature (°C)
20 ,

—o—Portha et al. model |
—8— Graaf et al. model /
Present study

STY MeOH (mg/g cat. h)
=

=

210 230 250
Temperature (°C)

Figure 3.7 Case -2 Comparison of the effect of temperature on yield and STY of MeOH with
reported literature
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Table 3.5 Input conditions for simulation for experimental data validation

Parameter Case-l Case-ll Unit
Inlet CO2 flowrate 15 30 ml/min
Inlet H2 flowrate 45 90 ml/min
Total inlet flowrate 60 120 ml/min
H2:CO2 Molar ratio 3 3

CuZACatalyst 3 3 G
(Cu/ZnO/Al,053)

Particle size 400 400 Microns
Temperature 210,230 and 250 210,230 and 250 °C
Pressure 40 40 Bar
GHSV 720 720 ht
Kinetic Model A3B2C3 A3B2C3

4.5 Experimental data validation

Input conditions required for simulation studies for validating experimental results are given
in below Table 3.5. From Figure 3.7, experimentally obtained results shows that methanol
yield and Spacetime yield of methanol is increasing with temperature for both cases. At 250
°C, our present study result in terms of STY of MeOH is higher than the reported values for
case Il. Model A1B2C1 shows a good fit with experimental results. The residual obtained is
very less for this model 7 in comparison with other models as shown in Figure 3.8. We select

the A1B2C1 model for further study.

COsl +Hs2 = HCOsl +5s2 (A1)
H CO2s1 + Hs2 =& COsl + H20s2 (B2)
CO281 +Hs2 = HCO2s1 +s2 (C1)
Considering above Al1,B2,C1 reactions the rate expressions are (A),(B) and (C) as

given below,

_ Pco Puz®°—(Pcuzon/(Puz'°+K1))
ri= klbco{ 2 . 0.5 2 1 0.5 (' \)
(1+bcoPco+bcozPco2)(Puz2 ~+(bH20/bH2 ~)PHz20)

f2 = Kobcoa { Pco 2PH2—(PcoPH20/K2) } (B)
(1+bcoPco+bcozPcoz) (Puz+(buz0/buz">)PH20)

_ PcoPu2’°—(PcuzonPu20/(PHz > °K3))
rs = ksbcoz{ 2 2an 2 T ©
(1+bcoPco+bcozPco2)(Puz2 ~+(bH20/bH2 ~)PHz20)
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For Methanol yield at P=40 bar, T=210°C
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For Methanol yield at P=40 bar, T=250°C
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Figure 3.8 Error analysis for case | at 40 bar (a)At 210°C (b) At 230°C and (c)At 250°C
3.3.2 Effect of H> to CO2 molar ratio

The results depict that the maximum methanol yield is obtained at 250°C and 40 bar for
an H> to CO2 ratio of 3. The experiments are performed in a high-pressure fixed-bed
catalytic reactor to study the effect of H> to CO2 molar ratio of 3, 6 and 9 on methanol
yield. Therefore, further experiments are performed in a fixed bed reactor for catalyst
particle weights of 3g and 6g with an increase in H2 to CO2> molar ratios of 6 and 9.
The product samples are collected after the vapours are cooled in a condenser followed
by a low-pressure gas-liquid separator. The circulating fluid is maintained at 3°C in the
chiller throughout the reaction until the product collection. The product samples are
quantified using gas chromatography (GC) using the Porapak-Q column as discussed
in section 3.3.1. The experimental data is quantified in terms of product yield and space-
time yield (STY) as shown in Figure 3.10. The actual samples collected from the gas-
liquid separator for six experiments at 3g and 6g catalyst for H> to CO_ ratios of 3, 6
and 9 are shown in Figure 3.9. The results show that there is an increase in the production
of methanol with an increase in catalyst weight at optimal conditions. The maximum
STY of methanol for 3 g particles is 12.41 mg/gcat.h and 13.59 mg/gcat.h was collected
for 6 g catalyst at an H> to CO- ratio of 9. Therefore, it can be inferred that an increase

in the H> to CO: ratio for different flowrates showed increased methanol production.
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The experiments showed better reproducibility and is reported for space time yield
(STY) with absolute deviation of + 0.01 to+ 0.06 for 3 g catalyst, + 0.02 to + 0.10 for
6 g catalyst as shown in Figure 3.5 and + 0.09 to + 0.32 as shown in Figure 3.10.

Table 3.6 Performance analysis for different H2: CO2 molar ratios of 3, 6 and 9 at 50 bar and

250°C

Flowrate (ml/min) Hoz: Amount | STY of
Exp [P | T cata¥st | co, | GHsV | of MeOH
No. |bar | (°C) | COz2| Hz | N2 | Total ( )g molar | (h-1) | product | (mg/gcat

g ratio (mg) | .h)

1 50 | 250 | 30 | 90 | 120 | 240 3 3 2880 458.10 6.03
2 50 | 250 | 30 | 180 | 120 | 330 3 6 3940 956.00 9.98
3 50 | 250 | 30 | 270 | 120 | 420 3 9 5040 942.10 12.41
4 50 | 250 | 30 | 90 | 120 | 240 6 3 1440 217.50 6.30
5 50 [ 250 | 30 | 180 | 120 | 330 6 6 1980 | 1331.00 9.22
6 50 [ 250 | 30 | 270 | 120 | 420 6 9 2520 990.00 13.59

Figure 3.9 Samples collected for 50 bar experiments for H, to CO; ratios of 3, 6 and 9 for
3g and 6 g catalyst (Samples 1-3 > W cat = 3g; Samples 4-6 > W cat =6Q)
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Figure 3.10 Space-time yield (STY) of methanol for different H,:CO> molar ratio at 50 bar &
250°C

3.4 Study of mass transfer limitations

Catalytic reactions with solids involve various steps that influence the rate of reaction due to
internal and external mass transfer limitations. The internal mass transfer corresponds to the
diffusion of reactants into the internal surface and diffusion of products from the pores to the
outer surface. The external mass transfer corresponds to the transport of reactants from the bulk
fluid stream to the surface of the catalyst and transport of products from the outer surface of
the body to the bulk fluid. In addition to the surface reaction, internal and external mass transfer

may influence the overall reaction, hence, mass transfer limitations are studied using Weisz-

Prater and Mears criteria.

The Weisz-Prater criteria is used to assess if internal diffusion is restricting the reaction and

Mears criteria is used to know if any external mass transfer limitation are present [34,35].

Weisz Prater parameter (Cy,p) Was calculated using the equation:

Cor = Actual reaction rate (3.4)
WP Adiffusion rate
C _"Ta(obs) Pc R? (35)
wp™ De Cas
8kpT1"° (3.6)
e = T |
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Vave * DP (37)

The Effective diffusivity De will be substituted by Knudsen diffusion since the pore diameter
(Dp) of the catalyst is small (i.e., 9.76 nm), therefore, pore diffusion will be dominated by
Knudsen diffusion (Dkn)[88]; —74 (ops) IS the observed reaction rate (mol/kgcat.s); Vave is the
average velocity (cm/s); kg is Boltzmann’s constant; C4s iS the concentration of CO; at the
reaction surface.

Mears Parameter (MP) was calculated using the equation:

Mp = A (obs) P Rn (3.8)
kc CAb

Moreover, the Thoenes-Kramers correlation was used to estimate the packed-bed external mass
transport coefficient for the Mears Parameter. k. is the mass transfer coefficient and R is radius
of catalyst particle; m and n refers to the molecular mass of CO. and order of the reaction; Can
is the concentration of CO: at the bulk surface.

The estimations for mass transfers limitations found that for all the reaction conditions
Cwp was significantly less than 1 and Mear’s Parameter was less than 0.15 indicating that no
internal diffusional limitations and no external mass transfer limitations as well. Therefore,

mass transfer effects could be neglected for all the cases.

3.5 Conclusions

The kinetic models developed for the synthesis of methanol from CO; are under high-pressure
conditions that require experimental investigation. In this work, the role of CO in direct CO>
catalytic hydrogenation reactions is analysed through reverse water gas shift reaction using
kinetic models. Simulations are performed for increased mole ratios of H.to CO; to envisage
the performance characteristics of the fixed bed reactor model. Based on modelling and

experimental investigation for direct CO. hydrogenation, the conclusions are as follows:

i. The experiments showed enhancement in the reaction rates with improved methanol STY
of 6.30%, 9.22% and 13.59% for H,to CO> molar ratios of 3, 6 and 9, respectively.

ii. Model no. 7 i.e. A1B2C1 shows a good fit with experimental results. The residual obtained
is very less for this model 7 in comparison with other models. We select the A1B2C1 model

for further study.
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iii. Weisz prater criterion: Cwp <<1 and Mear’s Parameter: MP << 0.15

iv. It indicates that no internal diffusional limitations and no external mass transfer limitations

in the reaction. Therefore, mass transfer effects could be neglected for all the cases.

v. The experiments at higher H»-to-CO> molar ratios demonstrated that increase in yield and

space-time yield towards methanol production and further optimized that an H> to CO>
molar ratio of 9 favours higher methanol yield.
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Kinetics studies for Quinoline
hydrogenation to
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4.1 Introduction

The world continues to shift towards renewable energy sources with the need for efficient and
cost-effective energy storage solutions becomes increasingly important. Recently, the
Hydrogen Council released a report asserting that hydrogen has the potential to account for
22% of the global final energy demand by 2050, equivalent to an annual production of 660
million tonnes (MT) of hydrogen [1]. The mass-energy density of 120 MJ/kg of hydrogen is
much higher than that of hydrocarbon fuel with a calorific value of 44MJ/kg for gasoline [2,3].
However, its widespread use requires economical and safe hydrogen storage with a gravimetric
content of over 6.5 wt.% H (>2.0 kWh/kg) and volume density over 0.04 kg/L (>1.3 kWh/L)
[4]. Thermodynamic feasibility and attractiveness in terms of simplicity, safety, scalability,
heat control, and economics make hydrogen storage in liquid organic heterocycles a desirable
option [5]. One of the fundamental pillars of the contemporary chemical industry is a
heterogeneous catalyst which offers the possibility of economically and efficiently converting
raw materials into valuable chemicals and fuels as well as ecologically favorable [6]. Different
technologies of storing hydrogen have been extensively studied such as compressed hydrogen,
liquefied hydrogen, physisorption in porous materials or metal-organic frameworks, and metal
hydrides although each technology has certain advantages and drawbacks [7]. The storage and
transportation of hydrogen provide a significant challenge in developing a hydrogen-based
economy due to its high specific gravity and low thermal energy density [8]. In recent years,
the chemical and industrial sectors have paid a great deal of attention to the storage of hydrogen
using methane, ammonia, and other materials [9]. Liquid organic hydrogen carriers (LOHCs)
have emerged as one of attractive sources for the storage and transportation of hydrogen with
large quantities of hydrogen can be loaded and unloaded using a reversible chemical reaction.
For longer energy storage durations, LOHCs were found to be a more effective solution
compared to other storage technologies [10]. Many hydrogen carriers have been examined and
assessed in terms of their availability, cost, and toxicological profile. LOHC shows various
advantages such as high gravimetric and volumetric density, safety to handle, longevity, good
reversibility, logistics, compatibility with the existing energy infrastructure, and cost-effective,
high-purity hydrogen [11,12]. The concept of LOHCs aligns with the principles of the
hydrogen economy which envisions hydrogen as a versatile and clean energy carrier capable
of replacing or supplementing traditional fossil fuels [13]. LOHC systems have huge demand

in European countries for residential and commercial buildings where thermal losses from the
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storage processes can be used for heating and cooling purposes [14]. The chemical storage of
hydrogen in liquid carriers involves an exothermic process during hydrogenation, while the
dehydrogenation process exhibits an endothermic release of hydrogen. Therefore, the
endothermic nature poses a significant challenge due to the necessity for elevated heat input
[12,15]. However, LOHC energy storage is a technology that requires research and
development activities to optimize its performance to a commercially viable level. As a result,
heterocyclic aromatic compounds (HACs) are being studied intensively as a future-oriented
form of LOHC [16]. N-ethyl carbazole (NEC) has hydrogen storage capacity of ~5.3 wt% and
the moderate conditions required for hydrogenation and dehydrogenation. The reversible
storage of hydrogen in NEC has been demonstrated under practical conditions, making it a key
candidate for LOHC systems. Recent studies have focused on optimizing the catalytic
processes and understanding the thermodynamics involved in the
hydrogenation/dehydrogenation of NEC. It can store up to 6 hydrogen atoms per molecule,
with hydrogenation occurring at temperatures around 150°C and 70 bar while dehydrogenation
prevails at 220°C and atmospheric conditions. The melting point of fully dehydrogenated N-
ethyl-carbazole is 69.1°C and it is therefore a solid at ambient temperature.These moderate
conditions make NEC particularly attractive for practical applications. Studies have shown that
the dehydrogenation of NEC can achieve conversion efficiencies greater than 99% under
optimized conditions [14,17]. Similar to NEC, N-Propylcarbazole (NPC) is another carbazole
derivative that has been investigated for hydrogen storage with a hydrogen storage capacity of
approximately 5.5 wt%[18]. While it shares many properties with NEC, NPC offers a slightly
different hydrogen storage capacity and reaction kinetics, which can be advantageous in
specific applications. The hydrogenation of NPC typically occurs at 120-150°C, with hydrogen
pressure of 70 bar over 5 wt% ruthenium on alumina[19]. Indole Series Molecules such as 2-
methylindole, have been identified as promising LOHC candidates due to their ability to store
hydrogen at high densities. These molecules offer a favorable balance between hydrogen
content and reaction conditions, with ongoing research focusing on their stability and the
optimization of dehydrogenation processes. The potential of indole-based compounds for
hydrogen storage has been supported by both experimental and theoretical studies. 1-alkyl-
indoles as suitable LOHC systems because of their high thermal stability and high boiling
points[20]. 8-Methylquinoline is Methyl-substituted quinolines are available from petroleum,

coal processing, wood preservation or they can be synthesized from aniline.8-Methylquinoline
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is another material of interest in the LOHC field, known for its high hydrogen storage capacity
and relatively low dehydrogenation temperatures[21]. Quinoline, a heterocyclic compound
consisting of a benzene ring fused to a pyridine ring, has been the subject of extensive research
owing to its diverse applications in the fields of pharmaceuticals, agrochemicals, and materials
science [22-24]. There are valuable insights into the role of heteroatom within LOHC for
hydrogenation and demonstrate the significance of heteroatom doping in improving hydrogen
storage and transportation systems. Catalytic hydrogenation of quinoline and its derivatives are
major raw materials for the production of various fine chemicals, such as agrochemicals,
pharmaceuticals, and other bioactive molecules [25]. Quinoline is a byproduct of coal tar and
is also produced in large quantities during the production of coal gas. Thus, much study is also
focused on the mechanisms involved in quinoline's hydrodenitrogenation [26-29]. The role of
quinoline as LOHC is a relatively unexplored aspect that presents exciting opportunities for
the integration of quinoline-based compounds into the growing landscape of hydrogen storage
and transport technologies. It has a high boiling point of 237°C thus making it suitable for use
as a liquid at low temperatures. Additionally, quinoline has a high hydrogen storage capacity
of 7.24 wt.% in comparison to other commonly used LOHCs such as toluene and naphthalene
[30]. While quinoline shows great potential as LOHC, there are still some challenges that need
to be addressed. One of the main challenges is the need for a suitable catalyst for the
hydrogenation and dehydrogenation reactions. However, recent research has shown that certain
metal catalysts, such as ruthenium and iron can effectively catalyze these reactions [21].
Catalytic hydrogenation of quinoline is a major organic reaction where one of the products,
1,2,3,4-tetrahydroquinoline(py-THQ), is an important intermediate for pharmaceuticals,
agrochemicals, and various biologically active molecules [31]. Another intermediate is 5,6,7,8-
tetrahydroquinoline (bz-THQ) and the fully hydrogenated product is decahydroquinoline
(DHQ) as shown in Fig. 4.1. Hydrogenation of quinoline and its derivatives is of considerable
industrial interest to produce petrochemicals, fine chemicals, and pharmaceuticals. Different
metals (Pd, Ni, Rh, Pt, Cu, etc.) supported on different supports have been tested for the
hydrogenation of quinoline to DHQ. This reaction is essentially carried out in two steps viz.
quinoline to 1,2,3,4-tetrahydroquinoline (py-THQ) and a small amount of 5,6,7,8-
tetrahydroquinoline (bz-THQ) formation in the first step while complete hydrogenation of both
intermediates to DHQ occurs in the second step. The physicochemical properties of the

reactant, intermediates and product are given
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Table 4.1 Physicochemical properties of Quinoline and its hydrogenated products

Properties/Specifications Quinoline py-THQ bz-THQ DHQ
Chemical formula CoH7N CoHuIN CoHuIN CoH17N
Molecular weight (g/mol) 129.16 133.19 133.19 139.24
H> storage capacity (%) 7.24 4.35 4.35 NA
Boiling point (°C) 237 251 218 201
Melting point (°C) -15 20 146.5 48
Density (g/ml) 1.09 1.05 1.03 0.93
Stability under process Stable Stable Stable Stable
conditions
Solvent solubility In organic | Inorganic | Inorganic | In organic
solvents solvents solvents solvents
Appearance Colourless | Colourless | Colourless | White to
oily liquid | oily liquid | oily liquid | light yellow
1.2,3,4-Tetrahydroquinoline (py-THQ)
/ N \
- , Decahydroquinoline (DHQ)
Quinoline (Q) 772
- (O
e :
2H, //(

X

\C@

5,6,7.8-Tetrahydroquinoline (bz-THQ)

Figure 4.1 Reaction scheme for Quinoline hydrogenation
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Complete hydrogenation is the most difficult step due to the need for severe reaction conditions
and a longer response time and the conversion of py-THQ to DHQ is often quite challenging.
Conversion of py-THQ to DHQ requires a longer reaction time and harsh reaction conditions,
typically at a temperature in the range of 175-260 °C, hydrogen pressure between 110 and 210
bar[18], and the use of acid as the solvent [32,33]. The complete catalytic hydrogenation of
quinoline to decahydroquinoline is a topic of significant interest as it not only provides access
to valuable intermediates for various industrial processes but also aligns with the burgeoning
interest in sustainable energy carriers [32]. In this study, the work is focused on hydrogenation
of quinolone at various parameters such as temperature, hydrogen pressure, reaction time,
solvents, reactant-to-solvent ratio, and effect of catalyst loading of 5% Pd loaded on alumina
(Pd/Al;O3) with reaction kinetics evaluation using Markov chain Monte Carlo (MCMC)

simulation tool and the route for product formation is identified.

4.2 Material and methods
4.2.1 Materials

Quinoline (AR, >98%), 1,2,3,4-tetrahydroquinoline (AR, > 98%), decahydroquinoline (AR, >
98%), toluene (AR, > 98.0%) IPA (AR, >99%) are purchased from ThermoFischer scientific.
Deionized water is used from an ultrapure water machine (elemental type 1820 C) from
Chongging Molecular Water System Co., Itd. A stainless-steel batch autoclave reactor with an
internal capacity of 100 ml was employed for hydrogenation experiments under high-pressure
conditions. A commercial Palladium-based catalyst (Pd/Al.O3) is used for the present
experimental studies. The catalyst is procured from Alfa Aesar/Thermo Fisher Scientific
in the form of powder with the composition of Pd-5 wt.%, and Al>03-95 wt.% and the

average particle size of the catalyst is about 2 nm.

4.2.2 Catalyst characterization
4.2.2.1 X-ray powder diffraction (XRD)

The XRD analysis is performed for the Pd/Al>O3 catalyst to measure the crystallinity
and phase behavior of the catalyst. The crystalline nature and phase formation of the
sample is analyzed using powder X-ray diffraction (PXRD) for the data taken from a
PAN analytical X’pert Pro dual goniometer. It is equipped with an X-ray diffractometer
using CuKa (1.5418 A°) radiation within a scanning angle of 20 from 20 to 80°and a

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 83



AcSIR CHAPTER 4

step length of 2° every minute. The active phase formation of Palladium oxide (dark
circles in Figure 4.2 and aluminium oxide (inverse triangles in Figure 4.2) is identified
from the XRD analysis at different angles between 30 to 80° at intervals of 2°. The XRD
analysis confirms the active deposition of PdO on the Al>O3 catalyst and is subjected to
further surface area and TEM analysis.
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\ 4
. ® v Y yo -y
= v
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‘;‘:’.
=
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— v
A 4
Wiyl 1y (7
2 1 2 1 2
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Figure 4.2 XRD analysis of the Pd/Al,Os catalyst (e — PdO; ¥ — Al2O53)

4.2.2.2 BET analysis

The surface area analysis is performed using the Braunner-Emmet-Teller (BET) method using
the Quantachrome BET apparatus. The pore volume, average pore radius, and specific surface
area measurements of calcined catalysts are performed using nitrogen adsorption-desorption at
an analysis temperature of 77K. The method of BET surface area analysis involves the
following steps: all the samples are outgassed at 120°C under vacuum for 2h to remove
adsorbed moisture. Adsorption-desorption curve shows the characteristics of type IV isotherm
with a prominent hysteresis loop in the relative pressure (P/P°) range of 0.2 to 1 that denotes
the presence of mesoporous structure as shown in Figure 4.3(a). The presence of hysteresis is
due to the capillary phenomenon and the gases condense in the tiny capillary pores of the solid

below the saturation pressure of the gas. The pore size distribution gives an idea of the presence
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of mesoporous particles in the catalyst as shown in Figure 4.3(b). It can be inferred from the
BET analysis that monolayers followed by multilayers formation at low pressures. Based on
the monolayer adsorption capacity of the nitrogen gas, the total surface area of the catalyst
sample is calculated using the BET isotherm equation. The specific surface area of 102.65mz2/g
and a total pore volume of 0.213 cc/g is obtained from BET surface area analysis. The reported
literature shows that BET surface area is in good agreement with the measured values for the
Pd/Al203[39].
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Figure 4.3 (a) BET adsorption-desorption isotherm (b) Pore size distribution

4.2.2.3 HRTEM analysis

High-resolution transmission electron microscopy (HRTEM) is a unique equipment in the
investigation of local structure and chemistry of the catalyst particles dispersion. It also offers
the microdiffraction pattern images and the reaction mechanisms can be derived from the TEM
analysis. HRTEM analysis is carried out using a JEOL JEM F-200 microscope. Pd
nanoparticles are well dispersed on the Al>Os support for monometallic catalyst without any
aggregate formation as shown in Figure 4.4(a). The selected area electron
diffraction (SAED) pattern represents homogeneously distributed Pd particles on the support
with nano-crystalline phase behavior as shown in Figure 4.4(b). The concentric ring-like
structure reveals that the palladium is polycrystalline in nature. A typical HRTEM image of a
fresh Pd/Al>Oz catalyst reveals a very narrow particle size distribution with an average particle
size of 2.145 + 0.092 nm as shown in Figure 4.4(c). The Energy dispersive X-ray spectroscopy
(EDX) measurements for the Pd/Al>Os of mapping image for all the elemental composition
particles together are shown in Figure 4.4(d). The elemental composition of individual

metal/oxide species are represented in Figure 4.4(e-g) for palladium, alumina, and oxygen for
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a wavelength of 100 nm. This complete data indicates the proportional distribution of Pd
particles on Al>Os with homogeneous phase formation.

20

mean: 2.145 £ 0.092 nm

0.0 05 1.0 1.5 20 25 3.0 3.5 4.0

Particle Size (nm)

(2)

———— 100 nm ———— 100 nm pdL ——— 100 nm Al K ——=100 nm 0K

Figure 4.4 (a) HRTEM image, (b) SAED pattern, (c) particle size distribution (d) Overall
energy dispersive X-ray spectroscopy (EDX) mapping image (€)-(g) EDS mapping images of

a representative part of the sample containing palladium, aluminum, and oxygen

4.3 Hydrogenation experiments
4.3.1 Thermal screening unit (TSU)

Thermal screening unit (TSU) is an experimental unit extensively used for quick screening of
liquids, solids, and heterogeneous systems for testing runaway conditions of the reaction. It
provides data for "onset temperatures” of the reactions, temperature increase rates, and most
importantly the rates and magnitudes of pressure rise in chemical systems. Reactive chemical
testing includes evaluating feeds, intermediates, and products for thermal stability to precisely
assess hazardous nature during storage, production, and transportation. The TSU is operated at
a ramp rate of 2 °C/min from ambient to 160 °C and a pressure of 46 bar as shown in Figure

4.5. The increase in temperature and pressure with time is represented in Figure 4.5(a). Further,
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experimental investigation of quinoline in isopropyl alcohol in the present reaction is safe and
does not carry any hazards from TSU as evident from Figure 4.5(b). This can be justified as
three is no sudden rise in temperature and pressure observed from TSU for nearly 140 minutes.
This forms the basis for performing reactions at high-pressure conditions in converting the

hydrogenation of quinoline to decahydroquinoline.
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Figure 4.5 Thermal screening test for (a) temperature variation and (b) differential thermal

analysis of quinoline with IPA in isothermal mode.
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4.3.2 Hydrogenation in Autoclave reactor

Quinoline hydrogenation is performed for a quinoline quantity of 3 ml in 30 ml of isopropanol
with 654 mg of Pd/Al,Os catalyst (20wt.% Pd/Al>Os) using 100 ml autoclave reactor. The
actual reactor set up and the schematic of the autoclave reactor set-up for high-pressure
reactions along with product separation and sample analysis is shown in Figure 4.6. The
autoclave is also purged with nitrogen followed by hydrogen from the reservoir to prevent
oxide formation due to the presence of residual air in the reactor. The reactor is maintained in
the pressure range from 40 to 60 bar and is operated in the temperature range from 50 to 175°C
for different reaction times of 1 to 6 h. The downstream process consists of filtration followed
by evaporation using rotavapor to separate the catalyst and solvent. The reaction products are
analyzed by Agilent gas chromatography (GC) equipped with HP-5 capillary column
(Dimensions are: 30m % 0.32mm X 0.25um ID) using flame ionization detector maintained at
280°C with a flowrate of 0.8 ml/min using nitrogen as carrier gas. The split ratio of 1:1 and
sample injection volume of 1 pL at a temperature of 250°C is used for the analysis. GC method
is set as follows: The column temperature is increased from room temperature to 80°C at a
ramping rate of 5°C/min. Further, it is increased from 80 to 280°C at a heating rate of 10°C/min
with a hold time of 1 minute at 80°C.
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Figure 4.6(a)Actual reactor setup (b) Schematic of the autoclave batch reactor for Quinoline

hydrogenation

4.4 Results and discussion

The activated hydrogen atoms on the catalyst surface react with quinoline leading to the
formation of metal-hydrogen complex. This complex involves interaction of hydrogen species
with quinoline molecules. The hydrogenation of quinoline can occur at multiple positions on
the aromatic ring leading to various possible hydrogenated products (py-THQ, bz-THQ and
DHQ). The selectivity of the reaction is influenced by the catalyst and reaction conditions. The
key factors influencing the reaction are catalyst and reaction conditions such as temperature,
pressure, solvent, and time which play an important role in determining the reaction rates, yield,
and selectivity towards product formation. The effect of reaction parameters is investigated and

conversion of 100% is obtained under optimal conditions.

4.4.1 Effect of temperature

The effect of reaction temperature on quinoline hydrogenation is studied at temperatures of 75,

100, 125, 150 and 175°C. It is observed that complete conversion of quinoline for all
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temperatures with intermediates or product formation. The catalyst and substrate molecules
activates more readily at higher temperatures. It is observed that low temperature favors py-
THQ formation as shown in Figure 4.7 (a). The reaction scheme shows that py-THQ and bz-
THQ are intermediate products while DHQ is the final product. It is clear that there is a gradual
decrease in intermediate formation and increase in DHQ formation with increase in
temperature. At the reaction temperature of 175°C, the yield of DHQ is increased to nearly
99.41%. A negligible amount of bz-THQ is observed in the temperature range of 75 to 125°C.
The increased amount of DHQ is equivalent to the decreased amount of py-THQ. It indicates
that hydrogenation of quinoline first occurred on the N-heterocycle ring of quinoline which
resulted in py-THQ and bz-THQ formation and are further hydrogenated to DHQ formation.
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Figure 4.7 Effect of temperature at 50 bar a) on yield b) hydrogen uptake of py-THQ, bz-
THQ, DHQ
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The product distribution and performance analysis showed that a temperature of 175°C and
pressure of 50 bar are optimized conditions to obtain more than 99% pure DHQ as the desired
product. The effect of reaction temperature on hydrogen uptake is studied at temperatures from
75, 100, 125, 150, and 175°C. Low temperature favors py-THQ formation as shown in Figure
4.7 (b) hence, hydrogen uptake capacities of 2.16%, 2.76%, and 2.81% for 40 bar, 50 bar, and
60 bar pressures at 75 °C, respectively. With the increase in reaction temperature, hydrogen
uptake of Quinoline increased drastically leading to the formation of DHQ. The reported
literature also has a similar effect with respect to temperature on hydrogen uptake capacities
[115]. Hydrogen uptake of quinoline increased to nearly 6.91% at an optimum reaction
temperature of 175°C and pressure of 50 bar for 5 h reaction time. A negligible amount of
hydrogen uptake of quinoline via bz-THQ is observed in the temperature range from 75 to
125°C.

4.4.2 Effect of hydrogen pressure

The effect of pressure on quinoline hydrogenation is studied at different pressures of 40, 50,
and 60 bar, and is observed that there is a complete conversion of quinoline for all pressures.
The selectivity towards py-THQ is higher at 40 bar and 75°C with an yield of 95.97% as shown
in Figure 4.8(a). The maximum formation of DHQ is observed for temperatures beyond 100°C
at 50 bar as shown in Figure 4.8 (c). The py-THQ formation is higher in comparison to DHQ
at low temperatures with an increase in pressures. The yield of DHQ increased to nearly
99.41% when the pressure was increased to 50 bar. Higher pressures of hydrogen gas can
increase the rate of reaction, resulting in a higher yield of DHQ. This is due to an increase in
pressure forces increasing the rate of reaction between hydrogen and quinoline molecules.
Although the reaction rate increases with increase in pressure for py-THQ and bz-THQ
formation, the rate of DHQ formation decreases at 60 bar which may be due to thermodynamic

equilibrium for the desired product.
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Figure 4.8 Effect of pressure on yield of (a) py-THQ (b) bz-THQ, and (c) DHQ at different
reaction temperatures ranging from 75°C to 175°C

The pressure of hydrogen gas encourages the solubility of molecular hydrogen in solvent
causing an increased number of reactive hydrogen atoms over palladium. Generally, LOHCs

require high-pressure synthesis conditions to facilitate efficient hydrogen uptake by the LOHCs
[10].
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Figure 4.9 Effect of Pressure on hydrogen uptake of (a) py-THQ (b)bz-THQ, and (c) DHQ at
different reaction temperature range from 75 to 175°C

Higher pressures of hydrogen gas can increase the rate of reaction, resulting in higher yield of
DHQ. The hydrogen uptake of quinoline in the form of py-THQ is higher at 60 bar pressure
and 75°C with hydrogen uptake of 2.81% as shown in Figure 4.9(a). It is observed that

hydrogen uptake of quinoline is very negligible (< 0.1%) for almost all the conditions in the
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form of bz-THQ for the temperature range of 75°C to 125°C as shown in Figure 4.9(b). The
maximum hydrogen uptake of 6.91% is observed for 175°C and 50 bar as shown in Figure 4.9

(©).

4.4.3 Effect of catalyst loading

The quantity of catalyst for hydrogenation of quinoline is an important influencing factor in
the process development in the context of reactor design and scale-up of the processes.
Therefore, the effect of the catalyst loading on quinoline hydrogenation is studied using
different loadings (5 wt.%, 10 wt.%, and 20 wt.%) at optimum temperature and pressure of 50
bar and 175°C. It is observed that with increase in the catalyst loading, py-THQ formation
decreased and DHQ formation increased. The increase in catalyst loading increases the number
of catalytic sites available for the quinoline hydrogenation. Therefore, it is observed that with
increase in catalyst loadings from 5 to 20 wt.%, there is a huge increment in DHQ yield from
12.55 t0 99.41% as shown in Figure 4.10 (a).
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Figure 4.10 Effect of catalyst loading at 175°C and 50 bar on (a) Yield of products and (b)
Hydrogen uptake

The effect of catalyst loading on hydrogen uptake at 5, 10, and 20 wt.% is studied with respect
to the reactant fed to the system. It is observed that increase in the catalyst loading, the
availability of active sites for the surface reaction increased. This has led to an increase in the
hydrogenation of quinoline to DHQ formation. Thus, hydrogen uptake of quinoline increases
with the increase in the formation of DHQ as shown in Figure 4.10(b). Hydrogen uptake of

quinoline is observed to be maximum at 20 wt.% catalyst with a capacity of 6.91%.
4.4.4 Effect of Solvent

The effect of solvent on the activity of the Pd/Al>Os catalyst is investigated using water,
isopropyl alcohol, and toluene for quinoline hydrogenation. Since the properties of the solvents
can modify reaction mechanistic features by affecting the reactant free energy states which can
modify the viability of various reaction pathways [35]. As shown in Figure 4.11(a), the catalyst
activity is significantly influenced by the use of solvent in the following sequence: IPA>toluene
> water. The results suggest that the solvent with stronger polarity promotes the hydrogenation

of quinoline over the Pd/Al>O3z catalyst which is consistent with the reported literature [32].
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Water as a solvent is least suitable as it favors the formation of py-THQ and results in low
DHQ vyield of 77.28%. The highest yield of DHQ was obtained (99.52%) by using IPA as a
solvent. In addition to this hydroxyl group of the polar solvent interaction with the heteroatom
of the quinoline, it helps to increase the solubility and availability of the substrate in the reaction
medium. Therefore, the choice of solvent plays an important role in enhancing the complete
hydrogenation of quinoline to DHQ. The yield of quinoline intermediates and their product is
studied for solvent effect and its effect on the product yield is represented in Figure 4.11(a).
Water as a solvent is less suitable in comparison to the other two solvents with 2.68 wt.% of
H> uptake by Quinoline whereas toluene and isopropyl alcohol shows nearly the same effect
on Hy uptake by Quinoline. It can be concluded that H, uptake of 6.9 % using isopropyl alcohol
is the most suitable solvent for Quinoline as LOHC to DHQ formation as shown in Figure
4.11(b)
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Figure 4.11 Effect of solvent reaction temperature of 175°C and 50 bar on a) Yield of DHQ
b) Hydrogen uptake

4.5 Reaction mechanism

In quinoline hydrogenation, py-THQ and bz-THQ are the intermediates leading to DHQ
formation through two different pathways: :(i) Quinoline to intermediates formation (1,2,3,4
tetrahydroquinoline (py-THQ)/ 5,6,7,8-tetrahydroquinoline (bz-THQ)) (ii) conversion of
intermediates to product (DHQ) formation through 2 different pathways as shown in Figure
4.1 [18,32]. Heteroatom ‘N’ containing aromatic ring in quinoline is more prone to
hydrogenation over the benzene ring because the C-N bond energy of 305 kJ/mol which is
much less than the C=C bond energy of 614 kJ/mol. The molecular hydrogen already adsorbed
on the active site of the catalyst is easily available for hydrogenating the pyridine ring due to
the lone pair of electrons of nitrogen atom to py-THQ and the presence of the heteroatom in
the ring. Hence, the hydrogenation of the heterocyclic ring is more favourable than the
homocyclic benzene ring. The physical properties of the quinoline such as thermal stability,
high gravimetric hydrogen densities, and high storage capacity can alter the thermodynamic
driving force and hydrogenation/ dehydrogenation under reversible conditions [30]. As

reported in the literature, heterocyclic compounds need low temperatures for dehydrogenation
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with decreased enthalpy and faster hydrogen release ability [5,30]. Hence, the major quantity
of intermediate product formed is py-THQ [36-38]. The increase in temperature can disrupt
the C-N bonds of nitrogen-containing heterocyclic compounds to a great extent in the
selectivity of DHQ through py-THQ via path 1 of the reaction mechanism [38]. Therefore, the
reaction mechanism for the hydrogenation of quinoline to DHQ formation for the Pd/Al2Os
catalyst is simplified [38]. as shown in Figure 4.12.

H H
Quinoline (Q) 1,2,3,4 Tetrahydroquinoline Decahydroquinoline
(py-THQ) (PHQ)

Figure 4.12 Possible reaction mechanism for hydrogenation of Quinoline to DHQ

4.6 Kinetic model development and validation
4.6.1 Power law kinetic model

The kinetic model is developed based on the reaction scheme and experimental observations
for quinoline to py-THQ, bz-THQ, and DHQ formation. Although hydrogenation of
heterocyclic compounds containing nitrogen has been published in the literature, the reported
kinetics information for quinoline hydrogenation is not sufficient for the development of
processes and scale-up of the reactors. In the present study, intermediates formed from
quinoline are py-THQ and bz-THQ formation in low quantity. The absence of bz-THQ may be
due to nitrogen heterocyclic rings having a higher electronic cloud density than benzene rings
and are more easily adsorbed on the active sites of hydrogenation reactions. Considering the
concentration of the hydrogenated species, the following assumptions are considered for the
development of the power law kinetic model into the simplified form:
i) The concentration of the hydrogen is assumed to be constant as it is in excess in the
reaction
i) No Mass Transfer Limitations: It is assumed that the reactants are perfectly mixed and
there are no mass transfer limitations. This implies that the rate of reaction is solely
dependent on the chemical kinetics and not on the rate of mixing or diffusion.

iii) Quinoline to py-THQ reaction is assumed to be reversible [32]
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iv) py-THQ to DHQ reaction is assumed to be irreversible [32]
The kinetic model was developed based on the following assumptions and the volume of the

reaction mixture used for quinoline hydrogenation with the following rate expressions:

dac ca
Ty = d_tA = % (_k1CA + kerB) (41)
dcC ca
Te = d—tc = % (k2Cg) (4.3)

Where,

r is reaction rate, mol/(m*.min)

Meat represents catalyst loading, g

k is rate constant, m®/(gcat. Min)

Ca, Cg, and Cc are concentrations (mol/m?) of reactants A, B and C, respectively

V is the volume of the reaction mixture, m?

4.6.2 Kinetic study and validation with model

Hydrogenation experiments are performed for temperatures of 125, 150, and 175°C at a
pressure of 50 bar for the reaction times of 1, 2, 3, 4, and 5 h. The concentration of the reactant,
intermediate, and product species (quinoline, pz-THQ, and DHQ) are represented as Ca, Cg,
and Cc, respectively. The concentration of the species for every one hour of reaction at different
temperatures is shown in Figure 4.13. The quinoline concentration decreased abruptly while
the formation of pz-THQ predominates simultaneously. At the same time, the rate of formation
of DHQ prevails at the expense of pz-THQ hydrogenation. There is a gradual decrease in pz-
THQ concentration and the increase in DHQ concentration is observed with an increase in
reaction time at 125, and 150 °C as shown in Figure 4.13(a-b). On the other hand, there is a
sudden decrease in pz-THQ and an increase in DHQ formation in 1 hour of reaction time as
shown in Figure 4.13(c). As there is no driving force for the backward reaction to take place,
the product formation suppresses the existence of reactant and intermediates. The experimental

data points are used for model prediction and validated in the Figure 4.13(a-c).
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Figure 4.13 Concentration profile at 50 bar hydrogen pressure for different temperatures
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(“~--” represents the model and symbols represent experimental data points)
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4.6.3 Parameter estimation

The kinetic parameters are estimated using experimental data points and model predictions.
The models represented in the above equations (1) to (3) are used using the Markov Chain
Monte Carlo (MCMC) simulation tool to solve the ordinary differential equations numerically
while also estimating parameter values. Each reaction rate constant (ki, ki, and kz) is
determined as a parameter, and the best-fitting value was estimated by minimizing the sum of
the square error of the concentration between the experimental data and the model calculation.
The evaluated rate constants, activation energies, and pre-exponential parameters are reported
in Table 2. Since every R?value is more than 0.99, the regression findings for the Arrhenius
parameters are compelling. The changing trend of the pre-exponential factor is consistent with
that of activation energy. . It is observed that the quinoline to py-THQ formation reaction had
the largest activation energy of 136.57 kJ/mol and the pre-exponential factor of 1.203 x 107,
hence, it is envisaged that quinoline to pz-THQ formation controls the rate of reaction. Indeed,
Xie et al. (2022) also found the same observation as quinoline hydrogenation to py-THQ is the
rate-determining step[37].

Table 4.2 Estimated rate constants and Arrhenius Parameters

Rate Constant Temperature (°C) Activation Pre- (Residual)?
(m3/(gear.min)) | 125 150 175 | energy, Ea | exponential R?
(kJ/mol) factor, ko
(M®/(gear.Min))

k1 1.0e-02 | 3.3e-01 | 3.7e-03 136.57 1.20e+16 0.99
k1r 1.3e-07 | 4.8e-07 | 2.0e-06 82.00 1890.88 0.99
Kz 1.99e-7 | 6.80e-7 | 2.6e-06 76.16 7010.05 0.99

4.7 Conclusions

Quinoline is identified as a promising and thermally stable LOHC molecule using a thermal
screening unit. Hydrogenation of quinoline is investigated over a palladium supported by an
alumina catalyst. The effect of temperature, hydrogen pressure, reaction time, different

solvents, and catalyst loading on the hydrogenation and hydrogen uptake capacity of quinoline

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 103



AcSIR CHAPTER 4

in the liquid phase are studied and the optimal conditions of 175°C and 50 bar for 20 wt.% of
Pd/Al>Os are obtained. A Hydrogen uptake capacity of 6.91 wt.% is achieved with more than
99% DHQ vyield using IPA as solvent under optimal reaction conditions. Based on the
experimental data, the reaction mechanism is proposed for the reaction pathway for DHQ
formation. The hydrogenation of quinoline to DHQ formation is 100% and selectivity towards
decahydroquinoline of 99% is achieved. The reaction kinetic model is developed for a
simplified reaction path for DHQ formation and is simulated using the Monte Carlo simulation
tool and validated with experimental observations. It is concluded from the kinetic study that
the formation of pz-THQ is the rate-determining step in the hydrogenation of quinoline to

decahydroquinoline formation.
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Chapter 5

Reaction kinetic studies for
dehydrogenation of
decahydroguinoline for hydrogen
generation
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5.1 Introduction

As global energy consumption continues to increase, there is an urgent need to develop
sustainable energy storage and distribution systems. Hydrogen, a clean and efficient energy
carrier, has the potential to play a significant role in meeting future energy demands while
reducing greenhouse gas emissions [1,2]. The mass-energy density of hydrogen with
120 MJ/kg, is significantly higher than that of hydrocarbon fuels such as gasoline with a
calorific value of 44 MJ/kg [3,4]. However, one of the primary challenges associated with
hydrogen utilization is its storage and transportation [5]. Various hydrogen storage
technologies have been thoroughly investigated including compressed hydrogen, liquefied
hydrogen, physisorption in porous materials or metal-organic frameworks and metal hydrides.
While each of these storage methods offers unique benefits, they also come with specific
limitations and challenges [6]. Liquid organic hydrogen carriers (LOHCs) have emerged
as a promising solution to these challenges due to their ability to reversibly store hydrogen in
liquid form, facilitating safer and more efficient handling [7]. The reversible hydrogenation
of an unsaturated, often aromatic molecule is the foundation of the LOHC idea. The hydrogen-
rich form of the molecule known as a saturated chemical is considered in this reaction.
The hydrogenated, or hydrogen-rich, form releases the hydrogen for additional use in industrial
applications via dehydrogenation process [8]. LOHCs can absorb hydrogen through
hydrogenation and release it via dehydrogenation, offering a feasible means to store hydrogen
under ambient conditions as opposed to high-pressure or cryogenic systems typically required
for hydrogen storage [9]. A key foundation of the modern chemical industry is the use
of heterogeneous catalysts which enable the economical and efficient conversion of raw
materials into valuable chemicals and fuels while also being environmental friendly [10].
Stephan Kiermaier et al. (2021) study demonstrates that the combination may be suitable when
reduced-pressure dehydrogenation of perhydro-N-ethylcarbazole (H12-NEC) is paired with
hydrogen electrification in a high-temperature polymer electrolyte membrane fuel cell (HT-
PEMFC). Dehydrogenation reactions of H12-NEC were conducted within a temperature range
of 160 to 200°C, using various hydrogen partial pressures in the dehydrogenation unit
to simulate the effects in fuel cell operating in suction mode, which reduces hydrogen partial
pressure due to fuel cell activity. The Kinetic analysis reveals that a dehydrogenation
temperature of 180°C combined with a hydrogen partial pressure of 500 mbar represents an
effective parameter set for efficient hydrogen release [11]. Recent studies have explored

various methods to enhance the dehydrogenation of various molecules including the use
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of innovative catalysts, reactor designs, and alternative energy inputs such as microwave and
plasma-assisted dehydrogenation. The reported literature presents reusing two primary
greenhouse gases, CO 2 and CH 4, while simultaneously creating value-added compounds
(H2 + CO). These advancements aim to reduce the activation energy of the reaction allowing
for low operating temperatures and improved hydrogen release rates [12]. Among the various
LOHC candidates, nitrogen-containing heterocycles like decahydroquinoline have gained
attention due to their favorable hydrogen storage capacities and chemical stability [13,14].
Many studies have shown that replacing a carbon atom with nitrogen within the ring structure
can decrease the dehydrogenation enthalpy [15]. Generally, nitrogen-containing cyclic
molecules exhibit lower hydrogen release enthalpies, enabling the reaction to occur at reduced
temperatures (140-240°C). Additionally, heterocyclic molecules are less volatile, allowing for
a higher purity of the hydrogen produced. This high purity (nearly 100%) is particularly
advantageous, as it can be directly used in fuel cells without the need for further purification
[13].

The comparison of LOHC molecules with representation of Hz carrying capacity are given in
Table 1. Quinoline Ha carrying capacity is higher than other molecules as well as the reaction
enthalpy is 58.04 kJ/mol H . Although benzene has high H. carrying capacity and enthalpy, it

is not extensively adopting as an LOHC due to carcinogenic in nature.

Table 5.1 Comparison with other LOHC molecules

LOHC Reaction Enthalpy Hydrogen Reaction Reference
(kJ/mol Hy) Carrying Temperature
capacity (wt%) (°C)

Benzene 68.6 7.2 315 [16,17]
Toluene 68.3 6.2 >300 [1]
Quinoline 7.2 58.04 250 [13]

Carbazole 51.1 6.7 [16,18]
n-ethylcarbazole 43.2 5.8 200 [11]
n-ethylcarbazole 55 5.8 220 [19]
Dibenzyltoluene 65.3 6.2 250-340 [5]
Dibenzyltoluene 71 6.2 270 [22]
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N-ethylcarbazole/perhydro N-ethylcarbazole (NEC/H12-NEC) is considered one of the leading
solutions for liquid organic hydrogen carriers (LOHCs), primarily due to its low
dehydrogenation temperature and good stability. Additionally, it is favourable for its low
reaction enthalpy[11,19]. However, the hydrogen storage capacity of the NEC system results
in a lower energy density. The dibenzyltoluene/perhydro-dibenzyltoluene (DBT/H18-DBT)
system gained attention following Bruckner et al. 2013 work, which reported a hydrogen
capacity of 6.2 wt%. Subsequent studies have indicated a reaction enthalpy for hydrogenation
and dehydrogenation ranging from 62 to 71 kJ/mol H,. Despite its advantages, the
dehydrogenation reaction of this system occurs at a relatively high temperature of
approximately 270°C, which exceeds the ideal range [20-22]. Nevertheless, its considerable
hydrogen carrying capacity and low cost have made it an attractive candidate for LOHC

applications, despite the challenge posed by the elevated reaction temperature.

Quinoline strikes a favourable balance between reaction temperature and hydrogen carrying
capacity. With an enthalpy of 58.04 kJ/kg, it is comparable to NEC while offering a higher
hydrogen carrying capacity. Furthermore, when compared to the DBT system, quinoline
exhibits similar hydrogen carrying capacity but operates at a lower reaction temperature than
the 270°C required for DBT. Hence, Quinoline was chosen as the LOHC under study for the

research.

Decahydroquinoline is a fully saturated, hydrogenated form of quinoline, capable of storing
multiple hydrogen atoms within its molecular structure. Upon dehydrogenation,
decahydroquinoline releases molecular hydrogen and reverts to quinoline, its unsaturated
counterpart. This reversible process makes it particularly suitable for LOHC systems, where
efficient hydrogen uptake and release are essential. Understanding the mechanistic pathways
of decahydroquinoline dehydrogenation is also crucial as it provides insights into the molecular
interactions between the LOHC and the catalyst surface. This reaction is essentially carried out
in two steps viz. DHQ to 1,2,34-tetrahydroquinoline (py-THQ) and 5,6,7,8-
tetrahydroquinoline (bz-THQ) formation in the first step while complete dehydrogenation of
both intermediates to quinoline occurs in the second step as shown in Fig. 1.The
dehydrogenation process, however, poses several challenges that must be addressed for
practical LOHC applications [23,24]. First, the kinetics of the reaction must be optimized to
ensure rapid and complete hydrogen release. The dehydrogenation of decahydroquinoline is

typically an endothermic reaction, requiring high temperatures to proceed efficiently.

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 112



AcSIR CHAPTER 5

Therefore, understanding the thermodynamic and kinetic parameters of this reaction is crucial.
Several factors influence the dehydrogenation process, including catalyst selection, reaction
temperature, and pressure. However, the previous literature focused mainly on LOHC material

development, catalyst development, and characterization [25-27] as can be seen in Table 1.

Catalyst selection is a critical factor in the dehydrogenation of decahydroquinoline[28,29].
Transition metal catalysts, such as palladium, platinum, and ruthenium have been extensively
studied for their ability to facilitate hydrogen release from various LOHCs. The activity and
selectivity of these catalysts can be tailored by modifying their composition, support material,
and particle size. Additionally, the use of bimetallic catalysts has shown promise in enhancing
catalytic performance by leveraging synergistic effects between different metals. For
decahydroquinoline dehydrogenation, optimizing catalyst performance is essential to minimize
energy input, increase in hydrogen yield, and prevention of unwanted side reactions that could
degrade the LOHCJ[13,27,30]. The operating conditions, particularly reaction temperature and
pressure, significantly impact the dehydrogenation efficiency and hydrogen release rate.
Higher temperatures generally favor dehydrogenation but may also lead to increased energy
consumption and potential degradation of the LOHC. Balancing these factors is essential to

achieve an efficient and sustainable process [31].

In this study, the work is focused on dehydrogenation of DHQ at various parameters such as
temperature, reaction time, and effect of catalyst loading of 5% Pd loaded on alumina
(Pd/Al203) with reaction Kinetics evaluation using Markov chain Monte Carlo simulation
(MCMC) tool and the route for product formation is identified without using solvent in the

process.

1,2,3,4-tetrahydroquinoline (py-THQ)

e

H

2
,‘b‘“ \
X
Oij P
N
u Quinoline
Decahydroquinoline ‘?Iye ™ ()
®HQ) | AN
=
N
5,6,7,8-tetrahydroquinoline (bz-THQ)

Figure 5.1 Reaction mechanism for Dehydrogenation of DHQ to Quinoline
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Table 5.2 Literature on the recent dehydrogenation of LOHC molecules
S. Molecule Catalyst Reactor details Reaction conditions Findings Ref.
No.
1. | Perhydro-dibenzyl Pt/Al,O3 Packed bed of (270-300 °C), 1 DoD - 63% [23]
toluene PUTIO> U-tube reactor (L-24 cm, | atm
Pt/C ID-4 mm, Wash-coated
catalyst in coiled tube
(L-143 cm, ID-4 mm)
2. | Perhydro-dibenzyl 0.5% Pt-Co Continuous three-neck 260 °C, 1 bar, (200 | DoD - 31% [24]
toluene and 0.5% Pt- | quartz reactor, 100mL, to 1200 rpm)
Ni catalyst equipped with condenser
3. | Cyclohexane, P/AC Batch reactor, Schlenk 195, 250 to 400°C, | Rate of H> formation: [25]
Methylcyclohexane, Pt/PCC tubing (50 ml) 1 atm (N2 CH- 8.0 mmol/min
Decalin environment) MCH- 6.5 mmol/min
Decalin- 5.7 mmol/min
4. | Cyclohexane, 10 wt.% Continuous, Spray-pulse | 260-350 °C, 1 atm | CH- 55 mmol/min [26]
Methylcyclohexane, Pt/CFF system (N2 environment) MCH- 56 mmol/min
Decalin, Tetralin Pt/alumite Decalin- 50 mmol/min
5. | Methylcyclohexane Pt (0.6 Fixed Bed reactor 300 °C MCH Conversion - 95%, [27]
wt%)/Al>03 1 atm Toluene Selectivity - 99%
6. | Methylcyclohexane 10 wit%, Continuous Spray-pulse | 350 °C MCH-39.45 mmol/(g.min) [28]
(MCH), Cyclohexane | Ni-Cu/ ACC | system 1 atm CH-14.51 mmol/(g.min)
(CH), Decaline, bimetallic Decaline-93.84 mmol/(g.min)
Piperidine catalyst Piperidine-21.22mmol/(g.min)
7. | Decaline Pt/C Batch-wise catalytic 240, 260, 280°C Rate of H> formation: [29]
reactor 75.8 - 400 mmol/h
8. | Mixture of Pd/C pellet Continuous U-shaped 300 °C, 340 °C 40% at 573 K [30]
bicyclohexyl and (10 wt.%) reactor (0.45 m, 1/2” 80% at 613K
dicyclohexylmethane stainless steel) Feed rate 0.54 g/min
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5.1 Materials

Quinoline (AR, > 98%), 1,2,3,4-tetrahydroquinoline (AR, > 98%), 5,6,7,8-tetrahydroquinoline
(AR, > 98%), IPA (AR, >99%) are purchased from ThermoFischer scientific and the
manufacturer of decahydroquinoline (AR, > 96%) is BLD Pharma. Deionized water is used
from an ultrapure water machine (elemental type 1820 C) from Chongging Molecular Water
System Co., Ltd. A commercial Palladium-based catalyst (Pd/Al>O3) is used for the
present experimental studies. The catalyst is procured from Alfa Aesar/Thermo Fisher
Scientific in the form of powder with the composition of Pd-5wt.%, and Al>03-95 wt.%
and the average particle size of the palladium nanoparticles on the catalyst is about 2 nm.

5.2 Experimental setup and procedure

Decahydroquinoline dehydrogenation was conducted at atmospheric pressure using a two-neck
round-bottom flask without solvent. A total of 3 mL of the DHQ was added to the flask along
with 20 wt% of Pd(5wt.%)/Al.0s catalyst w.r.t DHQ weight basis. The flask was then
integrated into the experimental setup, equipped with a condenser (maintained below 15 °C to
prevent the loss of LOHC) and a temperature probe to monitor the LOHC temperature. The
reaction was carried out in an oil bath at temperatures of 200 °C, 220 °C, and 240 °C with
reaction times of 180, 300, 420, and 540 minutes on a hot plate magnetic stirrer. Stirring was
carried out at different stirring rates of 150, 200, 250, and 300 rpm using a stirrer needle. Upon
completion of each reaction, the flask was removed from the oil bath and allowed to cool. The
reaction mixture was filtered from the catalyst particles by washing with acetone, which
effectively dissolved decahydroquinoline, its intermediate dehydrogenated products, and
quinoline, ensuring a homogeneous liquid phase. This prevented solidification issues, as
decahydroquinoline is a solid (37-450 C) under normal conditions. The diluted mixture
was then filtered using standard methods such as vacuum filtration to separate the catalyst
particles. After filtration, acetone was removed under reduced pressure, such as with a rotary
evaporator, to recover the purified reaction products for GC and GC-MS analysis. This
approach ensured efficient catalyst separation while maintaining sample integrity for further
evaluation of the number of dehydrogenated forms of heterocycles and the hydrogen yield from
the theoretical calculations. A sample of the reaction mixture was separated from the catalyst
particles by filtration and analyzed with GC and GC-MS methods to evaluate the number of

dehydrogenated forms of heterocycles and the hydrogen yield from the theoretical calculations.
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Figure 5.2 Experimental setup for dehydrogenation experiments
5.3 Result and Discussion

5.3.1 Degree of dehydrogenation (DoD)

A precise definition of the degree of hydrogenation (DoH) has replaced the conventional
chemical term extent of reaction since the chemical processes of hydrogenation and
dehydrogenation of the organic carrier are employed for the reversible storage of hydrogen.
The ratio of the actual quantity of hydrogen (nH) stored to the maximum amount of hydrogen
(nH2) is known as the degree of hydrogenation. Degree of dehydrogenation (DoD) is the
measure of the amount of H. released at a certain time in comparison to the maximum amount
of Hz that can be stored [16].

ny2(t)

NH2, max

Degree of hydrogenation, (DoH) =

2nryo-1+ 2npyo-2+5npy
DoH = —¢ 2 2

Snphq

Degree of dehydrogenation, (DoD) =1- DoH

DoD = 1- —H2

NH2, max

5.3.2 Effect of temperature

The effect of temperature on the degree of dehydrogenation (DoD) and DHQ conversion over
time is shown in the Figure 5.3(a-b). As temperature increases from 200 to 240°C, both DoD

and DHQ conversion consistently increases with the highest values observed at 240°C. At this
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temperature, the reaction rate is faster, leading to higher degree of dehydrogenation and
improved conversion throughout the reaction period. The maximum DoD of 82.67 % is
observed at 240°C for reaction time of 9 h. The conversion of DHQ increases with an increase
in reaction time at elevated temperatures. The DHQ conversion of 83.88% is obtained at 240°C
for reaction time of 9 h whereas low temperatures of 200°C result in significantly low
conversion values which reflects the enhanced catalytic activity and improved reaction kinetics
at higher temperatures. Thus, elevated temperatures accelerate the dehydrogenation process
leading to more efficient DHQ conversion.
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Figure 5.3 Effect of temperature on a) Degree of dehydrogenation and b) DHQ conversion

5.3.3 Effect of stirring speed
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The effect of stirring speed on the conversion of DHQ and the degree of dehydrogenation
(DoD) over a stirring speed range of 150 to 300 rpm at a temperature of 240°C for 5 h as shown
in Fig. 4. The DHQ conversion increases initially as the stirring speed rises from 150 rpm,
peaking at around 76.34% at 200 rpm. Beyond 200 rpm, the conversion begins to decrease
steadily with increasing stirring speed, dropping to 18.30% at 300 rpm. The DoD also increases
with stirring speed, reaching its maximum of 74.45 % close to the same stirring speed where
DHQ conversion reaches its maxima (around 200 rpm). After attaining its peak
dehydrogenation capacity, the DoD declines similarly to the DHQ conversion to 14.22 % at
300 rpm. The optimal stirring speed for both the DHQ conversion and the DoD is around 200
rpm. Both DHQ conversion and DoD reach their maxima suggesting that it provides the best
conditions for dehydrogenation. However, higher stirring speeds beyond this optimal point
likely result in diminished contact between reactants or increased turbulence, leading to

reduced conversion and dehydrogenation levels.
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Figure 5.4 Effect of stirring speed on the degree of dehydrogenation and DHQ conversion at
240°C for 5h

The Figure 5.4 illustrates how stirring speed impacts DHQ conversion and the degree of
dehydrogenation (DoD), which are both influenced by mixing and mass transfer. At low
stirring speeds (150-200 rpm), increased agitation improves mass transfer by enhancing the
contact between reactants and the catalyst, leading to higher conversion and dehydrogenation

rates. The peak at around 200 rpm indicates an optimal balance where mixing is sufficient to
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maximize reactant diffusion to the catalyst without excessive turbulence. However, beyond this
point, further increases in stirring speed likely to introduce turbulence and reduce the residence
time of reactants near the catalyst surface, thereby diminishing conversion and

dehydrogenation rates due to disrupted mass transfer and uneven flow distribution.

5.3.4 Effect of catalyst loading

The impact of catalyst loading on DHQ conversion and the Degree of Dehydrogenation (DoD)
at 240°C for 5 hours is studied as shown in Figure 5.5. Both DHQ conversion and DoD
increases steadily as the catalyst loading increases from 5 wt.% to 15 wt.% which is attributed
to the increased availability of active catalytic sites, enhancing reaction efficiency. However,
beyond 15 wt.%, both curves begin to plateau in DHQ conversion and DoD. This behavior
could be due to mass transfer limitations where diffusion of reactants to the catalyst surface
becomes a limiting factor, catalyst site saturation, or thermodynamic equilibrium constraints
that prevent further dehydrogenation. The plateau suggests that additional catalyst does not
significantly improve reaction outcomes making 15 wt.% an optimal loading to achieve high
DHQ conversion (~75%) and dehydrogenation efficiency (~70-75%) without excess catalyst
usage. This analysis highlights the importance of balancing catalyst loading to optimize reaction

efficiency, minimize material costs, and ensure practical scalability of the process.
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Figure 5.5 Effect of catalyst loading for 240°C and reaction time of 5 h
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5.4 Development of reaction kinetic model

5.4.1 Reaction Kinetics study

Experimental observations show C,, Cp, C¢, and Cq as the concentration profiles of species
DHQ, py-THQ, bz-THQ and Quinoline respectively over time during the dehydrogenation
reaction at 240°C. The concentration of the reactant (Ca)starts at the highest concentration and
decreases steadily, indicating its consumption. The dehydrogenated molecule (Cp), the primary
product, begins at zero and increases significantly, reaching its maximum around 400 minutes.
Cc, a transient intermediate, increases initially, peaks around 200-300 minutes, and then
decreases slightly. In contrast, Cg remains nearly constant and negligible throughout the
reaction, suggesting minimal involvement. Overall, the results highlight the progression of the
reaction with Ca being converted into Cp through intermediate species like Cc. There is a very
less (<10 %) formation of pz-THQ so it is not considered in the reaction mechanism as can be
seen in Figure 5.6. The kinetic model is developed based on the reaction scheme and
experimental observations for decahydroquinoline to bz-THQ, and Quinoline formation as
shown in Figure 5.7. Although dehydrogenation of heterocyclic compounds containing
nitrogen has been published in the literature, the reported Kinetics information for
decahydroquinoline dehydrogenation is not sufficient for the development of processes and

scale-up of the reactors.
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Figure 5.6 Concentration profile of DHQ, py-THQ, bz-THQ and Quinoline after
dehydrogenation reaction at 240°C
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5.4.2 Reaction mechanism

There are two possible routes for dehydrogenation of DHQ to Quinoline formation for the
reaction scheme shown in Figure 5.1. The first dehydrogenation step removes three hydrogen
atoms from the nitrogen containing cyclic ring of the DHQ, leading to the formation of py-
THQ. Subsequently, two more hydrogen atoms are removed from the remaining cyclohexane
ring, yielding quinoline which is considered to be route 1. In the route 2, the first
dehydrogenation step removes three hydrogen atoms from the cyclohexane ring, forming bz-
THQ. The second dehydrogenation step removes two more hydrogen atoms from the remaining
cyclohexane ring resulting in quinoline. Nitrogen is more electronegative than many other
elements commonly involved in organic molecules, such as carbon and hydrogen.
Electronegativity is the ability of an atom to attract electrons toward itself in a chemical bond.
Because nitrogen strongly attracts electron density, it creates a localized electronic
environment around itself, affecting adjacent bonds and atoms. Dehydrogenation is a chemical
reaction in which hydrogen atoms are removed from a molecule, typically involving breaking
of a C-H, N-H, or other similar bonds. The pathway a molecule follows during dehydrogenation

depends on:

o Electronic effects (like inductive effects from electronegative atoms).
o Transition state stabilization (the ease of forming intermediates during the reaction).

e Thermodynamic favourability (the stability of products or intermediates).

"Route 2" likely represents a dehydrogenation pathway where nitrogen's presence plays a

significant role, such as activating a nearby hydrogen atom or stabilizing an intermediates can
be seen in Figure 5.7.
N

kl \ kZ \
—_——— —_—
-3H, = -2H, P
H N §

Decahydroquinoline (DHQ) 5,6,7,8-tetrahydroquinoline (bz-THQ) Quinoline (Q)

Figure 5.7 Possible reaction mechanism for dehydrogenation of DHQ to Quinoline formation
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5.4.3 Development of Power law

Considering the concentration of the dehydrogenated species, the following assumptions are
considered for the development of the power law kinetic model into the simplified form:

i. No Mass Transfer Limitations: It is assumed that the reactant is perfectly mixed and

there are no mass transfer limitations.

ii. This implies that the rate of reaction is solely dependent on the chemical kinetics and

not on the rate of mixing or diffusion.
iii. All reactions are assumed to be irreversible[13]

iv. There is a very less (<10 %) formation of pz-THQ so it is not considered in the reaction

mechanism

The kinetic model was developed based on the following assumptions and the volume of the

reaction mixture used for quinoline hydrogenation with the following rate expressions

dc ca
= d_: = % (_kch) (51)

dc ca

T = _dtc = mV = (k1 Cy—k,Cc) (5.2)
dc ca

r3 = d_tD = % (—k2C¢) (5.3)

Where, r is reaction rate, mol/(m2.min)
Meat represents catalyst loading, g
k is rate constant, m*/(gcat. min)
Ca, Cc, and Cp are concentrations (mol/m?) of reactants A, C, and D, respectively.

V is the volume of the reaction mixture, m?
5.4.4 Reaction kinetics validation with model

The concentration of the species for “different reaction times of 2 h intervals at different
temperatures is shown in Figure 5.8. The DHQ concentration decreased abruptly while the
formation of bz-THQ predominates simultaneously. At the same time, the rate of formation of
quinoline prevails at the expense of bz-THQ hydrogenation. Quinoline concentration is

observed with increase in reaction times at 200, 220 and 240 °C as shown in Fig. 7 (a-c). As

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 122



AcSIR CHAPTER 5

there is no driving force for the backward reaction to take place, the product formation
suppresses the existence of reactants and intermediates. The concentration of the species is
fitted using the Kinetic parameters estimated using Markov Chain Monte Carlo (MCMC)

simulation as validated in Figure 5.8 (a-C).
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Figure 5.8 Concentration profile at 50 bar hydrogen pressure for different temperatures
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(“---" represents model and symbols represent experimental data points)
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5.5 Parameter estimation

Model predictions and experimental data are used to determine the kinetic parameters. The
Markov Chain Monte Carlo (MCMC) simulation tool is used to solve the ordinary differential
equations numerically and estimate parameter values for the model shown in equations (1)
through (3). The best fitting value for each of the reaction rate constants (k: and kz) was
obtained by minimizing the sum of the square errors of the concentration between the model
computation and the experimental data. Table 5.2 reports the pre-exponential parameters,
activation energies, and estimated rate constants using Arrhenius plot with model fitted rate
constants. The variation in activation energy and pre-exponential factor show the extent of rate
determining steps. Therefore, it is thought that the formation of Quinoline from bz-THQ
controls the rate of reaction. The Activation energy of 185.43 kJ/mol for the conversion bz-
THQ to Quinoline in the dehydrogenation process is considered to be the rate-determining step.

Table 5.3 Estimated rate constants and Arrhenius parameters for dehydrogenation of DHQ to

Quinoline formation

Rate constant Temperature (°C) Activation | Pre-exponential
(Mm3/(geat.min )) energy, Ea factor, ko
200 220 240 (kJ/mol) (m*/(gear.min))
k1 3.9E-08 | 9.4E-08 | 9.6E-08 45.85 0.0051
ko 2.4E-08 | 1.0E-07 | 9.5E-07 | 185.43 6.19E+12

5.6 Study of mass transfer limitations

5.6.1 External mass transfer effects

External mass transfer limitations have a significant impact on the overall reaction rate. In
three-phase systems, these limitations are assessed using the Carberry number for the gas-liquid
system, which accounts for stirring speed and liquid diffusion to the solid phase. The Carberry
number (Ca) measures the degree of external mass transfer limitation, ranging from zero to
one. When the Carberry number is below 0.05 which indicates that diffusion resistance due to

external mass transfer can be considered negligible [31].

C, = krTc <005  (5.4)

lsdppp
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The liquid-solid mass transfer coefficient is determined using a correlation specific to batch-
stirred tank reactors [32].

Sh = 2.0 +0.6(Re,*)(Sc®*%)  (5.5)

Table 5.4 Carberry number and Weisz Prater criteria for mass transfer limitations

Parameters Values
Batch time 9
Initial rate of DHQ, r°
(mol/(kgcat.s)) 0.001120067
Initial rate of DHQ, r°
(molfs) 1.10086E-05
Initial concentration of DHQ, C°
(mol/m?) 699.1906475
Avg. catalyst ?r?]r)tlcle radius, R 2 79E-09
Weight of catalyst, w (kg) 0.000578
Molecular dli;fUSIVIty, Das 9.72E-02
(m*/s)
Effective diffusivity, Dest (M?/s) 2.78E-02
Weisz-Prater modulus, ¢ 4.68E-19
Drag Coefficient, Cp 0.44
Terminal velocity, U (m/s) 2.47E-04
L-S Mass transfer coefficient, 3.57E4+07
ks, (m/s)
Carberry Number, Ca 7.60E-19

Where, Sh="% go= M po,_ LLVP.

Dap pPLDaB 19
Carberry number found out using the above correlations and equations is less than 0.05 as
shown in Table 5.3. Therefore, it is confirmed that the absence of liquid-solid diffusion

limitations

5.6.2 Internal mass transfer effects

Internal mass transfer limitations were evaluated using the Weisz-Prater criterion, as outlined
in the literature [33]. The Weisz-Prater modulus can be estimated using the following

correlations.
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Pprorz
_ a2 PT D
¢ =nd D, C°
Up
= 4
& " [34]
Ps
Dypép
Def=
7p

7.4 x1078( ¢ppMp>®) X T x 1074

HaBVg

Dyp =

A Weisz-Prater modulus greater than 6 indicates a regime of complete diffusional control,
while the modulus less than 1 suggests that pore diffusion limitations are negligible as shown
in Table 5.3. Therefore, the reactions are suggested to perform without mass transfer limitations

and the reaction Kkinetics can be used for scale-up of the reactors.

5.7 Conclusions

A comprehensive overview of the current state of research on the reaction kinetic studies for
dehydrogenation of decahydroquinoline as an LOHC is explored in the present study. It
investigates the effects of reaction conditions, stirring speed and catalyst loading on DHQ
conversion and degree of dehydrogenation (DoD). By addressing these key aspects, this study
aims to contribute to the ongoing efforts to develop sustainable and efficient hydrogen storage
solutions that can meet the demands of a hydrogen-based economy. The catalytic
dehydrogenation of decahydroquinoline (DHQ) to quinoline (Q) has been comprehensively
studied, demonstrating its potential as an efficient method for hydrogen generation. Using 5%
Pd supported on alumina (Pd/Al2Os) as the catalyst, the reaction conditions were optimized to
achieve maximum hydrogen release and dehydrogenation efficiency. Among the tested
parameters, a reaction temperature of 240°C and reaction time of 9 h yields the maximum
DHQ conversion and degree of dehydrogenation. A reaction kinetic model developed for the
process, validated through Markov Chain Monte Carlo (MCMC) simulations, accurately
predicted the rate constants and provided insights into the reaction mechanism. The activation

energy for the dehydrogenation of bz-THQ to quinoline was determined to be 185.43 kJ/mol,
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with the conversion of benzo-tetrahydroquinoline (bz-THQ) to quinoline identified as the rate-
limiting step. These findings not only enhance the understanding of DHQ dehydrogenation but
also offer valuable guidance for optimizing reaction parameters to improve hydrogen
generation efficiency. This work establishes a foundation for further research into sustainable
hydrogen production from liquid organic hydrogen carriers (LOHCSs).

Notations

® is the dimensionless Weisz- Prater modulus

n is the effectiveness factor for catalyst particle

py is the particle density in kg/m?

&p Is the porosity of the catalyst particles

7,, Is the Tortuosity of the catalyst particles

r° is the initial reaction rate per weight of the catalyst (mol/kgcat.S)
¢s is the association factor of solvent

T is the reaction temperature in K

Wyp IS the viscosity of mixture in kg/m s

v, is the molar volume of DHQ

R, is the radius of the catalyst particle in m

CCis the Initial concentration of DHQ in (mol/m?)

Dag is the molecular diffusivity of DHQ (m?/s)

Der is the effective diffusivity of DHQ (m?/s) calculated using [44]

p,= Liquid mixture density (kg/m®);
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u,= Mixture Viscosity (kg/ms);

v,= Terminal velocity of particles (m/s);

DoH =Degree of hydrogenation;

DoD =Degree of dehydrogenation;

a is Decahydroquinoline

b is 1,2,3,4-tetrahydroquinoline (py-THQ)

c is 5,6,7,8-tetrahydroquinoline (bz-THQ)

d is Quinoline (Q)
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Chapter 6

Mass and energy balance for 1 ton
of DHQ per day
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6.1 Introduction

The global climate is undergoing significant changes, largely due to decades of rising CO-
emissions, which have steadily accumulated in the atmosphere. This increase in greenhouse
gases has led to growing instability in global temperatures and weather patterns, with
consequences ranging from the Arctic regions to the Equatorial belt. One of the primary drivers
of these anthropogenic CO2 emissions is the widespread reliance on fossil fuels, which are
burned for industrial processes, energy production, and transportation. As a direct response to
these challenges, the European Union (EU) has committed itself to transitioning away from
fossil fuels, aiming for rapid decarbonization of the economy in order to mitigate climate
change and reduce reliance on unsustainable energy source[1].

In an effort to lower emissions and combat the effects of climate change, various strategies
have been introduced and implemented on a global scale. These strategies range from boosting
energy efficiency in industries and homes to advocating for the increased use of renewable
energy sources, such as wind, solar, and hydroelectric power, as well as biofuels[2,3].
However, one of the significant challenges posed by the majority of these renewable energy
sources is the inherent unpredictability of their output. Solar and wind energy production is
highly dependent on weather patterns and seasonal variability, making it difficult to predict
and balance energy supply and demand. As a result, there has been a growing emphasis on
developing advanced energy storage systems that can effectively store energy during periods
of surplus generation and release it when renewable production is insufficient. These energy
storage systems work by converting electrical energy into another form, such as chemical
energy in batteries or mechanical energy in systems like pumped-storage hydropower or
pressurized gas vessels. While these storage solutions have shown promise in many
applications, they are often not well-suited to energy-intensive industries, where thermal

energy is more commonly required[4-7] .

This is where hydrogen as an energy carrier presents a compelling alternative. Hydrogen offers
a versatile and sustainable solution for energy storage and transport, as it can be produced using
excess energy from renewable sources, particularly through the process of water electrolysis.
Hydrogen, once produced, serves as a concentrated energy source that emits no pollutants when
used, making it an ideal candidate for replacing fossil fuels in various sectors. The concept of

green hydrogen has gained considerable attention as a critical pillar in the renewal of the global
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energy system. Despite its promising potential, several challenges remain, particularly related
to the cost-effectiveness of hydrogen production and its distribution. Although the process of
hydrogen production through electrolysis dates back to the 1800s, and hydrogen’s use as fuel
in internal combustion engines was demonstrated over two centuries ago, the
commercialization of hydrogen technologies has been hindered by economic and technical
barriers. One of the primary challenges is hydrogen's low volumetric density, which
complicates its transport and storage, especially over long distances. While hydrogen can be
stored at high pressures or in its liquid form, both approaches require significant energy input,
making them less viable for large-scale commercial applications. Current hydrogen
transportation methods, such as Compressed Gaseous Hydrogen (CGHy>), involve compressing
hydrogen gas to extremely high pressures, typically around 700 bar. This process comes with
substantial energy and financial costs, both in terms of capital expenditure for the compression
equipment and operational energy requirements[8].

An alternative approach is to transport hydrogen in its liquid form, which requires cooling it to
cryogenic temperatures below -253°C. This method enables the transport of larger volumes of
hydrogen over greater distances, facilitated by vacuum-insulated liquid tankers capable of
carrying up to 4,300 kg of hydrogen [9]. However, the process of liquefying hydrogen is highly
energy-intensive, with more than 10 kWh of energy required per kilogram of hydrogen, which
represents over 30% of its energy content[10,11]. Despite these challenges, advancements in
liquefaction and transportation technologies have been made, although the infrastructure
remains costly and technologically complex[12]. To overcome these obstacles, several
alternative hydrogen carriers, such as Liquid Organic Hydrogen Carriers (LOHCs), have been
proposed. LOHCs are organic liquids that can absorb and release hydrogen through reversible
hydrogenation and dehydrogenation cycles, making them a more practical and cost-effective
option for hydrogen storage and transport. These carriers are advantageous because they are
compatible with existing petroleum infrastructure, reducing the need for costly new
investments[13-15].

LOHC:s offer significant promise for the safe and efficient storage and transport of hydrogen.
The hydrogenation process is exothermic and requires moderate temperatures, high pressures,
and a catalyst to drive the reaction, while dehydrogenation, being endothermic, is typically

carried out at high temperatures and low pressures, often under atmospheric conditions[16,17].
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The primary advantages of LOHCs lie in their safety, ease of handling, and the ability to utilize
existing infrastructure for petroleum-based fuels. These characteristics make LOHCs a
compelling solution to the challenges of hydrogen transport and storage, reducing the overall
cost and increasing the feasibility of a global hydrogen economy[18-20] . Additionally,
LOHCs meet several key criteria required for effective hydrogen carriers, including high
hydrogen storage capacity, low toxicity, stability, and ease of handling at both high and low
temperatures[20].

The previous research survey shows that either hydrogenation and dehydrogenation systems
have been studied separately, or combined systems studied missing either the power generation
or electrolysis setup. Furthermore, the combined setup considered are experimental and they
did not cover the simulation aspect, or system with simulation studies did not consider the real-
time data i.e., not considering the Kinetic data, and used only conversion reactors for the
simulation purposes [21,22].

The aim of this work is to provide a comprehensive technical and energy analysis of hydrogen
transport through LOHCs, focusing on the hydrogenation process. The study will use Aspen
Plus V14® simulation software to model the hydrogenation process using quinoline as the
representative LOHC. Quinoline was selected due to its novelty and potential in hydrogen
storage applications. This work also aims to identify key energy drivers and effectiveness of
the process in hydrogen storage, offering a optimized simulation of the hydrogenation process,
which is then tested along various parameters. The energy consumed and key Kkinetic indicators
like conversion, selectivity and yield were analysed over changes in reaction parameters i.e.,
pressure and temperature. These results are examined to find the optimized case for our

simulation environment.

6.2 Process for hydrogenation

The Flowsheet consists of the pre-reaction stage and the post reaction stages. In the pre-reaction
stage, the feedstock, comprising quinoline and isopropyl alcohol along with hydrogen gas, is
initially introduced into the system at atmospheric pressure and ambient temperature. To
achieve the required reaction parameters, the liquid feed components, quinoline and isopropyl
alcohol, are pressurized using high-efficiency pumps, while the hydrogen gas undergoes
compression through a series of multiple compressors, each operating with a compression ratio

of 2. The multi-stage compression of hydrogen results in significant heat generation due to the
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thermodynamic nature of the process. To optimize energy usage, the thermal energy released
during gas compression is captured using a network of water-cooled heat exchangers
strategically placed after each compression stage. This captured energy is then repurposed to
preheat the feedstock prior to its entry into the reaction system significantly reducing the
external energy required for heating and enhancing the overall energy efficiency of the process.
The preheated and pressurized reactants, including the solvent, are thoroughly mixed and
subsequently directed to the first continuous stirred tank reactor (CSTR). In the first CSTR, the
hydrogenation of quinoline occurs resulting to py-THQ. This reaction represents the initial step
in the sequential hydrogenation pathway and is facilitated by the optimized mixing and heat
distribution provided by the reactor design. The partially converted stream is then transported
to the second CSTR, where further hydrogenation takes place, converting py-THQ into DHQ.
This two-stage reactor configuration ensures high conversion efficiency by sequentially
optimizing reaction conditions for each step of the process. Upon exiting the second reactor,
the product stream contains a mixture of unreacted hydrogen gas, the solvent, and the
hydrogenated products. The unreacted hydrogen gas is separated from the product stream using
a gas-liquid separation unit, enabling its potential recycling back into the reaction system to

enhance resource efficiency.
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Figure 6.1 Block diagram for hydrogenation
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The remaining liquid stream consisting of the solvent and hydrogenation products undergoes
purification in a distillation column. During this step, the isopropyl alcohol solvent is separated
using separator and recovered for potential reuse in subsequent reaction cycles. The final
separation stage involves isolating the hydrogenation products, py-THQ and DHQ, from one
another. This step is typically conducted using a high-precision separation unit which ensures
the purity of the individual products for downstream applications or further processing. By
integrating energy recovery systems, efficient reactor designs, and advanced separation
techniques, the process achieves a balance between high conversion rates, energy efficiency,
and resource sustainability, demonstrating its industrial applicability.

Table 6.1 Mass Balance for hydrogenation process

Component Mass In Mass Out
(kg/h) (kg/h)

Quinoline 38.65

IPA 250.84 250.84

Hydrogen 4.87 1.86

DHQ 41.7

Total 294.36 294.36
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Figure 6.2 Process flow diagram for hydrogenation of quinoline to DHQ production
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6.3 Simulation Methodology

The catalytic hydrogenation of quinoline was systematically modelled using Aspen Plus V14®
simulation software to design a process capable of producing 1 ton per day of
decahydroquinoline (DHQ). A comprehensive process simulation framework was established
to replicate and optimize the reaction conditions and overall system performance. The Peng-
Robinson equation of state was employed for accurate estimation of thermodynamic properties,
ensuring reliability in phase behaviour and energy balance calculations across the process.

The flow rates of the reactants, including quinoline, isopropyl alcohol, and hydrogen gas, were
calculated based on stoichiometric and operational requirements. These calculated flow rates
were then input into the simulation to develop a process flowsheet. Hydrogen gas was
intentionally fed in excess to replicate experimental conditions, ensuring complete conversion
of quinoline and aligning the simulation with practical scenarios observed in laboratory-scale

studies.

The simulated process underwent rigorous evaluation across a range of operating parameters,
including temperature, pressure, and energy consumption. These evaluations provided insights
into the relationship between reaction conditions and process efficiency, helping to identify
optimal operating conditions for maximizing DHQ yield while minimizing energy demands.
The simulation also facilitated the analysis of critical factors such as reactant utilization, heat

integration, and overall system performance.

By leveraging the capabilities of Aspen Plus V.14, the study provided a detailed and scalable
process model for the hydrogenation of quinoline. This simulation not only aligned with
experimental data but also offered a foundation for industrial implementation, ensuring

efficient and sustainable production of DHQ.

6.4 Process simulations using reaction kinetics

Using a mixture of continuous stirred-tank reactors (CSTRs) in Aspen Plus, the kinetic model
for the hydrogenation of quinoline was developed to simulate using reaction Kinetics. The
simulations are carried out for various parameters using well-mixed reactor environment and
the insights with reaction kinetics are studied. Quinoline hydrogenation to 1,2,3,4-

Tetrahydroquinoline (py-THQ) conversion and then, py-THQ is further hydrogenated to
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produce decahydroquinoline (DHQ) is modelled using series of CSTRs in the simulator. This
process is carried out in two successive steps. Additionally, Iso-Propyl Alcohol (IPA) was used
as a solvent in the ratio 1:9 of the substrate with two reasons: i) acts as solvent to dissolve H>
and ii) removes heat that is being generated during hydrogenation. The underlying dynamics
of the process are reflected in the distinct rate constants and activation energies that define each
step.

In the first stage, Quinoline reacts reversibly with molecular hydrogen to form py-THQ. The
reaction can be represented below. The forward and reverse reactions are described by their
respective rate constants ki and kir and activation energies E as reported in Chapter 4.

Q + 2H, & py —THQ

m3 kJ
k,; =61.6x 1073 and E;, = 136.57 —
kgca: - sec mol.
ki =33.33x107° m’ dE, =82 K
= = kgcas - seC e Ba =92 ol

Where,
ky is the pre-exponential factor of forward Quinoline hydrogenation reaction
kir is the pre-exponential factor of backward reaction

The subsequent reaction in the hydrogenation process involves the conversion of
tetrahydroquinoline-1 (py-THQ) into decahydroquinoline (DHQ) through the addition of three

moles of hydrogen gas. This reaction is represented by the equation:
py—THQ + 3H, - DHQ

m3 kJ
k,=4333%x103——— and E, = 76.16 —
kgcat - sec mol.

Where,

k2 is the pre-exponential factor of forward py-THQ hydrogenation reaction

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 143



AcSIR CHAPTER 6

Unlike the preceding reaction, this step is irreversible, emphasizing its directional nature under
the given reaction conditions. The Kinetics of this transformation are governed by a rate
constant k2 and an activation energy Ea both determined experimentally.

The lower activation energy compared to the first stage indicates that the conversion of py-
THQ to DHQ proceeds more readily, provided hydrogen is available in excess and the reaction

is conducted under optimized conditions.

With a total of 7.73 kg of catalyst placed into the system, the reactors were built with a catalyst
bed to aid in the hydrogenation process. In order to provide a sufficient catalyst-to-reactant
ratio for effective reaction kinetics, this catalyst quantity was calculated using 20 weight
percent of the total quinoline loading. Additionally, the reactors had a bed voidage of 0.18,
which created ideal conditions for reactant movement and hydrogen gas dispersion across the
catalytic surface. These design factors were essential for guaranteeing consistent contact
between the catalyst and the reactants, which increased the system's overall performance and
reaction efficiency.
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Figure 6.3  Simulation Flowsheet for hydrogenation process
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6.5 Process flowsheet description

The Flowsheet consists of the pre-reaction stage and the post reaction stages. In the pre-reaction
stage, the feedstock, comprising quinoline and isopropyl alcohol along with hydrogen gas, is
initially introduced into the system at atmospheric pressure and ambient temperature. To
achieve the required reaction parameters, the liquid feed components, quinoline and isopropyl
alcohol, are pressurized using high-efficiency pumps, while the hydrogen gas undergoes
compression through a series of multiple compressors, each operating with a compression ratio
of 2. The multi-stage compression of hydrogen results in significant heat generation due to the
thermodynamic nature of the process.

To optimize energy usage, the thermal energy released during gas compression is captured
using a network of water-cooled heat exchangers strategically placed after each compression
stage. This captured energy is then repurposed to preheat the feedstock prior to its entry into
the reaction system, significantly reducing the external energy required for heating and
enhancing the overall energy efficiency of the process. The preheated and pressurized
reactants, including the solvent, are thoroughly mixed and subsequently directed to the first
Continuous Stirred Tank Reactor (CSTR).

Within the first CSTR, the hydrogenation of quinoline occurs, resulting in its conversion to py-
THQ. This reaction represents the initial step in the sequential hydrogenation pathway and is
facilitated by the optimized mixing and heat distribution provided by the reactor design. The
partially converted stream is then transported to the second CSTR, where further hydrogenation
takes place, converting py-THQ into DHQ. This two-stage reactor configuration ensures high
conversion efficiency by sequentially optimizing reaction conditions for each step of the

process.

Upon exiting the second reactor, the product stream contains a mixture of unreacted hydrogen
gas, the solvent, and the hydrogenated products. The unreacted hydrogen gas is separated from
the product stream using a gas-liquid separation unit, enabling its potential recycling back into
the reaction system to enhance resource efficiency. The remaining liquid stream, consisting of
the solvent and hydrogenation products, undergoes purification in a distillation column. During
this step, the isopropyl alcohol solvent is separated using separator and recovered for potential

reuse in subsequent reaction cycles.

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 146



AcSIR CHAPTER 6

The final separation stage involves isolating the hydrogenation products, py-THQ and DHQ,
from one another. This step is typically conducted using a high-precision separation unit, which
ensures the purity of the individual products for downstream applications or further processing.
By integrating energy recovery systems, efficient reactor designs, and advanced separation
techniques, the process achieves a balance between high conversion rates, energy efficiency,
and resource sustainability, demonstrating its industrial applicability.

6.6 Results and discussion
6.6.1 Mass and energy balance

The process energy requirement depends majorly on the reaction temperature and pressure,
indicating the importance of operational and thermodynamic parameters. The energy input
necessary to heat the system to the optimum reaction temperature, the energy released during
the exothermic process, and the energy used to compress the hydrogen gas needed for the
reaction were the main factors influencing this change. The dependence on pressure was more
significant than temperature as higher pressures required more energy to compress the
reactants, hence it is important to optimize reaction parameters without compromising the

energy economy.

Hydrogen gas, was compressed through a series of compressors, each with a compression ratio
of 2. This multi-stage compression setup was used to simulate closer to the real-world industrial
conditions, providing more accurate insight into the practical energy costs associated with
large-scale operation. The heat generated during the compression of hydrogen gas, was
recovered and utilized within the process. This heat was repurposed to preheat the feed stream,
thereby reducing the external energy demand for heating the reactants. This enhances the

overall energy efficiency of the system.
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Table 6.2 Mass balance of the complete hydrogenation process in terms of mass flow

Material |, 1, |3 4 5 6 7 |8 9 10 |11
Streams

Quinoline | 0.00 | 38.65 | 0.00 38.65 | 0.01 0.01 0.00 |0.01 0.00 0.01 |0.00
Hydrogen | 4.87 | 0.00 | 0.00 4.87 3.66 2.02 2.02 [0.00 0.00 0.00 |0.00
IPA 0.00 | 0.00 |250.84 | 250.84 | 250.84 | 250.84 | 0.00 | 250.84 | 250.83 | 0.00 | 0.00
DHQ 0.00 [ 0.00 |0.00 0.00 0.00 37.84 | 0.00 |37.84 |0.00 0.00 |37.83
py-THQ |0.00 | 0.00 |0.00 0.00 39.85 | 3.65 0.00 |3.65 0.00 3.65 [0.00
bz-THQ | 0.00 |0.00 | 0.00 0.00 0.00 0.00 0.00 |0.00 0.00 0.00 |0.00
Total

Mass 4.87 | 38.65 | 250.84 | 294.36 | 294.36 | 294.86 | 2.02 | 292.34 | 250.84 | 3.66 | 37.83
(kg/hr)

Table 6.3 Mass balance of the complete hydrogenation process in terms of mass fractions

Mass 1 2 3 4 5 6 7 8 9 10 11
Fraction

Quinoline |0 1.0 |00 |0.13 |0.00 |0.00 |0.00 |0.0 |0.00 |0.00 |0.00
Hydrogen |1 0.00 | 0.00 |0.02 |0.01 |0.01 |1.0 [0.0 |0.0 |0.00 |0.00
IPA 0 0.00 |{1.00 | 0.83 {0.85 | 0.85 | 0.00 |[0.86 | 1.00 | 0.00 |0.00
DHQ 0 0.00 | 0.00 | 0.00 {0.00 |0.13 | 0.00 |0.13 | 0.00 | 0.00 |1.00
py-THQ 0 0.00 | 0.00 | 0.00 {0.14 | 0.01 |0.00 [0.01 |0.00 |1.00 |0.00
bz-THQ 0 0.0 |0.00 0.00 {0.00 |0.00 |0.00 |[0.00 |0.00 |0.00 |0.00

In this present study, the recovery and utilization of compression heat were facilitated through

the implementation of multiple heat exchangers. These heat exchangers operated using water

as the service fluid, effectively capturing the thermal energy released after each compression

cycle. The collected heat was subsequently applied to preheat the feed stream before it entered

the reactor system, significantly lowering the external heating energy requirements.

Furthermore, the water used in the heat exchangers was recycled back into the compression

system after cooling, thereby minimizing the consumption of fresh water and contributing to

energy and resource conservation. The following graphs outline the total energy that is required

to operate the simulated plant and the variation in energy required based on pressure and
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temperature. The following table presents an analysis of the energy transfer processes observed
during the simulation is shown in Table 6.4.
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Table 6.4 Energy data in the flowsheet at 175 °C and 50 bar

Heat released | Heat required
Block (J/s) (I/s)
HCOMP1 e 1773
HCOOL1 . 1580
HCOMP2 . 1834
HCOOL2 . 1833
HCOMP3 . 1836
HCOOL3 . 1834
HCOMP4 e 1841
HCOOL4 . 1837
HCOMP5 . 1850
HCOOL5 - 1843
HCOMPG6 . 1158
HCOOLS6 - 1150
QPUMP e 164
IPAPUMP 1471
FHEATER 10078
REAC-1 21767
REAC-2 17661
GAS-SEP 4036
RADFRAC 44892 23549
DHQ-SEP 3383
TOTAL 66589 80781
NET
ENERGY
REQUIRED 14192 J/s
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Figure 6.3 Effect of reactor pressure on energy requirement

The energy consumption across all evaluated temperatures exhibits a clear upward trend with
increasing pressure. This observation aligns with the expected thermodynamic behaviour, as
maintaining reactants at elevated pressures necessitates additional energy for compression. The
highest energy demands are recorded at 60 bar, primarily attributable to the operational
requirements of multiple compressors used for hydrogen gas and pumps for liquid feedstocks

such as quinoline and isopropyl alcohol.

The energy consumption increases from 21.4 kW at lower pressures to 23.7 kW at 60 bar at
125°C representing the highest energy requirement in the series. The energy consumption
ranges from 14.9 kW to 17.2 kW as pressure increases at 150°C while at 175 °C, the energy
expenditure rises from 12.9 kW to 17.1 kW over the same pressure range. This notable decrease

in energy requirements with increasing temperature is further explained.

However, the positive correlation between pressure and energy costs remains prominent. The
increase in energy demand with pressure is driven by several interrelated factors. Higher
pressures necessitate greater mechanical work by compressors to pressurize the hydrogen gas
and by pumps to circulate liquid reactants through the system. Additionally, the
thermodynamic properties of the substances under elevated pressure contribute to this trend,
an increase in pressure results in a higher heat capacity of the system, requiring more energy

to achieve a given temperature rise.

Ph.D. Thesis: Farahanaz Bagwan CSIR-NCL, Pune Page | 151



AcSIR CHAPTER 6

25
§/ 20
3 —a
5 15
& ——P = 40 bar
g} 10 P =50 bar
g —4—P = 60 bar
< 5

0

125 150 175

Temperature (°C)

Figure 6.4 Effect of Temperature on Energy Required

The energy consumption of the system exhibits a pronounced downward trend as the reaction
temperature increases, a behaviour that can be attributed to the interplay of thermodynamic and
operational factors. The primary driver of this reduction is the energy released by the
exothermic reaction occurring within the reactors, which offsets the energy demands of other
units in the process. The reactors serve as the dominant contributors to this energy balance,

given the exothermic nature of the reaction pathway.

As the reaction progresses at higher temperatures, the extent of the reaction increases, leading
to a greater release of thermal energy. This increase in energy release is directly related to the
temperature dependence of the reaction kinetics, where elevated temperatures enhance reaction
rates and conversion efficiency. Consequently, the exothermic energy output counteracts the
substantial energy requirements associated with operating compressors, pumps, and heat

exchangers, resulting in a net reduction in energy consumption across the system.

For example, at a pressure of 60 bar, the total energy consumption decreases from 23.7 kW at
125 °Cto 17.1 kW at 175 °C, representing the highest energy reduction observed in the series.
At 50 bar, energy consumption follows a similar trend, decreasing from 22.6 kW to 14.2 kW

over the same temperature range. At 40 bar, the energy requirement drops from 21.4 kW to
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12.9 kW, further reinforcing the observation that higher temperatures facilitate a more energy-

efficient operation.

These findings suggest that 175 °C is an optimal temperature for this reaction, not only because
it minimizes the system's overall energy consumption but also due to the improved reaction
extent achieved at this temperature. The results highlight the dual benefit of operating at
elevated temperatures: enhanced reaction performance and a more favourable energy balance,
both of which are critical for process optimization.

6.6.2 Sensitivity analysis
6.6.2.1 Effect of temperature

With the aim of assessing the impact of Temperature on the process performance, the
temperature was changed from 125 °C to 175 °C and the pressure was changed from 40 to 60
bar in order to optimise the process. Throughout the experimental range, key variables such as
conversion, selectivity, yield, and energy consumption were observed for the maximum
performance. A thorough grasp of the process optimisation and its underlying trends is made

possible by the generated data.
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Figure 6.5 Effect of temperature on conversion, selectivity and yield at 40 bar

As the temperature is increased from 125 °C to 150 °C at a pressure of 40 bar, there is a
noticeable rise in the conversion of quinoline to products. However, as the temperature is raised

to 175 °C, the magnitude of this increase becomes less important. It's interesting to note that
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across the same temperature range, the yield of decahydroquinoline (DHQ) increases more
noticeably. The yeild of DHQ increases from 36% at 125 °C to 75% at 150 °C and 91% at 175
°C, respectively. On the other hand, Tetrahydroquinoline-1 (py-THQ) yield exhibits the
opposite pattern, beginning at 64% at 125 °C and rapidly dropping to 25% at 150 °C before
further lowering to 9% at 175 °C.
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Figure 6.6 Effect of temperature on conversion, selectivity and yield at 50 bar

When the pressure is raised to 50 bar, this temperature-dependent pattern continues. The DHQ
yield increases similarly at this pressure, rising from 36% at 125 °C to 75% at 150 °C and 92%
at 175 °C. The conversion is rather constant over the assessed temperature range, suggesting
that changes in pressure have little effect on the total conversion rates in these circumstances.
The selectivity for py-THQ, on the other hand, continues to drastically decrease as the
temperature rises, falling from 63% at 125 °C to only 9% at 175 °C.
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Figure 6.7 Effect of temperature on conversion, selectivity and iyeld at 60 bar

When the pressure is increased to 60 bar, Quinoline conversion increases under this pressure
from 82% at 125 °C t0 99.57% at 150 °C and finally to 99.98% at 175 °C. The DHQ production
increases in proportion, rising from 36% at 125 °C to 74% at 150 °C and 91% at 175 °C. On
the other hand, the yield of py-THQ progressively drops as the temperature rises, going from
64% at 125 °C to 26% at 150 °C and finally down to 9% at 175 °C.

There is a clear pattern across all pressures examined: the py-THQ vyield sharply declines with
temperature, but the DHQ yield rises noticeably. These results highlight how temperature and
pressure interact to control the yield and selectivity of products throughout the quinoline

dehydrogenation process.

6.6.2.2 Effect of pressure

The impact of pressure changes on crucial parameters including conversion, selectivity, and

yield in the hydrogenation of quinoline is thoroughly examined in the accompanying figures.
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Figure 6.8 Effect of pressure on conversion, selectivity and yield at 125 °C

At 125°C, the yield of decahydroquinoline (DHQ) stayed steady at about 36%, while the
conversion rate stayed steady within a small range of 81% to 82%. Likewise, the yield of py-
THQ remained rather stable at 64% across the pressure range. This stability in the parameters
is explained by the reaction's significant reliance on thermodynamic restrictions, which

suggests that changes in pressure have little effect in these circumstances.
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Figure 6.9 Effect of pressure on conversion, selectivity and yield at 150°C

The conversion values were measured at around 99.4% at a higher temperature of 150 °C, and

they showed little variation within this range under different pressures. Similar trends were
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seen in the THQ-1 yield, which varied between 24% and 26%, and the DHQ yield, which
varied slightly between 76% and 74%. A substantial boost in conversion is observed from 125
°C to 150 °C, or about 15%.
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Figure 6.10 Effect of pressure on conversion, selectivity and yield at 175°C

The conversion reached near-complete levels at 99.98%, and the DHQ yield similarly
stabilized at high values, ranging from 92% to 91% at 175°C. These findings suggest that the
hydrogenation of quinoline is strongly favoured at elevated temperatures, with pressure
exerting a comparatively minor influence on the reaction's outcome. Interestingly, the data
indicate that lower pressures may provide slightly better DHQ yields, underscoring the
complex interplay between thermodynamic and kinetic factors in optimizing product

selectivity and yield.

6.7 Conclusions

The process for the catalytic hydrogenation of quinoline was effectively simulated at the
industrial-scale production of 1 ton per day of decahydroquinoline (DHQ), using Aspen Plus
V.14, a comprehensive analysis was carried out to optimize operating conditions, energy
efficiency, and product yield. Key findings highlighted the importance of high temperature in
influencing greater conversion rates and higher selectivity. Whereas, elevated pressure results
in increased energy consumption. Hence, optimal conditions of 175°C and 50 bar pressure

yielded the highest DHQ output while minimizing energy demands, with exothermic reactions
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offsetting much of the required energy. The integration of energy recovery systems, such as
multi-stage hydrogen compression and heat exchangers, significantly enhanced sustainability
by repurposing heat for preheating feedstocks, this gives us a final energy requirement of
14.192 kJ/s. Sensitivity analysis confirmed the positive impact of elevated temperatures on
reaction kinetics and efficiency, while higher pressures had diminishing returns on
performance metrics. Overall, the simulation provided a scalable, energy-efficient process
model aligned with experimental data, offering valuable insights for industrial applications.
This study underscores the critical interplay between Kinetics, and engineering design in
optimizing chemical processes for sustainable and efficient production.
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Chapter 7

Conclusions
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The first part of the thesis presents direct conversion of CO2 to methanol as promising strategy
for both mitigating climate change and meeting the growing global demand for methanol. The
present work concludes that the synthesis of methanol from CO:. under high-pressure
conditions involve critical kinetic parameters that require thorough experimental investigation
for accurate evaluation. The study emphasizes the role of CO in direct CO: catalytic
hydrogenation reactions through reverse water gas shift reactions and examines the impact of
varying H> to CO: mole ratios.

The reactor modelling with rate kinetics results reveals the following inferences:

i) Both temperature and pressure significantly influence the process, with detailed insights from

adiabatic and isothermal model simulations

i) The isothermal reactor configuration out performs the adiabatic model, offering 2.76%

higher methanol yield, better CO- conversion, and selectivity

iii) Reverse water gas shift (rWGS) reactions enhance methanol formation rates by a factor of

five with CO hydrogenation playing a key role, although CO: hydrogenation remains the
primary contributor to methanol production.

Additionally, the study shows that higher H> to CO- ratios yield improved methanol yields,

with the optimal molar ratios of 3, 6, and 9 providing enhancements of 19.03%, 29.25%, and

36.41%, respectively, under low-pressure conditions.

The kinetic models developed for the synthesis of methanol from CO: under high-pressure

conditions require experimental validation for accurate assessment of kinetic parameters. The

study investigates the role of CO in the direct CO- catalytic hydrogenation reaction via the
reverse water gas shift reaction, using various kinetic models. Based on the modelling and
experimental findings, the following conclusions are drawn:

i) The experiments demonstrated an increase in methanol space-time yield (STY), with
improvements of 6.30%, 9.22%, and 13.59% for H> to CO: molar ratios of 3, 6, and 9,
respectively.

i) Model A1B2C1 (Model 7) showed the best fit with the experimental data, exhibiting
minimal residuals compared to other models, making it the preferred choice for further
study.

iii) The Weisz-Prater criterion (CWP << 1) and Mear's Parameter (MP << 0.15) indicate the

absence of internal diffusional and external mass transfer limitations in the reaction,

suggesting that mass transfer effects can be neglected for all cases.
1
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iv) The results also show that higher H> to CO- molar ratios lead to improved methanol yield
and space-time yield, with a molar ratio of 9 being optimal for maximizing methanol
production.

The second part of the thesis presents Liquid Organic Hydrogen Carriers (LOHCs) as

promising solution to the challenges of hydrogen storage and transportation. As renewable

energy sources grow, the need for efficient energy storage solutions becomes increasingly
urgent. The following inferences are drawn for the hydrogenation of Quinoline as LOHC
molecule.

Quinoline has been successfully identified as a promising liquid organic hydrogen carrier

(LOHC) molecule, offering excellent thermal stability and the potential for efficient hydrogen

storage. The hydrogenation process of quinoline was studied extensively using a palladium-

supported alumina (Pd/Al.Os) catalyst, with the effect of various parameters such as
temperature, hydrogen pressure, reaction time, solvent type, and catalyst loading carefully
evaluated. The optimal reaction conditions were determined to be 175°C, 50 bar hydrogen
pressure, and 20 wt.% Pd/Al>Os catalyst loading, which led to a hydrogen uptake capacity of

6.91 wt.% and a decahydroquinoline (DHQ) yield of over 99%. Among the solvents tested,

isopropyl alcohol (IPA) was found to be the most effective, facilitating high hydrogen uptake

and selectivity towards DHQ. Based on the experimental data, a reaction mechanism was
proposed for the conversion of quinoline to DHQ, with the hydrogenation reaction being highly
selective toward DHQ formation, achieving a 100% conversion rate and 99% selectivity.

A reaction kinetic model was developed to describe the simplified reaction pathway for DHQ

formation, incorporating the key reaction steps and their corresponding rate constants. The

kinetic model was simulated using the Monte Carlo simulation tool and validated against the
experimental results, ensuring its reliability and accuracy. The kinetic study revealed that the
formation of py-THQ (pyridine-THQ) is the rate-determining step in the hydrogenation
process, emphasizing the critical role of this intermediate in controlling the overall reaction
rate. This insight into the reaction mechanism not only provides a deeper understanding of the
hydrogenation of quinoline but also contributes valuable information for optimizing the
performance of LOHC systems. Overall, the successful hydrogenation of quinoline to DHQ
with high selectivity and efficiency, coupled with the development of a reliable kinetic model,
underscores the potential of quinoline as a viable LOHC molecule for hydrogen storage

applications. The findings from this study contribute to the growing body of knowledge in the
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field of LOHCs, demonstrating quinoline’s suitability as a thermally stable and efficient
hydrogen carrier with significant promise for future energy storage and transportation
solutions.

A comprehensive investigation into the reaction kinetics of decahydroquinoline (DHQ)
dehydrogenation, offering valuable insights into its potential as a liquid organic hydrogen
carrier (LOHC). The catalytic dehydrogenation of DHQ to quinoline (Q), facilitated by 5%
Pd/AlL:Os, demonstrates significant promise for efficient hydrogen generation. Key reaction
parameters, including reaction temperature, time, stirring speed, and catalyst loading were
systematically evaluated, with optimal conditions identified at 240°C and 9 hours for maximum
DHQ conversion and degree of dehydrogenation (DoD). The development and validation of a
reaction kinetic model using Markov Chain Monte Carlo (MCMC) simulations provided an
accurate prediction of rate constants and mechanistic insights. Notably, the activation energy
for DHQ dehydrogenation was determined to be 185.43 kJ/mol, with the conversion of benzo-
tetrahydroquinoline (bz-THQ) to quinoline identified as the rate-limiting step. These findings
contribute significantly to the understanding of DHQ dehydrogenation kinetics and offer
practical guidance for optimizing reaction conditions to enhance hydrogen release efficiency.
By addressing critical aspects of reaction kinetics and catalytic performance, this work lays a
strong foundation for advancing the development of sustainable and efficient hydrogen storage
solutions. The insights gained not only enrich the existing body of knowledge on LOHC
systems but also underscore the potential of DHQ as a robust candidate for meeting the growing
demands of hydrogen-based economy. Further research in this area could focus on scaling the
process, exploring alternative catalysts, and integrating these findings into broader hydrogen

production systems.
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Table Al Experimental data validation with reported literature for H2:CO»=3 and 40bar

Yieldof CHOH | D990 | 57 of Cha0H STY of CHsOH
T | Flowrate | (model) (%) (exs ) %) (model) (Mg/gearh) | (exp.)(Mg/geath)
(0] H .
(°C) | (ml/min) Graaf et | Porthaet | Present Graaf et | Portha et Present Stud
al.(1986) | al.(2017) | Study al.(1986) | al.(2017) y
210 60 13.77 13.25 0.16 5.43 5.23 0.95
230 60 28.90 25.05 0.73 11.41 9.89 4.30
250 60 53.79 43.78 2.06 21.23 17.28 12.13
210 120 13.77 13.25 0.23 2.72 5.23 1.36
230 120 28.90 25.05 0.79 5.70 9.89 4.63
250 120 53.79 43.78 3.21 10.61 17.28 18.90

Error Analysis:

Table A2 Error Analysis (Case-1: CO2 — 15 ml/min & Hz — 45 ml/min)

MeOH Yield (%) at P = 40 bar and catalyst weight =3 g
MI\?gel Kinetic Model Y veont Y veon Y veont
' T=210°C | Residual) |~ 23%°C| (Residual) |7~ 2°%"C|(Residual)

1 Al1B1C1 0.90 4.54 1.42 0.94 2.55 0.23
2 Al1B1C2 4.22 24.98 6.20 7.49 8.06 291
3 Al1B1C3 14.21 86.57 16.04 20.94 11.89 4.76
4 Al1B1C4 23.74 145.29 18.61 24.46 13.93 5.75
5 Al1B1C5

6 A1B1C6

7 Al1B2C1 0.61 2.77 1.22 0.67 2.50 0.21
8 Al1B2C2 3.01 17.52 5.31 6.26 7.85 2.81
9 Al1B2C3 11.87 72.17 15.23 19.84 11.89 4.76
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10 AlB2C4 22.52 137.75 17.25 22.59 11.92 4.78
11 Al1B2C5
12 Al1B2C6
13 A2B1C1 0.95 4.88 1.89 1.59 4.61 1.24
14 A2B1C2 4.26 25.23 6.54 7.94 8.97 3.35
15 A2B1C3. 14.22 86.63 16.08 20.99 11.89 4.77
16 A2B1C4 23.73 145.25 18.59 24.43 13.88 5.73
17 A2B1C5
18 A2B1C6
19 A2B2C1 0.71 3.38 1.83 1.51 4.72 1.29
20 A2B2C2 3.09 18.05 5.77 6.89 8.87 3.30
21 A2B2C3 11.92 72.43 15.31 19.94 11.89 4.77
22 A2B2C4 22.52 137.77 17.25 22.59 11.92 4.78
23 A2B2C5
24 A2B2C6
25 A3B1C1 1.24 6.66 4.07 4.57 9.74 3.72
26 A3B1C2 4.46 26.51 8.06 10.02 11.11 4.39
27 A3B1C3 14.27 86.93 16.25 21.23 11.91 4.77
28 A3B1C4 23.70 145.06 18.48 24.28 13.62 5.60
29 A3B1C5
30 A3B1C6
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31 A3B2C1 1.23 6.57 4.63 5.33 10.09 3.89
32 A3B2C2 3.53 20.78 7.868 9.76 11.19 4.42
33 A3B2C3 12.13 73.75 15.67 20.43 11.91 4.77
34 A3B2C4 22.53 137.85 17.25 22.59 11.92 4.78
35 A3B2C5
36 A3B2C6
37 A4B1C1 2.49 14.37 9.59 12.12 11.86 4.75
38 A4B1C2 5.38 32.16 11.96 15.36 11.90 4.77
39 A4B1C3 14.50 88.34 16.69 21.83 11.91 4.78
40 A4B1C4 23.56 144.17 18.05 23.69 12.68 5.15
41 A4B1C5
42 A4B1C6
43 A4B2C1 3.58 21.08 12.06 15.50 11.91 4.77
44 A4B2C2 5.56 33.29 13.46 17.42 11.91 4.78
45 A4B2C3 13.13 79.92 16.64 21.76 11.91 4.78
46 A4B2C4 22.59 138.21 17.25 22.59 11.92 4.78
47 A4B2C5
48 A4B2C6
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For Methanol yield at P=40 bar, T=210°C
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56
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For Methanol yield at P=40 bar, T=230°C
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For Methanol yield at P=40 bar, T=250°C
6

5

Residual
N w N

|

0 1 1 ‘

1 35 7 911131517192123252729313335373941434547
Model

Table A3 Error analysis (Case-11: CO2 — 30 ml/min & Hz — 90 ml/min)

MeOH Yield (%) at P = 40 bar and catalyst weight =3 g

Model |
No Kinetic Model Y veon Y veon Y veon
: T=210°C ) T=230°C _ T=250°C _
(Residual) (Residual) (Residual)
1 Al1B1C1 0.90 0.94 1.42 -0.10 2.55 -0.60
2 AlB1C2 4.22 8.11 6.20 2.94 8.06 0.25

3 Al1B1C3 14.25 29.76 16.04 9.18 11.89 0.85

4 AlB1C4 23.82 50.44 18.60 10.81 13.93 1.17

5 Al1B1C5
6 Al1B1C6
7 Al1B2C1 0.61 0.32 1.22 -0.22 2.50 -0.61
8 AlB2C2 3.01 5.50 5.31 2.37 7.85 0.22
9 Al1B2C3 11.90 24.71 15.23 8.67 11.89 0.85
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10 AlB2C4 22.59 47.79 17.24 9.95 11.92 0.85
11 Al1B2C5
12 Al1B2C6
13 A2B1C1 0.95 1.06 1.89 0.20 4.61 -0.28
14 A2B1C2 4.26 8.19 6.54 3.15 8.97 0.40
15 A2B1C3. 14.22 29.71 16.08 9.21 11.89 0.85
16 A2B1C4 23.81 50.42 18.58 10.80 13.88 1.16
17 A2B1C5
18 A2B1C6
19 A2B2C1 0.71 0.54 1.83 0.16 4.72 -0.27
20 A2B2C2 3.10 5.69 5.77 2.66 8.87 0.38

21 A2B2C3 11.95 24.80 15.31 8.72 11.89 0.85

22 A2B2C4 22.60 47.80 17.24 9.95 11.92 0.85

23 A2B2C5
24 A2B2C6
25 A3B1C1 1.25 1.69 4.07 1.58 9.74 0.51
26 A3B1C2 4.46 8.64 8.06 4.12 11.11 0.73
27 A3B1C3 14.27 29.81 16.25 9.32 11.91 0.85
28 A3B1C4 23.70 50.18 18.47 10.73 13.61 1.12
29 A3B1C5
30 A3B1C6
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31 A3B2C1 1.23 1.65 4.63 1.94 10.09 0.57
32 A3B2C2 3.53 6.63 7.87 4.00 11.19 0.74
33 A3B2C3 12.13 25.19 15.67 8.95 11.91 0.85
34 A3B2C4 22.61 47.82 17.24 9.95 11.92 0.85
35 A3B2C5

36 A3B2C6

37 A4B1C1 2.49 4.39 9.59 5.09 11.86 0.84
38 A4B1C2 5.38 10.62 11.96 6.59 11.89 0.85

39 A4B1C3 14.50 30.30 16.69 9.59 11.91 0.85

40 A4B1C4 23.56 49.87 18.03 10.45 12.68 0.97
41 A4B1C5
42 A4B1C6
43 A4B2C1 3.58 6.74 12.06 6.66 11.91 0.85
44 A4B2C2 5.56 11.01 13.46 7.55 11.91 0.85
45 A4B2C3 13.13 27.36 16.64 9.56 11.91 0.85

46 A4B2C4 22.67 47.95 17.31 9.99 11.97 0.86

47 A4B2C5

48 A4B2C6
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For Methanol yield at P=40 bar, T=210°C
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For Methanol yield at P=40 bar, T=230°C
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For Methanol yield at P=40 bar, T=250°C

Residual
w

0 1

1 35 7 911131517192123252729313335373941434547

Model

Model no. 7 1.e. A1B2C1 shows a good fit with experimental results. The residual obtained is

very less for this model 7 in comparison with other models. We select the A1B2C1 model for

further study.
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Title of the thesis: Experimental and modeling studies of catalytic hydrogenation for
conversion of carbon dioxide and hydrogen storage

Direct conversion of CO; via hydrogenation to value added chemicals is a vital approach for utilizing
CO; emitted into the atmosphere. Catalytic hydrogenation for conversion of CO; to methanol is known
to be viable process to reduce CO, emissions. In this context, the first part of the study focuses on a
critical analysis of reaction kinetic modeling in a fixed bed reactor to optimize methanol yield under
different H, to CO, molar ratios, comparing adiabatic and isothermal conditions. Simulations indicate
that the isothermal reactor configuration yields 2.76% more methanol compared to the adiabatic reactor.
Methanol yield increases significantly from 19.03% to 36.41% as the H./CO, molar ratio rises from 3
to 9. Experimental validation using a copper-based catalyst at various temperatures and pressures
corroborates the simulation results, with a maximum methanol yield of 2.53% achieved at an H,/CO,
ratio of 9, 250°C, and 50 bar. The second part of the study investigates the catalytic hydrogenation of
quinoline to DHQ using 5% Pd/Al;Os; as a catalyst. Key parameters such as temperature, hydrogen
pressure, reaction time, solvent type, reactant-to-solvent ratio, and catalyst loading are examined in an
autoclave reactor. The optimal conditions identified include a reaction temperature of 175°C, 50 bar H>
pressure, and a reactant-to-solvent ratio of 1:9 using isopropyl alcohol (IPA) as the solvent. Under these
conditions, a hydrogen uptake of 6.89 wt.% and a DHQ vyield exceeding 99% is achieved. A reaction
kinetic model is developed and validated through Markov Chain Monte Carlo simulations, revealing
that the hydrogenation of quinoline to pz-THQ is the rate-limiting step in DHQ formation, with an
estimated activation energy of 136.57 kJ/mol. The dehydrogenation of DHQ to quinoline to identify the
hydrogen release capacity of DHQ using the same catalyst is studied. The maximum DoD of 82.67 %
is observed at 240°C for reaction time of 9 h. The conversion of DHQ increases with an increase in
reaction time at elevated temperatures. The DHQ conversion of 83.88% is obtained at 240°C for reaction
time of 9 h. The activation energy for the dehydrogenation of DHQ to quinoline was determined to be
185.43 kJ/mol, with the conversion of benzo-tetrahydroguinoline (bz-THQ) to quinoline identified as
the rate-limiting step. These findings not only enhance the understanding of DHQ dehydrogenation but
also offer valuable guidance for optimizing reaction parameters to improve hydrogen generation
efficiency. This study provides valuable insights into the efficient conversion of CO; to value-added
chemicals and hydrogen storage using quinoline molecule.

Keywords: CO; conversion, kinetic modeling, Methanol, Hydrogenation, Quinoline, Dehydrogenation,
Decahydroquinoline(DHQ)
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ABSTRACT

A rising concentration of CO: in the earth’s atmosphere has led to concerns about global climate
changes. In the last decade, the chemistry of CO> has received significant attention due to its potential
use as an alternative and economical feedstock. Recent studies showed the CO: is being evolved
abundantly from power plants, cement industry, steel plants, petroleum, oil & gas, and
petrochemicals plants. The hydrogenation of CO- to alcohols or other hydrocarbon compounds is an
important approach for recycling the CO- released to the atmosphere. Due to a continuous increase
in the industrial demand for methanol, much effort is now being devoted to the conversion of CO2
to methanol. As methanol has so many benefits as an alternative energy and in multiple applications,
optimizing and enhancing its production by modeling reaction kinetics is of considerable
importance. There is huge scope to develop new and effective kinetic models to improve the
process which results in high methanol yield. Excessive work is done using carbon monoxide as
the feed in the literature. In this study, no carbon monoxide only carbon dioxide is contained in the
feed which corresponds to the conditions of some recent industrial applications. Also, the reaction
kinetic models are simulated with varied reaction parameters in MATLAB to predict the
performance of the processes. Kinetics of methanol synthesis from carbon dioxide hydrogenation is
studied on a copper zinc oxide catalyst over alumina (CuZA) catalyst. Modeling is done using the
Kinetic laws and adsorption coefficients determined by Graaf et al. based on a Langmuir —
Hinshelwood — Hougen — Watson (LHHW) mechanism. The reactor model was based on an
isothermal pseudo-homogeneous plug flow model without mass-transfer limitations. The rate

determining step analysis of the 48 possible combinations of Graaf model was done.

Keywords: CO, Conversion, Methanol, Kinetic Modeling, GHSV, LHHW mechanism
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ABSTRACT

Conversion of CO: is critically important due to its role as a major greenhouse gas contributing to
climate change. Conversion of CO: into valuable chemicals like methanol not only helps mitigate
the environmental impact of CO- emissions but also contributes to the development of sustainable
chemical processes. This study presents a detailed examination of reaction kinetic modeling for a
fixed bed reactor aimed at enhancing methanol production. Simulations were conducted over a
temperature range of 180°C to 300°C and pressures of 10, 30, and 50 bar to evaluate reactor
performance in terms of CO:2 conversion, CO and methanol selectivity and methanol yield. The
optimal conditions at pressure of 50 bar and temperature of 230°C were identified. A comprehensive
sensitivity analysis was performed to assess the impact of variations in kinetic constants (ki, k2, ks)
within £10 % range on CO: conversion, methanol selectivity, and methanol yield. The analysis
revealed that changes in Kinetic constants have minimal effect on the reaction outcomes with
importance of accurate kinetic parameter estimation for process optimization. This sensitivity
analysis offers valuable insights into enhancing the robustness and reliability of reaction models with
implications for the design and optimization of industrial processes involving CO: conversion and
methanol synthesis. The research advances the understanding of how variations in kinetic parameters
influence catalytic reactions, providing practical guidance for improving the efficiency and
reliability of CO: conversion and methanol production processes, thus supporting the broader
objective of optimizing catalytic systems for better environmental and economic performance.

Keywords: CO- conversion, methanol, sensitivity analysis, simulation studies
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ABSTRACT

Conversion of CO: is critically important due to its role as a major greenhouse gas contributing to climate
change. Conversion of CO: into valuable chemicals like methanol not only helps mitigate the environmental
impact of CO. emissions but also contributes to the development of sustainable chemical processes. This
work presents a detailed experimental study for a fixed-bed reactor aimed at enhancing methanol production.
Kinetic Modeling is done using the Graaf et al.(1988) model based on a Langmuir — Hinshelwood — Hougen
— Watson (LHHW) mechanism. Simulations were conducted over a temperature range of 180°C to 300°C
and pressures of 10, 30, and 50 bar to evaluate reactor performance. Experiments are performed using
commercial copper-based catalysts in the fixed bed reactor under optimal conditions of 250°C and 50 bar.
The A1B2C1 kinetic model showed a good fit with experimental results. The maximum methanol yield of
2.53% and the space-time yield of 13.59 mg/gcat.h. The experiments at higher H, to CO, molar ratios
demonstrated that increase in yield and space-time yield towards methanol production and further optimized
that an Hz to CO, molar ratio of 9 favors higher methanol yield. In addition to the surface reaction, internal
and external mass transfer influences the overall reaction, hence, mass transfer limitations are studied. The
estimations for mass transfer limitations found that for all the reaction conditions Weisz Prater parameter
(Cwe) is significantly less than 1 and Mear’s Parameter(MP) is less than 0.15 indicating that no internal

diffusional limitations and no external mass transfer limitations influence the rate of reaction.

Keywords: CO, Conversion, Methanol, Kinetic Modeling, LHHW mechanism
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ARTICLE INFO ABSTRACT

Keywords: Direct conversion of CO; via hydrogenation to value-added chemicals is a vital approach for utilising CO5
CO; conversion emitted into the atmosphere. In this paper, a critical analysis of reaction kinetic modelling studies is explored in a
Methanol

fixed bed reactor to improve methanol yield for different Hy to CO ratios by simulating a lab-scale reactor for
adiabatic and isothermal conditions. The feed inlet temperature and pressure variations are applied to study the
effect of both configurations on methanol production. The results show that the isothermal configuration yields
2.76% more methanol yield compared to the adiabatic reactor. The effect of Hy to CO, molar ratios of 3, 6 and 9
on the performance of the catalyst and the influence of CO and CO, hydrogenation is investigated with model
simulations. The overall methanol yield is increased from 19.03% to 36.41% with increase in Hy to CO molar
ratio from 3 to 9. Experiments are performed using commercial copper-based catalyst for different temperatures
of 210, 230 and 250°C at a pressure of 40 bar for Hy/CO2 of 3 and GHSV of 720 h~! as well as at optimal
temperature of 250 °C and 50 bar with varying Hy/CO> of 3, 6, 9 for 3 g and 6 g catalyst. The maximum methanol

Kinetic modelling
CuZA catalyst
H, to CO, molar ratio

yield of 2.53% and space time yield of 13.59 mg/gca:.h is obtained at Hy/COj ratio of 9.

1. Introduction

The world’s primary source of energy non-renewable fossil fuels
allowed remarkable prosperity to advance human development. The
increase in energy demand to sustain industrialization and growth has
led to the depletion of these finite resources. As the sources are
consumed drastically, these are not renewed on the human time scale
(Olah et al., 2009). However, the irreversible consumption of resources
results in the accumulation of carbon dioxide in the environment which
causes climate change (Gaikwad et al., 2016). Recent studies showed
that CO, is being released abundantly from power plants, cement in-
dustries, steel plants, petroleum, oil & gas, and petrochemical plants.
Currently, the CO; concentration in the atmosphere has reached a level
of 424 ppm which represents 51% more than pre-industrial levels. The
growth of CO, emissions in the atmosphere was 5.2 4 0.02 GtCyr~!
during the decade 2012-2021 (48% of total COy emissions) (Global
carbon budget 2022). As GHGs lead to a great deal of problems such as
global warming, the increasing concentration of GHG emissions in the

atmosphere is an urgent problem that must be addressed by humanity
(Hafeez et al., 2022; Olah et al., 2009). The IPCC predicted that CO5
emissions would increase to 570 ppm by the year 2100 (Younas et al.,
2016) and this is a massive and challenging task when it comes to
tackling climate change (Wang et al., 2011). Thus, the recycling of CO2
as a feedstock to produce hydrocarbons presents great economic and
environmental interests (Torcida et al., 2022; Van-Dal and Bouallou,
2013). Utilization of CO3 leads to a new carbon neutral pathway for the
synthesis of precious fuels and chemicals (Atsbha et al., 2021; Van-Dal
and Bouallou, 2013). Methanol is a building block material for the
commercial production of various value-added chemicals, like formal-
dehyde (Gribovskii et al., 2017; Kropp et al., 2017), olefins (Losch et al.,
2017), and biodiesel (Boffito et al., 2015; Pirola et al., 2014). Methanol
is widely used as a solvent in the pharmaceutical industry and plastics
sector (Machado et al., 2014). Moreover, methanol is also the source of
many intermediates that are used to manufacture a broad range of
products for our daily use: paints, resins, silicones, adhesives, and so on.
In addition to gasoline as fuel, methanol can also be used as blended fuel
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in the transportation sector as per government regulations (Bozzano and
Manenti, 2016). The work aims to valorise CO2 while reducing emis-
sions and to meet the demand for chemicals that have applications in
various chemical industries. In particular, COy hydrogenation presents
the most elevated possibility for industrial application with a technology
readiness level (TRL) of 9 with a noteworthy capability for net COy
utilization (Cordero-Lanzac et al., 2023). According to the Le Chatelier’s
principle, high pressure and low temperature favours methanol forma-
tion due to exothermic nature of the reactions. The challenge lies in the
synthesis of active catalyst with sufficiently low activation energy for
CO, hydrogenation as the CO, molecule is highly stable in nature. In this
study, we aim to investigate temperature and pressure conditions to
either shift the reaction equilibrium towards a desirable product and/or
to have proper temperature control, most importantly to increase
methanol yield per unit catalyst weight. Developing a highly effective
catalyst that can be operated at lower temperatures is one of the ways to
overcome this equilibrium limitation to reduce the energy barrier for the
breaking one C-O bond from a CO3 molecule and thus improves the
reaction kinetics (Arab et al., 2014; Sharma et al., 2021a, 2021b).
Cu-based catalyst has been widely investigated as a highly active and
naturally available element in the earth’s crust which makes it sus-
tainable and economical. This catalyst is considered a model catalyst for
the conversion of CO5 to methanol production (Alvarez et al., 2017; De
Oliveira Campos et al., 2021; Hafeez et al., 2022; Mbatha et al., 2021;
Sharma et al., 2021a,b). Apart from catalyst studies, kinetic modelling is
largely used in techno-economic assessment (TEA) studies (Al-Rowaili
et al., 2022; Nyari et al., 2022). A wide range of kinetic models with
appropriate assumptions regarding the reaction mechanisms and their
parameters have been suggested by researchers over the last few decades
(Eksiri et al., 2020; Villa et al., (1985); Takagawa and Ohsugi, 1987).

The rate expressions are developed based on a dual-site LHHW
mechanism (Bisotti et al., 2021; Stamhuis, Graaf, Sijtsema et al. 1986;
McNeil et al., 1989; Park et al., 2014; Portha et al., 2017; Skrzypek et al.,
1991; Vanden Bussche and Froment, 1996). Although various kinetic
models have developed, the CO5 hydrogenation to methanol reaction
mechanism is relatively unclear. This is due to the major thermody-
namic limitations on conversion due to competing reverse water—gas
shift (RWGS) reactions (Stangeland et al., 2020). Industrially, it depends
on various performance parameters such as efficiency, safety and CO5
mitigation, etc. to adopt technology and there is a wide variety of op-
portunities for understanding how methanol synthesis technologies are
developed by studying the reaction mechanism and its associated
kinetics.

To study mechanistic approaches for the conversion of CO5 to useful
products, it is necessary to develop a kinetic equation that describes the
effect of parameters and to predict the temperature distribution quan-
titatively in industrial reactors (Nestler et al., 2021). Methanol pro-
duction through the conversion of carbon dioxide route is obtained via a
catalytic process using three reversible reactions: (a) carbon monoxide
hydrogenation (reaction 1), (b) reverse water-gas shift (RWGS) reaction
(reaction 2) and (c) carbon dioxide hydrogenation (reaction 3).

CO + 2H, 5 CH;0H AH,(298 K) = - 90.50 kJ/mol €h)
CO, + Hy 5 CO + Hy0 AH,°(298 K) = + 41.10 kI/mol )
CO, + 3H, 5 CH;0H + H,0 AH,°(298 K) = - 49.40 kI/mol 3)

Low temperature and higher pressure are considered to be the most
suitable thermodynamic conditions for the synthesis of methanol ac-
cording to the Le Chatlelier principle (Ghosh et al., 2021; Ng et al.,
2022). These conditions allow rate of CO formation in high quantities
due to RWGS reaction and utilization of exothermic heat from CO and
CO; hydrogenation. Therefore, it is needed to have a trade-off temper-
ature to maximize the CO; conversion to methanol (Fogler, 1987).

In this study, detailed modelling studies are performed using re-
ported models for high molar Hy to CO, ratios to improve the
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performance characteristics for conversion of COy to methanol over
CuZA catalyst to have proper temperature control, most importantly to
increase methanol yield per unit catalyst weight.

2. Material and methods
2.1. Catalyst

A commercial copper-based catalyst (Cu/ZnO/Al,O3 denoted as
CuZA) is used for the present experimental and modelling studies. The
catalyst is procured from Alfa Aesar/ThermoFischer Scientific in the
form of pellets with the composition of CuO - 60-68%, ZnO - 22-26%,
Aly03 — 8-12% and MgO - 1-3%. The catalyst is crushed, grounded and
further sieved to particles of 400-micron size to make sure that diffu-
sional effects are minimal between gas and particles during the reaction.

2.2. Catalyst characterization

2.2.1. BET analysis

The surface area analysis is performed using the Braunner-Emmet-
Teller (BET) method using the Quantachrome BET apparatus. The
pore volume, average pore radius, and specific surface area measure-
ments of calcined catalysts are performed using nitrogen adsorption-
desorption at —76 °C. The method of BET surface area analysis in-
volves as follows: all the samples are outgassed at 250 °C under vacuum
for 3h to remove adsorbed moisture.

The adsorption-desorption curve shows characteristics of type IV
isotherm with a prominent hysteresis loop in the relative pressure (P/P°)
range of 0.20-1 which denotes the presence of the mesoporous structure
as shown in Fig. 1a. The presence of hysteresis is due to the capillary
phenomenon and the gases condense in the tiny capillary pores of the
solid below the saturation pressure of gas. The pore size distribution
gives an idea of the presence of mesoporous particles in the catalyst as
shown in Fig. 1b. The specific surface area of 123.13 m?/ g and a total
pore volume of 0.27 cc/g is obtained from BET surface area analysis.

2.2.2. X-ray powder diffraction (XRD)

The XRD analysis is performed for the CuZA catalyst to measure the
crystalline and phase behaviour of the catalyst. The crystalline nature
and phase formation of the sample are analysed using Powder X-ray
diffraction (PXRD) for the data taken from a PAN analytical X pert Pro
dual goniometer. It is equipped with an X-ray diffractometer using Cu Ko
(1.5418 A°) radiation within a scanning angle of 20 from 10 to 80° and a
step length of 2° every minute. The active phase formation of copper
oxide, zinc oxide, aluminium oxide and malachite phase formation is
observed as shown in Fig. 2. The malachite phase is favourable for
methanol formation as reported in the literature (Alvarez et al., 2017;
Baltes et al., 2008).

3. Reactor model
3.1. Modelling of reactions

Various kinetic models are reported to describe methanol synthesis
using copper-based catalysts. The modelling studies involve different
reaction conditions, i.e., temperature, pressure, feedstock composition
and catalysts. Different kinetic rate expressions are deduced depending
on the rate-determining step. Generally, the LHHW kinetic model is
constituted by the kinetic factor (mostly rate constant), driving force
expression (depending on the reactants available in the reaction me-
dium) and adsorption term. The rate of reaction is expressed as follows:

Rate of reaction = |Xinetic factor « driving force
Adsorption term

The following three reactions are the basis for kinetic rate
expressions:
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CO + 2H; = CH30H (A)
CO, + Hy = CO + H,0 (B)
CO, + 3H,; = CH30H + H,O (9]

The elementary reactions for the above three reactions are repre-
sented for each species on the catalyst site is as follows:
Reaction (A)

COsl1 + Hs2 = HCOs1 + s2 (AD)

HCOs1 + Hs2 = H,COsl + s2 (A2)

H,COs1 + Hs2 = H3COsl + s2 (A3)

H3COsl + H s2 = CH30H + sl+ s2 (A%)
Reaction (B)

COysl + Hs2 = HCOps1 + 52 (B1)

H COys1 + Hs2 = COsl1 + Hy0s2 (B2)
Reaction (C)

CO5s1 + Hs2 = HCOps1 + s2 (C1)

HCO,s1 + Hs2 = HyCOps1+ s2 (C2)

HyCOss1 + Hs2 = H3CO,s1+ s2 (C3)
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H3CO,s1 + Hs2 = H,COsl + HyOs2 c4
H,COs1 + Hs2 = H3COs1+ s2 (C5)
H3COs1 + Hs2 = CH30H + sl+ s2 (ce)

There are 48 combinations of different kinetic rate expressions that
can be derived, and these are referred to as kinetic models. This is
predicated on the idea that only the surface reaction is the rate-
controlling step and all other elementary reactions are in equilibrium.
The driving-force groups are the sole variations among the kinetic rate
expressions. Table 1 lists these driving-force categories. Here, we have
considered all 48 combinations of the kinetic model that could be used
for simulation studies. The kinetic parameters, adsorption, and equi-
librium constants are taken from Portha et al. (2017).

The rate of reaction for each reaction is based on the dual-site
Langmuir—Hinshelwood-Hougen-Watson (LHHW) mechanism with
dissociative hydrogen adsorption. The LHHW A3B2C3 model rate ex-
pressions for three reactions are expressed as follows (Portha et al.,
2017):
= kibeo PcoP" — (Pewson /(P2 K1) @

(14 beoPcorbcorPcor) (Pma® + (bazo /b2’ )Przo)

- = lob PcorPiy — (PcoPro/K2) )
2 = kabcoz
(14 beoPcosbeorPeor) (Pen® + (bizo /b2 ) Pino)

- — kb PcoPp>'” — (PcysonPrzo [ (Pu' " Ks)) ®)
3 = ksbcoz
(I + bcoPcosbeorPcoz) (P + (buzo /br2" ) Pizo)

In addition to the following rates, further simulations are performed
using driving force terms as given in Table 1 for all the 48 model com-
binations to verify the best model fit for the experimental data. The
residual of experimental and model data is shown for all the models in

Table 1
Driving force terms of rate expressions for reactions.

Rate controlling step Driving force group

Al PcoPi2®® — (Peuson /Puz' K1)

A2 PcoPu2 — (Penson/Pu2Ki)

A3 PcoPua'® — (Peuson/Puz2®°Ki)

A4 PcoPuz® — (Pcnson /Ki)

Bl PcoaPa®® — PeoPuzo/ (P2’ Ka)
B2 Pco2Pu2 — PcoPu2o/Ka

Q1 PcoaPua®® — PensonPuzo/ (Pua® Ks)
2 PcoaPuz — PersonPrzo/ (Pra’Ks)

c3 PcoaPuz'® — PeusonPrzo/ (Pra’ °Ks)
C4 Pco2Ph2® — PeusonPhzo/ (Pu2Ks)

G5 Pco2Pu2?® /P20 — PCH3()H/(PH205K3>
C6 PcozPhz® /P20 — Penson/Ks
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Supplementary information.

3.2. Adiabatic model development

An adiabatic system is described as no substantial loss or gain of heat
with the surroundings taking place during the reaction. A detailed
mathematical model is developed to assess the effectiveness of the
catalyst in one single tubular adiabatic reactor. The following assump-
tions are considered to simplify the mathematical model.

i) Steady-state conditions

ii) Ideal gas behaviour
iii) Radial heat and mass transfer effects are negligible
iv) No mass transfer limitations

A one-dimensional pseudo-homogeneous model is assumed since the
particles in the two phases are so tiny that gradients between them are
not taken into account. Steady-state conditions are considered because
the time scales of the processes involved are much larger than the time
scale of any transient effects. For adiabatic fixed-bed reactors, steady-
state conditions are commonly assumed because the system reaches a
stable operating condition over time, and the variations in temperature,
pressure, and concentration along the reactor bed become negligible
compared to the overall operating conditions. In this process, gas mol-
ecules behave closely to the predictions of the ideal gas law. This
assumption is justified as the compressibility factor Z for the gas mixture
at high pressure and temperature is estimated using the Soa-
ve-Redlich-Kwong equation of state (SRK) and is found to be near to
unity (Arab et al., 2014; Skrzypek et al., 1995). Assuming no mass
transfer limitations, the reactor model is simplified to focus solely on the
kinetics of the catalytic reaction (Ghosh et al., 2021; Poto et al., 2022).

The steady-state energy balance for the adiabatic catalytic reactor is
given by the following equation,

i=3 i=3
AQ—W,+ Y FHl, — Y FiHil,, =0 @
i=1 i=1
As there is no shaft work involved in the process, work done (W;) =
0;
Heat removed or generated due to cooling,
AQ = U AA (T, - T) = “AW(T,-T) (8)

The final expression for differential element in a packed-bed reactor
can be represented as,

i=3
Ua _ _ ) .
a n AW(T, = T) = S raH,

ar _ i ©
dw SF, Cy
i=1
For adiabatic reactor operation, (T,-T) = 0,
i=3
4T B ;riAHri 10
aw S
> FiCy
Jj=1
Where,

T is the reactor temperature, K

T, is ambient temperature, K

W is the weight of the catalyst, g

AHj,; is the heat of reaction in J/mol of ith reaction, J/(mol.K)

Fj is the molar flow rate of species, j, mol/h.

Cp; is the specific heat capacity of species j, J/ (mol. K) (Zhu et al.,
2020)

The reactor simulations are performed using MATLAB® by varying
inlet temperature in an adiabatic fixed-bed catalytic reactor and the
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effect of parameters on CO5 conversion, methanol selectivity, methanol
yield and rate of reactions are studied. Inlet conditions along with feed
composition and catalyst are specified in Table 2.

3.2.1. Effect of feed temperature

The effect of feed temperature on CO;, conversion, methanol selec-
tivity and yield are simulated for a reactor pressure of 50 bar. The in-
crease in feed temperature influences CO; conversion, methanol
selectivity and yield for the reactor as shown in Fig. 3a. At 100°C, the
CO, conversion is minimal (<1%); at 200°C, it reached a maximum of
24.54%, with a methanol yield of 16.42% at 200 °C and thereafter
remained constant with increase in feed temperatures (210 °C, 230 °C,
250 °C and 300 °C). The rate of CO, hydrogenation favours the yield of
methanol formation over CO hydrogenation as the reverse water gas
shift reaction reaches its thermodynamic equilibrium condition to pro-
ceed with the reaction. As the CO and CO» hydrogenation reactions are
highly exothermic in nature, the catalyst bed temperature along the bed
length increases for an adiabatic reactor until optimum feed tempera-
ture of 210 °C. Therefore, the temperature profile shows an increase in
temperature for different inlet feed temperatures along the length of the
catalyst bed as shown in Fig. 3b. The optimum feed temperature to
operate the adiabatic reactor is between 190 and 210 °C so as to limit the
catalyst bed temperature to 250 °C as the increase in reactor tempera-
ture may favour reverse water gas shift reaction. The effect of feed
temperature showed an increase in conversion from 0.17% at 100 °C to
24.23% at 200 °C. However, selectivity towards methanol decreased
with an increase in temperature from 99.80% to 31.18%, hence, the
maximum methanol yield of 16.42% is obtained for the feed tempera-
ture of 200 °C.

3.2.2. Effect of pressure

The effect of pressure is studied to predict the performance param-
eters of the adiabatic reactor model in the range from 10 to 50 bar. The
performance parameters with respect to the effect of temperature and
pressure are represented in Supplementary information for an optimum
feed temperature of 200 °C. The CO, conversion increased from 9.38%
to 24.53% with a decrease in rate from 10 bar to 50 bar. The selectivity
towards methanol increased from 40.26% to 66.93%, eventually, the
yield of methanol increased from 3.78% to 16.42%. It is observed that
high pressure reaction conditions are favourable to achieve an increase
in CO; conversion, methanol selectivity and yield. The maximum CO,
conversion of 24.53% and methanol yield of 16.42% are observed at a
pressure of 50 bar as shown in Fig. 3c. The rise in reactor outlet tem-
perature with respect to pressure is modelled along the catalyst bed
length as shown in Fig. 3d. The maximum temperature of 246 °C is
obtained for a pressure of 50 bar and approaches the plateau along the
bed length.

Table 2
Comparison of inlet conditions and performance parameters for adiabatic and
isothermal reactor models for H, to CO, ratio = 3 and P = 50 bar.

Parameter Adiabatic model Isothermal model
CO,, inflow (ml/min) 15 15, 30, 45

H, inflow (ml/min) 45 45, 90, 135
Total flow rate (ml/min) 60 60, 120, 180

H, to CO, molar ratio 3 3,6,9

CuZA catalyst (g) 3 3

Particle size (um) 400 400

GHSV (h™1) 720 720, 1260, 1800
CO, conversion (%) 24.54 25.02
Temperature (°C) 190-300 180-300
Pressure (bar) 10-50 10-50
Performance parameters at 230 °C, 50 bar, WHSV = 720 h™'; H,/CO, = 3
Methanol selectivity (%) 66.93 76.66

CO selectivity (%) 33.07 23.34

Methanol yield (%) 16.42 19.18

STYcuzon (Mg/gcar-h) 64.47 75.30
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Fig. 3. Effect of feed temperature on the performance of the fixed bed reactor. (a) variation in the CO, conversion, MeOH selectivity and yield with feed temperature,
(b) Temperature profile inside the fixed bed reactor for different feed temperatures at 50 bar pressure; (c) Effect of pressure on CO, conversion, MeOH selectivity and
yield and (d) Effect of pressure on the resulting bed temperature at H»:CO, = 3, GHSV = 720 h™! and P = 10-50 bar.

3.3. Isothermal model

One-dimensional pseudo-homogenous model for an isothermal
fixed-bed reactor is developed with mass balance, momentum balance
and Ergun equation to predict concentration and pressure profiles. The
models are simulated using MATLAB considering three chemical re-
actions that involve the LHHW kinetic model. The model is represented
with a pseudo-homogeneous plug-flow model with the following
assumptions:

i. Steady-state regime
ii. No axial dispersion
iii. No mass transfer limitations

This leads to one-dimensional model based on mole balance for
multi-component species involving parallel reactions,

Fjo - Fj + (Vij*ri)*AW: 0 (11)
For a differential element in a packed bed reactor,

dF; i=3,j=5

aw Zi:l‘/:] Vi 12)

Where,

Fj = molar flow rate of species

W = weight of the catalyst

Vjj = stoichiometric coefficient of species j in reaction i

r; = rate of reaction for the species i

As a fluid passes through a packed bed of catalyst, it experiences
pressure loss in the reactor. Specifically, when the size of catalyst par-
ticles is small, the pressure drop in the catalyst bed has to be considered.
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In this work, we have assumed that catalyst particles are of uniform size.
The reactor simulations are performed using MATLAB® by varying inlet
temperature in an adiabatic fixed bed catalytic reactor and the effect of
parameters on CO5 conversion, methanol selectivity, methanol yield and
the rate of reactions are studied. Inlet conditions along with feed
composition and catalyst are specified in Table 2.

3.3.1. Effect of temperature and pressure

The isothermal model simulations are performed in the temperature
range from 180 to 300 °C for different pressures of 10, 30 and 50 bar. It
is observed that CO, conversion increases with increase in temperature
until optimum and then attains a plateau to attain thermodynamic
equilibrium as shown in Fig. 4a. The maximum CO5 conversion is
attained in the temperature range from 230 to 250 °C for 50 bar to
achieve maximum methanol yield. The CH30H and CO selectivity as a
function of temperature are shown in Fig. 4b and 4c. The CH3OH
selectivity increases to its maximum and decreases gradually with an
increase in temperature. On the contrary, CO selectivity decreases under
optimal CO5 conversion and increases further with increase in temper-
ature. This may be due to favouring reverse water gas shift reaction at
high temperatures leading to high CO formation whereas CO, and CO
hydrogenation favours in the temperature range from 200 to 230 °C.
The yield of methanol is calculated based on CO; conversion and
methanol selectivity. Hence, the optimal conditions for methanol yield
chosen to be 230-250 °C as shown in Fig. 4d. These conditions form the
basis for operation of the reactor isothermally. The outlet product flow
rates are obtained for optimal conditions at a pressure of 50 bar, Hj to
COj, ratio of 3 and GHSV of 720 h™! as shown in Fig. 5a. The product
composition comprises CO, COy, CH3OH and water formation. As
evident from Fig. 3, the optimal methanol formation is between 230 and
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250 °C due to CO and CO; hydrogenation at this temperature and a
further increase in temperature favours reverse water gas shift reaction
for CO and water formation. The individual reaction rates are simulated
for a better understanding of in-situ reaction rates that contribute to
methanol, CO and water formation. As shown in Fig. 5b, the reaction
rate for reverse water gas shift reaction is much faster in comparison to
CO and CO; hydrogenation. Therefore, the increase in CO contribution
to methanol formation is further illustrated for different Hy to CO5 ratios
to study with respect to relative reaction rates. It is clear that methanol
formation increased with an increase in the Hy to CO; ratio as reported
in the literature (Godini et al., 2020). Hence, the simulations are carried
out to demonstrate the relative rates for three reactions with increased
Hj to CO; ratios.

3.3.2. Effect of Hy to CO2 molar ratio

The variation in Hy to CO5 molar ratio has significant effect on the
rate of reactions as reported in the literature (Godini et al., 2020). The
effect of Hy to CO, molar ratios of 3, 6 and 9 are simulated in the
pressure range of 10-50 bar at an optimal temperature of 230 °C for
different GHSV of 720-1800 h™ ™.

As shown in Fig. 6, COg conversion, methanol selectivity, yield and
space-time yield have a direct influence on the increase in Hy to CO5
ratio. The effect of pressure also has a direct influence on the perfor-
mance parameters of the reactor model under similar conditions.
Therefore, the present simulations are performed from 10-50 bar pres-
sure and the maximum CO5 conversion of 44.02%, selectivity of 81.18%,
the yield of 35.74% and the space-time yield of 140.28 mg/gcat.h is
obtained at 1800 h™! for H, to CO5 ratio of 9. Although CO; conversion,
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methanol yield and space-time methanol yield are increased by a sig-
nificant margin, the selectivity of methanol reaches thermodynamic
equilibrium beyond the Hy to CO» ratio of 6 as shown in Fig. 6. There-
fore, it is recommended to operate the reactor at high flow rates of Hy to
CO4, ratio beyond stoichiometric quantities to improve the reactor per-
formance. The model predictions compared very well with the experi-
mental data for the Hy to CO; ratio of 3, 6 and 9 for 10 bar pressure
reported by Godini et al. (2020). Therefore, the simulations are extended
up to 50 bar under optimal conditions and the performance parameters
are compared for different ratios. The rate of enhancement in the per-
formance parameters drastically improved for Hy to COy ratio of
3-9 from 19.03% to 36.41%. Further simulations are analysed for
different reaction rates to identify the dominant reaction that contrib-
utes to methanol production. The detailed simulation results are plotted
for one-to-one comparison as given in Supplementary information.

3.4. Comparison of adiabatic and isothermal reaction conditions

The comparative performance analysis for methanol production in
adiabatic and isothermal reactors with respect to feed temperature is
shown in Fig. 7a & b. It clearly indicates that as the feed temperature
increases beyond 200 °C, the methanol production decreases and the
reaction rate drops at a shorter reactor length in the adiabatic reactor.
Since the adiabatic reactor does not remove any heat generated during
the reaction, a higher feed temperature raises the temperature
throughout the reactor, moving the equilibrium to the left and hastening
the rate at which the generation of methanol declines. In the isothermal
reactor, as shown in Fig. 7b, the effect of the temperature rise is quite the
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opposite: although high temperature shifts the methanol production
equilibrium to the left, it is compensated by the increase of methanol
production rate. Moreover, the reaction equilibrium can be maintained
along the reactor as the cooling system keeps the temperature constant.
However, when the feed temperature increases above 230 °C, the higher
reaction rate can no longer compensate for the shifted equilibrium,
causing the methanol production to drop. The simulations are carried
out for both adiabatic and isothermal reactor models to understand the
behaviour resulting in methanol formation in each case. The tempera-
ture profile is significant factor contributing to the operation of a
methanol synthesis reactor. As methanol is generated via reversible
exothermic reactions (1) and (3), which benefit from low temperatures.
In the adiabatic configuration, heat released inside the reactor accu-
mulates and there is no cooling system available to take the heat out of
the reactor. Consequently, the increase in temperature inhibits the
exothermic reactions and eventually suppresses the methanol produc-
tion. Contrary to the adiabatic case, the constant temperature can be
achieved by providing a cooling system which takes out the heat pro-
duced from the exothermic reaction, keeping the temperature constant.
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This maintains the reaction equilibrium in favour of the methanol pro-
duction, eventually leading to a higher methanol yield at the end of the
isothermal reactor. It is also worth noting that methanol production in
an isothermal reactor does not level off until the end of the reactor
length, indicating the possibility of obtaining an even higher methanol
yield along the length of the reactor. The comparison between adiabatic
and isothermal reaction operation can also be explained using equilib-
rium constants data. It is evident that equilibrium rate constants favor
isothermal conditions with increase in feed temperature for RWGS and
CO, CO; hydrogenation reactions.

4. Experimental work
4.1. Experimental set-up

A tubular fixed bed high-pressure reactor consisting of a stainless
steel (§S316) reactor with an inner diameter of 7.5 mm, outer diameter

of 14 mm and reactor length of 40 cm is placed in the temperature-
controlled furnace (ATS, USA) as shown in Fig. 8. A thermocouple (K
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type, Watlow) is placed along the axial direction of the reactor tube to
make direct contact with the catalyst and to measure temperature of the
catalyst bed accurately. The reactor temperature is controlled using PID
controller for furnace coils at three different sections. The total pressure
inside the reactor system is controlled by a back pressure regulator
digitally using a pressure transmitter. The feed gas flow rates are
controlled using a mass flow controller (MFC, Brooks, USA) for CO5 and
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H; gases directed from the respective gas cylinders. The reactor com-
ponents comprise of condenser, high-pressure gas-liquid separator, low-
pressure gas-liquid separator and wet gas meter. The experimental set-
up is operated using a SCADA system without manual interventions
for all the experiments.
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4.2. Experimental procedure

The experiments are carried out using commercial copper-based
catalyst, Cu/ZnO/Al;03 (CuZA) catalyst as discussed in Section 2.1.
Catalyst pellets are crushed using a mortar pestle into tiny particles in
the size range of 300-400 microns. For the first set of experiments, a
catalyst bed of length 11.3 cm with a catalyst weight of 3 g and the same
weight of inert (silica gel) is placed inside the reactor. The inert material
is used for dual purposes: (i) to pre-heat the feed gases and ii) to reduce
outlet vapour temperature in case of hotspot generation which may
decompose methanol. For the second set of experiments, catalyst bed
length of 22.6 cm long with a catalyst weight of 6 g and the same
amount of inert material is placed inside the reactor. Initially, the ex-
periments are carried out at a constant pressure of 40 bar, GHSV of
720 h™! and the reaction is performed for 5 hours by varying tempera-
ture, flow rate and weight of the catalyst for varying reaction conditions
as given in Table 3. The bed is placed in the middle of the electrical
heating element/zone. To adjust the location of the catalytic bed, quart
wool is placed between the inert material and catalyst bed which will
prevent seepage of catalyst particles through inert material.

The product composition at the reactor outlet is estimated by
calculating the CO, conversion, product selectivity, product yield and
space-time yield defined as follows (Egs. 13-15)

Table 3
Reaction conditions and the performance results of CuZA catalyst.

Molar flow rate of i species

Selectivity (%) = 100 13
electivity (%) Total molar flow rate of all products ¥ 13)
. Molar flow rate of desired product

Yield (%) = 100 14
ield (%) Molar flow rate of reactant fed * a4

Ftethano

STYMe!hanol( 78 ) = Methanol [* 100 (15)

8earh cat

Where,
Fuethanol 1S the methanol flow rate, mg/h
Smethanol is methanol selectivity, %
STY methanot 1S the space-time yield of methanol, mg/gcat.h
Weat is the amount of catalyst, g

5. Results and discussion
5.1. Effect of inlet flow rate and weight of catalyst on methanol yield

The experiments are carried out for Hy to CO ratio of 3 using 3 g and
6 g powdered catalyst for 60 and 120 ml/min. After the reaction pro-
tocol is set, carbon dioxide and hydrogen are passed through the pre-
heaters at 200 °C and then directed to the reactor. Mass flow controllers
can be used to modify the desired gas flow rates. The gas hourly space

Exp. No. P (bar) T (°C) Flow rate (ml/min) Catalyst weight (g) GHSV (h™) Amount of product (mg)
CO, Hy Total
1 40 210 15 45 60 3 720 32.10
2 40 230 15 45 60 3 720 161.70
3 40 250 15 45 60 3 720 358.10
4 40 210 30 90 120 6 720 121.00
5 40 230 30 90 120 6 720 323.20
6 40 250 30 90 120 6 720 1261.60
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velocity (GHSV) of 720 h™! is maintained by providing an overall gas
feed flow rate to catalyst weight. Prior to it, catalyst is reduced under Hy
flow (10 ml/ min) and N, flow (90 ml/ min) at atmospheric pressure
from room temperature to 330 °C for 2 h and then the reduced catalyst is
cooled to 100°C under the same flow conditions. The actual CO5 hy-
drogenation experiments are performed at 210, 230 and 250 °C at a
pressure of 40 bar for 5 h. The required gas flow rates are adjusted to
60 ml/min and 120 ml/min by keeping the molar ratio of Hy to COs is
3:1, respectively. For set-1 of reactions, CO3 hydrogenation is carried out
under the flow rate of 15 ml/min of CO2, 45 ml/min of Hy and for set-2,
CO4 hydrogenation is carried out under the flow rate of 30 ml/min of
CO2, 90 ml/min of Hy at 210, 230 and 250 °C. Reaction products are
condensed and collected from a gas-liquid separator. The concentration
of reactants and products is analysed by gas chromatography (Nucon
GC, 5765) equipped with manual injection functionality. The GC
method is developed to detect methanol from the product mixture and
the remaining species is majorly of water formed from the reverse water
gas shift reaction. The product composition is detected by TCD (Thermal
Conductivity Detector) using Helium as carrier gas. The TCD channel is
equipped with Porapak-Q column with dimensions of 2.1 mm ID, 1/8”
of OD and length of 6 feet. The liquid phase composition is further
quantified for evaluation of performance parameters. It is clear from the
experiments that the increase in temperature increased the rate of
methanol production as is evident from Fig. 9. The experimental results
for space time yield of methanol are well compared with the model
predictions by Graaf et al. (1988) and Portha et al. (2017) at 250 °C as
reported in the Supplementary information. Therefore, further experi-
ments are carried out at 250 °C and 50 bar for higher Hy toCO, molar
ratios of 3, 6 and 9 for under similar reaction conditions.

5.2. Effect of Hy to CO2 molar ratio

The experiments are performed in a high pressure fixed-bed catalytic
reactor to study the effect of Hy to CO2 molar ratio of 3, 6 and 9 on
methanol yield. The results depict that the maximum methanol yield is
obtained at 250 °C and 40 bar for H, to CO5 ratio of 3. Therefore, further
experiments are performed in a fixed bed reactor for catalyst pellet
weights of 3 g and 6 g with increase in Hy to CO, molar ratios of 6 and 9.
The product samples are collected after the vapours are cooled in a
condenser followed by low-pressure gas-liquid separator. The circu-
lating fluid is maintained at 3 °C in the chiller throughout the reaction
until the product collection. The product samples are quantified using
gas chromatography (GC) using Porapak-Q column as discussed in
Section 5.1. The experimental data is quantified in terms of product
yield and space time yield (STY) as shown in Table 4. The actual samples
collected from the gas-liquid separator for six experimentsat 3 gand 6 g
pellets for Hy to CO4 ratios of 3, 6 and 9 are shown in Fig. 10. The results
show that there is an increase in production of methanol with increase in
catalyst weight at optimal conditions. The maximum methanol

m Wcat=3g I

(=)}

u Wcat=6g

STY yeon (mg/geat.h)
N

()
n

o

210

230
Temperature (°C)

Fig. 9. Space time yield (STY) of methanol for different temperatures at 40 bar.
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production of 956 mg for 3 g pellets and 1331 mg is collected for 6 g
catalyst at Hp to CO4 ratio of 6. A further increase in Hy to CO3 ratio to 9
decreased methanol quantity which may be due to favouring reverse
water gas shift reaction leading to CO and water formation as is dis-
cussed in the literature (Portha et al., 2017).

Therefore, it can be inferred that increase in Hy to CO- ratio for
different flow rates showed increased methanol production. The ex-
periments showed better reproducibility and is reported for space time
yield (STY) with absolute deviation of + 0.01 for 3 g catalyst and +
0.026 for 6 g catalyst as shown in Fig. 9.

5.3. Study of mass transfer limitations

Catalytic reactions with solids involve various steps that influence
the rate of reaction due to internal and external mass transfer limita-
tions. The internal mass transfer corresponds to the diffusion of re-
actants into the internal surface and diffusion of products from the pores
to the outer surface. The external mass transfer corresponds to the
transport of reactants from the bulk fluid stream to the surface of the
catalyst and transport of products from the outer surface of the body to
the bulk fluid. In addition to the surface reaction, internal and external
mass transfer may influence the overall reaction, hence, mass transfer
limitations are studied using Weisz-Prater and Mears criteria.

The Weisz-Prater criteria is used to assess if internal diffusion is
restricting the reaction and Mears criteria is used to know if any external
mass transfer limitation are present (Infantes-Molina et al., 2015; Poto
et al., 2022).

Weisz Prater parameter (Cyp) is calculated using the equation:

Actual reaction rate

_ 16
e Diffusion rate 16
C _ —ra (obs) p( R2 (17)
e De CAJ
8ksT]"?
Ve = | —— 18
=[] as)
e * D,
Dk":% 19)

The Effective diffusivity, D, will be substituted by Knudsen diffusion
since the pore diameter (Dp) of the catalyst is small (i.e., 9.76 nm),
therefore, pore diffusion will be dominated by Knudsen diffusion (Dxp)
(Infantes-Molina et al., 2015); — r4(s)is the observed reaction rate (g/
(kgcar-h); Vayg is average gas velocity (m/s) and kg is the Boltzmann’s
constant; Cas is the concentration of CO at the reaction surface.

Mears Parameter (MP) is calculated using the equation:

—Ta  (obs) Pp R n
MP = 20
ke Cup (20)

Moreover, the Thoenes-Kramers correlation is used to estimate the
packed-bed external mass transport coefficient for the Mears Parameter.
K. is mass transfer coefficient (Samimi et al., 2017) and R is radius of
catalyst particle; m and n refers to the molecular mass of CO2 and order
of the reaction; Cpp is the concentration of CO5 at the bulk surface.

The estimations for mass transfers limitations found that for all the
reaction conditions Cyp is significantly less than 1 and Mear’s Parameter
is less than 0.15 indicating that no internal diffusional limitations and no
external mass transfer limitations as well influences the rate of reaction.
Therefore, mass transfer effects could be neglected for all the cases.

6. Conclusions
The kinetic models developed for the synthesis of methanol from CO,

are under high-pressure conditions that require experimental investi-
gation for kinetic parameters evaluation. In this work, the role of CO in
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Table 4
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Performance analysis for different H, to CO, molar ratios of 3, 6 and 9 at 50 bar and 250 °C.

Exp. P(bar) T(°C) Flow rate (ml/min) Catalyst weight H, to CO, molar GHSV Amount of product STY of MeOH (mg/gcat.
No. i h? h

© o, H, N, Toal & ratio S (mg) )

1 50 250 30 90 120 240 3 3 2880 458.10 6.03

2 50 250 30 180 120 330 3 6 3940 956.00 9.98

3 50 250 30 270 120 420 3 9 5040 942.10 12.41

4 50 250 30 90 120 240 6 3 1440 217.50 6.30

5 50 250 30 180 120 330 6 6 1980 1331.00 9.22

6 50 250 30 270 120 420 6 9 2520 990.00 13.59

Fig. 10. Samples collected for 50 bar experiments for H, to CO,, ratios of 3, 6
and 9 for 3 g and 6 g pellet catalyst (Samples 1-3 - W, = 3 g; Samples 4-6 —
Wear = 6 g)

direct CO; catalytic hydrogenation reactions is analysed through reverse
water gas shift reaction using kinetic models. Simulations are performed
for increased mole ratios of Hy to CO; to envisage the performance
characteristics of the fixed bed reactor model. Based on modelling and
experimental investigation for direct CO, hydrogenation, the conclu-
sions are as follows:

i) The effect of temperature and pressure is well understood with
adiabatic and isothermal model simulations. The isothermal
model showed much better performance for COy conversion,
selectivity, and methanol yield. The result showed that the
isothermal configuration converted 2.76% more methanol yield
compared to the adiabatic reactor.

The reaction rates showed that reverse water gas shift reaction
enhanced the rate of methanol formation by 5 times via CO hy-
drogenation alone as CO formation favours with increase in
temperature. However, the contribution of CO, hydrogenation
for methanol formation is much higher compared to CO
hydrogenation.

The higher Hy to CO3 ratio yielded better performance under low-
pressure conditions as reported in the literature. Therefore, the
model showed enhancement in the reaction rates with improved
methanol yields of 19.03%, 29.25% and 36.41% for Hy to COy
molar ratios of 3, 6 and 9, respectively.

The experiments at higher Hy to CO, molar ratios demonstrated
that increase in yield and space time yield towards methanol
production and further optimized that H, to CO5 molar ratio of 9
favours higher methanol yield.

i)

iii)

iv)
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ARTICLE INFO ABSTRACT

Handling Editor: Dr J Lobato The catalytic hydrogenation of quinoline to decahydroquinoline (DHQ) formation is studied for various pa-
rameters such as temperature, hydrogen pressure, reaction time, solvents, reactant-to-solvent ratio, and catalyst
loading over 5%Pd loaded on alumina (Pd/Al,03) to obtain optimal reaction conditions. The hydrogen uptake of
quinoline in the liquid phase reaction using isopropylalcohol (IPA) is studied in an autoclave reactor. The op-
timum reaction parameters of 50 bar Hy pressure and 175°C with reactant to solvent ratio of 1:9 for reaction time
of 5 h are observed. The effect of IPA solvent showed that hydrogen uptake of 6.91 wt% with complete hy-
drogenation of quinoline and DHQ yield of more than 99% is observed. The reaction kinetic model is developed
for a simplified reaction mechanism and is simulated using the Markov Chain Monte Carlo (MCMC) simulation
tool to predict the rate constants and the experimental observations are validated with the model predictions.
The activation energy for quinoline hydrogenation to py-THQ formation is estimated to be 136.57 kJ/mol. It is

Keywords:
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Liquid organic hydrogen carrier (LOHC)
Thermal screening unit (TSU)

Markov chain Monte Carlo (MCMC) simulation
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Decahydroquinoline (DHQ)

envisaged that quinoline hydrogenation to pz-THQ is the rate-limiting step in the DHQ formation.

1. Introduction

The world continues to shift towards renewable energy sources with
the need for efficient and cost-effective energy storage solutions be-
comes increasingly important. Recently, the Hydrogen Council released
a report asserting that hydrogen has the potential to account for 22% of
the global final energy demand by 2050, equivalent to an annual pro-
duction of 660 million tonnes (MT) of hydrogen [1]. The mass-energy
density of 120 MJ/kg of hydrogen is much higher than that of hydro-
carbon fuel with a calorific value of 44 MJ/kg for gasoline [2,3].
However, its widespread use requires economical and safe hydrogen
storage with a gravimetric content of over 6.5 wt% Hy (>2.0 kWh/kg)
and volume density over 0.04 kg/L(>1.3 kWh/L) [4]. Thermodynamic
feasibility and attractiveness in terms of simplicity, safety, scalability,
heat control, and economics make hydrogen storage in liquid organic
heterocycles a desirable option [5]. One of the fundamental pillars of the
contemporary chemical industry is a heterogeneous catalyst which of-
fers the possibility of economically and efficiently converting raw ma-
terials into valuable chemicals and fuels as well as ecologically favorable
[6]. Different technologies of storing hydrogen have been extensively

studied such as compressed hydrogen, liquefied hydrogen, phys-
isorption in porous materials or metal-organic frameworks, and metal
hydrides although each technology has certain advantages and draw-
backs [7]. The storage and transportation of hydrogen provide a sig-
nificant challenges in developing a hydrogen-based economy due to its
high specific gravity and low thermal energy density [8]. In recent years,
the chemical and industrial sectors have paid a great deal of attention to
the storage of hydrogen using methane, ammonia, and other materials
[9]. Liquid organic hydrogen carriers (LOHCs) have emerged as one of
attractive sources for the storage and transportation of hydrogen with
large quantities of hydrogen can be loaded and unloaded using a
reversible chemical reaction. For long durations of energy storage,
LOHCs were found to be a more effective solution compared to other
storage technologies [10]. Many hydrogen carriers have been examined
and assessed in terms of their availability, cost, and toxicological profile.
LOHC shows various advantages such as high gravimetric and volu-
metric density, safety to handle, longevity, good reversibility, logistics,
compatibility with the existing energy infrastructure, and cost-effective,
high-purity hydrogen [11,12]. The concept of LOHCs aligns with the
principles of the hydrogen economy which envisions hydrogen as a
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versatile and clean energy carrier capable of replacing or supplementing
traditional fossil fuels [13]. LOHC systems have huge demand in Euro-
pean countries for residential and commercial buildings where thermal
losses from the storage processes can be used for heating and cooling
purposes [14]. The chemical storage of hydrogen in liquid carriers in-
volves an exothermic process during hydrogenation, while the dehy-
drogenation process exhibits an endothermic release of hydrogen.
Therefore, the endothermic nature poses a significant challenge due to
the necessity for elevated heat input [12,15]. However, LOHC energy
storage is a technology that requires research and development activities
to optimize its performance to a commercially viable level. As a result,
heterocyclic aromatic compounds (HACs) are being studied intensively
as a future-oriented form of LOHC [16]. Quinoline, a heterocyclic
compound consisting of a benzene ring fused to a pyridine ring, has been
the subject of extensive research owing to its diverse applications in the
fields of pharmaceuticals, agrochemicals, and materials science
[17-19]. The recent literature suggests has hydrogen storage capacity
(~5.3 wt%) and the moderate conditions required for hydrogenation
and dehydrogenation steps. The reversible storage of hydrogen in the
NEC has been demonstrated under practical conditions, making it a key
candidate for LOHC systems. The reported studies are focused on opti-
mizing the catalytic processes and understanding the thermodynamics
involved in the hydrogenation/dehydrogenation processes. It can store
up to three hydrogen molecules with hydrogenation occurring at tem-
peratures around 150 °C, 70 bar and dehydrogenation at 220 °C. Studies
have shown that the dehydrogenation of NEC can achieve conversion
efficiencies greater than 99% under optimized conditions [14,17].
Similar to NEC, N-Propylcarbazole (NPC) is another carbazole derivative
that has been investigated for hydrogen storage with a hydrogen storage
capacity of approximately 5.5 wt% [18]. While it shares many proper-
ties with NEC, NPC offers a slightly different hydrogen storage capacity
and reaction kinetics, which can be advantageous in specific applica-
tions. The hydrogenation of NPC typically occurs at 120-150 °C, with
hydrogen pressure of 70 bar over 5 wt% ruthenium on alumina [19].
Indole Series Molecules such as 2-methylindole, have been identified as
promising LOHC candidates due to their ability to store hydrogen at high
densities. These molecules offer a favorable balance between hydrogen
content and reaction conditions with ongoing research focusing on their
stability and the optimization of dehydrogenation processes. The po-
tential of indole-based compounds for hydrogen storage has been sup-
ported by both experimental and theoretical studies. 1-alkyl-indoles as
suitable LOHC systems because of their high thermal stability and high
boiling points [20]. 8-Methylquinoline is Methyl-substituted quinolines
are available from petroleum, coal processing, wood preservation or can
be synthesized from aniline. 8-methylquinoline is another material of
interest in the LOHC field, known for its high hydrogen storage capacity
and relatively low dehydrogenation temperatures [21]. Quinoline, a
heterocyclic compound consisting of a benzene ring fused to a pyridine
ring, has been the subject of extensive research owing to its diverse
applications in the fields of pharmaceuticals, agrochemicals, and ma-
terials science [22-24]. There are valuable insights into the role of
heteroatom within LOHC for hydrogenation and demonstrate the sig-
nificance of heteroatom doping in improving hydrogen storage and
transportation systems. Catalytic hydrogenation of quinoline and its
derivatives are major raw materials for the production of various fine
chemicals, such as agrochemicals, pharmaceuticals, and other bioactive
molecules [25]. Quinoline is a by-product of coal tar and is also pro-
duced in large quantities during the production of coal gas. Thus, much
study is also focused on the mechanisms involved in quinoline hydro-
denitrogenation [26-29]. The role of quinoline as LOHC is a relatively
unexplored aspect that presents exciting opportunities for the integra-
tion of quinoline-based compounds into the growing landscape of
hydrogen storage and transport technologies. It has a high boiling point
of 237 °C thus making it suitable for use as a liquid at low temperatures.
Additionally, quinoline has a high hydrogen storage capacity of 7.24 wt
% in comparison to other commonly used LOHCs such as toluene and
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naphthalene [30]. While quinoline shows great potential as LOHC, there
are still some challenges that need to be addressed. One of the main
challenges is the need for a suitable catalyst for the hydrogenation and
dehydrogenation reactions. However, recent research has shown that
certain metal catalysts, such as ruthenium and iron can effectively
catalyze these reactions [26]. Catalytic hydrogenation of quinoline is a
major organic reaction where one of the products, 1,2,3,4-tetrahydro-
quinoline, is an important intermediate for pharmaceuticals, agro-
chemicals, and various biologically active molecules [31]. Another
intermediate is 5,6,7,8-tetrahydroquinoline and the fully hydrogenated
product is decahydroquinoline (DHQ) as shown in Fig. 1. Hydrogenation
of quinoline and its derivatives is of considerable industrial interest to
produce petrochemicals, fine chemicals, and pharmaceuticals. Different
metals (Pd, Ni, Rh, Pt, Cu, etc.) supported on different supports have
been tested for the hydrogenation of quinoline to DHQ. This reaction is
essentially carried out in two steps viz. quinoline to 1,2,3,4-tetrahydro-
quinoline (py-THQ) and a small amount of 5,6,7,8-tetrahydroquinoline
(bz-THQ) formation in the first step while complete hydrogenation of
both intermediates to DHQ occurs in the second step. The physico-
chemical properties of the reactant, intermediates and product are given
Table 1. Complete hydrogenation is the most difficult step due to the
need for severe reaction conditions and a longer response time and the
conversion of py-THQ to DHQ is often quite challenging. Conversion of
py-THQ to DHQ requires longer reaction time and harsh reaction con-
ditions, typically at a temperature in the range of 175-260 °C, hydrogen
pressure between 110 and 210 bar [18] and the use of acid as the solvent
[32,33].

The complete catalytic hydrogenation of quinoline to decahy-
droquinoline is a topic of significant interest as it not only provides
access to valuable intermediates for various industrial processes but also
aligns with the burgeoning interest in sustainable energy carriers [32].
In this study, the work is focused on hydrogenation of quinolone at
various parameters such as temperature, hydrogen pressure, reaction
time, solvents, reactant-to-solvent ratio, and effect of catalyst loading of
5% Pd loaded on alumina (Pd/Al;O3) with reaction kinetics evaluation
using Markov Chain Monte Carlo simulation (MCMC) tool and the re-
action path for the product formation is identified. MCMC toolbox
provides tools to generate and analyse Metropolis-Hastings MCMC
chains using multivariate Gaussian proposal distribution. The code
iteratively generate samples from the target distribution, enabling the
estimation of integrals and expectations that are otherwise computa-
tionally prohibitive. The core idea is to create a chain of samples where
each sample depends only on the previous one, ensures the distribution
of the samples approximates the target distribution. In this study, the
reaction kinetics are evaluated using the model fitting for the experi-
mental data and rate determining step is identified.

2. Materials and methods
2.1. Materials

Quinoline (AR, >98%), 1,2,3,4-tetrahydroquinoline (AR, >98%),
5,6,7,8-tetrahydroquinoline (AR, >98%), decahydroquinoline (AR,
>98%), toluene (AR, >98.0%) IPA (AR, >99%) are purchased from
ThermoFischer scientific. Deionized water is used from an ultrapure
water machine (elemental type 1820 C) from Chongqing Molecular
Water System Co., Ltd. A stainless-steel batch autoclave reactor with an
internal capacity of 100 ml was employed for hydrogenation experi-
ments under high-pressure conditions. A commercial palladium-based
catalyst (Pd/AlyO3) is used for the present experimental studies. The
catalyst is procured from Alfa Aesar/Thermo Fisher Scientific in the
form of powder that has the composition of Pd-5 wt.%, Al;03-95 wt%
and the average particle size of the catalyst is about 2 nm.
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Fig. 1. Reaction scheme for Quinoline hydrogenation.

Table 1
Physicochemical properties of Quinoline and its hydrogenated products.
Properties/ Quinoline py-THQ bz-THQ DHQ
Specifications
Chemical formula CoH;N CoH71N CoHp1N CoHy7N
Molecular weight 129.16 133.19 133.19 139.24
(g/mol)
H, storage 7.24 4.35 4.35 NA
capacity (%)
Boiling point (°C) 237 251 218 201
Melting point (°C) -15 20 146.5 48
Density (g/ml) 1.09 1.05 1.03 0.93
Stability under Stable Stable Stable Stable
process
conditions
Solvent solubility In organic In organic In organic In organic
solvents solvents solvents solvents
Appearance Colourless Colourless Colourless White to
oily liquid oily liquid oily liquid light
yellow

2.2. Catalyst characterization

2.2.1. X-ray powder diffraction (XRD)

The XRD analysis is performed for the Pd/Al;O3 catalyst to measure
the crystallinity and phase behavior of the catalyst. The crystalline na-
ture and phase formation of the sample are analyzed using powder X-ray
diffraction (PXRD) for the data taken from a PAN analytical X pert Pro
dual goniometer. It is equipped with an X-ray diffractometer using CuKo
(1.5418 A°) radiation with a scanning angle of 20 from 20 to 80° and a
step length of 2° every minute. The active phase formation of palladium
oxide (dark circles in Fig. 2) and aluminum oxide (inverse triangles in
Fig. 2) is identified from the XRD analysis at different angles between 30
and 80° at intervals of 2°. The XRD analysis cofirms the active deposition
of PdO on the Al;O3 catalyst and is subjected to further surface area and
TEM analysis.

2.2.2. BET analysis

The surface area analysis is performed using the Braunner-Emmet-
Teller (BET) method using the Quantachrome BET apparatus. The
pore volume, average pore radius, and specific surface area measure-
ments of calcined catalysts are performed using nitrogen adsorption-
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Fig. 2. XRD analysis of the Pd/Al,03 catalyst (@ — PdO; v — Al,03).

desorption at an analysis temperature of 77K. The method of BET sur-
face area analysis involves the following steps: all the samples are out-
gassed at 120°C under vacuum for 2h to remove adsorbed moisture.
Adsorption-desorption curve shows the characteristics of type IV
isotherm with a prominent hysteresis loop in the relative pressure (P/P°)
range of 0.2-1 that denotes the presence of mesoporous structure as
shown in Fig. 3(a). The presence of hysteresis is due to the capillary
phenomenon and the gases condense in the tiny capillary pores of the
solid below the saturation pressure of gas. The pore size distribution
gives an idea of the presence of mesoporous particles in the catalyst as
shown in Fig. 3(b). It can be inferred from the BET analysis that
monolayers followed by multilayers formation at low pressures. Based
on the monolayer adsorption capacity of the nitrogen gas, the total
surface area of the catalyst sample is calculated using the BET isotherm
equation. The specific surface area of 102.65 m2/g and a total pore
volume of 0.213 cc/g is obtained from the BET surface area analysis. The
reported literature shows that BET surface area is in good agreement
with the measured values for the Pd/Al;O3 catalyst.
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2.2.3. HRTEM analysis

High-resolution transmission electron microscopy (HRTEM) is a
unique equipment in the investigation of local structure and chemistry
of the catalyst particles dispersion. It also offers the microdiffraction
pattern images and the reaction mechanisms that can be derived from
the TEM analysis. HRTEM analysis is carried out using a JEOL JEM F-
200 microscope. Pd nanoparticles are well dispersed on the Al;O3 sup-
port for monometallic catalyst without any aggregate formation as
shown in Fig. 4 (a). The selected area electron diffraction (SAED) pattern
represents homogeneously distributed Pd particles on the support with
nano-crystalline phase behavior as shown in Fig. 4(b). The concentric
ring-like structure reveals that the palladium is polycrystalline in nature.
A typical HRTEM image of a fresh Pd/Al;O3 catalyst reveals a very
narrow particle size distribution with an average particle size of 2.145
+ 0.092 nm as shown in Fig. 4(c). The Energy dispersive X-ray spec-
troscopy (EDX) measurements for the Pd/Al,O3 of mapping image for all
the elemental composition particles together are shown in Fig. 4(d). The

c———— 100 nm

pdL /— 100 nm

elemental composition of individual metal/oxide species are repre-
sented in Fig. 4(e-g) for palladium, alumina, and oxygen for a wave-
length of 100 nm. This complete data indicates the proportional
distribution of Pd particles on Al,O3 with homogeneous phase
formation.

3. Hydrogenation experiments
3.1. Thermal screening test (TSU)

Thermal screening unit (TSU) is an experimental unit extensively
used for quick screening of liquids, solids and heterogeneous systems for
testing runaway conditions of the reaction. It provides data for "onset
temperatures" of the reactions, temperature increase rates, and most
importantly the rates and magnitudes of pressure rise in chemical sys-
tems. Reactive chemical testing includes evaluating feeds, in-
termediates, and products for thermal stability to precisely assess
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Fig. 4. HRTEM analysis for Pd/Al,03 catalyst(a) HRTEM image, (b) SAED pattern, (c) particle size distribution (d) Overall energy dispersive X-ray spectroscopy
(EDX) mapping image (e)-(g) EDS mapping images of a representative part of the sample containing palladium, aluminum, and oxygen.
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hazardous nature during storage, production and transportation. The
TSU is operated at a ramp rate of 2 °C/min from ambient to 180 °C and a
pressure of 60 bar as shown in Fig. 5. As the hydrogenation takes place,
the pressure decreased to 44 bar and the increase in temperature and
pressure with time is represented in Fig. 5(a). Further, experimental
investigation of quinoline in isopropyl alcohol in the present reaction is
safe and does not carry any hazards from TSU as evident from Fig. 5(b).
This can be justified as there is no sudden rise in temperature and
pressure observed from TSU through out the reaction for 8 h. The dT/dt
plot is represented for 150 min for better representation of change in
temperature during the reaction. This forms the basis for performing
reactions at high-pressure conditions in converting the hydrogenation of
quinoline to decahydroquinoline.

3.2. Hydrogenation in autoclave reactor

Quinoline hydrogenation is performed for quinoline quantity of 3 ml
in 30 ml of isopropanol with 654 mg of Pd/Al,O3 catalyst (20 wt% Pd/
Al»03) using 100 ml autoclave reactor. The schematic of the Autoclave
reactor set-up for high pressure reactions along with product separation
and sample anlaysis is shown in Fig. 6. The autoclave is also purged with
nitrogen followed by hydrogen from the reservoir to prevent oxide
formation due to the presence of residual air in the reactor. The reactor
is maintained in the pressure range from 40 to 60 bar and is operated in
the temperature range from 50 to 175 °C for different reaction times of
1-6 h. The downstream process consists of filtration followed by evap-
oration using rotavapor to separate the catalyst and solvent. The reac-
tion products are analyzed by Agilent gas chromatography (GC)
equipped with HP-5 capillary column (Dimensions are: 30 m x 0.32 mm
x 0.25 pm ID) using flame ionization detector maintained at 280 °C with
a flowrate of 0.8 ml/min using nitrogen as carrier gas. The split ratio of
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Fig. 5. Thermal screening test for (a) temperature variation (b) differential
thermal analysis of quinoline with IPA in isothermal mode.
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1:1 and sample injection volume of 1 pL at a temperature of 250 °C is
used for the analysis. GC method is set as follows: The column temper-
ature is increased from room temperature to 80°C at a ramping rate of 5
°C/min. Further, it is increased from 80 to 280 °C at a heating rate of
10 °C/min with a hold time of 1 min at 80 °C.

4. Results and discussion

The activated hydrogen atoms on the catalyst surface react with
quinoline leading to the formation of metal-hydrogen complex. This
complex involves the interaction of hydrogen species with quinoline
molecules. The hydrogenation of quinoline can occur at multiple posi-
tions on the aromatic ring leading to various possible hydrogenated
products (py-THQ, bz-THQ and DHQ). The selectivity of the reaction is
influenced by the catalyst and reaction conditions. The key factors
influencing the reaction are catalyst and reaction conditions such as
temperature, pressure, solvent and time which play an important role in
determining the reaction rates, yield, and selectivity towards product
formation. The effect of reaction parameters is investigated and con-
version of 100% is obtained under optimal conditions.

4.1. Effect of temperature

The effect of reaction temperature on quinoline hydrogenation is
studied at temperatures of 75 °C, 100 °C, 125 °C, 150 °C and 175 °C at
50 bar for 5 h reaction. It is observed that complete conversion of
quinoline for all temperatures with intermediates or product formation.
The catalyst and substrate molecules activates more readily at higher
temperatures. It is observed that low temperature favors py-THQ for-
mation as shown in Fig. 7. The reaction scheme shows that py-THQ and
bz-THQ are intermediate products while DHQ is the final product. It is
clear that there is a gradual decrease in intermediate formation and an
increase in DHQ formation with increase in temperature.

At the reaction temperature of 175 °C, the yield of DHQ is increased
to nearly 99.41%. A little amount of bz-THQ is observed in the tem-
perature range of 75 °C-125 °C and is negligible for 150°C and 175°C.
The increase in amount of DHQ is equivalent to the decrease in amount
of py-THQ approximately. It indicates that hydrogenation of quinoline
first occurred on the N-heterocycle ring of quinoline which resulted in
py-THQ and bz-THQ formation and are further hydrogenated to DHQ
formation. The product distribution and performance analysis showed
that temperature of 175 °C and pressure of 50 bar are optimized con-
ditions for 5 h of reaction time to obtain more than 99% pure DHQ as the
desired product. The effect of reaction temperature on hydrogen uptake
is studied at temperatures from 75°C, 100°C, 125°C, 150°C, and 175 °C
for 50 bar at 5 h reaction time. Low temperature favors py-THQ for-
mation as shown in Fig. 7 (b), hence, hydrogen uptake capacities of
2.16%, 2.76%, and 2.81% for 40 bar, 50 bar, and 60 bar pressures at
75°C, respectively. With the increase in reaction temperature, hydrogen
uptake of Quinoline increased drastically leading to the formation of
DHQ. The reported literature also has a similar effect with respect to
temperature on hydrogen uptake capacities [34]. Hydrogen uptake of
quinoline increased to nearly 6.91 wt% at an optimum reaction tem-
perature of 175°C and pressure of 50 bar for 5 h reaction time. A
negligible amount of hydrogen uptake of quinoline via bz-THQ is
observed in the temperature range from 75 °C to 125 °C as evident in
Fig. 7(b).

4.2. Effect of hydrogen pressure

The effect of pressure on quinoline hydrogenation is studied at
different pressures of 40, 50, and 60 bar at 175°C for 5 h reaction time
and there is a complete conversion of quinoline observed for all the
pressures. The selectivity towards py-THQ is higher at 40 bar and 75 °C
with an yield of 95.97% as shown in Fig. 8 (a). The bz-THQ formation of
less than 3.5% is observed as shown in Fig. 8(b). The maximum
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Fig. 6. Schematic of the autoclave batch reactor for Quinoline hydrogenation.

formation of DHQ is observed for temperatures beyond 100 °C at 50 bar
as shown in Fig. 8 (c). The py-THQ formation is higher in comparison to
DHQ at low temperatures with an increase in pressures. The yield of
DHQ increased to nearly 99.41% when the pressure was increased to 50
bar. Higher pressures of hydrogen gas can increase the rate of reaction,
resulting in a higher yield of DHQ. This is due to an increase in pressure
forces increasing the rate of reaction between hydrogen and quinoline
molecules. Although the reaction rate increases with an increase in
pressure for py-THQ and bz-THQ formation, the rate of DHQ formation
decreases at 60 bar which may be due to thermodynamic equilibrium for
the desired product. The pressure of hydrogen gas encourages the sol-
ubility of molecular hydrogen in solvent causing an increased number of
reactive hydrogen atoms over palladium. Generally, LOHCs require
high-pressure synthesis conditions to facilitate efficient hydrogen up-
take by the LOHCs [10]. Higher pressures of hydrogen gas can increase
the rate of reaction, resulting in a higher yield of DHQ.

The hydrogen uptake of quinoline in the form of py-THQ is increased
at 60 bar and 75 °C with hydrogen uptake of 2.81% as shown in Fig. 9
(a). It is observed that hydrogen uptake of quinoline is very negligible
(<0.1%) for almost all the conditions in the form of bz-THQ for the
temperature range of 75 °C-125 °C as shown in Fig. 9(b). The maximum
hydrogen uptake of 6.91% is observed for 175°C and 50 bar as shown in
Fig. 9(c).

4.3. Effect of catalyst loading

The quantity of catalyst for hydrogenation of quinoline is an
important influencing factor in the process development in the context
of reactor design and scale-up of the processes. Therefore, the effect of
the catalyst loading on quinoline hydrogenation is studied using
different loadings (5 wt%, 10 wt%, and 20 wt%) at optimum tempera-
ture and pressure of 50 bar and 175 °C for 5 h reaction time. It is
observed that with an increase in the catalyst loading, py-THQ forma-
tion decreased and DHQ formation increased. The increase in catalyst
loading increases the number of catalytic sites available for the quino-
line hydrogenation. Therefore, it is observed that with an increase in
catalyst loadings from 5 wt% to 20 wt%, there is a drastic increment in
DHQ yield from 12.55% to 99.41% as shown in Fig. 10(a).
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The effect of catalyst loading on hydrogen uptake at 5 wt%, 10 wt%,
and 20 wt% is studied with respect to the reactant fed to the system. It is
observed that increase in the catalyst loading, increased the rate of
hydrogen uptake due to favorable conditions for DHQ formation. Thus,
hydrogen uptake of quinoline increases with the increase in the forma-
tion of DHQ as shown in Fig. 10(b). Hydrogen uptake of quinoline is
observed to be maximum at 20 wt% catalyst with a capacity of 6.91%.

4.4. Effect of solvent

The effect of solvent on the activity of the Pd/Al;O3 catalyst is
investigated using water, isopropyl alcohol, and toluene for quinoline
hydrogenation for optimal conditions of 50 bar, 175°C and for 5 h re-
action time. Since the properties of the solvents can modify reaction
mechanistic features by affecting the reactant free energy states which
can modify the viability of various reaction pathways [35]. As shown in
Fig. 11(a), the catalyst activity is significantly influenced by the use of
solvent in the following sequence: IPA > toluene > water. The results
suggest that the solvent with stronger polarity promotes the hydroge-
nation of quinoline over the Pd/Al;O3 catalyst which is consistent with
the reported literature [32]. Water as a solvent is least suitable as it
favors the formation of py-THQ and results in a low DHQ yield of
77.28%. The highest yield of DHQ was obtained (99.52%) by using IPA
as a solvent. In addition to this hydroxyl group of the polar solvent
interaction with the heteroatom of the quinoline, it helps to increase the
solubility and availability of the substrate in the reaction medium.

Therefore, the choice of solvent plays an important role in enhancing
the complete hydrogenation of quinoline to DHQ. The yield of quinoline
intermediates and their product is studied for the effect of solvent and on
the product yield is represented in Fig. 11(a). Water as a solvent is less
suitable in comparison to the other two solvents with 2.68 wt% of Hy
uptake by Quinoline whereas toluene and isopropyl alcohol show nearly
the same effect on Hy uptake. It can be concluded that Hy uptake of 6.91
% using isopropyl alcohol is the most suitable solvent for Quinoline as
LOHC to DHQ formation as shown in Fig. 11(b).
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4.5. Reaction mechanism

In quinoline hydrogenation, py-THQ and bz-THQ are the in-
termediates leading to DHQ formation through two different pathways:
(i) Quinoline to intermediates formation (1,2,3,4 tetrahydroquinoline
(py-THQ)/5,6,7,8-tetrahydroquinoline (bz-THQ)) (ii) conversion of in-
termediates to product (DHQ) formation through 2 different pathways
as shown in Fig. 1 [18,32]. Heteroatom ‘N’ containing aromatic ring in
quinoline is more prone to hydrogenation over the benzene ring because
the C-N bond energy of 305 kJ/mol which is much less than the C=C
bond energy of 614 kJ/mol. The molecular hydrogen already adsorbed
on the active site of the catalyst is easily available for hydrogenating the
pyridine ring due to the lone pair of electrons of nitrogen atom to
py-THQ and presence of the heteroatom in the ring. Hence, hydroge-
nation of heterocyclic ring is more favorable than homocyclic benzene
ring. The physical properties of the quinoline such as thermal stability,
high gravimetric hydrogen densities, high storage capacity can alter the
thermodynamic driving force and hydrogenation/dehydrogenation
under reversible conditions [30]. As reported in the literature, hetero-
cyclic compounds need low temperatures for dehydrogenation with
decreased enthalpy and faster hydrogen release ability [5,30]. Hence,
major quantity of primary intermediate (py-THQ) product is formed
[32-38]. The increase in temperature can disrupt the C-N bonds of
nitrogen-containing heterocyclic compounds to a great extent in selec-
tivity of DHQ through py-THQ via path 1 of the reaction mechanism
[38]. Therefore, the reaction mechanism for hydrogenation of quinoline
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different reaction temperatures ranging from 75°C to 175°C for 5 h reac-
tion time.

to DHQ formation for Pd/Al,O3 catalyst is simplified [38] as shown in
Fig. 12.

5. Kinetic model development and validation
5.1. Power law kinetic model
Kinetic model is developed based on the reaction scheme and

experimental observations for quinoline to py-THQ, bz-THQ and DHQ
formation. Although hydrogenation of heterocyclic compounds
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containing nitrogen have been published in literature, the reported ki-
netics information for quinoline hydrogenation is insufficient for
development of processes and scale up of the reactors. In the present
study, intermediates formed from quinoline are of py-THQ in high and
bz-THQ in low quantity. The absence of bz-THQ may be due to nitrogen
heterocyclic rings have a higher electronic cloud density than benzene
rings and are more easily adsorbed on the active sites of hydrogenation
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reactions. Considering the concentration of the hydrogenated species,
the following assumptions are considered for development of power law
kinetic model into the simplified form.

i) Concentration of the hydrogen is assumed to be constant as it is in

excess in the reaction

ii) No Mass Transfer Limitations: It is assumed that the reactants are
perfectly mixed and there are no mass transfer limitations. This
implies that the rate of reaction is solely dependent on the
chemical kinetics and not on the rate of mixing or diffusion.

iii) Quinoline to py-THQ reaction is assumed to be reversible [37].

iv) py-THQ to DHQ reaction is assumed to be irreversible [37].

The kinetic model developed based on the following assumptions
and the volume of the reaction mixture used for quinoline hydrogena-
tion with following rate expresssions:

dc, ”
rAZT::mVHt(—kch +k1,Cp) &)
dc, a
= TtB = m‘c/ ¢ (k] CA - kerB—kch) (2)
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Where.

r is reaction rate, mol/(mg.rnin)

M, represents catalyst loading, g

k is rate constant, rng/(gcat.min)

Ca, Cg and C¢ are concentrations (mol/m®) of reactants A, B and C,
respectively

V is volume of the reaction mixture, m

5.2. Kinetic study and validation with model

Hydrogenation experiments are performed for temperatures of
125°C, 150°C and 175°C at a pressure of 50 bar for the reaction times of
1, 3, 5 and 6 h. The concentration of the reactant, intermediate and
product species (quinoline, pz-THQ and DHQ) are represented as Ca, Cp

\ k;
+ 2 I—]:2 .‘_—“
N/ ky,

Quinoline (Q)

C(j * SH)

1,2,3.4 Tetrahydroqumolme
(py-THQ)
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and Cg, respectively. The concentration of the species for every 1 h of
reaction at different temperatures are shown in Fig. 13. The quinoline
concentration decreased abruptly while formation of pz-THQ pre-
dominates simultaneously.

At the same time, the rate of formation of DHQ prevails at the
expense of pz-THQ hydrogenation. There is a gradual decrease in pz-
THQ concentration and increase in DHQ concentration is observed
with increase in reaction time at 125°C and 150°C as shown in Fig. 13
(a-b). On the other hand, there is a sudden decrease in pz-THQ and
increase in DHQ formation in 1 h of reaction time as shown in Fig. 13(c).
As there is no driving force for the backward reaction to take place, the
product formation suppresses the existence of reactant and in-
termediates. The experimental data points are used for model prediction
and validated in the same Fig. 13(a—c).

5.3. Parameter estimation

The kinetic parameters are estimated using experimental data points
and model predictions. The models represented in the above equations
((1) to (3)) are used using the Markov Chain Monte Carlo (MCMC)
simulation tool to solve the ordinary differential equations numerically.
The kinetic parameters are estimated by fitting the experimental data
with the model using Guassian distribution in the MCMC tool. Each
reaction rate constant (kp, ki and ky) is determined as a parameter, and
the best-fitting value was estimated by minimizing the sum of the square
error of the concentration between the experimental data and the model
calculation. The evaluated kinetic parameters, activation energy and
pre-exponential factor, are estimated from Fig. 13(d) and are reported in
Table 2. The regression results for the Arrhenius parameters are
convincing as all the R? values exceed 0.99. The changing trend of the
pre-exponential factor is consistent with that of activation energy. It is
observed that the quinoline to py-THQ formation reaction had the
largest activation energy of 136.57 kJ/mol and the pre-exponential
factor of 1.203 x 10'®, hence, it is envisaged that quinoline to pz-THQ
formation controls the rate of reaction. Indeed, Xie et al. (2022) also
found the same observation as quinoline hydrogenation to py-THQ is the
rate-determining step [37].

6. Conclusions

Quinoline is identified as a promising and thermally stable LOHC
molecule using a thermal screening unit. Hydrogenation of quinoline is
investigated over a palladium supported by an alumina catalyst. The
effect of temperature, hydrogen pressure, reaction time, different sol-
vents, and catalyst loading on the hydrogenation and hydrogen uptake
capacity of quinoline in the liquid phase are studied and the optimal
conditions of 175°C and 50 bar at 5 h reaction for 20 wt% of Pd/Al,03
are obtained. The Hydrogen uptake capacity of 6.91 wt% is achieved
with more than 99% DHQ yield using IPA as solvent under optimal re-
action conditions. Based on the experimental data, the reaction mech-
anism proposed to follow via quinoline to py-THQ and to DHQ
formation reaction pathway. The hydrogenation of quinoline to DHQ
formation is 100% and selectivity towards decahydroquinoline of 99% is
achieved. The reaction kinetic model is developed for a simplified re-
action path for DHQ formation and is simulated using the Markov Chain

= ()

Decahydroqumollne

(DHQ)

Fig. 12. Possible reaction mechanism for hydrogenation of Quinoline to DHQ.
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Fig. 13. Concentration profiles for hydrogen pressure at 50 bar for different temperatures (a)125°C (b) 150°C and (c) 175°C (d) Rate constants (“— represents the

model and symbols represent experimental data points).

Table 2

Estimated rate constants and Arrhenius Parameters for hydrogenation of quinoline to py-THQ and py-THQ to DHQ formation.

Rate constant (m>/ (gcat.min)) Temperature (°C) Activation energy, E, (kJ/mol) Pre-exponential factor, k, (m3/(gcat.min)) (Residual)?
2
125 150 175 &I
ki 1.0e-02 3.3e-01 3.7e-03 136.57 1.20e+16 0.99
kir 1.3e-07 4.8e-07 2.0e-06 82.00 1890.88 0.99
ko 1.99e-7 6.80e-7 2.6e-06 76.16 7010.05 0.99

Monte Carlo (MCMC) simulation tool and validated with experimental
data. It is concluded from the kinetic study that the formation of pz-THQ
is the rate-determining step in the hydrogenation of quinoline to deca-
hydroquinoline formation.
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