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SYNOPSIS 

The ever-increasing demand for sustainable resources to support clean energy 

production and chemical needs has surged due to the ongoing depletion of fossil 

fuels, population growth, and the booming industrial sector worldwide. The 

global consumption of fossil fuels and the release of greenhouse gases like 

carbon dioxide (CO2), methane (CH4), and other pollutants are accelerating 

climate change, ultimately resulting in global warming. It is imperative to 

reduce our dependence on fossil fuels like coal, petroleum, and natural gas and 

seek out renewable and sustainable fuel sources. In this context, hydrogen has 

emerged as a clean energy carrier, yet its production and storage present 

formidable challenges due to the unique physical properties of hydrogen gas. In 

this regard, liquid hydrogen storage material (LHSM) such as formic acid, 

formaldehyde, methanol, ethylene glycol, glycerol and other polyols are 

attractive candidates for on-demand hydrogen production, as they are liquid in 

nature and hence safe to handle and transport. Herein, an attempt has been made 

to design and develop efficient catalytic systems for generating hydrogen gas 

from abundantly available biomass-derived polyols e.g., ethylene glycol (EG) 

and glycerol (GLY). Efforts have also been devoted to achieving high selectivity 

of H2 along with the production of value-added plateform chemicals during the 

transformation of these polyols. This thesis consists of six chapters; the first 

chapter provides a concise overview of the importance of hydrogen, its 

applications, and the challenges associated with its storage and production, 

along with a detailed literature review of hydrogen production from polyols 

(ethylene glycol and glycerol) over heterogeneous catalysts. The following 

chapters (2-5), provide detailed results and discussion on the development of 

various ruthenium-based heterogeneous catalytic systems designed for 

generating hydrogen gas from ethylene glycol and glycerol. The primary goal 

of this thesis is to develop a highly effective and efficient catalytic system in 

producing environmentally friendly hydrogen (green hydrogen) from 

sustainable sources. Additionally, the research aims to gain insights into the 

catalytic pathways involved in hydrogen production through carefully 

controlled experiments. The concluding chapter summarizes the key findings of 

this thesis and provides a brief overview of potential future directions for this 
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research work. The content of each of the chapters included in the thesis is 

summarized as follows: 

Chapter 1. Introduction: General Overview of Hydrogen 

Storage and Production from Renewable Resources over 

Heterogeneous Catalysts 

Chapter 1 describes the current scenario of the increasing global energy demand 

and worsening environmental conditions, which endorse that there is an urgent 

requirement for a sustainable and highly efficient energy solution. Addressing 

this challenge necessitates a shift towards cleaner and more potent energy 

sources. In this context, hydrogen energy is seen as a promising alternative and 

renewable energy source due to several key factors. Although there is 

significant literature available for hydrogen production from biomass-derived 

oxygenated compounds over the heterogenous catalysts, several challenges 

related to the development of efficient catalysts for pure hydrogen gas 

production along with some valuable products, performing catalytic reactions 

at lower temperatures, and low-cost catalytic systems for practical and industrial 

applications, need to be addressed properly. Noble-metal and non-noble metal-

based catalysts have proven to be promising and effective in hydrogen 

production from biomass-derived oxygenated compounds through reforming 

processes. However, non-noble metals such as Ni-based catalysts face severe 

problems of sintering of the catalyst due to carbon deposition in the reforming 

reactions, which decreases the catalytic activity. To overcome these issues, 

noble metal-based catalysts have been explored widely in hydrogen production 

reactions. The choice of support plays a crucial role in tuning the catalytic 

activity in dehydrogenation reactions by strong metal support interaction, which 

enhances the activity, selectivity and stability of the catalyst. In this direction, 

this thesis describes the development of ruthenium-based heterogeneous 

catalysts and their catalytic activities towards hydrogen production from 

biomass-derived polyols such as glycerol and ethylene glycol, along with the 

production of value-added platform chemicals in an aqueous medium. 

Moreover, detailed investigations are also performed based on controlled 

experiments to provide mechanistic aspects of these transformations. 



III 

 

Based on the research gaps identified from the available literature reports, the 

prime objectives of the present research work are:  

• To develop and investigate ruthenium-based heterogeneous catalysts for 

the selective production of hydrogen gas from glycerol in water. 

• To design and develop supported ruthenium-based catalytic system to 

investigate the role of support in the transformation of glycerol to 

hydrogen gas and lactic acid. 

• To develop ruthenium-based heterogeneous catalyst for hydrogen gas 

production from ethylene glycol in water. 

• To employ ruthenium catalyst for hydrogen production from ethylene 

glycol through upcycling of PET-based plastic waste.  

Chapter 2. Catalytic Transformation of Glycerol to Hydrogen 

Gas and Lactic Acid over Ruthenium Catalyst in Water 

 

Figure 1. Selective hydrogen production from glycerol over ruthenium catalyst 

in water. 

This chapter describes the synthesis of ruthenium-based heterogeneous catalyst 

and its characterization by various spectroscopic techniques such as P-XRD, 

FE-SEM, TEM, and XPS analysis. Further, ruthenium catalyst was explored for 

the dehydrogenation of glycerol in water at 90-120 °C in the presence of NaOH 

(2.0 equiv.). Various reaction parameters, such as the effect of water 

concentration, the effect of base concentration, different types of bases and 

temperature, were employed to achieve a high yield of hydrogen gas and a 

valuable byproduct, lactic acid. Water and base concentration played a crucial 

role in achieving the complete conversion of glycerol with a high yield of 

hydrogen gas. Notably, a high yield of hydrogen gas (1.6 equiv. per mol of 

70 L H2 per gram of Ru 

350 L H2 per L of glycerol
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glycerol) and lactic acid (70%) with complete conversion of glycerol (>99%) 

was achieved at 110 °C. The composition of gas was confirmed by GC-TCD 

analysis and observed complete selectivity of hydrogen gas without any 

contaminations of other gases (CO, CO2 and CH4). Controlled experiments 

were performed to elucidate the reaction pathway of catalytic dehydrogenation 

of glycerol under optimized reaction conditions. Advantageously, the studied 

ruthenium catalyst also exhibited high long-term stability and generated 70 L 

H2 per gram of Ru and 350 L H2 per L of glycerol in the presence of NaOH (2.0 

equiv.) at 110 °C. 

Chapter 3. Investigating the Role of Support in the Catalytic 

Transformation of Glycerol to Hydrogen Gas and Lactic Acid 

over the Ru/support Catalysts 

 

Figure 2. Selective catalytic transformation of aqueous glycerol to hydrogen 

gas and lactic acid over supported ruthenium catalysts. 

This chapter describes the development of ruthenium nanoparticles stabilized 

over various supports (La(OH)3, Mg(OH)2, ZnO, ZrO2, TiO2) and to explore 

these catalytic systems to produce hydrogen gas and lactic acid (LA) from 

glycerol in water under mild reaction conditions. By tuning the reaction 

conditions such as temperature, base concentration, water concentration, and 

choice of appropriate support materials, the yield and selectivity of both H2 gas 

and LA were substantially increased. Notably, a high yield of H2 gas 
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(n(H2)/n(GLY) ~1.4) and LA (86%) from glycerol was achieved in the presence 

of NaOH (2.0 equiv.) with complete conversion of glycerol over the 

Ru/La(OH)3 catalyst at 130 °C. The effect of different supports in the catalytic 

dehydrogenation of glycerol was also tested, where Ru/La(OH)3 outperformed 

the others. The high activity of the catalyst was attributed to probably due to the 

high dispersion of metal nanoparticles over supports and strong metal-support 

interaction (SMSI) between Ru metal and La(OH)3 support. Several controlled 

experiments were carried out under optimized reaction conditions to validate 

the catalytic dehydrogenation pathway of glycerol.  Notably, Ru/La(OH)3 

catalyst showed remarkable performance in bulk-scale reactions with a 

productivity of 12 L H2/gRu/h at 130 °C and could be recyclable up to six 

catalytic runs without any significant loss in the catalytic activity. This catalytic 

system provides new insights into exploring terminal diols (ethylene glycol, 

1,3-propanediol, 1,4-butanediol, and 1,5-pentanediol) as important substrates to 

produce purified hydrogen gas under optimized reaction conditions. 

Chapter 4. Selective Hydrogen Gas Production from Ethylene 

Glycol over Ruthenium Catalyst in Water   

 

Figure 3. Hydrogen gas production from ethylene glycol to formic acid over 

ruthenium catalyst in water. 

This chapter describes the synthesis of ruthenium-based heterogeneous catalyst 

by aqueous phase reduction method for the dehydrogenation of ethylene glycol 

in water. The chemical and morphological properties of the synthesized 

ruthenium catalyst were established using P-XRD, TEM, XPS, and other 
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techniques. Further, hydrogen production from ethylene glycol was carried out 

in water at 90-160 °C. The composition of the gas produced during the catalytic 

dehydrogenation of ethylene glycol was confirmed by GC-TCD analysis. Under 

optimized reaction conditions, 3.0 equivalents of hydrogen gas and 85% yield 

of formic acid from ethylene glycol were achieved in water using NaOH (3.5 

equiv.) at 110 °C. Several reaction parameters, such as NaOH concentration, 

reaction temperature, and water concentration, were extensively investigated to 

achieve high catalytic activity. Notably, the base concentration and reaction 

temperature greatly influenced the catalytic dehydrogenation reaction, and it 

was observed that at low concentrations of base (2.1 equiv. of NaOH) and high 

reaction temperature (at 160 °C), a high yield of H2 gas and formic acid was 

achieved. Moreover, efforts were made to investigate the reaction pathway 

during the catalytic dehydrogenation process by performing controlled 

reactions under optimized reaction conditions. Advantageously, the ruthenium 

catalyst exhibited appreciably high long-term stability over 70 h, generating ca. 

290 L of H2 per gram of Ru with a yield of 1035 L of H2 per L of ethylene 

glycol.  

Chapter 5. Hydrogen Production from Ethylene Glycol through 

Upcycling of PET-based Plastic Waste over Ruthenium Catalyst 

in Water 

 

Figure 4. Hydrogen gas production from PET-based plastic waste over 

ruthenium catalyst in water. 
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In this chapter, ruthenium catalyst is explored for the catalytic upgradation of 

PET-based plastic waste into hydrogen gas in water at low-temperature. Firstly, 

depolymerization of PET-based plastic waste was carried out in aqueous 

alkaline solution (4 M-12 M) at 110-160 °C in the absence of the catalyst. 

Complete depolymerization of PET into terephthalic acid and ethylene glycol 

was achieved, as confirmed by 1H NMR spectroscopy. Further, one-pot catalytic 

depolymerization and dehydrogenation of PET waste was performed over the 

ruthenium catalyst into hydrogen gas and formic acid in an alkaline aqueous 

condition (4 M-12 M) in the temperature range of 110-160 °C. The volume of 

produced gas was measured by water displacement set-up, and the purity of the 

gas was confirmed by GC-TCD analysis. The purity of terephthalic acid, 

produced during catalytic dehydrogenation of PET (after acidification), was 

confirmed by P-XRD, FT-IR and NMR analysis. The developed catalytic 

system is applicable to gram-scale H2 gas production from PET-based plastic 

waste with a high yield of H2 gas (~38,000 mL H2/gRu) without contamination 

of other gases (CO, CO2 and CH4), highlighting the potential application of the 

developed catalytic system. The developed catalytic system performed equally 

well for hydrogen production from different colored PET-based plastics 

(transparent, green, brown, and mixed PET). 

Chapter 6. Summary and future scope 

• We developed various ruthenium-based heterogeneous catalysts that are 

characterized by various spectroscopic techniques such as P-XRD, FE-

SEM, TEM, XPS and others.  

• Synthesized ruthenium catalyst was explored for the selective hydrogen 

production from glycerol and ethylene glycol in water at a lower 

temperature in the presence of a base.  

• Experimental findings revealed that water and base played a crucial role 

in achieving a high yield of hydrogen gas (1.6 equiv.) and lactic acid 

(70%) from glycerol (conversion >99%) at 110 °C. 

• Our studied catalyst also exhibited high long-term stability and 

generated ~2 L H2/gRu/h from glycerol at 110 °C.  
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• Notably, a high yield of H2 gas (n(H2)/n(GLY) ratio of 1.4) and lactic 

acid (86% yield) from glycerol was achieved over the Ru/La(OH)3 

catalyst. 

• Ru/La(OH)3 catalyst displayed remarkable performance in bulk-scale 

reactions with a productivity of ~12 L H2/gRu/h at 130 °C. 

• We developed an efficient catalytic process to produce hydrogen gas 

from aqueous ethylene glycol at 90-160 °C over the ruthenium catalyst. 

• We achieved n(H2)/n(EG) ratio of ~3.0 and FA (85% yield) from 

ethylene glycol in aqueous alkaline medium at 110 °C. Advantageously, 

the ruthenium catalyst exhibited appreciably high long-term stability 

with a productivity of ~4 L H2/gRu/h at 110 °C. 

• We reported an integrated process for one-pot upcycling of PET-based 

plastic waste and yielded selective hydrogen gas under alkaline aqueous 

conditions at 110-160 °C over the ruthenium catalyst.  

• The developed catalytic system is applicable to gram-scale H2 gas 

production from PET-based plastic waste with a high yield of gas 

(~38,000 mL H2/gRu) without any contaminations of other gases (CO, 

CO2 and CH4), highlighting the potential application of the developed 

catalytic system.  

• The developed catalytic system performed equally well for hydrogen 

production from different types of PET-based plastic waste (transparent, 

green, brown, and mixed PET).  

• Controlled experiments and time-dependent studies were carried out to 

elucidate the plausible reaction pathway of catalytic dehydrogenation of 

polyols (GLY and EG) under optimized reaction conditions.  

Hydrogen energy is widely recognized as a promising renewable energy 

alternative. Although it is naturally abundant, it doesn't exist in a free state and 

can be derived from sustainable sources such as biomass or water in the 

presence of a suitable catalyst. It serves as a clean energy carrier, generating 

only water as a byproduct when used in fuel cells. The majority of hydrogen is 
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currently produced from the reforming of non-renewable resources (coal, 

petroleum, and natural gas). Reforming is an energy-intensive process which 

requires high temperatures (>250 °C), and the produced H2 gas often has 

contamination of CO2 and other gases (CO and alkanes). In this thesis, attempts 

have been made to develop efficient catalytic systems to generate pure H2 gas 

under milder reaction conditions so that pure H2 gas can be directly utilized in 

fuel cell applications. The developed catalytic system may also be utilized for 

selective H2 gas production from biomass-derived xylitol (C-5), sorbitol (C-6) 

or glucose (C-6) at lower temperatures compared to the reforming process. The 

choice of appropriate support materials plays an important role in tuning the 

catalytic activity to achieve high productivity for H2 gas production from 

biomass-derived polyols. Bimetallic nanoparticles stabilized over various basic 

supports (layered double hydroxides or mixed-metal oxides) need to be 

explored in the dehydrogenation of polyols at low temperatures for the selective 

production of H2 gas. However, low-cost catalytic systems for hydrogen 

production are highly desirable for practical and industrial applications. 
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Chapter 1 

Introduction: General Overview of Hydrogen Storage 

and Production from Renewable Resources over 

Heterogeneous Catalysts 

1.1. Introduction and background 

The continuous consumption of fossil fuels and the escalating greenhouse gas 

emissions are adversely affecting air quality and contributing to global climate 

change, leading to the phenomenon of global warming.[1] In this regard, the 

scientific community is highly motivated to find alternative pathways to 

mitigate climate change and the development of clean energy technologies in 

line with a clean chemistry industry will be a major driver to stop fossil fuel 

consumption. According to the International Energy Agency (IEA) World 

Energy Outlook 2023, it was reported that global energy consumption 

experienced a significant increase, growing 2.5 times from 194 EJ in 1973 to 

442 EJ by 2022. Concurrently, the total primary energy supply also surged, 

increasing by 2.4 times worldwide, from 254 EJ in 1973 to 632 EJ in 2022 

(Figure 1.1).[2] However, it is noteworthy that more than 80% of this energy 

supply continued to be sourced from fossil fuels, encompassing coal, oil, and 

natural gas.[3] This heavy reliance on fossil fuels has a detrimental impact on 

the environment, primarily due to the excessive emission of carbon dioxide 

(CO2). These emissions have seen a substantial increase, rising from 15,641 

million metric tons (Mt) of CO2 in 1973 to a staggering 36,930 Mt CO2 in 2022 

(Figure 1.2).[2] This alarming trend underscores the urgent need to address the 

global challenge of reducing CO2 emissions. Therefore, it is crucial to explore 

and identify sustainable fuel options that can play a significant role in the 

transition towards cleaner global energy solutions. These efforts are expected 

to accelerate progress towards achieving the objectives set forth in the Paris 

Agreement 2015, particularly in the context of limiting global temperature 

increases to well below 2 °C in the 21st century.[4] 
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Figure 1.1. World total energy consumption by source in (a) 1973 and (b) 2022. 

World total energy supply by source in (c) 1973 and (d) 2022. Source: IEA, 

World Energy Outlook 2023.[2] 

 

 

Figure 1.2. World total CO2 emission by source in (a) 1973 and (b)  

2022. Source: IEA, World Energy Outlook 2023.[2] 

In this regard, hydrogen can be considered a promising alternative 

energy resource due to several key factors. H2 is abundantly available on Earth, 

primarily in the form of water. It possesses the characteristic of being highly 

flammable, requiring only a small amount of energy and oxygen to ignite. 

When used in fuel cells, it produces energy and only water as a by-product, 

emitting no carbon in the process.[5–7] Moreover, hydrogen offers the advantage 

of a high energy storage capacity (120 MJ/kg), making it a cleaner-burning 
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option compared to conventional fossil fuels (Table 1.1).[8] This makes 

hydrogen an excellent energy carrier for various applications, such as fuel cells, 

which are used in stationary energy supply, energy transportation, and 

hydrogen-powered vehicles. Hydrogen energy faces a major hurdle due to its 

extremely low energy density of 0.01 MJ/L at STP, in stark contrast to 

gasoline's 32 MJ/L.[9] This low volumetric energy density poses difficulties in 

efficiently storing hydrogen as a fuel under ambient conditions. 

Table 1.1. Comparative table for the energy contents of different fuels.[8] 

Entry Fuel Gravimetric energy 

density (MJ/kg) 

Energy density 

(MJ/L) 

1 H2 120 0.01 

2 Liquified natural gas 54.4 22.2 

3 Propane 49.6 25.3 

4 Biodiesel 42.2 33 

5 Automotive gasoline 46.4 32 

6 Automotive diesel 45.6 38.6 

7 Ethanol 29.6 24 

8 Methanol 19.7 15.6 

9 Butanol 36.6 29.2 

10 Wood (dry) 16.2 - 

1.2. Hydrogen production: challenges and opportunities 

H2 gas can be generated from renewable sources like biomass and water, as well 

as non-renewable ones such as fossil fuels. However, to ensure sustainable 

hydrogen production, it is imperative that a continuous and substantial supply 

of energy be obtained from renewable sources like solar, wind, and ocean 

waves. This shift towards renewable energy inputs is essential for 

environmentally friendly hydrogen production.[10-11] Historically, hydrogen gas 

has been primarily produced through various methods, with 48% derived from 

natural gas, 30% from oil/naphtha reforming, 18% from coal gasification, and 

4% from electrolysis (Figure 1.3).[12] 
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Figure 1.3. Distribution of primary energy sources for hydrogen production.[12] 

1.2.1. Hydrogen production from non-renewable resources  

The primary global source for hydrogen production currently relies heavily on 

fossil fuels. The predominant technologies used to meet the demand for 

hydrogen involve processes like hydrocarbon reforming and pyrolysis.[13] These 

methods require not only hydrocarbons but also additional reactants, such as 

steam and oxygen, which are essential for hydrogen production. H2 gas 

production from non-renewable resources receives criticism for its 

environmental impact, mainly due to greenhouse gas emissions. [14] Various 

methods for the generation of hydrogen gas from fossil fuels include steam 

reforming, partial oxidation, autothermal reforming, etc. 

1.2.1.1. Steam reforming 

Currently, hydrogen gas (H2) is being produced by steam reforming of methane 

(SRM) at higher temperatures (700-1000 °C) and higher pressure (3-25 bar) 

using a suitable catalyst along with co-production of CO and CO2 (eq. 1.1). To 

achieve high methane conversion and high H2 selectivity, SR reaction must be 

followed by water-gas shift reaction (WGSR) where CO and H2O react to 

produce H2 and CO2 gases (eq. 1.2).[15] 

 

Scheme 1.1. Key reactions involved in the steam reforming of methane.[15] 
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1.2.1.2. Partial oxidation 

Partial oxidation is an alternative approach to SR reactions that transforms 

hydrocarbons into a mixture of carbon monoxide and other partially oxidized 

products. This method is versatile and can utilize various feedstocks, such as 

heavy fuel oil, methane, and coal, for H2 gas production.[13] Non-noble metal-

based catalysts are employed for partial oxidation reactions due to their ability 

to accommodate variable oxidation states and the adsorption of reactants and 

intermediates on their surfaces.[16] The partial oxidation reaction of 

hydrocarbons is shown in eq. 1.3. 

 

Scheme 1.2. Key reaction involved in the partial oxidation of hydrocarbons. 

1.2.1.3. Auto-thermal reforming 

Auto-thermal reforming (ATR) is a process that combines exothermic partial 

oxidation with O2, which releases energy, and then this released energy can be 

used for the endothermic steam reforming reaction.[17] In this method, steam 

and oxygen gas are fed into the reformer, where both SR and partial oxidation 

reactions occur at the same time, achieving a thermodynamically neutral 

reaction state.[18]  

1.2.1.4. Pyrolysis of hydrocarbons  

Pyrolysis is a process of thermal decomposition to break down lighter 

hydrocarbons into carbon and H2 in the absence of oxygen (eq. 1.4).[19] When 

the thermal decomposition initiates with heavy fractions (having a boiling point 

higher than 350 °C), it can produce hydrogen following two steps. These two 

steps are hydrogasification (eq. 1.5) and subsequent methane cracking (eq. 1.6). 

Methane pyrolysis is widely used to produce hydrogen gas because no CO2 is 

produced in this process, and carbon is recovered as a solid.[20] 

 

Scheme 1.3. Key reactions involved in the pyrolysis of hydrocarbons.[20] 
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1.2.1.5. Coal gasification 

Coal gasification is a thermochemical transformation process where coal is 

converted into hydrogen and carbon monoxide. Coal can be transformed into 

synthesis gas using steam or air at high temperatures and pressures.[21]Also, in 

this process, coal reacts with CO2 and undergoes a Boudouard reaction to 

produce additional carbon monoxide. 

1.2.2. Hydrogen production from renewable resources 

Green hydrogen has become a pivotal focal point in the quest for sustainable 

energy solutions, driven by the prevalent utilization of non-renewable resources 

in the production of hydrogen gas.[22] This shift towards green hydrogen 

production holds significant promise for substantially reducing carbon 

emissions linked to energy generation and contributing to the effort to limit 

global temperature increases to 2 °C.[4] Green hydrogen can be produced 

through the electrolysis of water or from biomass or biomass-derived 

components. 

1.2.2.1. Hydrogen production from water 

Water serves as an abundant source for producing hydrogen gas through its 

separation into hydrogen and oxygen without the release of any harmful gases, 

provided that there is an ample supply of energy.[23] Hydrogen gas can be 

produced from water through various methods, including electrolysis powered 

by electric current, thermolysis utilizing thermal energy, photoelectrolysis 

harnessing photonic energy, and biophotolysis facilitated by 

microorganisms.[24] 

1.2.2.1.1.  Electrolysis 

A straightforward method for producing H2 and O2 from water involves the 

application of an electric current. Electricity can be converted into chemical 

energy, such as hydrogen and oxygen gases, through different reactions at the 

anode and cathode electrodes. (Scheme 1.4).[25] 
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Scheme 1.4. Key reactions involved in the electrolysis of water.[25] 

 

Various technologies exist for water electrolysis, including alkaline 

water electrolysis, solid oxide electrolysis, and proton exchange membrane 

(PEM) electrolysis.[26] Alkaline water electrolysis employs a concentrated lye 

solution as an electrolyte and non-noble metal catalysts like nickel (Ni) as 

electrodes. It also necessitates the use of a gas separator to collect hydrogen 

(H2) and oxygen (O2) separately.[27] In contrast, PEM electrolysis relies on a 

humidified polymer membrane as an electrolyte and employs noble metals such 

as platinum (Pt) and iridium oxide as electrodes. Both technologies operate 

effectively at temperatures ranging from 50-80°C and can withstand pressures 

of up to 30 bar.  In contrast, solid oxide electrolysis requires significantly higher 

temperatures, typically between 700-900°C, to dissociate water into H2 and O2. 

Consequently, alkaline water and PEM electrolysis are considered promising 

approaches for large-scale hydrogen production due to their cost-

effectiveness.[26] Nevertheless, for on-site generation of high-purity H2 gas 

without CO2 emissions via water electrolysis, a crucial prerequisite is the 

utilization of energy from renewable sources such as wind, solar, sea waves, 

and biomass.[27]  

1.2.2.1.2.  Thermolysis 

The thermochemical processes involve the decomposition of H2O into 

hydrogen and oxygen gases at elevated temperatures exceeding 2500 °C.[28] It 

is a reversible reaction and presents significant challenges when it comes to 

separating H2 and O2 due to the risk of their recombination, which could lead to 

an explosion. Additionally, a substantial obstacle in this process is the 

development of materials capable of withstanding the high temperatures 

required for thermolysis.  
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1.2.2.1.3.  Photoelectrocatalyis 

 

The process of photoelectrolysis involves harnessing both solar energy 

absorption and electrolysis within a unified system to enhance the sustainability 

of energy generation. In this method, not only does solar energy play a pivotal 

role, but electricity is also required to facilitate the process. Consequently, the 

combination of photonic and electrical energies is converted into chemical 

energy, specifically in the form of hydrogen.[40] This transformation is achieved 

by absorbing photons with energy levels exceeding the band gap of 

photoelectrodes. This, in turn, generates electron-hole pairs within 

photoelectrochemical cells, thereby aiding in the dissociation of water into 

hydrogen (H2) and oxygen (O2).
[41] 

1.2.2.2. Hydrogen production from biomass 

Biomass primarily consists of raw materials such as agricultural residues, plant 

waste, municipal solid waste, and industrial byproducts. It represents a highly 

promising and sustainable alternative source of renewable energy.[31] Hydrogen 

production from biomass-derived components is both economically and 

technically feasible. Unlike fossil fuels, the transformation of biomass into 

hydrogen gas reduces CO2 emissions and facilitates the absorption of CO2 from 

the atmosphere, resulting in a carbon-neutral system.[32] From biomass 

hydrogen can be produced by two primary methods: thermochemical and 

biological processes.  

1.2.2.2.1. Thermochemical processes 

H2 can be produced efficiently from biomass through a thermochemical process 

encompassing pyrolysis, gasification, and hydrothermal liquefaction.[33] 

Biomass can be converted into hydrogen gas using pyrolysis and gasification 

processes. Pyrolysis is a method used to transform various forms of biomass 

into solid, liquid, or gaseous products in the absence of oxygen in temperatures 

ranging from 300-1000 °C and results in the production of bio-oil, bio-char, and 

other gases like H2, CH4, COx, or hydrocarbons.[34] Hydrogen can be produced 

from pyrolysis by following the equation below. 
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Scheme 1.5. The key reaction involved in the pyrolysis of biomass. 

 

In a separate approach, biomass can be transformed into a combustible 

gas mixture via biomass gasification at 800-900 °C and produces the mixture 

of CO and H2 gas along with CO2, H2O and CH4.
[31] For the conversion of moist 

biomass, a hydrothermal liquefaction technique becomes essential. This method 

operates under high pressure (40-220 bar) and temperatures (250-370 °C), 

resulting in the production of liquid bio-crude, gaseous steam, and solid 

byproducts.[35] 

1.2.2.2.2. Biological processes 

In the realm of sustainability, there has been a growing interest in harnessing 

hydrogen from biomass through biological processes. Two prominent methods 

for generating hydrogen gas from biomass are dark fermentative and photo 

fermentative processes. In dark fermentative processes, anaerobic bacteria play 

a pivotal role in the production of H2 gas, organic acids, and CO2. Conversely, 

in the photo fermentative process, photosynthetic bacteria are employed to yield 

H2 and CO2 from a diverse range of substrates.[36] 

1.3. Hydrogen storage 

Storing hydrogen gas in its natural state poses significant challenges due to its 

low volumetric energy density (0.0108 MJ/L). Hydrogen can be stored 

physically or chemically using various technologies (Figure 1.4). For physical 

storage, two common methods have been employed: compression under high 

pressure (ranging from 350 to 700 bar) and cryogenic storage at extremely low 

temperatures (-253 °C).[37] However, both approaches have some inefficiencies 

and require substantial energy inputs, especially during long-term 

transportation. Consequently, it is strongly advisable to explore alternative 

hydrogen carriers that can facilitate the effective storage, transportation, and 

efficient on-site dispensing of hydrogen gas.[38] Hydrogen can be chemically 

stored in a high-density form known as a liquid hydrogen storage material 

(LHSM). LHSMs are getting noticed for their potential to solve challenges 
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linked to using hydrogen for clean energy in storage and transportation.[39] 

 

Figure 1.4. Various methods for hydrogen storage. [40]
 

1.3.1.  Physical methods 

H2 gas can be stored as liquid hydrogen (LH2), compressed gas (CGH2), or cryo-

compressed hydrogen (CCH2). 

Compressed H2 gas typically can be stored within high-pressure tanks 

or cylinders, where it is maintained under high pressures (350 to 700 bar). This 

pressurization serves to enhance its energy density (gravimetric energy density) 

while simultaneously minimizing its storage volume, facilitating ease of 

transportation and storage.[40] Liquid hydrogen, which is formed when 

hydrogen gas is chilled to a low temperature of -253 °C, is a transparent, 

colorless liquid renowned for its high energy density under these frigid 

conditions.[37] Safety is a significant concern due to the potential risks 

associated with leaks, which could result in explosive incidents. In comparison 

to the storage of CGH2 (i.e., 350 or 700 bar), pressure in LH2 storage tanks is 

much less (<1 MPa), which further eliminates the high costs associated with the 

composite material used which are being used for CCH2 storage.[41] Cryo-

compressed hydrogen, a cryogenic gas with a supercritical temperature, offers 

a solution for storage and safety. Gaseous hydrogen undergoes compression at 

approximately -233 °C, preventing liquefaction. This approach exhibits 

favorable volumetric and gravimetric capacities, but challenges such as boil-off 

issues, heat transfer, long-term storage, and energy expenses related to 

liquefaction necessitate further investigation.[42] 
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1.3.2.  Chemical methods 

The preceding discussion highlights the limitations of physical hydrogen 

storage methods that prompted a global quest for more effective storage 

techniques. Chemical hydrogen storage methods involve the interaction 

between H2 and storage materials. The strength of these interactions may vary, 

ranging from weak van der Waal forces to strong, ionic and covalent bonds.[43] 

Chemical hydrogen storage methods can be categorized into two types: (I) 

chemical storage and (II) solid-state storage. 

1.3.2.1. Solid-state storage  

Solid-state hydrogen storage involves storing H2 gas within a solid material 

instead of as a compressed H2 gas or liquid H2. This method aims to overcome 

storage challenges, offering improved stability, handling, and transport 

capabilities for hydrogen. Depending on the strength of the interaction between 

H2 and the storage material, it can be categorized into two types: (i) reversible 

hydrides and (ii) physisorption materials. The addition of a small amount of Ti 

(specifically, 2 mol%) allowed for reversible regeneration of the NaAlH4 

complex hydride system through the application of hydrogen pressure, 

demonstrated by Bogdanovic and colleagues on Ti-doped NaAlH4.
[44] The 

bonding within complex hydrides exhibits a combination of both ionic and 

covalent characteristics. For example, in LiNH2, the N–H bond within the NH2
- 

anion is primarily covalent in nature, while the Li–N bond displays a blend of 

ionic and covalent attributes.[45-47] Complex hydrides boast impressive 

theoretical gravimetric densities: NaAlH4 (7.5 wt.%), LiAlH4 (10.6 wt.%), 

LiBH4 (18.4 wt.%), and Li3N (11.5 wt.%).[46] However, their practical 

reversible gravimetric capacities typically fall within the range of 4-5 wt% 

under typical operating temperatures and pressures. Metal hydride formation 

involves the disintegration of H2 molecules over the metal surface, enabling 

hydrogen atoms to infiltrate the crystal lattice. The primary challenges 

associated with metal hydrides are their low gravimetric energy density, 

elevated operating temperatures, and the expensive nature of rare earth metals. 

Among the various metal hydrides listed in Table 1.2, MgH2 has garnered 

substantial interest due to its high gravimetric energy density of 7.6 wt%.[47] 
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Table 1.2. Hydrogen storage capacity of different metal hydrides.[48] 

Entry Metals Hydrides H2 storage (wt%) Operating T (°C) 

at 1 bar H2 

1 LaNi5 LaNi5H6 1.37 12 

2 FeTi FeTiH2 1.89 -8 

3 Mg2Ti Mg2TiH4 3.59 255 

4 ZrMn2 ZrMn2H2 1.77 440 

5 Mg MgH2 7.60 279 

Physisorption storage involves weakly binding hydrogen molecules to a 

material's surface using London dispersive forces.[48] This technology stores 

hydrogen affordably at room temperature and low pressures. Porous materials 

like zeolites, MOFs, COFs, and carbon materials (fullerenes, nanotubes, 

graphene) are extensively researched for this purpose.[49] 

1.3.2.2. Chemical storage 

Chemical hydrogen storage surpasses physical hydrogen storage in terms of 

efficiency due to its ability to store a substantial amount of hydrogen and release 

it effectively as required. Hydrogen can be effectively stored using diverse 

chemical storage methods, including hydrides (NaBH4, AlH3),
[50] amine borane 

adducts,[51] and liquid hydrogen storage material (LHSM).  

While significant strides have been made in hydrogen production, 

challenges persist in the realms of hydrogen storage and transportation. These 

challenges encompass a low volumetric energy density (0.01 MJ/L), safety 

concerns, and the expenses associated with cryogenic or high-pressure 

compression cylinders and tanks.[8] Therefore, there is a pressing need to 

explore innovative approaches for the convenient storage and transportation of 

hydrogen gas. In recent decades, numerous hydrogen storage technologies have 

undergone investigation. These include hydrogen adsorption in metal hydrides, 

utilization of metal-organic frameworks (MOFs), and nanostructured 

materials.[42] Nevertheless, these methods are constrained by their limited 

hydrogen storage capacities (HSCs), demanding operational conditions, high 

costs, and suboptimal energy efficiency. Storing hydrogen within the chemical 

bonds of small organic compounds, especially within organic liquids, presents 
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an attractive path for the development of future hydrogen transportation 

systems. In recent years, liquid hydrogen storage materials (LHSM) such as 

methanol (12 wt%),[52] formic acid (4.4 wt%),[53] formaldehyde (8.4 wt%),[53] 

hydrazine (8 wt%),[54] ammonia,[55] ethylene glycol (6.5 wt%),[56] etc. have 

garnered significant interest (Table 1.3). Moreover, many of these liquid 

hydrogen storage substances exhibit a notably high gravimetric hydrogen 

density, are cost-effective, readily available, and can be sourced from renewable 

materials.  

 

Table 1.3. Comparative table for the different wt% of Chemical hydrogen storage system. 

Entry Substrate Reaction equation wt% 

1 Methane  CH4  + H2O                 CO + 3H2 17.6 

2 Ammonia        2NH3                                  N2 + 3H2  17.6 

3 Hydrazine  N2H4.H2O                       N2 + 2H2 + H2O 8.0 

4 Methanol  CH3OH + H2O                      CO2 + 3H2 12.0 

5 Formaldehyde  HCHO + H2O                      CO2 + 2H2 8.4 

 6 Formic acid  HCOOH                        CO2 + H2 4.4 

7 Ethanol  C2H5OH + H2O                      CH3COOH + 2H2 6.2 

8 Ethylene glycol  C2H6O2 + H2O                      C2H4O3 + 2H2 

 C2H6O2 + 2H2O                      2HCOOH + 3H2 

5.0 

6.1 

9 Glycerol  C3H8O3                       C3H6O3 + H2 2.2 

1.4. Polyols as a renewable source of hydrogen  

Biomass-derived polyols like glycerol (C3), xylitol (C5), mannitol (C6), and 

sorbitol (C6) are among the top twelve platform chemicals identified by the 

Department of Energy (DOE). They share analogous chemical structures, with 

each carbon linked to a hydroxyl group (-OH), making them readily obtainable 

from plentiful sugar sources.[57] Biomass-based polyols can be derived from 

cellulose and hemicellulose hydrolysis and have higher oxygen content, 

enhancing water solubility and reducing volatility. This makes them more 

suitable for hydrogen production through APR at milder reaction conditions, 

unlike steam reforming.[58] During catalytic reforming processes, polyols 

undergo dehydrogenation to produce valuable products (organic acids) that are 

difficult to reform, causing deactivation of the catalyst as well as corrosion of 

the reaction vessel. Therefore, it is highly desirable to design catalysts that have 
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the ability to cleave the C-C bond to promote water-gas shift and methanation 

reaction.[59] Acidity and basicity have significant effects on catalytic activity in 

hydrogen production through reforming processes. Acidic support favors 

alkane formation in reforming reactions, while basic and neutral supports help 

in the WGS reactions.[60] Different processes like chemical looping, steam 

reforming, and in-situ carbon capture are used to produce high-purity H2 gas 

from hydrocarbons, alcohols, and biomass-derived compounds. Steam 

reforming reactions have been carried out at >250 ° C and 5-25 bar using Ni 

and Pt-based supported catalysts.[61] Under these reaction conditions, the 

catalyst gets deactivated at high temperatures due to carbon deposition, catalyst 

poisoning and sintering.[62] In 2002, Dumesic et al., first time reported the 

hydrogen gas production through APR of biomass-derived oxygenated 

compounds and other valuable fine chemicals using various catalysts at 200-

250 °C under 15-50 bar.[63] During the APR process, both gaseous (CO2, H2, 

CO, CH4 and light alkanes) and liquid products are formed.[64] In a similar 

direction, various catalytic systems for the production of hydrogen gas have 

been widely studied from biomass-derived oxygenated compounds (ethylene 

glycol and glycerol) via SR and APR processes. 

1.4.1. Ethylene glycol as a liquid hydrogen storage material 

Ethylene glycol (EG) is a colorless, odorless, and simplest vicinal diol. Notably, 

EG serves as a key ingredient in automotive antifreeze and coolant systems, as 

well as de-icing solutions for both windshields and aircraft. Furthermore, it finds 

extensive use in the production of polyester fibers and resins, notably in the 

form of polyethylene terephthalate (PET).[65] EG can be obtained through the 

hydrogenolysis of polyols derived from biomass or, alternatively, by hydrating 

ethylene oxide derived from petrochemical sources as well as the 

depolymerization of PET.[65-66] EG can also be explored as a promising 

candidate for liquid hydrogen storage materials with its cost-effectiveness, 

renewable sourcing options, and existing industrial application. 
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1.4.1.1. Hydrogen production through steam reforming of ethylene glycol 

The steam reforming of oxygenates derived from biomass is acknowledged as 

an economically viable process for efficiently harnessing renewable energy 

resources by hydrogen production.[63] During steam reforming of ethylene 

glycol (SREG), various chemical reactions take place (Scheme 1.6). The 

primary reaction involves the SREG (eq.1.11). Additionally, secondary 

reactions may occur, including decomposition reactions (eq. 1.12), water-gas 

shift reactions (WGS) (eq. 1.13), and methanation reactions (eq. 1.14). The 

given reactions indicate that the WGS reaction can improve the selectivity for 

H2 production, whereas methanation is less desirable for H2 generation.[63] 

 

 

 

 

Scheme 1.6. Key reactions involved in the steam reforming of ethylene 

glycol.[63]  

An effective steam-reforming catalyst should exhibit activity for both 

the WGS reaction and the cleavage of C-C or C-H bonds. Additionally, the 

catalyst should not promote any concurrent or subsequent reactions that 

compete with eq. 1.11 and 1.13, as this would reduce the overall yield of H2. 

Various metals, such as Ni, Pt, Pd, Rh, and Ru, have garnered attention as 

promising catalysts for hydrogen production through the reforming of 

oxygenated compounds. While Ni offers advantages in terms of availability and 

cost, Pt exhibits superior activity and selectivity to produce H2 gas from EG. 

Hydrogen production through steam reforming of EG has been explored over a 

variety of catalysts (Table 1.4).[58,67-74] Gong et al. explored various Ni-based 

catalysts (Ni/γ-Al2O3, Ni/MgO, Ni/CeO2 and Ni/ZrO2) for steam reforming of 

EG and achieved 93% EG conversion with H2 yield of 47-64% at 400 °C.[58] 

Zhang et al. explored Ni-based catalysts synthesized by co-precipitation and 

impregnation methods. They checked the effect of Ni loading, reaction 

temperature and support modification in the catalytic SREG reaction. They 

modified the Ni/CeO2 catalyst by the addition of Al2O3, TiO2 and ZrO2 and 

found that the Ni/CeO2-Al2O3 catalyst exhibited high catalytic performance to 
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achieve 94% EG conversion with 67% yield of H2 gas at 250 °C in 24 h.[67] 

Taghizadeh et al. studied catalytic performance and kinetic modelling in the 

SREG over Pd-Ni/KIT and obtained 99.8% conversion of EG with 71.3% yield 

of H2 gas at 500 °C in 4 h.[68] Cao et al. investigated steam reforming of EG 

over Ni-based catalyst supported over attapulgite. It showed conversion of EG 

(97.2%) and 71.2% of H2 yield with the co-production of CH4, CO and CO2 

over Ni/ATPGS at 600 °C in 4 h. However, in 8 h a high yield of H2 gas (80.8%) 

was achieved with 89.8 % conversion of EG over Ni/ATPGS catalyst.[69] 

Taghizadeh et al. reported Ni and Pt-based supported catalysts over γ-Al2O3. 

Results showed that 3%Pt-12%Ni/γ- Al2O3 gave 96% EG conversion with 

76.6% yield of H2 gas at 450 °C in 1 h.[70] Nichio and co-workers performed 

reforming reaction of EG over NiPt bimetallic catalyst supported over 

hydrotalcite (HT) and demonstrated that NiPt/HT catalyst is more active and 

selective towards H2 than Ni/HT catalyst. They obtained 94% conversion of EG 

with 90.3% selectivity of H2 gas at 600 °C in 2 h.[71] Vaidya et al. explored 

Ru/Al2O3 catalyst for the SREG to produce H2 gas and obtained only 13.6% 

conversion of EG and 36.4% selectivity of H2 gas at 400 °C in 1 h.[72] Yadav et 

al. explored Ni-Cu/mixed metal oxides (Ni-Cu/M-MgO, where M was CeO2, 

La2O3, ZrO2) for the reforming of EG. Out of these, the Ni-Cu/La2O3-MgO 

catalyst performed well over others and was found to be the most active and 

robust catalyst. They achieved 96% conversion of EG with 63.3% yield of H2 

gas at 500 °C in 2 h.[73] Dagle et al. investigated 15 wt% Ni, 5 wt% Rh, and 15 

wt% Co supported over MgAl2O4 for steam reforming of EG at 500 °C. Ni and 

Rh-based catalysts exhibited complete conversion of EG. However, only 42% 

conversion of EG was found in the case of Co/MgAl2O4 catalyst, but methane 

selectivity was found to be low (8%) as compared to Ni and Rh-based catalysts 

(~24%). This inferred that the Co/MgAl2O4 catalyst was a promising catalyst 

for the SREG reaction to produce a high yield of H2 gas.[74] The reaction 

pathway for the APR process of polyols is shown in Scheme 1.7. Firstly, 

reactant molecules adsorb and dehydrogenate over the catalyst active site, 

followed by C-C and C-O bond breaking to yield organic molecules, which are 

reformed into gaseous products that are finally desorbed from the catalytic 

active sites.  
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Scheme 1.7. Catalytic reaction pathway for steam reforming of EG. Adapted 

with permission from ref [63] of Springer Nature. 

 

Table 1.4. Catalysts reported for hydrogen production through steam reforming of EG. 

Entry Catalyst T(°C)/t(h) Conv. 

(%) 

H2 

Yield/Sel. 

(%) 

Reference 

1 Ni/γ-Al2O3 400/2 96.5 47.1/- 58 

2 Ni/CeO2-Al2O3 250/24 94 67/- 67 

3 Pd-Ni/KIT-6 500/4 99.8 71.3/- 68 

4 Ni/ATPJS 600/8 89.8 80.8/- 69 

5 3%Pt-12%Ni/γ- 

Al2O3 

450/1 96 76.6/- 70 

6 PtNi/HT 600/2 94 -/90.3 71 

7 Ru/γ-Al2O3 400/1 13.6 -/36.4 72 

8 NiCu/La2O3-MgO 500/2 96 63.3/- 73 

9 Co/MgAl2O4 500/- 42 - 74 

 

1.4.1.2. Hydrogen production through aqueous phase reforming of ethylene 

glycol 

Aqueous-phase reforming (APR) stands out as an energy-efficient process (>200 

°C) for converting biomass-derived oxygenated compounds into hydrogen gas 

as compared to steam reforming and gasification reactions (requires high 

temperatures), which often entail numerous unwanted side reactions. Unlike 

these methods, APR doesn't require the vaporization of water and effectively 

reduces undesired decomposition reactions. Moreover, APR takes advantage of 

WGS reaction at lower temperatures, allowing for the simultaneous generation 
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of H2 and CO2 while minimizing the production of CO.[75] 

Several biomass-derived oxygenated compounds, including methanol, 

ethanol, sorbitol, glycerol, and ethylene glycol, have found utility in the APR 

process for hydrogen production.[76] APR process not only involves the 

breaking of C–C bonds but also encompasses C–H bond scission to generate 

molecules for adsorption over the catalyst surface, notably the CO molecule, 

which subsequently undergoes WGS reaction to produce CO2 and H2 as shown 

in Scheme 1.8.[77] 

 

Scheme 1.8. Key reactions involved in the aqueous phase reforming of EG.[76] 

 

Therefore, selecting an appropriate catalyst for this reaction necessitates 

a preference for promoting C-C cleavage and WGS reactions while 

simultaneously inhibiting C-O bond scission and methanation reactions. A wide 

range of catalysts has been developed for APR of EG for the production of  H2 

gas (Table 1.5). For example, Dumesic and co-workers reported Pt/Al2O3 

catalyst for reforming of EG to achieve almost complete conversion of EG 

(99%) with 88% H2 selectivity along with other gaseous products (CO2 and 

alkanes) at 225 °C in 24 h.[63] Further, Dumesic et al. also investigated the 

Raney Ni-Sn catalyst to produce H2 gas from EG at 265 °C. They observed that 

the Raney Ni-Sn catalyst exhibited high selectivity for H2 gas (96%) as 

compared to earlier reported Pt/Al2O3 catalyst (88% H2 selectivity).[78] They 

also explored Ni, Pd, Pt, Ru, Rh and Ir metal-based catalysts supported over 

silica for APR of EG at 210 °C and 225 °C and observed the production of 

different gaseous products (H2, CO, CO2, CH4, ethane and higher paraffin). Rh, 

Ru, and Ni catalysts showed more inclination towards producing alkanes over 

generating hydrogen, displaying lower selectivity for the latter. Moreover, the 

Ni/SiO2 catalyst underwent deactivation at 225 °C. Pt and Pd-based silica-

supported catalysts showed high selectivity for H2 gas and low selectivity for 

alkanes and were found to be promising catalysts for APR of EG.[64] Nichio et 

al. also explored the APR of EG at 250 °C under 44 bar and obtained 58% 

conversion of EG and 56.1% selectivity for H2 gas with the simultaneous 
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production of other gases such as CO, CO2 and CH4.
[71] Li et al. developed 

Ni/Zn/Al-derived hydrotalcite catalyst for APR of EG and achieved complete 

selectivity for H2 gas with complete conversion of EG.[75] Fan et al. synthesized 

Co/ZnO catalysts with varying ratios of Co and Zn and performed APR of EG. 

They observed that with the increase in Co/Zn ratio from 1:3 to 2:1, the 

selectivity of H2 gas decreased from 89% to 52%, and selectivity towards 

hydrocarbons increased from 29% to 46%, while EG conversion also increased 

from 5.2% to 8.6%.[79] Lin et al. explored the NiFe catalyst and checked the 

effect of Co addition for hydrogen production through APR of EG. They 

observed that NiFe catalyst exhibited better catalytic activity than Ni and Fe 

monometallic catalysts. However, the addition of Co into the NiFe catalyst 

enhanced the catalytic activity and achieved 95.1% EG conversion with 99.8% 

selectivity for H2 gas at 225 °C in 3 h.[80] Kim et al. developed Pt-Mn supported 

catalyst (Pt-Mn/CMK-3) for APR of EG and observed that alloying of Mn into 

the Pt/CMK-3 catalyst showed good H2 yield (40%) compared to monometallic 

catalyst.[81] Bitter et al. reported Ni, Co, Cu and Pt nanoparticles stabilized over 

carbon nanofiber (CNF) and performed aqueous phase reforming of EG at 230 

°C. They observed that the H2 selectivity was found to be decreased in the 

following order: Pt/CNF (53%)>Co/CNF (21%)>Ni/CNF (15%). In the case of 

Ni and Co, H2 selectivity was low due to the methanation process. The 

formation of H2 gas through the reforming process is associated with the co-

production of liquid products such as glycolic acid, glycolaldehyde, acetic acid, 

formic acid, methanol, and ethanol. The Co/CNF catalyst was deactivated 

rapidly due to the formation of acid products.[82]  



20 

 

Table 1.5. Catalysts reported for hydrogen production through aqueous phase 

reforming of EG. 

Entry Catalyst T(°C)/t(h) Conv. (%) H2 

Yield/Sel. 

(%) 

Reference 

1 Pt/Al2O3 265/24 99 -/88 63 

2 Pd/SiO2 225/- 3.0 -/98.5 64 

3 Ni-Pt/HT 250/4 58 -/56.1 71 

4 Ni/Zn/Al-HT 225/2.5 99 -/100 75 

5 Raney-NiSn 265/- 97 -/96 78 

6 Co/ZnO 225/8 5.2 -/89 79 

7 NiFeCo 225/3 95.1 -/99.8 80 

8 Pt-Mn/CMK 250/- 40 40/-  81 

9 Pt/CNF 230/24 45.7 -/53 82 

 

1.4.2. Glycerol as a liquid hydrogen storage material  

Industrial production of biodiesel through the transesterification of different oils 

and fats has become a vital strategy to enhance society's energy security and 

promote sustainability. During biodiesel production, a major by-product, 

glycerol, is formed, which is 10 wt% of biodiesel.[83] Currently, the 

predominant method for disposing of excess glycerol from biodiesel production 

is incineration, which results in a substantial environmental impact on both 

biodiesel manufacturing and the biofuel supply chain, particularly in Europe, 

where millions of metric tons are incinerated annually. Therefore, there is a 

pressing need to explore alternative, more environmentally friendly solutions 

for handling surplus glycerol. These alternative approaches not only aim to 

mitigate the environmental consequences associated with incineration but also 

seek to enhance the economic viability of biodiesel production. To address this 

challenge, researchers have proposed various catalytic pathways, including 

reforming process, dehydrogenation, oxidation, dehydration, and 

esterification.[84]  
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1.4.2.1. Hydrogen production through steam reforming of glycerol 

Steam reforming of methane (SRM) is a prevailing technology in the industry 

for hydrogen production. However, an appealing alternative route for 

generating hydrogen-rich synthesis gas (a mixture of H2 and CO) involves the 

steam reforming of glycerol (SRG).[85] Conversely, SRG is a thermochemical 

process capable of producing various product compositions, whether in gaseous 

or liquid phases. This versatility depends on the careful selection of catalyst 

composition, support type, and the specific reaction conditions used for 

transforming glycerol (GLY) into the desired products. In the SRG reaction, 

each mole of GLY holds the theoretical capability to yield seven moles of 

hydrogen (9.6 wt%). Steam reforming of GLY involves a complex interplay of 

reactions (as shown in eq. 1.18). It encompasses the decomposition of GLY (eq. 

1.19) and the WGS reaction (eq. 1.20). Nevertheless, this existing process is 

intricate due to the occurrence of several concurrent reactions. These also 

include the methanation reaction (eq. 1.21), methane dry and steam reforming 

reactions (eq. 1.22 and 1.23) under specific operating conditions, and various 

carbon formation reactions (eq. 1.24-1.26) may also take place.[86-87] 

 

Scheme 1.9. Key reactions involved in the steam reforming of glycerol.[86-87] 

 

H2 gas production through SRG is significantly affected by two key 

factors: reaction temperature and the ratio of water to GLY. It is very crucial to 

design and synthesize the catalysts to possess the capability of breaking C-C, 

O-H, and C-H bonds and facilitating the WGS reaction in the SRG. The 

performance and durability of a catalyst depend not just on the active metal used 

but also on the support material chosen. In most cases, achieving a high 
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dispersion of the active metal is desirable, and this is facilitated by using support 

material having a high surface area and the ability to possess strong metal-

support interactions (SMSI).  

In literature, most of the catalytic reactions for the transformation of 

GLY through reforming processes have primarily concentrated on Ru,[88-91] 

Pt,[92-94] Ir,[95] and Pd-based catalysts (Table 1.6).[96] For instance, Hirai et al. 

developed Ru/Y2O3 catalyst and observed complete conversion of GLY with 

90% H2 yield at 600 °C along with other gases (CO, CO2 and CH4).
[88] Adhikari 

et al. explored Ru/Al2O3 catalyst for the SR of GLY at 900 °C and observed 

only 58% conversion of GLY with 42% yield of H2 gas.[89] Vaidya et al. 

reported the kinetics of steam reforming of GLY over the Ru/Al2O3 catalyst at 

350-500 °C. They performed reaction at 500 °C for 2 h and obtained 50% GLY 

conversion with the H2 yield of 58.3% with co-production of CO (7.2%), CO2 

(34.2%), and CH4 (0.3%).[90] In the similar direction, Kousi et al. explored 

modified Ru/Al2O3 catalysts for GLY reforming and observed 93%, 85%, and 

57% conversion of GLY over Ru/Al2O3, Ru/B2O3-Al2O3 and Ru/MgO-Al2O3 

catalysts at 600 °C respectively with the H2 yield of ~68% along with other 

gases (CO, CO2 and CH4).
[91] Santo and co-workers investigated the 

promotional effect of Mn in the Pt/C catalyst for SRG reaction. Firstly, they 

carried out a catalytic reaction over Pt/C catalyst and observed only 26% 

conversion of GLY with 36.9% selectivity of H2 gas at 225 °C in 1 h. Further, 

introducing Mn into the Pt/C catalyst, significant enhancement in the GLY 

conversion (78.2%) and decrease in the H2 selectivity (25.2%) was observed 

along with the generation of various gaseous (CO, CO2 or CH4) and liquid 

products (EG, acetaldehyde, acetol, and other alcohols).[92] Buffoni et al. 

explored Pt catalyst supported over SiO2-C composite material for the steam 

reforming of GLY. They carried out reforming reaction at 450 °C for 2 h and 

obtained 83% conversion of GLY with 51% selectivity of H2 gas.[93] Fraga et 

al. developed a Pt catalyst supported over layered double hydroxide for SRG 

and achieved complete conversion of GLY with 68% selectivity of H2 gas at 

350 °C in 40 h.[94] Pompeo and co-workers reported Pt and Ni-based catalysts 

supported over SiO2 with various metal loading for SRG reaction at 350-450 

°C. They found that the Pt/SiO2 catalyst gave a complete conversion of 

GLY(>99%) with 70% selectivity of H2 gas than the Ni/SiO2 catalyst.[71] Shen 
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et al. investigated Ir/CeO2 catalyst for SRG to produce H2 gas at 400-550 °C 

and achieved  >99%  GLY conversion even at 400 °C with 85% H2 gas 

selectivity.[95] Shaibani et al. reported the SRG reaction for hydrogen gas 

production over Pd/Al2O3 catalyst and obtained 78.9% GLY conversion with 

78.7% H2 selectivity at 600 °C in 2 h.[96] Highly effective noble metal-based 

catalysts, although known for their superior catalytic activity and carbon 

reduction in steam reforming reactions, are often limited in use due to their high 

cost. On the other hand, Ni-based catalytic systems have been explored with 

various supports such as Al2O3, La2O3, SiO2, CeO2, and ZrO2.
[97–100] Ni-based 

catalysts exhibit proficiency in the breaking of C-C, O-H, and C-H bonds, as 

well as facilitating dehydrogenation and hydrogenation reactions. However, a 

significant challenge arises due to the high reaction temperatures, leading to 

carbon deposition, coking, and sintering of Ni metal, ultimately resulting in the 

deactivation of the catalytic system.[95-96] 

 

Scheme 1.10. Catalytic reaction pathway for steam reforming of GLY. 

Reprinted with permission from ref [97] of Royal Society of Chemistry. 
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Table 1.6. Catalysts reported for hydrogen production through steam reforming of 

GLY. 

Entry Catalyst T(°C)/t(h) Conv. (%) H2 

Yield/Sel. 

(%) 

Reference 

1 Ru/Y2O3 600/24 >99 -/90 88 

2 Ru/Al2O3 900/- 58 42/- 89 

3 Ru/Al2O3 500/2 50 58.3/- 90 

4 Ru/Al2O3 600/- 93 68/- 91 

5 Pt-Mn/C 225/1 78.2 25.2/- 92 

6 Pt/SiO2-C 450/2 83 51/- 93 

7 Pt/LDH (Mg/Al) 350/40 >99 -/68 94 

8 Pt/SiO2 450/2 >99 -/70 71 

9 Ir/CeO2 400-550/- >99 -/>85 95 

10 Pd/Al2O3 600/2 78.9 -/78.7 96 

 

1.4.2.2. Hydrogen production through aqueous phase reforming of glycerol 

Despite its promising features, the APR process also has several limitations, 

such as uncontrolled methanation on metal catalysts, which is a significant 

challenge for achieving high H2 selectivity. Among the various monometallic 

catalysts considered, Pt-based catalysts stand out as a preferable choice for APR 

reactions due to their remarkable ability to facilitate C−C bond cleavage.[101] 

Various Pt-based catalysts, including Pt/Al2O3,
[63] Pt-Re/C,[101] Pt/MgO,[102] Pt-

Mo/C,[103] Pt-Cu/Mg(Al))O,[104] Pt-KHT/28,[105] Pt-Ni/MWCNT,[106] and 

PtFe/γ-Al2O3,
[107] already have been explored by various research teams for the 

APR of glycerol in the temperature ranging from 200-250 °C (Table 1.7). For 

instance, Dumesic et al. explored Pt/Al2O3 catalyst for APR of GLY and 

obtained 83% conversion of GLY with 75% H2 selectivity along with other 

gaseous products (CO2 and alkanes) at 225 °C in 24 h.[63] Wang et al. studied 

the hydrogen generation from APR of GLY over Pt-Re/C using KOH or without 

KOH. The Pt/C was found to be very selective for H2 gas, but activity was very 

low. Further, the addition of Re in the Pt/C catalyst resulted in significant 

enhancement of the catalytic activity with 58.5% GLY conversion and 24.5% 

H2 selectivity at 225 °C over 3%Pt-3%Re/C using KOH.[101] Tian and co-

workers investigated the effect of various Pt-supported catalysts for hydrogen 
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production through APR of GLY. It was observed that Pt-based supported 

catalysts followed the order in terms of catalytic activity, Pt/Al2O3> Pt/MgO> 

Pt/SiO2> Pt/HUSY> Pt/AC> Pt/SAPO-11. Neutral and acidic supports favored 

alkane formation, while basic supports showed high catalytic activity and 

hydrogen production rates. Pt/MgO demonstrated superior hydrogen 

selectivity, achieving a 13.8% GLY conversion with 79.9% selectivity for 

H2.
[102] Basic supports exhibited high catalytic activity and higher hydrogen 

production rate, while acidic and neutral supports helped the alkane formation. 

Out of these, Pt/MgO performed well in terms of hydrogen selectivity over 

others and observed 13.8% GLY conversion with 79.9% H2 selectivity.[102] 

Nozawa and co-workers carried out ethanol reforming over different supported 

catalysts and found an increase in the catalytic activity in the order of Ir < Pt < 

Rh < Ru.[108] This observation has sparked interest in exploring ruthenium-

based catalysts for APR of biomass-derived oxygenated hydrocarbons. 

Ruthenium stands out among noble metals for its cost-effectiveness and 

excellent capability to cleave C−C bonds. Despite these qualities, its use in APR 

reactions is restricted due to its lower catalytic performance compared to 

platinum-based catalysts. Recently, Raja et al. developed Ru catalysts supported 

over N-doped mesoporous carbon (Ru-NMC-3 and RuPt-NMC-3) for APR of 

GLY and achieved 92% conversion of GLY with 88.5% H2 selectivity at 250 

°C.[109] Similarly, they also explored Ru/NaY catalyst for APR of GLY at 250 

°C under N2 pressure (600 psi), exhibiting 88.1% GLY conversion with 74% 

H2 selectivity along with high CO2 contamination up to 24%.[110] 
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Table 1.7. Catalysts reported for hydrogen production through aqueous phase 

reforming of GLY. 

Entry Catalyst T(°C)/t(h) Conv. (%) Sel. of H2 

(%) 

Reference 

1 Pt/Al2O3 225/24 83 75 63 

2 Pt-Re/C 225/2 58.5 24.5 101 

3 Pt/MgO 230/4 13.8 79.9 102 

4 Pt-Mo/C 230/720 26 55.3 103 

5 Pt-Cu/Mg(Al)O 200/5 98 55.3 104 

6 Pt-KHT/28 250/4 83 67.4 105 

7 Pt-Ni/MWCNT 250/- 99 90.9 106 

8 Pt-Fe/ γ- Al2O3 225/- 66 45.8 109 

9 Ru-NMC-3 250/12 92 88.5 109 

10 RuPt-NMC-3 250/12 87.9 82.2 109 

11 Ru/NaY 250/12 88.1 68.1 110 

 

1.5. Catalytic transformation of glycerol to hydrogen gas and lactic acid 

GLY has the potential to undergo various valuable chemical transformations to 

produce glyceric acid, ethylene glycol, glyceraldehyde, lactic acid, propanediol, 

acrolein, glycolic acid, etc.[84] Among these, lactic acid holds significant 

importance in industries, functioning as an acidulant and preservative in the 

food sector, finding applications in cosmetics and pharmaceuticals, and serving 

as a fundamental building block for the biodegradable plastic known as 

polylactic acid (PLA).[111] LA is industrially manufactured through two primary 

methods: anaerobic fermentation of carbohydrates and chemical synthesis. 

However, the fermentation process has several disadvantages, including 

extended reaction times and complex separation and purification procedures. 

On the other hand, chemical synthesis involving HCN and CH3CHO can be 

used to produce lactic acid, but its ecological impact has led to reduced interest 

in this method.[112]  Even though the dehydrogenative method for converting 

GLY to LA is an appealing choice to generate both H2 gas and LA, most of the 

research focuses on the oxidative conversion of GLY to LA employing Cu, Ni, 

Au, or Pd-based catalysts.[113-114] During the former process, excessive 

oxidation of glyceraldehyde produces glyceric acid, tartaric acid, and glycolic 

acid (GA) along with LA, which dramatically decreases the selectivity of the 
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desired LA product. Anaerobic transformation of GLY offers an advantage by 

circumventing overoxidation reactions and concurrently generating hydrogen 

gas (H2), a clean energy carrier and LA. Scheme 1.11 shows the possible 

products formed by the catalytic transformation of GLY. 

 

Scheme 1.11. Plausible pathways for the catalytic conversion of GLY to H2 gas 

and valuable co-products. 

In recent years, we have witnessed the emergence of a combined 

dehydrogenation and transfer hydrogenation approach in the catalytic 

transformation of glycerol over heterogeneous-based catalytic systems.[115-116] 

Tang et al. reported the catalytic conversion of GLY to LA, coupled with the 

transfer hydrogenation of cyclohexene to cyclohexane over the Pt/ZrO2 

catalyst.[115] They achieved a remarkable 96% GLY conversion with a high 

yield of LA (95%) and a selectivity of 36% towards cyclohexane at 160 °C in 

4.5 h under N2 pressure (20 bar). Oberhauser et al. successfully developed a Pt-

based catalyst supported over Ketjenblack (Ck) for the transformation of 

glycerol to LA and achieved complete conversion of GLY with 95% yield of 

LA in 6 h at 140 °C using ethylene gas as an H2 acceptor to prevent undesired 

hydrogenation reactions.[116]  

Hence, the above-mentioned reports clearly showed that glycerol could 

be explored as a viable liquid hydrogen storage material (LHSM), but it has 

gained limited attention for hydrogen production over heterogeneous catalysts. 

  



28 

 

1.6.  Research gaps for hydrogen production from polyols 

• Extensive research has been focused on hydrogen production from 

polyols like ethylene glycol and glycerol through APR and SR 

processes, albeit at elevated reaction temperatures (>250 °C).  

• Notably, Pt-based catalytic systems have been employed in these 

processes, but the high cost associated with these necessitates the 

development of cost-effective catalytic systems capable of operating at 

lower temperatures. 

• APR and SR processes suffer from several drawbacks, such as the purity 

of hydrogen gas being compromised due to the co-production of other 

gases (COX and alkanes), and the overall hydrogen yield remains 

suboptimal. Consequently, the hydrogen gas produced cannot be 

directly utilized in fuel cells.  

• Catalytic transformations of these polyols to yield hydrogen gas have 

been investigated in detail, but the co-production of valuable platform 

chemicals has received limited attention to date. 

1.7. Objectives of the thesis 

• To develop ruthenium-based heterogeneous catalysts that can efficiently 

facilitate H2 gas production from C-2 and C-3 based polyols i.e., 

ethylene glycol and glycerol, under ambient reaction conditions. 

• To employ various spectroscopic techniques to characterize the 

synthesized catalysts comprehensively. 

• To produce high-purity hydrogen gas without any contaminants of other 

gases such as CO, CO2, and alkanes under mild reaction conditions so 

that it can be directly utilized in fuel cell applications. 

• Thoroughly investigate the reaction pathways in the dehydrogenation of 

polyols by performing time-dependent and controlled experiments. 

• To scale up the developed catalytic system to enable its recyclability and 

bulk-scale experiments.  
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1.8. Organization of the thesis 

This thesis consists of six chapters. 

Chapter 1 introduces hydrogen production from various resources, storage, and 

its applications. This chapter also includes the relevant literature survey for the 

hydrogen gas production from C-2 and C-3 based polyols i.e., ethylene glycol 

and glycerol over various heterogeneous catalysts. 

Chapter 2 presents the selective H2 gas generation from aqueous glycerol over 

the ruthenium catalyst. Further, the effect of base concentration, temperature, 

and different types of bases in tuning the catalytic activity for the catalytic 

reaction is also investigated in detail. 

Chapter 3 describes the investigation of the role of support in the catalytic 

conversion of glycerol into H2 gas and lactic acid in water over the supported 

Ru catalyst. Moreover, various supported catalysts have been explored to 

achieve a high yield of H2 gas and lactic acid.  

Chapter 4 involves the selective catalytic conversion of ethylene glycol to H2 

gas. The effect of different reaction parameters (base concentration, type of 

bases, temperature effect) was investigated to optimize the best catalytic 

reaction condition to produce hydrogen gas efficiently. Moreover, time-

dependent and controlled experiments have been performed to explain the 

plausible reaction pathway for H2 gas production from ethylene glycol. 

Chapter 5 demonstrates the selective production of H2 gas from ethylene glycol 

through the upcycling of PET-based plastic waste over Ru catalyst at low 

temperatures in water with a high yield of formic acid and terephthalic acid. 

Chapter 6 summarizes the work presented in this thesis, including the findings 

and future scope of the work. 

1.9. References 

1.  Bockris J. O. M., (2013), The Hydrogen Economy: Its History, Int. J. 

Hydrog. Energy, 38, 2579-2588 (DOI: 10.1016/j.ijhydene.2012.12.026) 

2. IEA (2023), World Energy Outlook 2023, 1-355 

3.  Uddin K., (2019), Nuclear Energy, Environment and Public Safety: 

North-South Politics. Strateg. Plan. Energy Environ., 38, 31-41 (DOI: 



30 

 

10.1080/10485236.2019.12054410) 

4.  Kleijne K., Hanssen S. V., Dinteren L. M., Huijbregts A.J., Zelm R., 

Coninck H., (2022), Limits to Paris Compatibility of CO2 Capture and 

Utilization, One Earth, 5, 168-185 (DOI: 10.1016/j.oneear.2022.01.006) 

5.  Singh S., Jain S., Ps V., Tiwari A. K., Nouni M. R., Pandey J. K., Goel 

S., (2015), Hydrogen: A Sustainable Fuel for Future of the Transport 

Sector, Renew. Sustain. Energy Rev., 51, 623-633 (DOI: 

10.1016/j.rser.2015.06.040) 

6.  Dunn S., (2022), Hydrogen Futures: Toward a Sustainable Energy 

System, Int. J. Hydrog. Energy, 27, 235-264 (DOI: 10.1016/S0360-

3199(01)00131-8) 

7.  Midilli A., Ay M., Dincer I., Rosen M. A., (2005), On Hydrogen and 

Hydrog. Energy Strategies I : Current Status and Needs, Renew. Sustain. 

Energy Rev., 9, 255–271 (DOI: 10.1016/j.rser.2004.05.003) 

8.  El-Shafie M., Kambara S., Hayakawa Y., (2019), Hydrogen Production 

Technologies Overview. J. Power Energy Eng., 7, 107-154 (DOI: 

10.4236/jpee.2019.71007) 

9. Hwang H. T., Varma A., (2014), Hydrogen Storage for Fuel Cell 

Vehicles, Curr. Opin. Chem. Eng., 5, 42-48 (DOI: 

10.1016/j.coche.2014.04.004) 

10.  Handwerker M., Wellnitz J., Marzbani H., (2021), Comparison of 

Hydrogen Power trains with the Battery Powered Electric Vehicle and 

Investigation of Small-Scale Local Hydrogen Production Using 

Renewable Energy, Hydrogen, 2, 76-100 (DOI: 

10.3390/hydrogen2010005) 

11.  Paul A., Shukla N., Paul S. K., Trianni A., (2021), Sustainable Supply 

Chain Management and Multi-Criteria Decision-Making Methods: A 

Systematic Review. Sustain., 13, 7104 (DOI: 10.3390/su13137104) 

12.  Uddin M. N., Nageshkar V. V., Asmatulu R., (2020), Improving Water-

Splitting Efficiency of Water Electrolysis Process via Highly Conductive 

Nanomaterials at Lower Voltages, Energy, Ecol. Environ., 5, 108-117 

(DOI: 10.1007/s40974-020-00147-5) 

13.  Nikolaidis P., Poullikkas A., (2017), A Comparative Overview of 

Hydrogen Production Processes, Renew. Sustain. Energy Rev., 67, 597-



31 

 

611 (DOI: 10.1016/j.rser.2016.09.044) 

14.  Amin M., Shah H. H., Fareed A. G., Khan W. U., Chung E., Zia A., 

Rahman Farooqi Z. U., Lee C., (2022), Hydrogen Production through 

Renewable and Non-Renewable Energy Processes and Their Impact on 

Climate Change, Int. J. Hydrog. Energy, 47, 33112-33134 (DOI: 

1016/j.ijhydene.2022.07.172) 

15. Lipman T. E., (2019), Hydrogen Production Science and Technology. 

Fuel Cells, Hydrog. Prod., 274, 783-798 (DOI: 10.1007/978-1-4939-

7789-5-755) 

16. Hariharan D., Yang R., Zhou Y., Gainey B., Mamalis S., Smith R. E., 

Lugo-Pimentel M. A., Castaldi M. J., Gill R., Davis A., Modroukas D., 

Lawler B., (2019), Catalytic Partial Oxidation Reformation of Diesel, 

Gasoline, and Natural Gas for Use in Low Temperature Combustion 

Engines, Fuel, 246, 295-307 (DOI: 10.1016/j.fuel.2019.02.003) 

17.  Kim J., Park J., Qi M., Lee I., Moon I., (2021), Process Integration of an 

Autothermal Reforming Hydrogen Production System with Cryogenic 

Air Separation and Carbon Dioxide Capture Using Liquefied Natural 

Gas Cold Energy, Ind. Eng. Chem. Res., 60, 7257-7274 (DOI: 

10.1021/acs.iecr.0c06265) 

18.  Baruah R., Dixit M., Basarkar P., Parikh D., Bhargav A., (2015), 

Advances in Ethanol Autothermal Reforming, Renew. Sustain. Energy 

Rev., 51, 1345–1353 (DOI: 10.1016/j.rser.2015.07.060) 

19.  Wang S., Dai G., Yang H., Luo Z., (2017), Lignocellulosic Biomass 

Pyrolysis Mechanism: A State-of-the-Art Review, Prog. Energy 

Combust. Sci., 62, 33-86 (DOI: 10.1016/j.pecs.2017.05.004) 

20.  Schneider S., Bajohr S., Graf F., Kolb T., (2020), State of the Art of 

Hydrogen Production via Pyrolysis of Natural Gas, Chemie-Ingenieur-

Technik, 92, 1023-1032 (DOI:10.1002/cite.202000021) 

21.  Mularski J., Pawlak-Kruczek H., Modlinski N., (2020), A Review of 

Recent Studies of the CFD Modelling of Coal Gasification in Entrained 

Flow Gasifiers, Covering Devolatilization, Gas-Phase Reactions, 

Surface Reactions, Models and Kinetics, Fuel, 271, 117620 (DOI: 

10.1016/j.fuel.2020.117620) 

22.  Hosseini S. E., Wahid M. A., (2016), Hydrogen Production from 



32 

 

Renewable and Sustainable Energy Resources: Promising Green Energy 

Carrier for Clean Development, Renew. Sustain. Energy Rev., 57, 850-

866 (DOI: 10.1016/j.rser.2015.12.112) 

23.  Safari F., Dincer I., (2020), A Review and Comparative Evaluation of 

Thermochemical Water Splitting Cycles for Hydrogen Production, 

Energy Convers. Manag., 205, 112182 (DOI: 

10.1016/j.enconman.2019.112182) 

24.  Dincer I., Zamfirescu C., (2012), Sustainable Hydrogen Production 

Options and the Role of IAHE, Int. J. Hydrog. Energy, 37, 16266-16286 

(DOI: 10.1016/j.ijhydene.2012.02.133) 

25. Terlouw T., Bauer C., McKenna R., Mazzotti M., (2022) Large-Scale 

Hydrogen Production via Water Electrolysis: A Techno-Economic and 

Environmental Assessment, Energy Environ. Sci., 15, 3583-3602 (DOI: 

10.1039/d2ee01023b) 

26. Hu K., Fang J., Ai X., Huang D., Zhong Z., Yang X., Wang L., (2022) 

Comparative study of alkaline water electrolysis, proton exchange 

membrane water electrolysis and solid oxide electrolysis through 

multiphysics modeling, Appl. Energy, 312, 118788 (DOI: 

10.1016/j.apenergy.2022.118788) 

27. Emam A. S., Hamdan M. O., Abu-Nabah B. A., Elnajjar E., (2024) A 

review on recent trends, challenges, and innovations in alkaline water 

electrolysis, Int. J. Hydrog. Energy, 64, 599-625 (DOI: 

10.1016/j.ijhydene.2024.03.238)  

28.  Abanades S., (2019), Metal Oxides Applied to Thermochemical Water-

Splitting for Hydrogen Production Using Concentrated Solar Energy, 

Chem Engineering, 3, 1-28 (DOI: 10.3390/chemengineering3030063) 

29. Ikuerowo T., Bade S. B., Akinmoladun A., Oni B. A., (2024) The 

integration of wind and solar power to water electrolyzer for green 

hydrogen production, Int. J. Hydrog. Energy, (DOI: 

10.1016/j.ijhydene.2024.02.139) 

30. Saraswat S. K., Rodene D. D., Gupta R. B., (2018) Recent advancements 

in semiconductor materials for photoelectrochemical water splitting for 

hydrogen production using visible light, 89, 228-248 (DOI: 

10.1016/j.rser.2018.03.063) 



33 

 

31.  Ong H. C., Chen W. H., Farooq A., Gan Y. Y., Lee K. T., Ashokkumar 

V., (2019), Catalytic Thermochemical Conversion of Biomass for 

Biofuel Production: A Comprehensive Review, Renew. Sustain. Energy 

Rev., 113, 109266 (DOI: 10.1016/j.rser.2019.109266) 

32. Uddin M. N., Techato K., Taweekun J., Rahman M. M., Rasul M. G., 

Mahlia T. M. I., Ashrafur S. M., (2018), An Overview of Recent 

Developments in Biomass Pyrolysis Technologies, Energies, 11, 3115 

(DOI: 10.3390/en11113115) 

33.  Hossain M. A., Jewaratnam J., Ganesan P., (2016), Prospect of Hydrogen 

Production from Oil Palm Biomass by Thermochemical Process – A 

Review, Int. J. Hydrog. Energy, 41, 16637–16655 (DOI: 

10.1016/j.ijhydene.2016.07.104) 

34.  Patel M., Zhang X., Kumar A., (2016), Techno-Economic and Life Cycle 

Assessment on Lignocellulosic Biomass Thermochemical Conversion 

Technologies: A Review, Renew. Sustain. Energy Rev., 53, 1486-1499 

(DOI: 10.1016/j.rser.2015.09.070) 

35.  Gollakota A. R. K., Kishore N., Gu, S., (2017), A Review on 

Hydrothermal Liquefaction of Biomass, Renew. Sustain. Energy Rev., 

81, 1378-1392 (DOI: 10.1016/j.rser.2017.05.178) 

36. Argun H., Kargi, F., (2011), Bio-Hydrogen Production by Different 

Operational Modes of Dark and Photo-Fermentation: An Overview, Int. 

J. Hydrog. Energy, 36, 7443-7459 (DOI: 

10.1016/j.ijhydene.2011.03.116) 

37.  Ahluwalia R. K., Roh H. S., Peng J. K., Papadias D., Baird A. R., Hecht 

E. S., Ehrhart B. D., Muna A., Ronevich J. A., Houchins C., 

Killingsworth N. J., Aceves, S. M., (2023), Liquid Hydrogen Storage 

System for Heavy Duty Trucks: Configuration, Performance, Cost, and 

Safety, Int. J. Hydrog. Energy, 48, 13308-13323 (DOI: 

10.1016/j.ijhydene.2022.12.152) 

38.  Wan Z., Tao Y., Shao J., Zhang Y., You H., (2021), Ammonia as an 

Effective Hydrogen Carrier and a Clean Fuel for Solid Oxide Fuel Cells, 

Energy Convers. Manag., 228, 113729 (DOI: 

10.1016/j.enconman.2020.113729) 



34 

 

39.  Zheng J., Zhou H., Wang C. G., Ye E., Xu J. W., Loh X. J., Li Z., (2021), 

Current Research Progress and Perspectives on Liquid Hydrogen Rich 

Molecules in Sustainable Hydrogen Storage, Energy Storage Mater., 35, 

695-722 (DOI: 10.1016/j.ensm.2020.12.007) 

40.  Griffiths S., Sovacool B. K., Kim J., Bazilian M., Uratani J. M., (2021), 

Industrial Decarbonization via Hydrogen: A Critical and Systematic 

Review of Developments, Socio-Technical Systems and Policy Options, 

Energy Res. Soc. Sci., 80, 102208 (DOI: 10.1016/j.erss.2021.102208) 

41.  Muthukumar P., Kumar A., Afzal M., Bhogilla S., Sharma P., Parida A., 

Jana S., Kumar E. A., Pai R. K., Jain I. P., (2023), Review on Large-

Scale Hydrogen Storage Systems for Better Sustainability, Int. J. 

Hydrog. Energy, 48, 33223 (DOI: 10.1016/j.ijhydene.2023.04.304) 

42.  Eberle U., Felderhoff M., Schüth F., (2009), Chemical and Physical 

Solutions for Hydrogen Storage, Angew. Chem. Int. Ed., 48, 6608-6630 

(DOI: 10.1002/anie.200806293) 

43.  Züttel A., (2003), Materials for Hydrogen Storage, Mater. Today, 6, 24-

33 (DOI:10.1016/S1369-7021(03)00922-2) 

44.  Bogdanović B., Schwickardi M., (1997), Ti-Doped Alkali Metal 

Aluminium Hydrides as Potential Novel Reversible Hydrogen Storage 

Materials, J. Alloys Compd., 254, 1-9 (DOI: 10.1016/S0925-

8388(96)03049-6) 

45.  Jain I. P., Jain P., Jain A., (2010), Novel Hydrogen Storage Materials: A 

Review of Lightweight Complex Hydrides, J. Alloys Compd. 503, 303-

339 (DOI: 1016/j.jallcom.2010.04.250) 

46.  Song Y., Guo Z. X., (2006), Electronic Structure, Stability and Bonding 

of the Li-N-H Hydrogen Storage System, Phys. Rev. B., 74, 1-7 (DOI: 

10.1103/PhysRevB.74.195120) 

47. Principi G., Agresti F., Maddalena A., Lo Russo S., (2009), The Problem 

of Solid-State Hydrogen Storage, Energy, 34, 2087-2091 (DOI: 

10.1016/j.energy.2008.08.027) 

48. Qu D., (2008), Investigation of Hydrogen Physisorption Active Sites on 

the Surface of Porous Carbonaceous Materials, Chem. A Eur. J., 14, 

1040-1046 (DOI: 10.1002/chem.200701042) 

49.  Chen Z., Kirlikovali K. O., Idrees K. B., Wasson M. C., Farha O. K., 



35 

 

(2022), Porous Materials for Hydrogen Storage, Chem, 8, 693-716 (DOI: 

10.1016/j.chempr.2022.01.012) 

50.  Yadav M., Xu Q., (2012), Liquid-Phase Chemical Hydrogen Storage 

Materials, Energy Environ. Sci., 5, 9698-9725 (DOI: 

10.1039/c2ee22937d) 

51.  Lu Z. H., Yao Q., Zhang Z., Yang Y., Chen X., (2014), Nanocatalysts 

for Hydrogen Generation from Ammonia Borane and Hydrazine Borane, 

J. Nanomater., 2014, 1-12 (DOI: 10.1155/2014/729029) 

52. Awasthi M. K., Rai R. K., Behrens S., Singh S. K., (2021), Low-

Temperature Hydrogen Production from Methanol over a Ruthenium 

Catalyst in Water, Catal. Sci. Technol., 11, 136-142 (DOI: 

10.1039/d0cy01470b) 

53.  Patra S., Singh S. K., (2020), Hydrogen Production from Formic Acid 

and Formaldehyde over Ruthenium Catalysts in Water, Inorg. Chem., 59, 

4234-4243 (DOI: 10.1021/acs.inorgchem.9b02882) 

54. Singh S. K., Xu Q., (2013), Nanocatalysts for Hydrogen Generation from 

Hydrazine, Catal. Sci. Technol., 3, 1889-1900 (DOI: 

10.1039/c3cy00101f) 

55.  Huang C., Yu Y., Yang J., Yan Y., Wang D., Hu F., Wang X., Zhang R., 

Feng G., (2019), Ru/La2O3 Catalyst for Ammonia Decomposition to 

Hydrogen, Appl. Surf. Sci., 476, 928-936 (DOI: 

10.1016/j.apsusc.2019.01.112) 

56. Zou Y. Q., von Wolff N., Anaby A., Xie Y., Milstein D., (2019), 

Ethylene Glycol as an Efficient and Reversible Liquid-Organic 

Hydrogen Carrier, Nat. Catal., 2, 415-422 (DOI: 10.1038/s41929-019-

0265-z) 

57.  Werpy T., Petersen G., (2004), Top Value-Added Chemicals from 

Biomass, 76 (DOI: 10.2172/15008859) 

58.  Li S., Zhang C., Zhang P., Wu G., Ma X., Gong J, (2012), On the Origin 

of Reactivity of Steam Reforming of Ethylene Glycol on Supported Ni 

Catalysts, Phys. Chem. Chem. Phys., 14, 4066-4069 (DOI: 

10.1039/c2cp24089k) 

59.  Nguyen L. Q., Abella L. C., Gallardo S. M., Hinode H., (2008), Effect of 

Nickel Loading on the Activity of Ni/ZrO2 for Methane Steam 



36 

 

Reforming at Low Temperature, React. Kinet. Catal. Lett., 93, 227-232 

(DOI: 10.1007/s11144-008-5253-2) 

60.  Barbelli M. L., Pompeo F., Santori G. F., Nichio N. N., (2013), Pt 

Catalyst Supported on α-Al2O3 Modified with CeO2 and ZrO2 for 

Aqueous-Phase-Reforming of Glycerol, Catal. Today, 213, 58-64 (DOI: 

10.1016/j.cattod.2013.02.023) 

61.  Simpson A. P., Lutz A. E., (2007), Exergy Analysis of Hydrogen 

Production via Steam Methane Reforming, Int. J. Hydrog. Energy, 32, 

4811-4820 (DOI: 10.1016/j.ijhydene.2007.08.025) 

62.  Boskovic G., Baerns M., (2004), Catalyst Deactivation, Springer Ser. 

Chem. Phys., 75, 477-503 (DOI: 10.1007/978-3-662-05981-4-14) 

63.  Cortright R. D., Davda R. R., Dumesic J. A., (2002), Hydrogen from 

Catalytic Reforming of Biomass-Derived Hydrocarbons in Liquid Water, 

Nature, 418, 964-967 (DOI: 10.1038/nature01009) 

64.  Davda R. R., Shabaker J. W., Huber G. W., Cortright R. D., Dumesic J. 

A., (2003), Aqueous-Phase Reforming of Ethylene Glycol on Silica-

Supported Metal Catalysts, Appl. Catal. B Environ., 43, 13-26 (DOI: 

10.1016/S0926-3373(02)00277-1) 

65.  Yue H., Zhao Y., Ma X., Gong J., (2012), Ethylene Glycol: Properties, 

Synthesis, and Applications, Chem. Soc. Rev., 41, 4218-4244 (DOI: 

10.1039/c2cs15359a) 

66.  Genta M., Iwaya T., Sasaki M., Goto M., Hirose T., (2005), 

Depolymerization Mechanism of Poly(Ethylene Terephthalate) in 

Supercritical Methanol, Ind. Eng. Chem. Res., 44, 3894-3900 (DOI: 

10.1021/ie0488187) 

67.  Zhao X. L., Lü Y. A., Liao W. P., Jin M. S., Suo Z. H., (2015), Hydrogen 

Production from Steam Reforming of Ethylene Glycol over Supported 

Nickel Catalysts, J. Fuel Chem. Technol., 43, 581-588 (DOI: 

10.1016/s1872-5813(15)30017-7) 

68.  Eleat D., Taghizadeh M., (2022), Catalytic Performance and Kinetic 

Modeling of Ethylene Glycol Steam Reforming over Surfactant-

Modified Pd–Ni/KIT-6, Int. J. Hydrog. Energy, 47, 11456-11471 (DOI: 

10.1016/j.ijhydene.2022.01.196) 

69.  Wang Y., Chen M., Li X., Yang Z., Liang T., Zhou Z., Cao Y., (2018), 



37 

 

Hydrogen Production via Steam Reforming of Ethylene Glycol over 

Attapulgite Supported Nickel Catalysts, Int. J. Hydrog. Energy, 43, 

20438-20450 (DOI: 10.1016/j.ijhydene.2018.09.109) 

70.  Kiadehi A. D., Taghizadeh M., (2018), Evaluation of a Micro-Channel 

Reactor for Steam Reforming of Ethylene Glycol: A Comparative Study 

of Catalytic Activity of Pt or/and Ni Supported γ-Alumina Catalysts, Int. 

J. Hydrog. Energy, 43, 4826-4838 (DOI: 

10.1016/j.ijhydene.2018.01.103) 

71.  Cesar D. V., Santori G. F., Pompeo F., Baldanza M. A., Henriques C. A., 

Lombardo E., Schmal M., Cornaglia L., Nichio N. N., (2016), Hydrogen 

Production from Ethylene Glycol Reforming Catalyzed by Ni and Ni–Pt 

Hydrotalcite-Derived Catalysts, Int. J. Hydrog. Energy, 41, 22000-22008 

(DOI: 10.1016/j.ijhydene.2016.07.168) 

72.  Sundari R., Vaidya P. D., (2015), On the Efficacy of Ru/Al2O3 Catalyst 

for Steam Reforming of Ethylene Glycol, Chem. Eng. Commun., 202, 

1446-1454 (DOI: 10.1080/00986445.2014.934446) 

73.  Shejale A. D., Yadav G. D., (2021), Sustainable and Selective Hydrogen 

Production by Steam Reforming of Bio-Based Ethylene Glycol: Design 

and Development of Ni–Cu/Mixed Metal Oxides Using M (CeO2, La2O3, 

ZrO2)–MgO Mixed Oxides, Int. J. Hydrog. Energy, 46, 4808-4826 (DOI: 

10.1016/j.ijhydene.2019.11.031) 

74.  Mei D., Lebarbier Dagle V., Xing R., Albrecht K. O., Dagle R. A., 

(2016), Steam Reforming of Ethylene Glycol over MgAl2O4 Supported 

Rh, Ni, and Co Catalysts, ACS Catal., 6, 315-325 (DOI: 

10.1021/acscatal.5b01666) 

75.  Chen G., Xu N., Li X., Liu Q., Yang H., Li W., (2015) Hydrogen 

Production by Aqueous-Phase Reforming of Ethylene Glycol over a 

Ni/Zn/Al Derived Hydrotalcite Catalyst, RSC Adv., 5, 60128-60134 

(DOI: 10.1039/c5ra07184d) 

76.  Joshi A. N., Vaidya P. D., (2023) Recent Studies on Aqueous-Phase 

Reforming: Catalysts, Reactors, Hybrid Processes and Techno-

Economic Analysis, Int. J. Hydrog. Energy, 49, 117-137 (DOI: 

10.1016/j.ijhydene.2023.06.314) 

77.  Shabaker J. W., Dumesic J. A., (2004) Kinetics of Aqueous-Phase 



38 

 

Reforming of Oxygenated Hydrocarbons: Pt/Al2O3 and Sn-Modified Ni 

Catalysts, Ind. Eng. Chem. Res., 43, 3105-3112 (DOI: 

10.1021/ie049852o) 

78.  Huber G. W., Shabaker J. W., Dumesic J. A., (2003) Raney Ni-Sn 

Catalyst for H2 Production from Biomass-Derived Hydrocarbons, 

Science, 300, 2075-2077 (DOI: 10.1126/science.1085597) 

79.  Chu X., Liu J., Sun B., Dai R., Pei Y., Qiao M., Fan K., (2011) Aqueous-

Phase Reforming of Ethylene Glycol on Co/ZnO Catalysts Prepared by 

the Coprecipitation Method, J. Mol. Catal. A Chem., 335, 129-135 (DOI: 

10.1016/j.molcata.2010.11.024) 

80.  Tao J., Hou L., Yan B., Chen G., Li W., Chen H., Cheng Z., Lin F., 

(2019) Hydrogen Production via Aqueous-Phase Reforming of Ethylene 

Glycol over a Nickel-Iron Alloy Catalyst: Effect of Cobalt Addition, 

Energy Fuels, 34, 1153-1161 (DOI: 10.1021/acs.energyfuels.9b02149) 

81.  Kim H. D., Park H. J., Kim T. W., Jeong K. E., Chae H. J., Jeong S. Y., 

Lee C. H., Kim C. U., (2012) Hydrogen Production through the Aqueous 

Phase Reforming of Ethylene Glycol over Supported Pt-Based 

Bimetallic Catalysts, Int. J. Hydrog. Energy, 37, 8310-8317 (DOI: 

10.1016/j.ijhydene.2012.02.160) 

82.  Haasterecht T. Van, Ludding C. C. I., De Jong K. P., Bitter J. H., (2013) 

Stability and Activity of Carbon Nanofiber-Supported Catalysts in the 

Aqueous Phase Reforming of Ethylene Glycol, J. Energy Chem., 22, 

257-269 (DOI: 10.1016/S2095-4956(13)60032-7) 

83.  Farias da Costas A. A., de Oliveira A. de N., Esposito R., Auvigne A., 

Len C., Luque R., Noronha R. C. R., Nascimento L. A. S. do., (2023) 

Glycerol and Microwave-Assisted Catalysis: Recent Progresses in Batch 

and Flow Devices, Sustain. Energy Fuels, 7, 1768-1792 (DOI: 

10.1039/d2se01647h) 

84.  Kaur J., Sarma A. K., Jha M. K., Gera P., (2020) Valorisation of Crude 

Glycerol to Value-Added Products: Perspectives of Process Technology, 

Economics and Environmental Issues, Biotechnol. Reports, 27, e00487 

(DOI: 10.1016/j.btre.2020.e00487) 

85.  Cui Y., Galvita V., Rihko-Struckmann L., Lorenz H., Sundmacher K., 

(2009) Steam Reforming of Glycerol: The Experimental Activity of La1-



39 

 

XCexNiO3 Catalyst in Comparison to the Thermodynamic Reaction, 

Equilibrium. Appl. Catal. B Environ., 90, 29-37 (DOI: 

10.1016/j.apcatb.2009.02.006) 

86.  Papageridis K. N., Siakavelas G., Charisiou N. D., Avraam D. G., 

Tzounis L., Kousi K., Goula M. A., (2016) Comparative Study of Ni, Co, 

Cu Supported on γ-Alumina Catalysts for Hydrogen Production via the 

Glycerol Steam Reforming Reaction, Fuel Process. Technol., 152, 156-

175 (DOI: 10.1016/j.fuproc.2016.06.024) 

87.  Saidi M., Moradi P., (2020) Conversion of Biodiesel Synthesis Waste to 

Hydrogen in Membrane Reactor: Theoretical Study of Glycerol Steam 

Reforming, Int. J. Hydrog. Energy, 45, 8715-8726 (DOI: 

10.1016/j.ijhydene.2020.01.064) 

88.  Hirai T., Ikenaga N. O., Miyake T., Suzuki T., (2005) Production of 

Hydrogen by Steam Reforming of Glycerin on Ruthenium Catalyst, 

Energy Fuels, 19, 1761-1762 (DOI: 10.1021/ef050121q) 

89. Adhikari S., Fernando S., Haryanto A., (2007) Production of Hydrogen 

by Steam Reforming of Glycerin over Alumina-Supported Metal 

Catalysts, Catal. Today, 129, 355-364 (DOI: 

10.1016/j.cattod.2006.09.038) 

90.  Sundari R., Vaidya P. D., (2012) Reaction Kinetics of Glycerol Steam 

Reforming Using a Ru/Al2O3 Catalyst, Energy Fuels, 26, 4195-4204 

(DOI: 10.1021/ef300658n) 

91.  Kousi K., Kondarides D. I., Verykios X. E., Papadopoulou C., (2017) 

Glycerol Steam Reforming over Modified Ru/Al2O3 Catalysts, Appl. 

Catal. A Gen., 542, 201-211 (DOI: 10.1016/j.apcata.2017.05.027) 

92.  Bossola F., Pereira-Hernández X. I., Evangelisti C., Wang Y., Dal Santo 

V., (2017) Investigation of the Promoting Effect of Mn on a Pt/C Catalyst 

for the Steam and Aqueous Phase Reforming of Glycerol. J. Catal., 349, 

75-83 (DOI: 10.1016/j.jcat.2017.03.002) 

93.  Buffoni I. N., Gatti M. N., Santori G. F., Pompeo F., Nichio N. N., (2017) 

Hydrogen from Glycerol Steam Reforming with a Platinum Catalyst 

Supported on a SiO2-C Composite, Int. J. Hydrog. Energy, 42, 12967-

12977 (DOI: 10.1016/j.ijhydene.2017.04.047) 

94.  Rezende S. M. de, Franchini C. A., Dieuzeide M. L., Duarte de Farias A. 



40 

 

M., Amadeo N., Fraga M. A., (2015) Glycerol Steam Reforming over 

Layered Double Hydroxide-Supported Pt Catalysts, Chem. Eng. J., 272, 

108-118 (DOI: 10.1016/j.cej.2015.03.033) 

95.  Zhang B., Tang X., Li Y., Xu Y., Shen W., (2007) Hydrogen Production 

from Steam Reforming of Ethanol and Glycerol over Ceria-Supported 

Metal Catalysts, Int. J. Hydrog. Energy, 32, 2367-2373 (DOI: 

10.1016/j.ijhydene.2006.11.003) 

96.  Ebshish A., Yaakob Z., Taufiq-Yap Y. H., Bshish A. Shaibani A., (2013) 

Catalytic Steam Reforming of Glycerol over Cerium and Palladium-

Based Catalysts for Hydrogen Production, J. Fuel Cell Sci. Technol., 10, 

1-6 (DOI: 10.1115/1.4023687) 

97.  Kamonsuangkasem K., Therdthianwong S., Therdthianwong A., 

Thammajak N., (2017) Remarkable Activity and Stability of Ni Catalyst 

Supported on CeO2-Al2O3 via CeAlO3 Perovskite towards Glycerol 

Steam Reforming for Hydrogen Production, Appl. Catal. B Environ., 

218, 650-663 (DOI: 10.1016/j.apcatb.2017.06.073) 

98.  Profeti L. P. R., Ticianelli E. A., Assaf E. M., (2009) Production of 

Hydrogen via Steam Reforming of Biofuels on Ni/CeO2-Al2O3 Catalysts 

Promoted by Noble Metals, Int. J. Hydrog. Energy, 34, 5049-5060 (DOI: 

10.1016/j.ijhydene.2009.03.050) 

99.  Demsash H. D., Mohan R., (2016) Steam Reforming of Glycerol to 

Hydrogen over Ceria Promoted Nickel–Alumina Catalysts, Int. J. 

Hydrog. Energy, 41, 22732-22742 (DOI: 

10.1016/j.ijhydene.2016.10.082) 

100.  Iriondo A., Barrio V. L., Cambra J. F., Arias P. L., Guemez M. B., 

Sanchez-Sanchez M. C., Navarro R. M., Fierro J. L. G., (2010) Glycerol 

Steam Reforming over Ni Catalysts Supported on Ceria and Ceria-

Promoted Alumina, Int. J. Hydrog. Energy, 35, 11622-11633 (DOI: 

10.1016/j.ijhydene.2010.05.105) 

101.  Wei Z., Karim A. M., Li Y., King D. L., Wang Y., (2015) Elucidation of 

the Roles of Re in Steam Reforming of Glycerol over Pt-Re/C Catalysts, 

J. Catal., 322, 49-59 (DOI: 10.1016/j.jcat.2014.11.006) 

102.  Wen G., Xu Y., Ma H., Xu Z., Tian Z., (2008) Production of Hydrogen 

by Aqueous-Phase Reforming of Glycerol, Int. J. Hydrog. Energy, 33, 



41 

 

6657-6666 (DOI: 10.1016/j.ijhydene.2008.07.072) 

103.  Dietrich P. J., Lobo-Lapidus R. J., Wu T., Sumer A., Akatay M. C., 

Fingland B. R., Guo N., Dumesic J. A., Marshall C. L., Stach E., Jellinek 

J., Delgass W. N., Ribeiro F. H., Miller J. T., (2012) Aqueous Phase 

Glycerol Reforming by PtMo Bimetallic Nano-Particle Catalyst: Product 

Selectivity and Structural Characterization, Top. Catal., 55, 53-69 (DOI: 

10.1007/s11244-012-9775-5) 

104.  Boga D. A., Oord R., Beale A. M., Chung Y. M., Bruijnincx P. C. A., 

Weckhuysen B. M., (2013) Highly Selective Bimetallic Pt-Cu/Mg(Al)O 

Catalysts for the Aqueous-Phase Reforming of Glycerol, 

ChemCatChem, 5, 529-537 (DOI: 10.1002/cctc.201200112) 

105.  Pendem C., Sarkar B., Siddiqui N., Konathala L. N. S., Baskar C., Bal 

R., (2018) K-Promoted Pt-Hydrotalcite Catalyst for Production of H2 by 

Aqueous Phase Reforming of Glycerol, ACS Sustain. Chem. Eng., 6, 

2122-2131 (DOI: 10.1021/acssuschemeng.7b03512) 

106.  Rahman M. M., (2020) Aqueous-Phase Reforming of Glycerol over 

Carbon-Nanotube-Supported Catalysts, Catal. Letters, 150, 2674-2687 

(DOI: 10.1007/s10562-020-03167-2) 

107.  Guo Y., Liu X., Wang Y., (2019), Catalytic and DRIFTS Studies of Pt-

Based Bimetallic Alloy Catalysts in Aqueous-Phase Reforming of 

Glycerol, Ind. Eng. Chem. Res., 58, 2749-2758 (DOI: 

10.1021/acs.iecr.8b05774) 

108.  Nozawa T., Mizukoshi Y., Yoshida A., Naito S., (2014) Aqueous Phase 

Reforming of Ethanol and Acetic Acid over TiO2 Supported Ru 

Catalysts, Appl. Catal. B Environ., 146, 221-226 (DOI: 

10.1016/j.apcatb.2013.06.017) 

109.  Gogoi P., Kanna N., Begum P., Deka R. C., Satyanarayana C. V. V., Raja 

T., (2020) Controlling and Stabilization of Ru Nanoparticles by Tuning 

the Nitrogen Content of the Support for Enhanced H2 Production through 

Aqueous-Phase Reforming of Glycerol, ACS Catal., 10, 2489-2507 

(DOI: 10.1021/acscatal.9b04063) 

110.  Gogoi P., Nagpure A. S., Kandasamy P., Satyanarayana C. V. V., Raja 

T., (2020) Insights into the Catalytic Activity of Ru/NaY Catalysts for 

Efficient H2 Production through Aqueous Phase Reforming, Sustain. 



42 

 

Energy Fuels, 4, 678-690 (DOI: 10.1039/c9se00797k) 

111.  Luo F., Fortenberry A., Ren J., Qiang Z., (2020) Recent Progress in 

Enhancing Poly(Lactic Acid) Stereocomplex Formation for Material 

Property Improvement, Front. Chem., 8, 1-8 (DOI: 

10.3389/fchem.2020.00688) 

112.  Yankov D., (2022) Fermentative Lactic Acid Production from 

Lignocellulosic Feedstocks: From Source to Purified Product, Front. 

Chem., 10, 1-34 (DOI: 10.3389/fchem.2022.823005) 

113.  Zhang G., Zhao J., Jin X., Qian Y., Zhou M., Jia X., Sun F., Jiang J., Xu 

W., Sun B, (2022) Combined Dehydrogenation of Glycerol with 

Catalytic Transfer Hydrogenation of H2 Acceptors to Chemicals: 

Opportunities and Challenges, Front. Chem., 10, 1-15 (DOI: 

10.3389/fchem.2022.962579) 

114.  Akbulut D., Özkar S., (2022) A Review of the Catalytic Conversion of 

Glycerol to Lactic Acid in the Presence of Aqueous Base, RSC Adv., 12, 

18864-18883 (DOI: 10.1039/d2ra03085c) 

115.  Tang Z., Liu P., Cao H., Bals S., Heeres H. J., Pescarmona P. P., (2019) 

Pt/ZrO2 Prepared by Atomic Trapping: An Efficient Catalyst for the 

Conversion of Glycerol to Lactic Acid with Concomitant Transfer 

Hydrogenation of Cyclohexene, ACS Catal., 9, 9953-9963 (DOI: 

10.1021/acscatal.9b02139) 

116.  Oberhauser W., Evangelisti C., Tiozzo C., Vizza F., Psaro R., (2016) 

Lactic Acid from Glycerol by Ethylene-Stabilized Platinum-

Nanoparticles, ACS Catal., 6, 1671–1674 (DOI: 

10.1021/acscatal.5b02914) 

 

 

 

 

 

 

 



43 

 

Chapter 2 

Catalytic Transformation of Glycerol to Hydrogen Gas 

and Lactic Acid over Ruthenium Catalyst in Water 

2.1. Introduction 

The ever-increasing energy demand, depletion of fossil fuel resources, and the 

consequences of using fossil fuels in terms of the upsurge in atmospheric CO2 

(global warming) have driven the attention of the scientific community to 

explore sustainable alternatives to fossil fuels. In this regard, utilizing biomass 

waste, one of the most abundant renewable resources, for the production of fuels 

is considered as a promising route to reduce the global dependency on fossil 

fuel resources.[1,2] Further, the utilization of biomass-derived substrates for the 

production of hydrogen gas, which is identified as a clean fuel of the future, will 

not only have a crucial role in diminishing CO2 emissions but also provide a 

sustainable route to utilize biomass waste.[3–5] Hydrogen is being produced at 

an industrial scale by electrolysis of water,[6] methane reforming,[7] enzymatic 

pathway,[8-9] gasification of biomass waste,[10] steam reforming,[11] aqueous 

phase reforming,[12] and catalytic dehydrogenation of liquid hydrogen 

carriers.[13-19] However, global efforts are also being made to explore alternate 

and effective ways to produce hydrogen gas, and therefore, the selection of 

sustainable resources and mild reaction conditions for hydrogen production are 

a few of the crucial factors that need specific attention.   

In this regard, glycerol (GLY), a crude byproduct of biodiesel and an 

important product of biomass can be explored as a potential source for hydrogen 

production. Since GLY constitutes 10 wt% of biodiesel, a gradual increase in 

biodiesel production also resulted in a huge glycerol production.[20] According 

to the International Energy Agency (IEA), global biodiesel production was 41 

billion litres in 2019 and is estimated to increase to 46 billion litres by 2025, 

which will also increase glycerol production.[21] Advantageously, glycerol is a 

high boiling liquid, non-flammable and non-toxic in comparison to other 

alcohols such as methanol.[22] Moreover, glycerol can also be used as an 
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important precursor for the production of various fine chemicals such as lactic 

acid, glyceric acid, glycolic acid, propanediol, ethylene glycol, and so on.[23-25] 

Among these, lactic acid is one of the most important intermediates having wide 

applications in pharmaceuticals, cosmetics, textiles, food industries, leather 

industries, and for the production of polylactic acid-based biodegradable 

plastic.[26-28] Industrially, lactic acid (LA) is produced either by anaerobic 

fermentation of carbohydrates or chemically. In the fermentation process, there 

are several drawbacks, such as longer reaction time, complicated separation, 

purification, and non-ecological processes.[29-30] Chemically, it can be produced 

using HCN and CH3CHO, but due to environmental problems, it is of less 

interest.[31]  

The literature revealed the production of H2 from GLY via steam and 

aqueous-phase reforming (APR) at higher temperatures (> 200 °C). However, 

APR requires lower temperatures in the conversion of bio-based oxygenated 

hydrocarbons to hydrogen gas than steam reforming.[32] Nevertheless, GLY to 

H2 gas production involves several key reaction steps (Scheme 1), leading to 

the generation of several intermediate products (such as glyceraldehyde and 

lactic acid), which may further decompose to H2 gas during the process. The 

APR process involves C-C cleavage followed by a water gas shift reaction, 

which favors at low temperatures. Many metal-based catalysts such as Pt, Pd, 

Ru, Fe, Ni and Co have been explored in APR.[33-37] Dumesic et al. made a 

breakthrough in hydrogen production from APR of biomass-derived 

oxygenated hydrocarbons. Several Pt-based catalysts such as Pt/Al2O3,
[38] Pt-

Re/C,[39] Pt-Cu/Mg(Al))O,[40] Pt-KIT/28,[41] Pt-Ni/MWCNT,[42] PtFe/γ-

Al2O3
[43] have been explored in APR of glycerol by various research groups in 

the temperature range of 200-250 °C. Notably, Pt-based catalysts displayed high 

activity with appreciably good resistance towards carbon formation during 

APR.[38] Alloying of Pt with Cu, Ni and Fe further enhanced the GLY 

conversion and selectivity towards hydrogen gas as compared to the 

monometallic Pt catalyst.[40,42-43] Recent investigations demonstrated that basic 

supports enhance the activity in the H2 production through APR of GLY. On 

the other hand, Ni supported on Al2O3-MgO was also explored to achieve 

appreciably good conversion of GLY (78-69%) with H2 selectivity of 55-72% 

at 250 °C.[44] Notably, Ni is highly active in C-C bond cleavage, but carbon 
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deposition decreases the activity of Ni in APR. Further, the addition of MgO 

enhances the stability of Ni from sintering, and the addition of Al2O3 improves 

the catalyst stability.[44] 

 

Scheme 2.1. Key reactions involved in the transformation of GLY to H2 gas.  

 

Goula et al. reported Ce-Sm-XCu (X = 5, 7, and 10 wt%) catalysts for 

steam reforming of GLY to H2 in the temperature range of 400-700 °C.[45] 

Prasad et al. utilized a MgO-La2O3 supported Co catalyst for the complete 

conversion of GLY at 700 °C.[46] Although the glycerol reforming process led 

to the production of H2 gas, it suffers from the cumbersome post-production 

purification of H2 gas due to CO, CO2, and CH4 contamination. Alternatively, 

H2 gas can be produced from oxidant-free [47-48] or O2-free [49] dehydrogenation 

of GLY to LA. Despite the fact that the dehydrogenative pathway for the 

transformation of GLY is an attractive route to obtain both H2 gas, a clean fuel, 

and LA, a large section of research is focused mostly towards the oxidative 

transformation of GLY to LA using Cu, Pd or Au based catalysts.[50-51] Notably, 

selective oxidation of GLY resulted in lower selectivity of LA due to the 

formation of several undesired byproducts such as glyceric acid, tartonic acid 

and glycolic acid.[52] Shimizu et al. reported the oxidant-free dehydrogenation 

of neat GLY to LA (75%) over Pt/C catalyst using KOH under a nitrogen 

atmosphere (1 MPa) at 160 °C.[47-48] Performing reaction under neat conditions 

advantageously enhanced the LA yield and diminished the production of 

undesired hydrogenated products (1,2-PD and other C1-C3 alcohols). It has 

been observed that the particle size of Pt, metal-to-support interaction, and 

interface play a crucial role in tuning the catalyst performance for the 

dehydrogenation of GLY.[47-48] Yang et al. explored monometallic Pt or Co and 
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bimetallic Pt-Co supported on CeOX for the dehydrogenation of GLY to LA at 

200 ℃.[53] Psaro et al. explored the dehydrogenative transformation of GLY to 

LA at 140 °C over Pt nanoparticles (1.5 nm) supported on a high surface area 

carbon material, wherein ethylene was used as a hydrogen acceptor to achieve 

high selectivity of LA by eliminating undesired side reactions.[51] The catalytic 

conversion of GLY to LA with moderate conversion was also reported over 

CuPd/reduced graphene oxide (56% conv.) at 140 °C.[54] Although there are 

several reports for the catalytic conversion of GLY to LA, most of these 

catalytic reactions were carried out at a higher temperature (>140 °C) and/or in 

the presence of gases (N2 and ethylene) or vacuum.[47-48, 55] A few molecular 

catalysts based on Ir,[56-59] Ru,[60-61] and Fe[62] have also been explored for the 

transformation of GLY to LA with the production of H2 gas at 115-180 °C.  

Therefore, it is evident that despite glycerol having a high potential to 

be explored as an efficient liquid hydrogen storage material (LHSM), hydrogen 

production from GLY over heterogeneous catalysts has not yet been explored 

extensively. Herein, we report the efficient and selective production of H2 gas 

from GLY over the ruthenium catalyst (unsupported catalyst) in water under 

mild reaction conditions (110 ℃). Reaction parameters were optimized to 

achieve a high yield of H2 gas by eliminating the undesired side reactions. 

Moreover, the studied ruthenium catalyst displayed appreciably high long-term 

stability for the transformation of bulk-scale GLY to H2 gas in water.  

2.2. Experimental section 

2.2.1. Materials and instrumentation 

High-purity chemicals and metal salts were purchased from Sigma-Aldrich, 

Alfa-Aesar and used without further purification. All the catalytic reactions 

were performed under inert conditions using high-purity argon gas purchased 

from Inox Air Product Ltd., India. NMR spectra were recorded in deuterated 

solvent (D2O) using Bruker Avance 400 and AVANCE NEO Ascend 500 

Bruker spectrometer. Transmission electron microscopic (FEI-TEM) images 

were obtained using a Tecnai G2 20 (FEI) S-Twin at operating voltages of 200 

kV. The samples for TEM analysis were prepared by the drop-costing method. 

Briefly, ruthenium nanoparticles were dispersed in ethanol under ultra-

sonication for 1 hour, and then highly dispersed particles were spread onto a 
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carbon-coated Cu grid and dried at room temperature. Particle size was 

calculated using ImageJ software for at least 50-100 particles, and the average 

particle size distribution curve was plotted using Origin software. Scanning 

electron microscopic (SEM) images and elemental mapping data were collected 

using a Nova nano FE-SEM 450 (FEI) equipped with an EDS detector. Powder 

X-ray diffraction (P-XRD) measurements were performed using a Rigaku 

SmartLab Automated Multipurpose X-ray diffractometer with a scintillation 

detector. The measurements were conducted using Cu Kα radiation (λ = 1.5418 

Å) with a step size of 0.02° in the 2θ range of 20-80°. The exposure time for 

each P-XRD measurement was 20 minutes. XPS data was recorded using Al 

Kα (1486.61 eV) X-rays using SPECS Surface Nano Analysis GmbH 

instrument, Germany. Samples were excited by using monochromatic Al K-

alpha (1486.61 eV) with the X-ray source operating at 100 W. Scans were 

collected at a pass energy of 30 eV over the binding energy range 1200-0 eV. 

Charge correction was made relative to the position of C 1s (284.6 eV) as 

reference. The nitrogen physisorption isotherms were measured at 77 K using 

Quantachrome Autosorb iQ2 TPX automated gas sorption system, and the 

specific surface area was calculated using the Brunauer-Emmett-Teller (BET) 

equation in the relative pressure (P/P0) range of 0.05-0.3. The sample was 

degassed at 200 ℃ for 4 h under a high vacuum before analysis. The binding 

energy values were charge-corrected to the C 1s signal (284.6 eV). The gas 

chromatography (GC) analyses were performed on a Shimadzu GC-2014 

system using a shin carbon-ST packed column with a thermal conductivity 

detector (TCD) using argon as a carrier gas. Parameters were set for the program 

to detect H2, CO2, CO, and CH4 gas (detector temperature: 200 °C, and oven 

temperature program: 90 °C (hold time: 1 min), 90-200 °C (rate: 15 °C per 

minute). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

was performed with ARCOS, a simultaneous spectrometer of SPECTRO 

analytical instruments. The sample was digested using aquaregia in the thermal 

autoclave at 170 °C for 12 h, diluted with water and then carried out for analysis. 
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2.2.2. Procedure for the synthesis of ruthenium catalyst  

Ruthenium catalyst was synthesized following our previously reported 

procedure using sodium borohydride (NaBH4) as a reducing agent and 

polyvinylpyrrolidone (PVP) as a surface stabilizing agent.[63] Typically, an 

aqueous solution of sodium borohydride (0.025 g in 5 mL water) was added 

dropwise to a solution of ruthenium(III) chloride (0.1 mmol) and 

polyvinylpyrrolidone (0.050 g) in water (5 mL) at room temperature. The 

contents of the flask were sonicated for 10 min. at room temperature to obtain 

a black suspension of ruthenium nanoparticles. Further, ruthenium 

nanoparticles were collected by centrifugation and washed several times with 

deionized water and finally with ethanol, then dried overnight under vacuum 

and further used for characterization. 

2.2.3.  Procedure for catalytic conversion of GLY to H2 gas 

In a two-necked test tube fitted with a condenser and a gas burette, an aqueous 

suspension of ruthenium catalyst (0.1 mmol in 0.370 mL), GLY (6.84 mmol, 

0.5 mL), and NaOH (7.52 mmol, 0.301 g) were added. The reaction vessel was 

then de-aerated by a repeated process of vacuuming and flushing with argon gas 

three times. Further, the reaction mixture was stirred at 110 °C in an oil bath. 

The amount of H2 gas produced was measured by the water displacement 

method using a burette, and the presence of H2 gas in the evolved gaseous 

product was confirmed by a gas chromatography-thermal conductivity detector 

(GC-TCD) analysis. After completion of the reaction, 4 mL of deionized water 

was added to the reaction vessel, and the reaction mixture was sonicated for 10 

minutes. Further, the catalyst was recovered from the reaction mixture by 

centrifugation at 6500 rpm for 5 minutes. GLY conversion and the formation of 

sodium lactate (SL) and other products were estimated by analyzing the crude 

reaction mixture by 1H NMR. The yield of SL and other byproducts i.e., sodium 

formate (SF), 1,2-propanediol (PD) and sodium glycolate (SG), was determined 

by 1H NMR using sodium acetate as an internal standard by using the following 

equation.  

        Yield = Cf(P)/Ci(GLY)×100 (%) 

where, 

             Cf(GLY) =  millimoles of carbon in the final glycerol 
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                   Cf(P) = millimoles of carbons in the final product 

2.2.4. Heterogeneity test of ruthenium catalyst 

 Typically, an aqueous suspension (0.370 mL) of ruthenium catalyst (0.1 mmol) 

was stirred with a large excess of elemental mercury (Hg) at room temperature 

for 3 h prior to the catalytic reaction. Further, glycerol (6.84 mmol, 0.5 mL), 

and NaOH (7.52 mmol, 0.301 g) were added in the reaction vessel fitted with a 

condenser and gas burette. The reaction vessel was then de-aerated by a 

repeated process of vacuuming and flushing with argon gas three times. Further, 

the reaction mixture was stirred at 110 °C in an oil bath, and the progress of the 

reaction was monitored for the specified duration. 

2.2.5. Recyclability experiment for the catalytic conversion of GLY to H2 

gas over ruthenium catalyst 

 Initially, an aqueous suspension of ruthenium catalyst (0.1 mmol in 0.370 mL), 

GLY (6.84 mmol, 0.5 mL), and NaOH (13.68 mmol, 0.547 g) were added in a 

two-necked test tube fitted with a condenser and a gas burette. The reaction 

vessel was then de-aerated by a repeated process of vacuuming and flushing 

with argon gas three times. Further, the reaction mixture was stirred at 110 °C 

in an oil bath. For the subsequent catalytic runs, the ruthenium catalyst was 

separated by centrifugation from the reaction mixture, and the catalyst was re-

used for the next catalytic run by adding a fresh content of GLY (6.84 mmol, 

0.5 mL), water (0.370 mL), and NaOH (13.68 mmol, 0.547 g) in the reaction 

vessel, and the reaction mixture was stirred at 110 °C in an oil bath. The 

progress of the reaction was monitored by measuring the evolved H2 gas by the 

water displacement method. 

2.2.6. Bulk-scale hydrogen production from GLY over ruthenium catalyst 

 For bulk-scale conversion of GLY to H2 gas, an aqueous suspension of 

ruthenium catalyst (0.1 mmol in 1.48 mL), GLY (27.36 mmol, 2.0 mL), and 

NaOH (1.1 equiv. or 2.0 equiv.) were added in a two necked reaction vessel 

equipped with a condenser and a gas burette. The reaction vessel was then de-

aerated under a vacuum and flushed with argon gas by repeating this process 

three times. Further, the reaction mixture was stirred at 110 °C in an oil bath.  
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2.2.7. Gas composition analysis  

The identification of gaseous products during the dehydrogenation of GLY was 

confirmed as H2 and with no detectable level of CO, CO2 and CH4 using a 

Shimadzu GC-2014 system. The chromatograph was equipped with a shin 

carbon-ST packed column with a thermal conductivity detector (TCD) using 

argon as a carrier gas. Parameters were set for the program to detect H2, CO2 

CO, and CH4 (detector temperature, 200 °C; oven temperature program, 90 °C 

(hold time: 1 min), 90-200 °C (rate: 15 °C per minute).  

2.3. Results and discussion 

2.3.1. Synthesis and characterization of ruthenium catalyst  

Ruthenium catalyst was prepared by aqueous phase reduction of an aqueous 

solution of ruthenium(III) chloride using sodium borohydride (NaBH4) in the 

presence of polyvinylpyrrolidone (PVP) as a stabilizer.[63] Energy-dispersive 

X-ray spectroscopy (EDX) and elemental mapping evidenced the presence of 

ruthenium nanoparticles (Figures 2.1 and 2.2). Transmission electron 

microscopy (TEM) images revealed the presence of well dispersed ruthenium 

nanoparticles with an average particle size of 2.7 nm (Figures 2.3a-b). The P-

XRD pattern exhibited the presence of a major diffraction peak at 2θ of 44° 

corresponding to the (101) plane of the hexagonal-close packed (hcp) ruthenium 

nanoparticles (Figure 2.3c).[64]
 Further, X-ray photoelectron spectroscopy 

(XPS) measurements for the ruthenium catalyst were performed. In the XPS 

spectra, the binding energies of 461.6 eV and 483.6 eV in the Ru 3p region can 

be assigned to Ru 3p3/2 and Ru 3p1/2, respectively corresponding to the metallic 

ruthenium, Ru(0) (Figure 2.3d).[65] Further, the BET surface area of the 

synthesized ruthenium nanoparticles was found to be 19 m2/g (Figure 2.4).  
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Figure 2.1. (a) SEM image and corresponding (b) EDX spectra of fresh 

ruthenium catalyst. 

 

Figure 2.2. (a) SEM image and corresponding (b) elemental mapping of fresh 

ruthenium catalyst. 
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Figure 2.3. (a) TEM image and corresponding (b) particle size distribution, (c) 

P-XRD pattern, and (d) XPS profile of Ru 3p region of fresh ruthenium catalyst. 

 

Figure 2.4. N2 adsorption-desorption isotherm of fresh ruthenium catalyst. 
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2.3.2. Catalytic reaction for hydrogen production from glycerol  

At the outset, a catalytic reaction for hydrogen production from GLY was 

performed over the ruthenium catalyst in water in the presence of NaOH at 110 

°C under an argon atmosphere. In this process, the amount of H2 gas produced 

was measured by the water displacement method and the composition of the 

generated gas was confirmed by GC-TCD analysis, wherein selective evolution 

of H2 gas with no traces of CO2 and CO was observed (Figures 2.5 and 2.6). 

Notably, the reaction could not proceed in the absence of a catalyst (Table 2.1, 

entry 1). No conversion of GLY was observed for the catalytic reaction 

performed in the absence of a base (Table 2.1, entry 2), suggesting the crucial 

role of the base for hydrogen production from GLY. As shown in Table 2.1, the 

reaction performed with NaOH/GLY molar ratio of 0.5 produced only 44 mL 

(1.8 mmol) of H2 gas with 39% conversion of GLY in 4 h (Table 2.1, entry 3). 

Further, upon increasing the NaOH/GLY molar ratio to 1.1 (Table 2.1, entry 4), 

the amount of gas released was also significantly enhanced by several folds to 

162 mL (6.6 mmol) with 86% conversion of GLY and a remarkable increase in 

the selectivity for SL (81%) in 7 h (Figure 2.5). However, other by-products 

such as SF, PD and SG were observed only in lesser content as compared to SL. 

Further, performing the reaction with neat GLY (in the absence of 

water) exhibited poor H2 gas production (1.96 mmol) with a lower conversion 

of glycerol (35%) (Table 2.1, entry 5), suggesting the important role of water in 

GLY dehydrogenation reaction. The observed trend can be attributed to the fact 

that water improves the viscosity of GLY and the mass transfer of the base.[62] 
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Figure 2.5. Time course plot for the production of hydrogen gas from GLY over 

the ruthenium catalyst (inset: GC-TCD analysis of gas evolved during the 

catalytic reaction). Reaction conditions: Ruthenium catalyst (0.1 mmol), GLY 

(6.84 mmol), NaOH (7.52 mmol and 13.68 mmol), water (20.52 mmol), and 110 

°C.  

 

Figure 2.6. GC-TCD analysis of the (a) gas produced from GLY over the 

ruthenium catalyst and (b) standard mixture of gases with the composition of 

CO (24.965%), CO2 (24.962%), CH4 (25.012%) and H2 (25.061%). Reaction 

conditions: Ruthenium catalyst (0.1 mmol), GLY (6.84 mmol), NaOH (7.52 

mmol), water (20.52 mmol), and 110 ° C. 
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Figure 2.7. Effect of water concentration on hydrogen production from GLY 

over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 

mmol), GLY (6.84 mmol), NaOH (7.52 mmol), water (0-5 equiv.), and 110 °C. 

To further investigate the role of water, dehydrogenation of GLY was 

performed with varying GLY/water molar ratio (1:1 to 1:5). Results inferred 

that with the increase in water content from 1:1 to 1:3, the amount of H2 gas 

evolved also increased from 4.98 mmol (1:1) to 6.6 mmol (1:3) (Table 2.1, 

entries 4, 6 and 7). However, with a further increase in water content for the 

GLY/water ratio of 1:4 and 1:5, the amount of released H2 gas decreased to 5.06 

mmol and 4.73 mmol, respectively (Table 2.1, entries 8 and 9) (Figure 2.7). 

These results demonstrated that higher reaction efficiency for the 

dehydrogenation of GLY can be achieved by optimizing the GLY/water molar 

ratio.  
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Further, the effect of the base was also investigated by performing the 

catalytic dehydrogenation of GLY in the presence of different bases such as 

NaOH, KOH, Na2CO3, K2CO3, and KOtBu at 110 °C, where NaOH 

outperformed others (Table 2.2). According to the previous literature reports, 

KOH also exhibited a good conversion of GLY.[47,56-61] Under optimized 

reaction conditions, high efficiency was observed with NaOH for the release of 

hydrogen gas from GLY (0.96 equiv. of H2 gas with 86% conversion of GLY) 

as compared to KOH (0.4 equiv. of H2 gas with 43% conversion of GLY) at 

110 °C (Table 2.2, entries 7 and 1). Notably, no activity was observed in the 

presence of weak bases (Na2CO3 and K2CO3), while the reaction was very 

sluggish with KOtBu (Table 2.2, entries 2-4).  Ruthenium catalyst was also 

Table 2.1. Reaction optimization for hydrogen production from glycerol over the ruthenium catalyst.a 

 

Entry H2O 

(equiv.) 

Base 

(equiv.) 

t 

(h) 

Conv. 

(%) 

H2 gas 

(mL)b 

n(H2)/ 

n(GLY) 

Selectivity of byproducts 

(%)c 

CB 

(%)d 

SL 

(Yield)[c] 

PD SG SF  

1e 3 1.1 6 - - - - - - - - 

2 3 0 6 - - - - - - - - 

3 3 0.5 4 39 44 0.26 71 (27) 13 9 3 98 

4 3 1.1 7 86 162 0.96 81 (69) 3 2 11 97 

5 0 1.1 9 35 48 0.28 70 (24) 2 5 23 99 

6 1 1.1 8.5 65 122 0.72 80 (52) 1 2 15 99 

7 2 1.1 7 72 142 0.84 82 (59) 2 2 13 99 

8 4 1.1 7 66 124 0.74 79 (52) 3 4 13 99 

9 5 1.1 6.5 64 116 0.69 80 (51) 3 3 13 99 

aReaction conditions: Ruthenium catalyst (0.1 mmol), GLY (6.84 mmol), NaOH, water, 110 °C. bVolume of gas 

was measured by the water displacement method. cConversion and selectivity were calculated by 1H NMR using 

sodium acetate as an internal standard. dCB is carbon balance.  eReaction in the absence of the catalyst. GLY 

(glycerol), SL (sodium lactate), PD (1,2-propanediol), SG (sodium glycolate), SF (sodium formate).  
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active at a temperature as low as 90 °C to release 3.10 mmol of H2 gas (0.45 

equiv. H2 gas) in 9 h (Table 2.2, entry 5). Performing the catalytic reaction at a 

higher temperature resulted in an increase in reaction efficiency, where 5.31 

mmol of H2 gas (0.77 equiv. of H2 gas) was released in 8.5 h at 100 °C (Table 

2.2, entry 6). High efficiency for the release of H2 gas (6.6 mmol of H2 gas) 

from GLY (86% conv.) was observed at 110 °C in 7 h, while the analogous 

amount of H2 gas was released in lesser time (5 h) at 120 °C (Table 2.2, entries 

7-8). The apparent activation energy for H2 generation from GLY over the 

ruthenium catalyst was estimated as 77 kJ mol−1 (Figure 2.8).  

 

Figure 2.8. (a) Temperature-dependent study for hydrogen production from 

GLY over the ruthenium catalyst at 90-120 °C. (b) Arrhenius plot of initial TOF 

values to calculate activation energy. Reaction conditions: Ruthenium catalyst 

(0.1mmol), GLY (6.84 mmol), NaOH (7.52 mmol), water (20.52 mmol), and 110 

°C.  
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Table 2.2. Effect of the base and temperature on hydrogen production from GLY over the ruthenium 

catalyst.a 

 

Entry Base 

(equiv.) 

T(°C) 

/t(h) 

Conv. 

(%) 

H2 gas 

(mL)b 

n(H2)/ 

n(GLY) 

Selectivity of byproducts 

(%)c 

CB 

(%)d 

SL 

(yield)c 

PD SG SF  

1 KOH (1.1) 110/6 43 68 0.40 78 (32) 2 6 13 98 

2 Na2CO3 (1.1) 110/6 - - - - - - - - 

3 KOtBu (1.1) 110/7 26 48 0.28 85 (18) 0 4 8 99 

4 K2CO3 (1.1) 110/6 - - - - - - - - 

5 NaOH (1.1) 90/9 50 76 0.45 84 (42) 1 4 4 96 

6 NaOH (1.1) 100/8.5 72 130 0.77 81 (58) 5 2 11 98 

7 NaOH (1.1) 110/7 86 162 0.96 81 (69) 3 2 11 97 

8 NaOH (1.1) 120/5 88 192 1.14 75 (66) 1 2 17 96 

9 NaOH (1.5) 110/8 93 212 1.26 73 (68) 1 2 18 94 

10 NaOH (2.0) 110/10 >99 270 1.61 70 (70( <1 1 24 96 

aReaction conditions: Ruthenium catalyst (0.1 mmol), GLY (6.84 mmol), base, water (20.52 mmol), 90-120 

°C. bVolume of gas was measured by the water displacement method. cConversion and selectivity were 

calculated by 1H NMR using sodium acetate as an internal standard. dCB is carbon balance. GLY (glycerol), 

SL (sodium lactate), PD (1,2-propanediol), SG (sodium glycolate), SF (sodium formate). 
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Figure 2.9. Effect of base concentration on hydrogen production from GLY 

over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 

mmol), GLY (6.84 mmol), NaOH (0.5- 2.0 equiv.), water (20.52 mmol), and 110 

°C.  
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Table 2.3. Hydrogen Production from glycerol using varying loading of ruthenium catalyst.a 

 

Entry Catalyst 

mol (%) 

t 

(h) 

Conv. 

(%) 

H2 gas 

(mL)b 

n(H2)/ 

n(GLY) 

Sel. of byproducts (%)c CB 

(%)d 

SL 

(yield)c 

PD SG SF  

1 0 6 - - - - - - - - 

2 0.25 5 32 24 0.14 80 (25) 2 2 14 99 

3 0.5 6.5 56 70 0.41 81 (45) 3 2 12 98 

4 1.0 7 72 130 0.77 82 (59) 2 3 10 97 

5 1.5 7 86 162  0.96 81 (69) 3 2 11 97 

6 2.0 6 74 134 0.80 80 59) 2 4 12 98 

aReaction conditions: Ruthenium catalyst, GLY (6.84 mmol), NaOH, water, 110 °C. bVolume of gas 

was measured by the water displacement method.  cConversion and selectivity were calculated by 

1H NMR using sodium acetate as an internal standard. dCB is carbon balance. GLY (glycerol), SL 

(sodium lactate), PD (1,2-propanediol), SG (sodium glycolate), SF (sodium formate). 
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Hence, our findings inferred that high efficiency for the generation of 

H2 gas from GLY with an appreciably high yield of SL can be achieved at the 

optimized reaction condition performed over the ruthenium catalyst (1.5 mol 

%) with (NaOH)/n(glycerol) of ≥1.1 and n(GLY)/n(water) of 1:3 at 110 °C. 

Notably, H2 gas generation from glycerol can also be achieved using ruthenium 

catalysts as low as 0.25 mol% (Table 2.3). The above findings inferred the 

crucial role of water, base, and reaction temperature in tuning the efficiency of 

reaction to produce H2 gas from GLY and the selectivity towards SL. However, 

the base content greatly influenced the reaction efficiency for H2 gas production 

as well as SL selectivity (Table 2.2).  

 

Figure 2.10. Time course plot for the distribution of GLY and various products 

in the presence of (a) 1.1 equiv. and (b) 2.0 equiv. of NaOH during the hydrogen 

production from GLY over the ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), GLY (6.84 mmol), NaOH (7.52 mmol and 13.68 

mmol), water (20.52 mmol), 110 °C. GLY (glycerol), SL (sodium lactate), PD 

(1,2-propanediol), SG (sodium glycolate), and SF (sodium formate). 
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Upon increasing the n(NaOH)/n(GLY) from 1.1 to 2.0, a significant 

enhancement in the amount of H2 gas released per mol of GLY was also 

observed (Figure 2.5 and Figure 2.9). Compared to 0.96 equiv. of H2 per mol of 

GLY (86% conv.) released in the presence of 1.1 equiv. of NaOH, the release 

of 1.26 equiv. of H2 per mol of GLY (conv. 93%) was achieved with 1.5 equiv. 

of NaOH at 110 °C (Table 2.2, entries 7, 9). Notably, there was no significant 

change in the selectivity of SL and SF with 1.1-1.5 equiv. of NaOH. However, 

for the reaction with a higher n(NaOH)/n(GLY) ratio of 2.0, complete 

conversion of GLY (>99%) with the release of a significantly high 1.6 equiv. 

of H2 gas (11.02 mmol) per mol of glycerol was achieved (Table 2.2, entry 10). 

Notably, the observed high amount of H2 gas released was compensated by a 

decrease in the SL selectivity to 70% and an increase in SF selectivity to 24% 

(Figure 2.10, and Table 2.2, entry 10). Notably, the dehydrogenation of GLY 

with a lower concentration of base n(NaOH)/n(GLY) ratio of 0.5 inferred the 

formation of PD (sel. 13%) with <5% sel. for SF (Table 2.1, entry 3). On the 

other hand, only traces (~1%) of PD formation were observed for the catalytic 

dehydrogenation of GLY performed with a higher base n(NaOH)/n(GLY) ratio 

of 1.5-2.0 (Table 2.2, entries 9, 10) (Figures 2.11 and 2.12) and only a very poor 

selectivity (~2%) of SG was observed for the catalytic reactions performed for 

dehydrogenation of GLY. Further, 13C NMR analysis of the reaction aliquot 

obtained under the optimized reaction condition suggested only a negligible 

trace of carbonate, which is in line with the observed high selectivity for 

hydrogen gas (Figure 2.13).   
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Figure 2.11. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction in D2O:H2O (1:9) for hydrogen production from GLY over the 

ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 mmol), GLY 

(6.84 mmol), NaOH (10.26 mmol), water (20.52 mmol), and 110 °C. 

 

 

Figure 2.12. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction in D2O:H2O (1:9) for hydrogen production from GLY over the 

ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 mmol), GLY 

(6.84 mmol), NaOH (13.68 mmol), water (20.52 mmol), and 110 °C.  
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Figure 2.13. 13C NMR spectra of the crude reaction mixture of the catalytic 

reaction in D2O:H2O (1:9) for hydrogen production from GLY over the 

ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 mmol), GLY 

(6.84 mmol), NaOH (13.68 mmol), water (20.52 mmol), and 110 °C. 

Further, based on the conversion of GLY to SL (Scheme 2.1, reaction 

2) and the conversion of GLY to SF (Scheme 2.1, reaction 6), the amount of H2 

gas that will be released during the dehydrogenation of GLY over ruthenium 

catalyst at 110 °C was estimated. In good correlation with the carbon balance, 

97% accuracy matching for the obtained and the estimated (based on the 

stoichiometry) amount of H2 gas for the dehydrogenation of GLY in the 

presence of 2.0 equiv. base (Table 2.2, entry 10). Analogously, for the reaction 

performed with 1.1 and 1.5 equiv. base, an accuracy of 90% and 96%, 

respectively, was observed for hydrogen gas amount (Table 2.2, entries 7 and 

9). The observed deviation in the observed and the estimated amount of 

hydrogen gas can be attributed to the formation of PD via hydrogenation during 

the catalytic reaction (Scheme 2.1, reaction 7). Further, to investigate the 

involvement of these intermediates in the conversion of GLY to H2 gas, we 

performed several control experiments using various substrates in the presence 

of 2.0 equiv. of NaOH (Scheme 2.2). It is postulated that the sodium glycolate 

(SG) observed in the catalytic reaction can be produced from glycolaldehyde, 

where glycolaldehyde produces hydrogen gas in the presence of a base to yield 

glyoxal, which further undergoes rearrangement to SG (Scheme 2.3). 
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Scheme 2.2. Controlled reactions to investigate the pathway of hydrogen 

production from glycerol over the ruthenium catalyst. 

In agreement with the above, we observed the transformation of glyoxal 

to SG in the presence of a base under the catalyst-free condition (Scheme 2.2 

and Figure 2.14), while treating glyoxal with the ruthenium catalyst at 110 °C 

resulted in the formation of SG (sel. 44%), H2 gas and SF (sel. 56%) (Scheme 

2.2 and Figure 2.15). Further, treating glycolic acid (GA) with ruthenium 

catalyst in the presence of 2.0 equiv. of NaOH resulted in the generation of H2 

gas along with SF, suggesting that GA dehydrogenation also occurred under the 

catalytic reaction (Scheme 2.2 and Figure 2.16). These findings are consistent 

with the observed lower selectivity of SG during the catalytic dehydrogenation 

of GLY (Tables 2.2 and 2.3). Notably, further transformation of formic acid 

(FA) was not observed even in the presence of the ruthenium catalyst (Scheme 

2.2, Figures 2.17.) However, in the case of dehydrogenation of lactic acid (LA), 

no conversion was observed (Scheme 2.2, Figure 2.18).   
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Figure 2.14. 1H NMR spectra of the crude reaction mixture of glyoxal treated 

with the base under catalyst-free conditions. Reaction conditions: Glyoxal (6.84 

mmol), NaOH (13.68 mmol), water (20.52 mmol), and 110 °C. 

 

 

Figure 2.15. 1H NMR spectra of the crude reaction mixture of glyoxal treated 

with the base in the presence of ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), glyoxal (6.84 mmol), NaOH (13.68 mmol), 

water (20.52 mmol), and 110 °C.  
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Figure 2.16. 1H NMR spectra of the crude reaction mixture of glycolic acid 

treated with the base in the presence of ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), glycolic acid (6.84 mmol), NaOH (13.68 mmol), 

water (20.52 mmol), and 110 °C. 

 

 

Figure 2.17. 1H NMR spectra of the crude reaction mixture of formic acid 

treated with the base in the presence of ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), formic acid (6.84 mmol), NaOH (13.68 mmol), 

water (20.52 mmol), and 110 °C.  
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Figure 2.18. 1H NMR spectra of the crude reaction mixture of lactic acid 

treated with the base in the presence of ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), lactic acid (6.84 mmol), NaOH (13.68 mmol), 

water (20.52 mmol), and 110 °C. 

 

Therefore, this experimental evidence clearly suggests that for the 

conversion of GLY to H2 gas and SL, in the initial step, the dehydrogenation of 

GLY resulted in the formation of glyceraldehyde, which further got involved in 

two competitive pathways. Firstly, glyceraldehyde undergoes base-catalyzed 

dehydration to pyruvaldehyde, which can further be transformed to sodium 

lactate via the Cannizzaro reaction in the presence of a base. Notably, PD can 

also be formed by the hydrogenation of pyruvaldehyde in the presence of in 

situ-generated H2 gas.[47] Secondly, glyceraldehyde can undergo a base-

catalyzed retro-aldol reaction via C-C bond cleavage to formaldehyde and 

glycolaldehyde, which can further be dehydrogenated to SG via glyoxal, 

followed by the dehydrogenation of SG to SF (Scheme 2.3). 
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Scheme 2.3. Plausible reaction pathway for hydrogen production from 

glycerol over the ruthenium catalyst. 

 

Figure 2.19. (a) Mercury poisoning test for the hydrogen production from GLY 

over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 

mmol), Hg, GLY (6.84 mmol), NaOH (13.68 mmol), water (20.52 mmol), and 

110 °C, and (b) Recyclability experiments for hydrogen production from GLY 

over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 

mmol), GLY (6.84 mmol), NaOH (13.68 mmol), water (20.52 mmol), and 110 

°C. 
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Figure 2.20. (a) TEM image, and corresponding (b) particle size distribution 

curve for the spent ruthenium catalyst. 

Further, to validate the heterogeneity of the ruthenium catalyst, a 

catalyst poisoning experiment was also carried out by treating the ruthenium 

catalyst with an excess of elemental Hg prior to the catalytic reaction. Results 

inferred that the release of H2 gas was drastically diminished in the presence of 

elemental Hg, suggesting that the active form of the catalyst is heterogeneous 

(Figure 2.19 a). Moreover, the studied ruthenium catalyst exhibited appreciably 

good recyclability for hydrogen generation from GLY under the optimized 

reaction conditions. After each catalytic run, the ruthenium catalyst was 

recovered by centrifugation and was recycled for five consecutive catalytic runs 

(over 52 h) for the generation of over 1.2 L of hydrogen gas from ~2.5 mL of 

glycerol (Figure 2.19 b). The observed slightly less amount of hydrogen gas 

released in the fifth cycle could be attributed to the agglomeration of 

nanoparticles and loss of catalyst during the recovery process. The TEM 

(average particle size of ~2.75 nm), XPS, and P-XRD analysis of the recovered 

catalyst inferred no significant change in the catalyst, suggesting the high 

stability of the ruthenium catalyst under the catalytic reaction conditions (Figure 

2.20 and Figures 2.21-2.22). ICP-AES analysis of the reaction aliquot suggested 

no significant leaching of ruthenium (0.20 wt%). Further, the studied ruthenium 

catalyst was found to be stable, with no decomposition of the PVP stabilizer 

observed during the reaction condition, as evidenced by the absence of any peak 

corresponding to PVP in the 1H NMR of the reaction aliquot (Figure 2.23). 
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Figure 2.21. XPS profile of Ru 3p region of the spent ruthenium catalyst. 

 

Figure 2.22.  P-XRD pattern of the spent ruthenium catalyst. 
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Figure 2.23. 1H NMR spectra of (a) PVP (polyvinyl pyrrolidone) under 

optimized reaction conditions and (b) pure PVP in D2O:H2O (1:9). 

 

Further, the studied catalytic system was also employed for the bulk-

scale production of hydrogen gas from glycerol (Figure 2.24). As shown in 

Figure 2.24, over 700 mL (28.6 mmol) of H2 gas was produced from 2 mL of 

glycerol in the presence of 2.0 equiv. of NaOH over the ruthenium catalyst (0.1 

mmol) at 110 °C in 36 h. During the evolution of hydrogen gas, 64% yield of 

lactic acid was also achieved. These results clearly evidenced the robustness 

and long-term stability of the ruthenium catalyst for the selective hydrogen gas 

production (68 L H2 per gram of Ru with H2 yield of 350 L per L of glycerol) 

from glycerol in water at 110 °C. The product lactic acid was purified by 

extracting the crude reaction mixture using 2-methyl butanol to remove 1,2-PD. 

Further, the aqueous portion was acidified (pH ~1.5) with 1M HCl, then again 

extracted with diethyl ether (5×10 mL). Then, the combined organic portion 

was dried over Na2SO4. The purified lactic acid was obtained by removing the 

organic solvent under reduced pressure and was analyzed by 1H NMR and 13C 

NMR in D2O (Figures 2.25 and 2.26). 
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Figure 2.24. Time course plot for the bulk-scale production of hydrogen gas 

from GLY over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst 

(0.1 mmol), GLY (2 mL), NaOH (54.72 mmol), water (1.48 mL), and 110 °C.  

 

Figure 2.25. 1H NMR spectra of purified lactic acid in D2O. 
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Figure 2.26. 13C NMR spectra of purified lactic acid in D2O. 

Notably, recently reported Ru-NMC-3 and RuPt-NMC-3 catalysts 

explored for the aqueous phase reforming of GLY and exhibited 92% 

conversion at 250 ℃ with only 88.5% H2 selectivity.[66] Noticeably, the 

Ru/NaY catalyst explored for the aqueous phase reforming of GLY (conv. up 

to 88%) at 250 ℃ with 600 psi (N2) resulted in only 74% H2 selectivity with 

contamination of CO2 as high as 24%.[67] Moreover, for the long-term stability 

investigation, the H2 selectivity of only 65% was reported for Ru/NaY. Han et 

al. explored Ru-Zn-Cu(I)/HAP catalyst for GLY to LA conversion, where 

complete conversion of glycerol was only achieved at 140 ℃ in 21 h, while at 

lower temperature 100 ℃ and 120 ℃ conversion of GLY dropped significantly 

to only 26.7% and 42.2%, respectively in 12 h.[55] Therefore, in view of the 

literature reports on the catalytic conversion of GLY to H2 gas and/or lactic 

acid, our experimental findings inferred that the studied ruthenium catalyst 

displayed high performance for the conversion of GLY to the purified hydrogen 

gas and LA in water at 110 ℃. The observed high yield (n(H2)/n(GLY); 

0.96~1.61) and selectivity (>99.9%) for H2 gas over the ruthenium catalyst is 

noteworthy. Moreover, an appreciably high yield (70%) for LA is also achieved 

during the production of H2 gas from GLY. Advantageously, the ruthenium 

catalyst exhibited high long-term stability for hydrogen production 

(productivity of 7.9 x 10-2 mol H2/g Ru/h from glycerol over 36 h in water at 

110 ℃. 
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2.4. Conclusions 

Herein, we demonstrated a highly efficient catalytic process for the selective 

production of hydrogen gas from GLY over the ruthenium catalyst in the 

presence of NaOH in water at 90-120 °C. Our findings evidenced the crucial 

role of the base and water in achieving higher selectivity for H2 gas production. 

Hydrogen gas content as high as 11 mmol (1.6 equiv. H2 per mol of GLY) with 

>99% conversion of GLY was achieved over the ruthenium catalyst. Moreover, 

high yield of LA (70%) was also achieved over the studied ruthenium catalyst. 

Several controlled and catalytic reactions were also performed to investigate the 

dehydrogenation pathway of GLY, which corroborates well with our 

experimental findings. Our results also worked well for the bulk production of 

H2 gas from glycerol with appreciably high long-term stability of the ruthenium 

catalyst for over 36 h and produced 70 L H2 per gram of Ru with the H2 yield 

of 350 L H2 per L of GLY. Therefore, our present study provides new 

developments in exploring GLY as an efficient liquid hydrogen storage material 

(LHSM), where a selectively higher content of H2 gas can be produced from 

GLY in water at a relatively lower temperature range. 

Note: The content of this chapter is published as Kumar et al., 

ChemCatChem, 14, e202101951 (DOI: 10.1002/cctc.202101951) and 

reproduced with permission from Wiley VCH with license number 

5671331334907. 
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Chapter 3 

Investigating the Role of Support in the Catalytic 

Transformation of Glycerol to Hydrogen Gas and 

Lactic Acid over the Ru/support Catalyst 

3.1. Introduction 

In the recent past, there has been considerable effort in exploring sustainable 

and environmentally benign energy resources to meet the ever-increasing global 

energy demand driven by population growth and industrialization.[1,2] In this 

regard, hydrogen (H2), a sustainable energy carrier with high energy density 

(120 MJ/kg), has garnered significant attention and is widely regarded as the 

most promising solution to address these energy crisis and climate change 

issues.[3–6] The low volumetric energy density, high diffusivity, and 

flammability of hydrogen gas make it challenging to store or transport, one of 

the biggest hurdles to its extensive applications. Despite these hurdles, 

hydrogen gas is being produced at the industrial scale through processes such 

as the reforming of methane,[7] aqueous phase reforming (APR),[8] and steam 

reforming (SR) of non-renewable resources.[9] Notably, these processes are 

very energy-intensive and emit greenhouse gases along with H2 gas. On the 

other hand, there are several liquid organic molecules, such as methanol,[10–13] 

formic acid,[14–17] formaldehyde,[17–19] and other polyols[20–23] showing high 

potential to store appreciably high volumetric and gravimetric content of H2, 

which can be released in the presence of a suitable catalyst. Advantageously, 

being liquid, these enable the easy storage and transportation of H2 gas.  

According to the Organization for Economic Co-operation and 

Development (OECD) and the Food and Agricultural Organization (FAO), 

global biodiesel production is projected to increase to 9.5 billion litres by 

2030.[24] The major by-product of the transesterification of triglycerides is 

glycerol (GLY), formed in abundance (10 wt% of biodiesel) during biodiesel 

production.[25] Due to its non-toxicity and ability to be transformed into several 

valuable platform chemicals, including lactic acid (LA), propanediol (PD), 
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ethylene glycol (EG), glycolic acid (GA) and so on, glycerol (GLY) has 

emerged as a versatile bio-platform substrate.[25] Further, LA is one of the 

important products of GLY transformation, which has vast applications in many 

industries. Notably, LA can be produced from GLY by catalytic oxidation or 

acceptor-less dehydrogenation processes. Dehydrogenation of GLY to LA is 

considered an attractive route for simultaneous production of H2 gas along with 

LA. Hence, GLY, a waste in biodiesel industries, can be explored as a promising 

resource for hydrogen production.  

Catalytic reforming of glycerol via steam reforming (SR) or aqueous-

phase reforming (APR) has been extensively explored for H2 production. 

Several catalysts, such as Pt/SiO2,
[26] Ni/M (M = CeO2, MgO, TiO2),

[27] Ce-Sm-

5Cu,[28] Ni/La/Co/Al2O3,
[29] Co/MgO-La2O3,

[30] and others have been explored 

for the production of H2 gas via the SR process, albeit at high temperatures 

(>200 °C). On the other hand, the APR process works at relatively lower 

temperatures than the SR process. For the APR of GLY to H2 gas, a plethora of 

catalysts, including Ru/NaY,[22] Ru-NMC-3,[31] RuPt-NMC-3,[31] PtMo/C,[32] 

PtRe/C,[33] Pt/Al2O3,
[34] Pt-KHT/28,[35] Pt-Cu/Mg(Al)O,[36] PtFe/γ-Al2O3,

[37]
 

Ni/Al2O3-La2O3
[38] and others have been investigated at 200-250 °C. Dumesic 

and co-workers achieved the breakthrough for the generation of H2 gas from 

biomass-derived compounds through APR.[34] Although the reforming of GLY 

has resulted in the generation of H2 gas, the purity of H2 gas is compromised 

due to the co-production of other gases (CO, CO2, and CH4) following a series 

of uncontrolled pathways i.e., C3H8O3 4H2 + 3CO; CO + H2O CO2 + H2; 

CO + 3H2 CH4 + H2O; CO2 + 4H2 CH4 + 2H2O.           

Even though the dehydrogenative method for converting GLY to LA is 

an appealing choice to generate both H2 gas and LA, most of the research 

focuses on the oxidative conversion of GLY to LA employing Cu, Ni, Au, or 

Pd-based catalysts.[39-49] During the former process, excessive oxidation of 

glyceraldehyde produces glyceric acid, tartaric acid, and glycolic acid (GA) 

along with LA, which dramatically decreases the selectivity of the desired LA 

product.  

In literature, some non-noble metal-based catalysts such as Cu,[39] 

Cu2O,[40] CuO/ZrO2,
[41]  CuO/CeO2,

[42] CuO/Al2O3,
[43] Cu-Cu2O@NC,[44] 
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Co3O4/CeO2,
[45] Ni/HAP,[46] were also explored for the conversion of GLY to 

LA. Moreover, noble metal based supported catalysts such as, AuCu/CeO2,
[47] 

M/CeO2 (M = Au, Pt),[48] Pd/HAP,[49] M/ZnO[50] (M = Pt, Pd, Rh, and Au), 

Pt/C,[51] Pt/carbon material,[52] Pt/L-Nb2O5,
[53] Pt/support (ZrO2, TiO2, C),[54] 

Pt/ZrO2,
[55] Ru-Zn-Cu(I)/HAP,[56] Au/HAP/BN,[57] were primarily developed 

for the transformation of GLY to LA at higher temperature (>160 °C) under 

gaseous atmosphere (He, N2 or ethylene). Wang et al. reported the hydrothermal 

conversion of GLY to LA over the Pd/HAP catalyst at 230 °C using NaOH (1.1 

equiv.) and exhibited complete conversion of GLY with 95% selectivity of LA 

in 90 1.5 h. The interaction between Pd and HAP (synergistic effect) was vital 

for the efficient conversion of GLY to LA. The catalytic process was found to 

be strongly influenced by temperature, NaOH concentration, and Pd loading.[49]  

Urbano et al. studied different noble metals (Pt, Pd, Rh Au) supported over ZnO 

under H2 or He pressure (20 bar) at 180 °C in alkaline medium and achieved 

complete conversion of glycerol with 68% selectivity for lactic acid (LA) over 

the Rh/ZnO catalyst due to strong metal-support interaction (SMSI).[50] 

Shimizu et al. explored the influence of reaction atmosphere (N2, H2, or O2) for 

the oxidant-free and solvent-free dehydrogenative transformation of glycerol at 

160 °C Pt/C catalyst and achieved 95% conversion of GLY with a 93% yield of 

LA in the presence of N2 gas (1 bar).[51] Psaro et al. performed catalytic 

transformation of GLY to SL over the Pt-based catalysts with different Pt 

particle size (Pt1@Ck, 1.4 nm and Pt2@Ck, 2.4 nm) at 140 °C using ethylene gas 

(~60 bar), where Ck represents ketjenblack having high surface area carbon 

material.[52] They observed high selectivity of LA (95%) in the case of Pt1@Ck 

catalyst while less selectivity of LA (89%) in the case of Pt2@Ck catalyst. 

Shishido et al. explored a bifunctional catalyst (Pt/L-Nb2O5) for the base-free 

catalytic transformation of GLY for continuous production of LA. They 

achieved >70% selectivity of LA with 24% GLY conversion after 80 h under 

an oxygen atmosphere at 140 °C.[53] Ftouni et al. investigated the Pt-based 

catalyst stabilized over different supports (ZrO2, TiO2, C) under H2 or He 

atmosphere at 180 °C and observed that Pt/ZrO2 performed well over others, 

and 80% yield of LA was found in 8 h. The reaction atmosphere (He or H2) 

played a major role in the selectivity of LA (<10 h), while no major difference 

was observed in the selectivity of LA after 24 h.[54] Pescarmona et al. 
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investigated a Pt/ZrO2 catalyst to facilitate a one-pot transfer hydrogenation 

reaction between glycerol and cyclohexene to produce LA (95%) and 

cyclohexane without additional H2 gas at 160 °C in 4.5 h under N2 atmosphere 

(20 bar), which clearly indicates that GLY has a potential to be explored as 

hydrogen storage material.[55] These reports highlight how the size of metal 

nanoparticles, strong-metal support interaction (SMSI), reaction atmosphere, 

and temperature influence the transformation of GLY to LA and other products. 

These findings also imply that noble metal-based catalysts work effectively for 

the conversion of GLY to LA, but the generation of H2 gas from GLY has 

received limited attention to date. 

Recently, we also reported selective hydrogen production from aqueous 

glycerol using NaOH over ruthenium nanoparticles, where we achieved 

complete conversion of GLY for the production of selective H2 gas (1.6 equiv.) 

with co-production of LA (70% yield) at 110 °C.[21] It is evident from the 

literature reports that most of the catalytic systems are active at high 

temperature and pressure conditions. Moreover, the purity of hydrogen gas is 

also one of the major issues as contaminants such as CO, CO2, and CH4 were 

also produced along with H2 gas. In this regard, herein, we explored ruthenium 

nanoparticles stabilized over various supports (La(OH)3, Mg(OH)2, ZnO, ZrO2, 

TiO2) for the selective production of H2 gas along with LA from aqueous 

glycerol (GLY) at lower temperature (90-130 °C). Controlled experiments were 

performed to elucidate the plausible dehydrogenation pathway of GLY to H2 

and SL. The developed supported ruthenium catalysts showed high activity for 

bulk-scale generation of H2 gas from GLY, where support played a crucial role 

in tuning the catalytic activity. Additionally, H2 gas was produced from various 

other terminal diols such as ethylene glycol (EG), 1,3-propanediol (PDO), 1,4-

butanediol (BDO), 1,5-pentanediol (PO) and 1,6-hexanediol (HDO). 

3.2. Experimental section 

3.2.1. Materials and instrumentation 

 RuCl3.xH2O (>99%), NaBH4 (98%), cetyltrimethylammonium bromide 

(CTAB) (98%), TiO2 (99.5%), ZrO2 (99%), glycerol (99.5%), ethylene glycol 

(>99%), glyoxal solution (40 wt% in water), lactic acid (>90%), formic acid 
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(>96%), and 1,6-hexanediol (HDO) (99%) were purchased from Sigma Aldrich, 

India. Glycolic acid (>98%) 1,2-propanediol (PD) (>98%), 1,3-propanediol 

(PO) (98%), 1,4-butanediol (BDO) (>99%), and 1,5-pentanediol (PDO) (>97%) 

were purchased from TCI analytics, India. MgO (99%), and ZnO (98%) were 

procured from S. D. Fine Chemical Limited, India. High-purity argon gas was 

procured from Sigma Gases, India. Distilled water was used for performing all 

the experiments. All other chemical reagents and metal salts were available 

commercially and were used as received without any further purification. NMR 

spectra were recorded in deuterated solvents using Bruker Ascend 500 and 

Bruker Avance 400 spectrometer (500 MHz and 400 MHz). Transmission 

electron microscopy (TEM) images of the sample were obtained on Titan ST at 

the accelerating voltage of 300 kV. The samples for TEM analysis were 

prepared by the drop-costing method. Briefly, ruthenium nanoparticles were 

dispersed in ethanol under ultra-sonication for 1 hour, and then highly dispersed 

particles were spread onto a carbon-coated Cu grid and dried at room 

temperature. Particle size was calculated using ImageJ software for at least 50-

100 particles, and the average particle size distribution curve was plotted using 

Origin software. Scanning electron microscopic images and elemental mapping 

data were collected using a JOEL-7610F plus equipped with an EDS detector. 

Powder X-ray diffraction (P-XRD) measurements were performed using a 

Rigaku SmartLab Automated Multipurpose X-ray diffractometer with a 

scintillation detector. The measurements were conducted using Cu Kα radiation 

(λ = 1.5418 Å) with a step size of 0.02° in the 2θ range of 20-80°. The exposure 

time for each P-XRD measurement was 20 minutes. The nitrogen physisorption 

isotherms were measured at 77 K using Quantachrome Autosorb iQ2 TPX 

automated gas sorption system, and the specific surface area was calculated 

using the Brunauer-Emmett-Teller (BET) equation in the relative pressure 

(P/P0) range of 0.05-0.3. Samples were degassed at 200 ℃ for 8 h under high 

vacuum before analysis. XPS data was recorded using Al K-alpha (1486.61 eV) 

X-rays using SPECS Surface Nano Analysis GmbH instrument, Germany. 

Samples were excited by using monochromatic Al K-alpha (1486.61 eV) with 

the X-ray source operating at 100 W. Scans were collected at a pass energy of 

30 eV over the binding energy range 1200-0 eV. Charge correction was made 

relative to the position of C 1s (284.6 eV) as reference. The gas chromatography 
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(GC) analyses were performed on a Shimadzu GC-2014 system using a shin 

carbon-ST packed column with a thermal conductivity detector (TCD) using 

argon as a carrier gas. Parameters were set for the program to detect H2, CO2, 

CO, and CH4 gas (detector temperature: 200 °C, and oven temperature program: 

90 °C (hold time: 1 min), 90-200 °C (rate: 15 °C per minute). Inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) was performed with 

ARCOS, a simultaneous spectrometer of SPECTRO analytical instruments. The 

sample was digested using aquaregia in the thermal autoclave at 170 °C for 12 

h, diluted with water and then carried out for analysis. 

3.2.2. Catalyst synthesis 

 The wet impregnation method was used for the synthesis of supported Ru 

catalysts using the support La(OH)3, ZnO, Mg(OH)2, ZrO2, and TiO2. 

Typically, 90 mg of support was dispersed in 5 mL of distilled water in a 25 mL 

round bottom flask under sonication for 20 min. To this, ruthenium (III) 

chloride (0.1 mmol) and CTAB (0.050 g) were added, and the resulting mixture 

was heated at 60 °C for 2 h. The mixture was cooled to room temperature and 

then aqueous solution of NaBH4 (0.050 g in 5 mL water) was added dropwise 

under sonication to reduce Ru3+ to Ru0. The obtained mixture was sonicated for 

30 minutes, and then the precipitates were collected by centrifugation, washed 

several times with distilled water and ethanol, and dried under vacuum before 

using for the catalytic reactions.  

3.2.3. Catalytic test 

 In a 25 mL round bottom flask fitted with a condenser and a water displacement 

set-up, a specified amount of the catalyst, glycerol (GLY), water and base were 

added. The reaction set-up was de-aerated by a repeated process of vacuuming 

and flushing with argon gas at least three times. The reaction mixture was stirred 

(600 rpm) in a pre-heated oil bath at 90-130 °C under an argon atmosphere. The 

amount of H2 gas evolved was quantified using a water displacement set-up, 

which was calibrated (thrice using water) as 4.0 ± 0.1 mL/cm. The composition 

of the evolved gas was analyzed by GC-TCD. After the reaction, the catalyst 

was recovered from the reaction mixture by centrifugation. The conversion of 

GLY and the yields of other co-products were determined by 1H NMR of the 
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reaction mixture using sodium acetate as an internal standard using the 

following equation.  

        Yield = Cf(P)/Ci(GLY)×100 (%) 

where, 

             Cf(GLY) =  millimoles of carbon in the final glycerol 

                   Cf(P) = millimoles of carbons in the final product 

3.2.4. Heterogeneity test 

 Typically, an aqueous suspension of Ru/La(OH)3 catalyst (100 mg catalyst in 

0.740 mL water was stirred with a large excess of elemental mercury Hg(0) at 

room temperature for 3 h prior to the catalytic reaction. Then GLY (13.68 

mmol, 1 mL) and NaOH (27.36 mmol, 1.095 g) were added to the above 

reaction vessel (25 mL round bottom flask) fitted with a condenser and gas 

burette. The water displacement set-up was then de-aerated by a repeated 

process of vacuum and flushing with argon gas at least three times. The reaction 

mixture was stirred at 130 °C in a pre-heated oil bath at a rpm of 600, and the 

progress of the reaction was monitored for the specified duration. 

3.2.5. Recyclability experiment 

 Catalytic reaction was performed as specified in section 3.4.  After the 

completion of the reaction, the catalyst was recovered from the reaction mixture 

by centrifugation, washed several times with distilled water and ethanol, dried 

overnight under vacuum and then reused for the next catalytic run. 

3.2.6. Bulk-scale reaction 

 Typically, the bulk-scale reaction was performed using GLY (68.5 mmol) and 

water (205.5 mmol) in the presence of Ru/La(OH)3 catalyst (100 mg) and NaOH 

(2.0 equiv.) under the optimized reaction conditions at 130 °C. Similarly, bulk-

scale reaction for ethylene glycol (68.5 mmol) was also performed using water 

(205.5 mmol) and NaOH (2.0 and 3.0 equiv.) over Ru/La(OH)3 catalyst (100 

mg) at 130 °C. A bulk scale reaction was performed in a 50 mL round bottom 

flask using a reaction set-up, as mentioned in section 3.2.3. 
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3.3. Results and discussion 

3.3.1. Synthesis, characterization, and screening of catalysts for the 

transformation of GLY to H2 gas and SL 

Supported metal catalysts have more advantages in terms of high dispersion, 

catalytic activity, stability, and reusability than unsupported metal catalysts.58 

Metal hydroxide and metal oxides are an important class of support materials 

having unique properties such as high surface area and high thermal stability.59 

Various Ru/support catalysts with different metal oxides, such as ZrO2, Nb2O5, 

CeO2, Al2O3, ZnO, etc., were explored extensively for the transformation of 

GLY to lactic acid (LA).[41–43,50,53] Therefore, at the outset, we synthesized 

various Ru catalysts supported over different basic (La(OH)3, Ru/Mg(OH)2), 

amphoteric (ZnO, ZrO2), and acidic (TiO2) using wet-impregnation methods 

followed by NaBH4 induced reduction. P-XRD patterns of the synthesized 

supported ruthenium catalysts showed dominant peaks corresponding to the 

support material only, while no peaks for Ru were observed, suggesting that Ru 

is well dispersed over supports (Figure 3.1).  

 

Figure 3.1. P-XRD pattern of the ruthenium-based supported catalysts. 
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We further screened these catalysts for the dehydrogenation of GLY in 

water (n(GLY/n(H2O) of 1:3) using NaOH (2.0 equiv.) at 130 °C (Table 3.1 and 

Figure 3.2). Over the Ru/La(OH)3 catalyst, high catalytic activity was achieved 

with the complete conversion of GLY and evolution of 470 mL H2 gas (TOF 

105 h-1) with 86% yield of sodium lactate (SL) in 4.5 h (Table 3.2, entry 1). 

Ru/Mg(OH)2 also showed appreciably good catalytic activity with the release 

of 402 mL of H2 gas (TOF 60 h-1) along with GLY conversion of 80% and yield 

of SL (59%) in 4.5 h (Table 3.2, entry 2). Ru/ZnO showed 70% conversion of 

GLY with 290 mL of H2 (TOF 40 h-1) and 61% yield of SL in 4.5 h (Table 3.2, 

entry 3). On the other hand, Ru/ZrO2 and Ru/TiO2 showed 67% (TOF 59 h-1) 

and 62% (TOF 62 h-1) conversion with SL yield of 52% and 51%, respectively 

in 4.5 h (Table 3.2, entries 4-5). Notably, the reaction could not proceed if only 

La(OH)3 is used (Table 3.2, entry 6), while with Ru nanoparticles alone, 85% 

GLY conversion with the evolution of 478 mL H2 gas (TOF 82 h-1) along with 

SL (63% yield) and sodium formate (SF, 20% yield) in 4.5 h was observed 

(Table 3.2, entry 7).  

Table 3.1. Optimization of reaction condition for hydrogen production from glycerol over the ruthenium catalyst.a 

 

Entry Catalyst H2 gas  

(mL)b 

n(H2)/ 

n(GLY) 

Conv. 

(%) 

Yield of products (%)c CB 

(%)d 

Initial 

TOF 

 (h-1)e 

     SL SG PD SF   

1 Ru/La(OH)3 470 1.4 >99 86 - - 12 98 105 

2 Ru/Mg(OH)2 402 

(522)[f] 

1.2 80 

(>99)[f] 

59 1 - 16 96 60 

3 Ru/ZnO 290 

(450)[g] 

0.9 70 

(>99)[g] 

61 1 - 6 98 40 

4 Ru/ZrO2 290 

(490)[h] 

0.9 67 

(>99)[h] 

52 2 - 9 96 59 

5 Ru/TiO2 254 

(340)[i] 

0.8 62 

(88)[i] 

51 2 - 6 97 62 

6 La(OH)3 - - n. r. - - - - - - 

7 Ru 478 

(534)[j] 

1.4 85 

(>99)[j] 

63 - - 20 98 82 

aReaction conditions: Ru/support (100 mg), GLY (13.68 mmol), NaOH (2.0 equiv.), water (41.04 mmol), 130 °C 

and 600 rpm. bVolume of gas was measured by the water displacement method. cYield (at 4.5 h) was calculated 

by 1H NMR using sodium acetate as an internal standard. dCB is carbon balance based on the yield and conversion 

at 4.5 h. eInitial turnover frequency at 1 h. SL (sodium lactate), SG (sodium glycolate), PD (1,2-propanediol), and 

SF (sodium formate). In parenthesis, gas evolved and conv.% in f7 h, g8 h, h8 h, i7 h, j6.5 h. n. r. (no reaction) 
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The observed enhanced yield for SL (86%) over Ru/La(OH)3 catalyst as 

compared to Ru alone (63%), inferred the prominent effect of the support in 

tuning the catalytic activity. We could observe the good selectivity (87%) 

towards SL in the case of Ru/ZnO, presumably due to the presence of Zn2+, 

which favoured the 1,2-hydride shift of pyruvaldehyde to SL compared to the 

in-situ hydrogenation of pyruvaldehyde to 1,2-PDO.[56] Moreover, the complete 

conversion of GLY to H2 gas and SL over Ru/Mg(OH)2, Ru/ZnO and Ru/ZrO2 

catalysts took a longer time (7-8 h) at 130 °C (Table 3.1), as compared to the 

Ru/La(OH)3. The observed trend in catalytic activity over supported ruthenium 

catalysts depends significantly on the basic nature of the supports with the order 

of Ru/La(OH)3 > Ru/Mg(OH)2 > Ru/ZnO > Ru/ZrO2 > Ru/TiO2. Moreover, 

there was no significant change in the particle size (~1.5-1.8 nm) as well as 

metal dispersion (72-87%) of ruthenium nanoparticles over the supports (Table 

3.2), which indicates that supports play an important role in tuning the catalytic 

activity through strong-metal support interaction (SMSI) in hydrogen 

production from GLY. Results inferred that Ru/La(OH)3 performed well over 

other supported catalysts in terms of the high yield of H2 and SL. Therefore, the 

optimization of reaction conditions and the effect of different reaction 

parameters were studied with Ru/La(OH)3. We further characterized the 

Ru/La(OH)3 catalyst in detail to investigate its chemical composition, electronic 

state and textural properties using XPS, BET and TEM analysis. BET surface 

area for the Ru/La(OH)3 catalyst was found to be 81 m2/g (Figure 3.3 and Table 

3.2). The wide scan XPS of Ru/La(OH)3 catalyst also confirmed the presence 

of all elements i.e., Ru, La and O (Figure 3.4 a). XPS peaks centered at the 

binding energy of 463.3 eV and 485.7 eV were assigned to the Ru 3p3/2 and Ru 

3p1/2, respectively (Figure 3.4 b). The binding energies of metallic Ru in 

Ru/La(OH)3 were found to be higher than that of the bare Ru nanoparticles.[21] 

The increase in binding energies of the Ru 3p region is presumably due to the 

support-metal interactions in the Ru/La(OH)3 catalyst. For La 3d, 

deconvolution of peaks resulted in doublets at 834.5 eV and 851.2 eV 

corresponding to the La(III) 3d5/2 and La(III) 3d3/2 respectively. 
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Figure 3.2. Effect of different supports on the dehydrogenation of GLY to H2 

gas and SL. Reaction Conditions: Ru/support (100 mg), GLY (13.68 mmol), 

NaOH (27.36 mmol), water (41.04 mmol), 130 °C, 4.5 h, and 600 rpm. 

 

Figure 3.3. N2 adsorption-desorption isotherm of supported ruthenium 

catalysts. 
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Table 3.2. Textural properties of Ru-based supported catalysts. 

Entry Catalyst Specific 

Surface area 

(m2/g)a 

Metal 

loading 

(wt. %)b 

Particle 

size 

(nm)c 

Dispersion 

(wt. %)d 

1 Ru/La(OH)3 81 9.0 1.5 87 

2 Ru/ZnO 30 8.2 1.5 87 

3 Ru/Mg(OH)2 172 7.5 1.7 76 

4 Ru/ZrO2 30 8.3 1.8 72 

5 Ru/TiO2 27 8.6 1.5 87 

acalculated using N2 adsorption-desorption isotherms. bCalculated using ICP-AES. 

cParticle size was calculated by TEM analysis. ddispersion was calculated by the 

equation described in reference 31. 

 

Additionally, the peaks at 837.9 eV and 854.6 eV are satellite peaks due 

to the shake-up processes (Figure 3.4 c). Spin-orbit coupling of 16.7 eV was 

observed confirming the +3 oxidation state of La.[61-62] In the O 1s spectra, two 

peaks centered at 530.6 eV and 531.90 eV were observed for oxygen bonded to 

La i.e. La-O, and adsorbed water molecules/hydroxyl groups present on the 

catalyst surface respectively (Figure 3.4 d). TEM image of Ru/La(OH)3 catalyst 

illustrated the presence of well-dispersed Ru nanoparticles (average particle 

size of ~1.5 nm) over La(OH)3 support (Figures 3.4 e-f). Similarly, TEM 

analysis of other supported Ru catalysts also showed the presence of spherical 

Ru nanoparticles having an average particle size in the range of 1.5-1.8 nm 

(Figure 3.5). The actual loading of Ru in Ru/La(OH)3 catalyst as calculated by 

ICP-AES measurement was found to be 9.0 wt%. The metal loading of other 

supported Ru catalysts is mentioned in Table 3.3. The FE-SEM images of 

Ru/La(OH)3 showed no visible Ru nanoparticles due to their small particle size. 

However, EDX and elemental mapping evidenced the presence of Ru in 

Ru/La(OH)3 catalysts (Figures 3.6 and 3.7). 
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Figure 3.4. XPS spectra (a) wide scan, (b) Ru 3p region, (c) La 3d region, (d) 

O 1s region, (e) TEM image, and corresponding (f) particle size distribution 

curve for Ru/La(OH)3 catalyst. 
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Figure 3.5. TEM image and corresponding particle size distribution (inset) for 

(a) Ru/Mg(OH)2, (b) Ru/ZnO, (c) Ru/ZrO2 and (d) Ru/TiO2 catalysts. 

 

 
Figure 3.6. (a-b) SEM images and corresponding (c) EDX spectra for the 

Ru/La(OH)3 catalyst. 
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Figure 3.7. (a) SEM image and corresponding (b) elemental mapping showing 

the presence of (c) Ru (cyan), (d) La (red), and (e) O (green) in the Ru/La(OH)3 

catalyst. 

3.3.2. Catalytic transformation of GLY to H2 and SL over the Ru/La(OH)3 

Notably, the dehydrogenation of glycerol (GLY) was conducted without base 

and without catalyst at 130 °C, where no conversion of GLY, in either case, was 

observed (Table 3.3, entries 1 and 2), suggesting the crucial role of base and the 

catalyst for the dehydrogenation of GLY. Notably, the reaction could not 

proceed if only La(OH)3 was used (Table 3.3, entry 3), while with bare Ru 

nanoparticles, 85% GLY conversion with the evolution of 478 mL H2 gas (TOF 

82 h-1) along with SL (63% yield) and sodium formate (SF, 20% yield) in 4.5 h 

was observed (Table 3.3, entry 4). Reaction with neat GLY over the 

Ru/La(OH)3 inferred, 70% conversion of GLY with the release of 260 mL 

[(n(H2)/n(GLY) ~ 0.8)] of H2 in 8 h (Table 3.3, entry 5). GC-TCD of the 

released gas confirmed the presence of only H2 gas without any other gaseous 

contamination (CO, CO2, CH4 or alkanes), confirming the selective production 

of H2 from GLY (Figure 3.8).  
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Figure 3.8.  Time course plot for hydrogen gas production from GLY over the 

Ru/La(OH)3 catalyst. Reaction conditions: Ru/La(OH)3 (100 mg), GLY (13.68 

mmol), NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm.  

The conversion of GLY was enhanced to 95% when one equivalent of water 

was added to the reaction, releasing 446 mL [(n(H2)/n(GLY) ~ 1.3)] of gas in 6 

h (Table 3.3, entry 6), inferring the crucial role of water in the H2 production 

from GLY. On further increase in the water content (GLY/H2O molar ratio of 

1:3), enhanced conversion of GLY (>99%) was achieved with the release of 

470 mL [(n(H2)/n(GLY) ~ 1.4)] of gas in 4.5 h with appreciably good yields of 

SL (86%) (Table 3.3, entry 7). The observed enhanced yield for SL (86%) over 

Ru/La(OH)3 catalyst as compared to bare Ru nanoparticles (63% yield of SL) 

inferred the prominent effect of the support in tuning the catalytic activity. Since 

water reduces the mass transfer of NaOH and the viscosity of GLY, an enhanced 

catalytic transformation of GLY to H2 and SL was achieved in the presence of 

water.[33]  
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However, upon the further increase in the water content, the amount of 

H2 gas release was decreased to 456 mL (93% GLY conversion) and 386 mL 

(81% GLY conversion) for n(GLY)/n(H2O) ratio of 1:6 and 1:10, respectively 

(Table 3.3, entries 8 and 9). For the more diluted aqueous solution of GLY 

(n(GLY)/n(H2O) ratio of 1:20), lesser GLY conversion (69%) with the release 

of only 156 mL of H2 gas was observed (Table 3.3, entry 10). These results 

inferred the crucial role of the n(GLY)/n(H2O) ratio in achieving a high yield 

of H2 gas and SL for the catalytic transformation of GLY over the Ru/La(OH)3 

catalyst (Figure 3.9 a and Figure 3.10). 

  

Table 3.3. Optimization of reaction conditions for hydrogen production from glycerol over Ru/La(OH)3 catalyst.a 

 

Entry n(GLY)/ 

n(H2O) 

t (h) 

 

H2 gas  

(mL)b 

n(H2)/ 

n(GLY) 

Conv. 

(%) 

Yield of products (%)c CB 

(%)d 

Initial 

TOF 

(h-1)e 
 SL SG PD SF 

1f 1:3 4.5 - - n. r. - - - - - - 

2g 1:3 4.5 - - n. r.  - - - - - - 

3 h 1:3 4.5 - - n. r. - - - - - - 

4 1:3 4.5 478 1.2 85 63 - - 20 98 82 

5 1:0 8 260 0.8 70 51 3 3 9 96 33 

6 1:1 6 446 1.3 95 77 <1 <1 14 97 82 

7 1:3 4.5 470 1.4 >99 86 - - 12 98 105 

8 1:6 5.5 456 1.3 93 76 3 1 10 97 97 

9 1:10 6.5 386 1.1 81 66 3 1 7 96 67 

10 1:20 6.5 156 0.5 69 47 9 1 3 91 38 

11i 1:3 3.5 138 0.4 52 37 1 10 1 97 36 

12 j 1:3 4 270 0.8 85 70 2 4 5 96 68 

13 k 1:3 5 356 1.0 93 79 1 1 8 96 85 

aReaction conditions: Ru/La(OH)3 (100 mg), GLY (13.68 mmol), NaOH (27.36 mmol), water (0-20 equiv.), 130 °C 

and 600 rpm. bVolume of gas was measured by water displacement method. cYield was calculated by 1H NMR using 

sodium acetate as an internal standard. dCB is carbon balance. eInitial turnover frequency at 1 h. fReaction in the 

absence of NaOH. gReaction in the absence of catalyst. hLa(OH)3, iNaOH (0.5 equiv.), jNaOH (1.0 equiv.), kNaOH 

(2.0 equiv.). The results reported are the average of at least two repeated reactions. SL (sodium lactate), SG (sodium 

glycolate), PD (1,2-propanediol), and SF (sodium formate). 
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Figure 3.9. Effect of (a) n(GLY)/n(H2O) ratio, (b) NaOH concentration, and (c) 

temperature on the catalytic dehydrogenation of GLY over Ru/La(OH)3 

catalyst. Reaction condition: Ru/La(OH)3 (100 mg), GLY (13.68 mmol), NaOH 

(0.5-2.0 equiv.), water (0-20 equiv.), 90-130 °C, and 600 rpm. (d) Time-

dependent catalytic dehydrogenation of GLY over the Ru/La(OH)3 catalyst. 

Reaction condition: Ru/La(OH)3 (100 mg), GLY (13.68 mmol), NaOH (27.36 

mmol), water (41.04 mmol), 130 °C, and 600 rpm. 

 

Moreover, efficiency for producing the selective H2 gas and SL was 
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products such as SG and PD were formed in less amount as compared to SL and 

SF. These results clearly inferred that NaOH plays an important role in 

promoting the deprotonation of hydroxyl groups of GLY, thus enhancing the 

dehydrogenation of GLY to SL over the Ru/La(OH)3. 

 

Figure 3.10. Effect of water content on hydrogen production from GLY over the 

Ru/La(OH)3 catalyst. Reaction conditions: Ru/La(OH)3 (100 mg), GLY (13.68 

mmol), NaOH (27.36 mmol), water (0-20 equiv.), 130 °C, and 600 rpm. 

 

 

Figure 3.11. Effect of base concentration on hydrogen production from GLY 

over the Ru/La(OH)3 catalyst. Reaction conditions: Ru/La(OH)3 (100 mg), GLY 

(13.68 mmol), NaOH (0.5-2.0 equiv.), water (41.04 mmol), 130 °C, and 600 

rpm. 
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Notably, high yield of PD (10%) was observed while using 0.5 equiv. 

of NaOH, while with the high base amount (1.0-2.0 equiv.), less PD yield was 

observed, inferred that further dehydrogenation of produced PD occurred in the 

presence of base to produce H2 gas and SL. It has been observed that the GLY 

conversion and the selectivity for H2 and SL increased linearly with the increase 

in stirring speed up to 600 rpm but did not change significantly for stirring speed 

≥ 600 rpm, suggesting that external mass transfer limitations are not applicable 

for the stirring speed of ≥ 600 rpm (Table 3.4).[62,63] 

 

Moreover, the promotional effect of different types of bases such as 

NaOH, KOH, KOtBu, Na2CO3 and K2CO3 in the dehydrogenation of GLY was 

also investigated (Table 3.5). We observed high catalytic activity for GLY 

dehydrogenation (n(H2)/n(GLY) ~1.4), using NaOH with complete conversion 

of GLY as compared to KOH [(n(H2)/n(GLY) ~0.9)] with 88% conversion of 

GLY under the optimum reaction conditions (Table 3.5, entry 1 and 2). 

Moreover, the rate of generation of H2 gas was sluggish with KOH (initial TOF 

56 h-1) compared to that observed using NaOH (initial TOF 105 h-1). This is 

possible because of the larger ionic radius of the K+ ion than that of the Na+ ion, 

Table 3.4. Effect of stirring speed on the dehydrogenation of GLY over the Ru/La(OH)3 catalyst.a 

 

Entry rpm Conv. 

(%) 

t 

(h) 

n(H2) 

/n(GLYb 

Yield of byproducts 

(%)c 

CB 

(%)d 

Average 

reaction 

rate  

(mol/gRu/

h×10-2) 

SL SG PD SF 

1 - 91 6 1.1 75 3 2 7 96 2.07 

2 200 93 6 1.2 78 4 1 7 97 2.12 

3 400 >99 5 1.4 82 2 - 11 96 2.28 

4 600 >99 4.5 1.4 86 - - 12 98 3.04 

5 800 >99 4.5 1.4 84 - - 12 96 3.04 

aReaction conditions: Ru/La(OH)3 (100 mg), GLY (13.68 mmol), NaOH (27.36 mmol), water 

(41.04 mmol), 130 °C.bVolume of gas was measured by water displacement method. [c]Yield was 

calculated by 1H NMR using sodium acetate as an internal standard.  cYield was calculated by 1H 

NMR using sodium acetate as an internal standard. dCB is carbon balance. SL (sodium lactate), 

SG (sodium glycolate), PD (1,2-propanediol), and SF (sodium formate). 
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causing steric hindrance in the dehydrogenation of GLY.[64] Notably, no 

conversion of GLY was observed for the reactions performed with Na2CO3 and 

K2CO3, while with KOtBu, only 72% conversion of GLY was achieved (Table 

3.5, entries 3-5). At 90 °C, 13.3 mmol of H2 gas (~1.0 equiv.) was observed in 

14 h (Table 3.6, entry 1), while, at elevated temperatures (100-130 °C) higher 

yield of H2 gas was observed over the Ru/La(OH)3 catalyst with no significant 

change in the selectivity of SL (Table 3.6, entries 2-4). Notably, GLY was 

completely dehydrogenated for the reactions performed at ≥110 °C, where 

increase in the initial TOF was also observed upon increase in the reaction 

temperature (Table 3.6 and Figure 3.10 c). The Activation energy for the 

selective H2 generation from GLY over the Ru/La(OH)3 catalyst was estimated 

as 37.5 kJ/mol using the Arrhenius equation (Figure 3.12).  

 

Table 3.5.  Effect of different types of bases in hydrogen production from glycerol over the Ru/La(OH)3 catalyst.a 

 

Entry Base 

 

T (°C) 

/t (h) 

 

H2 gas  

(mL)b 

n(H2)/ 

n(GLY) 

Conv. 

(%) 

Yield of products (%)c CB 

(%)d 

Initial 

TOF  

(h-1)e 

 SL SG PD SF   

1 NaOH 130/4.5 470 1.4 >99 86 - - 12 98 105 

2 KOH  130/8 308 0.9 88 72 2 2 7 95 56 

3 KOtBu 130/8 208 0.6 72 62 2 1 5 98 38 

4 Na2CO3  130/4.5 - - n. r. - - -- - - - 

5 K2CO3 130/4.5 - - n. r. - - - - - - 

aReaction conditions: Ru/La(OH)3 (100 mg), GLY (13.68 mmol), base (27.36 mmol), water (41.04 mmol), 90-130 

°C and 600 rpm. bVolume of gas was measured by the water displacement method. cYield was calculated by 1H 

NMR using sodium acetate as an internal standard. dCB is carbon balance. eInitial turnover frequency at 1 h. SL 

(sodium lactate), SG (sodium glycolate), PD (1,2-propanediol), and SF (sodium formate). 
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Figure 3.12. (a) Temperature-dependent study for hydrogen production from 

GLY over the Ru/La(OH)3 catalyst (b) Arrhenius plot of initial TOF values to 

calculate activation energy. 

Moreover, enhancement in hydrogen gas production from GLY was 

observed for the reactions performed with higher catalyst loading (Table 3.6, 

entries 5-6). The aforementioned findings demonstrated the vital role of base 

concentration, n(GLY)/n(H2O) ratio, and the reaction temperature for achieving 

high catalytic activity for producing H2 gas from GLY. Hence, high catalytic 

activity for GLY dehydrogenation with a good yield of SL over Ru/La(OH)3 

catalyst was achieved using n(NaOH)/n(GLY) of 2.0 equiv. and 

n(GLY)/n(H2O) of 1:3 at 130 °C (Table 3.3, and entry 5). LA was purified by 

acidifying (pH ~1.5) the crude reaction mixture containing SL with 1 M HCl, 

and then the organic product (LA) was extracted using diethyl ether (5×10 mL). 

The organic fraction was dried over Na2SO4. The purified LA was obtained by 

removing the organic solvent under reduced pressure and was analyzed by 

NMR (1H and 13C) in D2O (Figures 3.13 and 3.14). 
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Table 3.6. Optimization of reaction condition for hydrogen production from glycerol over the Ru/La(OH)3 

catalyst.a 

 

Entry T (°C) 

/t (h) 

 

H2 gas  

(mL)b 

n(H2)/ 

n(GLY) 

Conv. 

(%) 

Yield of products (%)c CB 

(%)d 

Initial 

TOF 

(h-1)e 

 SL SG PD SF 

1 90/14 326 1.0 91 80 2 - 6 97 31 

2 100/12 360 1.1 95 85 1 - 6 97 41 

3 110/9 460 1.4 >99 87 - - 11 98 57 

4 120/6.5 466 1.4 >99 86 1 - 10 97 77 

5f 130/8.5 88 0.3 52 41 2 - 5 96 10 

6g 130/10 144 0.4 70 56 3 - 6 95 21 

7h 130/6.5 354 1.1 95 79 2 - 11 97 52 

aReaction conditions: Ru/La(OH)3 (100 mg), GLY (13.68 mmol), NaOH (27.36 mmol), water (41.04 mmol), 

130 °C and 600 rpm. bVolume of gas was measured by water displacement method. cYield was calculated by 

1H NMR using sodium acetate as an internal standard. dCB is carbon balance. eInitial turnover frequency at 1 

h. fRu catalyst (1 wt%), gRu catalyst (2.5 wt%), hRu catalyst (5 wt%).  

 

 

Figure 3.13. 1H NMR spectra of purified lactic acid in D2O. 
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Figure 3.14. 13C NMR spectra of purified lactic acid in D2O. 

 

3.3.3. Scope of Ru/La(OH)3 catalyst for H2 production from various 

terminal diols 

Encouraged by the high catalytic activity observed for the dehydrogenation of 
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Furthermore, the time-dependent 1H NMR analysis of the catalytic 

reaction mixture at different time intervals during the dehydrogenation of GLY 

inferred the continuous consumption of GLY with increase in the yield of SL 

and SF. On the other hand, the yield of SG (<2%) and PD (<1%) was found to 

be constant throughout the reaction (Figure 3.10 d). Further to investigate the 

participation of these intermediates in the catalytic hydrogen production from 

GLY, several control experiments were performed using various substrates in 

the presence of NaOH (2.0 equiv.) (Scheme 3.1). In agreement with the 

plausible reaction pathway, we observed the complete conversion of glyoxal to 

SG (yield 94%) using NaOH without catalyst (Reaction (a), Scheme 3.1, and 

Figure 3.15). On the other hand, treating glyoxal with Ru/La(OH)3 catalyst 

under optimized reaction conditions resulted in the formation of H2 gas (4.3 

mmol), SG (yield 64%) and SF (yield 32%) suggesting that presumably sodium 

glycolate (SG) transformed to SF with the release of H2 the over Ru/La(OH)3 

catalyst (Reaction (b), Scheme 3.1, and Figure 3.16). To investigate it further, 

performing reaction with GA over Ru/La(OH)3 catalyst in the presence NaOH 

(2.0 equiv.) indeed resulted in the production of H2 gas (8.5 mmol) along with 

SF (yield 62%) (Reaction (c), Scheme 3.1, and Figure 3.17). Notably, further 

Table 3.7. Hydrogen production from other terminal diols over the Ru/La(OH)3 catalyst.a 

Entry Substrate t (h) H2 gas 

(mL)b 

n(H2)/ 

n(diol)  

Conv. (%) Yield of 

SF (%)c 

1  8 870 2.6 >99 52 

2  4 532 1.6 99 50 

3  9 390 1.2 67 19 

4  7.5 96 0.3 22 5 

5  4.5 - - n. r. - 

aReaction conditions: Ru/La(OH)3 (100 mg), substrate (13.68 mmol), NaOH (27.36 mml), water 

(41.04 mmol), 130 °C, and 600 rpm. bVolume of gas was measured by water displacement method. 

cYield was calculated by 1H NMR using sodium acetate as an internal standard. The results reported 

are the average of at least two repeated reactions. EG (ethylene glycol), PDO (1,3-propanediol), 

BDO (1,4-butanediol), PO (1,5-pentanediol), HDO (1,6-hexanediol), and SF (sodium formate). 
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conversion of LA and formic acid (FA) over Ru/La(OH)3 was not observed 

during our investigation under optimized reaction conditions (Reaction (d-e), 

Scheme 3.1, and Figures 3.18 and 3.19). Therefore, this experimental evidence 

clearly inferred that for the selective catalytic dehydrogenation of GLY to H2 

gas and SL, followed the reaction pathway where initially, GLY 

dehydrogenated to glyceraldehyde with the release of one equivalent of H2 gas. 

Glyceraldehyde can further be transformed by two competing pathways. In the 

first pathway, glyceraldehyde is transformed to pyruvaldehyde through base-

catalyzed dehydration, which can subsequently be converted into SL through 

the Cannizzaro reaction. Notably, pyruvaldehyde could also be hydrogenated 

(using in-situ generated H2) to generate PD, which can be further 

dehydrogenated to corresponding products.[51] In another pathway, 

glyceraldehyde can be converted into formaldehyde and glycolaldehyde 

through a base-catalyzed retro-aldol reaction via C-C bond cleavage, where 

glycoldehyde can further be dehydrogenated to SG via glyoxal, followed by the 

dehydrogenation of SG to SF (Scheme 3.2). 

 

 
Figure 3.15. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction for hydrogen production from glyoxal without catalyst. Reaction 

conditions: glyoxal (13.68 mmol), NaOH (27.36 mmol), water (41.04 mmol), 

130 °C, and 600 rpm. 
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Figure 3.16. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction for hydrogen production from glyoxal over the Ru/La(OH)3 catalyst. 

Reaction conditions: Ru/La(OH)3 (100 mg), glyoxal (13.68 mmol), NaOH 

(27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm. 

 

 
Figure 3.17. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction for hydrogen production from glycolic acid over the Ru/La(OH)3 

catalyst. Reaction conditions: Ru/La(OH)3 (100 mg), glycolic acid (13.68 

mmol), NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm. 
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Figure 3.18. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction for hydrogen production from lactic acid over the Ru/La(OH)3 

catalyst. Reaction conditions: Ru/La(OH)3  (100 mg), lactic acid (13.68 mmol), 

NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm. 

 

 
Figure 3.19. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction for hydrogen production from formic acid over the Ru/La(OH)3 

catalyst. Reaction conditions: Ru/La(OH)3 (100 mg), formic acid (13.68 mmol), 

NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm. 
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Scheme 3.1. Control experiments to elucidate the reaction intermediates in the 

catalytic transformation of GLY to H2 and SL.  

 

 

Scheme 3.2. Plausible reaction pathways for hydrogen production from GLY 

over the Ru/La(OH)3 catalyst. 

3.3.4. Catalyst stability and recyclability 

The mercury poisoning experiment was conducted to investigate the 

heterogeneity of the Ru/La(OH)3 catalyst, where the Ru/La(OH)3 catalyst was 

treated with an excess of elemental Hg(0) before proceeding to the catalytic 

reaction. A significant quenching of the reaction was observed, inferring the 
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heterogeneous nature of the catalyst (Figure 3.20). Moreover, the bulk-scale H2 

gas generation from GLY was conducted, where ~2.2 L (90 mmol) of H2 gas 

was produced in 18 h from 5 mL (68.5 mmol) of GLY with a productivity of 12 

L H2/gRu/h and the yield of SL (82%) in the presence of NaOH (2.0 equiv.) at 

130 °C (Figure 3.21). A catalyst recyclability experiment was also performed, 

where the Ru/La(OH)3 catalyst was recycled and reused for six consecutive runs 

without any significant loss in the catalytic activity with cumulative H2 yield 

~2.8 L H2 form 82.08 mmol of GLY (Figure 3.22). The slight loss in the catalytic 

efficacy in the dehydrogenation of GLY may be ascribed to the agglomeration 

of ruthenium nanoparticles and loss of catalyst during the recovery process. 

Moreover, bulk-scale dehydrogenation of EG was also performed, and we 

observed the release of ~ 4.3 L H2 gas from 3.8 mL of EG in 42 h using NaOH 

(3.0 equiv.) and ~3.7 L of H2 gas from 3.8 mL of EG in 37 h in the presence of 

2.0 equiv. NaOH (Figure 3.23). 

 
Figure 3.20. Hg poisoning experiment to validate the heterogeneous nature of 

the Ru/La(OH)3 catalyst.  
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Figure 3.21.  Time course plot for the bulk-scale production of hydrogen gas 

from GLY over the Ru/La(OH)3 catalyst. Reaction conditions: Ru/La(OH)3 (100 

mg), GLY (68.4 mmol), NaOH (136.8 mmol), water (205.2 mmol), 130 °C, and 

600 rpm. 

 

Figure 3.22.  Recyclability experiment for hydrogen production from GLY over 

the Ru/La(OH)3 catalyst. Reaction conditions: Ru/La(OH)3 (100 mg), GLY 

(13.68 mmol), NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm.  

 

 

0 2 4 6 8 10 12 14 16 18
0

400

800

1200

1600

2000

2400

V
o

lu
m

e
 o

f 
H

2
 g

a
s

 (
m

L
)

Time (h)

n(H2)/n(GLY)

0.5

0.7

0.9

1.1

1.3

1.5

0

20

40

60

80

100

1 2 3 4 5 6

n
(H

2
)/

n
(G

L
Y

)

C
o

n
v.

 o
r 

Y
ie

ld
 (

%
)

Catalytic Runs

Yield (%) of SL Yield (%) of SF Yield (%) of SG

Yield (%) of PD Conv. (%) of GLY



114 
 

 
Figure 3.23. Time course plot for the bulk-scale production of hydrogen gas 

from EG over the Ru/La(OH)3 catalyst. Reaction conditions: Ru/La(OH)3 (100 

mg), EG (68.4 mmol), NaOH, water (205.2 mmol), 130 °C, and 600 rpm. 

 

Figure 3.24. P-XRD pattern of the spent Ru/La(OH)3 catalyst. 
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Figure 3.25. (a) TEM image, and corresponding (b) particle size distribution 

graph of the spent Ru/La(OH)3 catalyst. 

Noticeably, the P-XRD pattern of the spent Ru/La(OH)3 catalyst was 

found to be analogous to the fresh Ru/La(OH)3 catalyst (Figure 3.24). TEM 

analysis of the spent catalyst showed a slight increase in the particle size (~2.5 

nm) as compared to the fresh Ru/La(OH)3 catalyst (particle size ~1.5 nm), 

probably due to agglomeration of ruthenium nanoparticles (Figure 3.25). ICP 

analysis of the reaction solution showed no significant leaching of Ru (~0.06 

wt%). These findings confirm the robustness and the long-term stability of the 

Ru/La(OH)3 catalyst, which is reflected in the observed enhanced catalytic 

activity of Ru/La(OH)3 for the dehydrogenation of GLY to H2 and SL. 

 

Notably, literature revealed that most of the catalytic transformation of 

aqueous GLY to H2 gas has been performed at high temperatures (200-750 ℃), 

while LA production from GLY was obtained at lower temperatures (<200 °C) 

(Table S5). For instance, Raja et al. explored different metal loading of Ru 

nanoparticles over NaY support (2-5 wt% Ru-NaY) for the APR of GLY and 

achieved (conv. up to 88%) at 250 ℃ and under a continuous flow of N2 gas 

(40 bar), resulted in 74% selectivity of H2 gas with the contamination of other 

gases (24%) over the 3wt% Ru-NaY catalyst. They noted that the catalytic 

activity in APR of GLY was significantly improved by examining the structure-

activity relationship between of Ru and NaY support, metal loading and 

dispersion of Ru metal.[22] In the similar way, they also developed Ru based 

catalysts (Ru-NMC-3 and RuPt-NMC-3) for APR of GLY and afforded 92% 

conversion with 88.5% H2 selectivity at 250 ℃.[31] Han et al. developed Ru-Zn-

Cu(I) catalyst supported over hydroxyapatite (HAP) for the transformation of 
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GLY to LA at 140 °C and achieved >99% GLY conversion with the yield of 

70.9% in 24 h. However, when catalytic reaction was performed over Ru/HAP 

catalyst, they achieved 63.7% yield of LA and 28.5% FA with complete 

conversion of GLY and 13.7% selectivity for methane gas at 140 °C in 12 h.[56] 

It indicates that Zn+2 and Cu(I) played an important role in achieving the good 

selectivity of LA. Zn+2
 ions help in the 1,2-hydride shift of reaction intermediate 

(pyruvaldehyde) to LA and Cu(I) restrained in the C-C bond cleavage of 

glyceraldehyde to improve the yield of LA. Banat et al. developed Au and 1D 

HAP nanohybrid supported on boron nitride (Au/BN/HAP) for the catalytic 

conversion of GLY to LA (Sel. 99.5%) at 100 °C in 2 h.[57] It was found that 

BN had a high affinity to adsorb GLY, which enhanced the catalytic activity to 

convert GLY to LA over the supported catalyst. In comparison to earlier 

reported catalytic systems, our Ru/La(OH)3 based catalytic system, having 

highly dispersed ruthenium metal nanoparticles (87%) and strong metal-support 

interaction (SMSI) between Ru and La(OH)3, showed high catalytic activity for 

the selective dehydrogenation of GLY with high yield of H2 (n(H2)/n(GLY) 

~1.4) and SL (86%) yield in water at 130 °C. 

3.4. Conclusions 

Herein, we demonstrated an efficient catalytic process for the selective 

dehydrogenation of aqueous glycerol (GLY) to H2 gas and sodium lactate (SL) 

over Ru/La(OH)3 catalyst in aq. NaOH solution at 90-130 °C. Our findings 

inferred the crucial role of base concentration, n(GLY)/n(H2O) ratio, reaction 

temperature, and different supported catalysts in achieving complete conversion 

of GLY selectively to H2 and SL. We observed that Ru/La(OH)3 outperformed 

other supported ruthenium catalysts to achieve a high H2 yield (1.4 equiv. per 

mmol of GLY) along with a high yield of LA (86%) at 130 °C in the presence 

of NaOH (2.0 equiv.). To validate the catalytic dehydrogenation pathway of 

GLY, several controlled experiments were carried out under optimized reaction 

conditions, which corroborated well with experimental results. 

Advantageously, we could generate H2 gas on a large scale from GLY over the 

Ru/La(OH)3 catalyst, displaying the remarkably high long-term stability of the 

Ru/La(OH)3 catalyst with an efficiency of producing 220 L H2/gRu with a 

productivity of 12 L H2/gRu/h. Moreover, the developed catalytic methodology 
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was also equally effective for the bulk-scale dehydrogenation of EG to yield ~ 

4.3 L H2 gas from 3.8 mL of EG in 42 h using NaOH (3.0 equiv.) at 130 °C. 

Therefore, the developed catalytic system provides new insights into exploring 

GLY, EG and other terminal diols as important substrates for selectively 

producing purified hydrogen gas in aqueous conditions.  
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Chapter 4 

Selective Hydrogen Gas Production from Ethylene 

Glycol over Ruthenium Catalyst in Water 

4.1. Introduction 

The rising demand for energy, the depletion of non-renewable resources, and 

abrupt climate changes have compelled the scientific community to explore 

environmentally sustainable alternatives to meet the global energy demand.[1,2] 

In this context, molecular hydrogen is a promising, clean, renewable fuel and 

alternative energy carrier, owing to its high gravimetric energy density and the 

release of only water/water vapour as a byproduct when used in a fuel cell or 

combustion engine.[3-9] However, the efficient storage of hydrogen gas is 

challenging due to its low volumetric energy density. Worldwide, hydrogen gas 

is stored and transported under high pressure or as a liquid under cryogenic 

temperature. On the other hand, hydrogen is one of the most abundant elements 

in nature. Still, it is chemically bonded in organic compounds, and its 

availability as molecular H2 gas in the earth’s atmosphere is negligible. On an 

industrial scale, hydrogen is produced by methane reforming,[10] aqueous phase 

reforming,[11] and steam reforming of fossil fuels,[12] which are highly energy-

intensive processes with the emissions of greenhouse gases. On the other hand, 

with the intervention of a suitable catalyst, hydrogen can be produced from 

several promising and potential small organic molecules such as, methanol,[13-

16] formic acid,[17-22] formaldehyde,[20, 23-25] and other polyols.[26-28]  

However, attempts are also being made around the world to find 

alternative, effective, and sustainable resources for the production of hydrogen 

gas. In this regard, ethylene glycol (EG), a vicinal diol, is an inexpensive and 

renewable source which can store 6.5 wt% of hydrogen. Notably, EG can be 

produced by hydrogenolysis of biomass-derived polyols,[29] and alternatively 

by hydration of petrochemically derived ethylene oxide,[30] depolymerization 

of polyethylene terephthalate (PET) and so on.[31] Hydrogen production from 

EG via steam reforming has been explored over Ru/Al2O3,
[32] Ni/CeO2-

Al2O3,
[33] Rh or Ni/MgAl2O4,

[12] Pt or Ni/γ-Al2O3,
[34] Ni-Pt/Al2O3,

[35]
 Ni-
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Cu/La2O3-MgO,[36] Ni/Attapulgite[37] and others. Compared to the steam 

reforming process, which works at a high temperature (>200 °C), aqueous phase 

reforming is getting a lot of recognition for hydrogen production from biomass-

derived oxygenated compounds at a relatively lower temperature (<200 °C).38 

A variety of catalysts such as Ni-Zn-Al/HT,[38] Ni/Mg/Al,[39] Co/ZnO,[40] Ni-

Pt/HT,[41] NiFeCo,[42] Pt-Co/CeO2-ZrO2,
[43] Pt/CNF,[44] Pt/Al2O3,

[45] Pt-

Mn/CMK-3,[46] M/SiO2 (where M = Ni, Pt, Pd, Ru, Rh),[47]
 and Raney-NiSn[48] 

have been explored for aqueous phase reforming of EG to produce hydrogen 

gas. For instance, Pt/Al2O3 catalyst was reported by Dumesic et al. for EG 

reforming to achieve 90% conversion with 96% H2 selectivity at 225 °C 

(Scheme 4.1).[45] However, selective hydrogen production is a major challenge 

in the aqueous phase reforming of EG due to the involvement of side reactions 

to form CO2, CO, and other short alkanes. Bitter et al. developed a catalytic 

system for the EG to glycolic acid (GA) conversion at 150 °C using Cu 

supported on carbon nanofiber (CNF), and for converting GA to formic acid 

(FA), H2, and CO2 at 180 °C over the Ni supported on carbon nanofiber (CNF), 

where the selectivity of hydrogen gas was found to be 99% in alkaline medium 

(Scheme 4.1).[26]  

 

Scheme 4.1. Catalytic hydrogen production from ethylene glycol over various 

catalysts. 

 A few molecular catalysts, mainly based on Rh, Ir, Ru, and Mn have 

also been explored for EG reforming.[49-53] For instance, Beller et al. employed 

Ru-PNP catalyst for EG reforming at 125 °C in diglyme.[50] Tang et al. reported 

Rh Cp* bipyrimidine (Cp*Ru-bpym) from EG to GA  at 100 °C in water.[51] 

Milstein et al. achieved reforming of EG to GA and H2 at 115 °C in THF-water, 

where the reactivity of Ru-PNP-based catalyst drastically decreased at a 

reaction temperature of 100 °C.[52] Moreover, the reaction was sluggish when 
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water was used as the only solvent at 115 °C. Recently, Maji et al. employed 

Mn-PNP complex for EG reforming to GA and H2 as a byproduct at 140 °C in 

tAmOH in 12 h.[53] Therefore, it is evident from these reports that most 

heterogeneous catalyst works well at high temperature, while homogeneous 

catalysts are primarily explored in non-aqueous solvents. Recently, we also 

developed and explored several efficient catalysts for low-temperature 

hydrogen production from methanol,[16] formic acid,[20-21] formaldehyde,[25] 

glycerol,[26] and others in water-based conditions. We envisioned that the 

dehydrogenation of EG may lead to the selective production of hydrogen gas 

along with the generation of formic acid as a valuable byproduct. Such 

processes led to the selective production of 3.0 equivalents of hydrogen gas 

from EG, which is free from CO or CO2 contaminations, and thus, purification 

costs can be significantly reduced. 

 Herein, we developed an efficient process to produce hydrogen gas from 

ethylene glycol (EG) over the ruthenium catalyst (unsupported catalyst) in 

water at a low temperature (110 °C). Reaction parameters are optimized and 

standardized to achieve high productivity and selectivity of hydrogen gas with 

complete conversion of EG. Attempts are made to understand the reaction 

pathway for EG dehydrogenation by identifying reaction intermediates and 

utilizing them under controlled reaction conditions. Moreover, attempts are also 

made to evaluate the potential of the developed catalytic system for the large-

scale production of purified hydrogen gas from EG. 

4.2. Experimental section 

4.2.1. Materials and instrumentation 

High-purity chemicals and metal salts were purchased from Sigma-Aldrich, 

Alfa-Aesar and used without further purification. All the catalytic reactions 

were performed under inert conditions using high-purity Argon gas purchased 

from Inox Air Products Ltd., India. 1H NMR (500 MHz) was recorded in 

deuterated solvent (D2O) using Bruker Ascend 500 spectrometer. Chemical 

shifts were referenced to the internal solvent resonances and were reported 

relative to tetramethylsilane. Transmission Electron Microscopic (FEI-TEM) 

images were obtained using the FEI TALOS 200S instrument at a working 
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voltage of 200 kV. The samples for TEM analysis were prepared by the drop-

costing method. Briefly, ruthenium nanoparticles were dispersed in ethanol 

under ultra-sonication for 1 hour, and then highly dispersed particles were 

spread onto a carbon-coated Cu grid and dried at room temperature. Particle 

size was calculated using ImageJ software for at least 50-100 particles, and the 

average particle size distribution curve was plotted using Origin software. 

Scanning Electron Microscopic images and elemental mapping data were 

collected using a JOEL-7610F plus equipped with an EDS detector Powder X-

ray diffraction (P-XRD) measurements were performed using a Rigaku 

SmartLab Automated Multipurpose X-ray diffractometer with a scintillation 

detector. The measurements were conducted using Cu Kα radiation (λ = 1.5418 

Å) with a step size of 0.02° in the 2θ range of 20-80°. The exposure time for 

each P-XRD measurement was 20 minutes. The nitrogen physisorption 

isotherms were measured at 77 K using Quantachrome Autosorb iQ2 TPX 

automated gas sorption system, and the specific surface area was calculated 

using the Brunauer-Emmett-Teller (BET) equation in the relative pressure 

(P/P0) range of 0.05-0.3. The sample was degassed at 200 ℃ for 4 h under high 

vacuum before analysis. X-ray photoelectron Spectroscopy (XPS) was 

performed using Omricon ESCA (Electron Spectroscope for Chemical 

Analysis), Oxford Instrument, Germany. Aluminum (Al) anode was used as a 

monochromatic X-ray source (1486.7 eV) for XPS measurements. The binding 

energy values were charge-corrected to the C 1s signal (284.6 eV). The gas 

chromatography (GC) analyses were performed on a Shimadzu GC-2014 

system using a shin carbon-ST packed column with a thermal conductivity 

detector (TCD) using argon as a carrier gas. Parameters were set for the program 

to detect H2, CO2, CO, and CH4 gas (detector temperature: 200 °C, and oven 

temperature program: 90 °C (hold time: 1 min), 90-200 °C (rate: 15 °C per 

minute). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

was performed with ARCOS, a simultaneous spectrometer of SPECTRO 

analytical instruments. The sample was digested using aquaregia in the thermal 

autoclave at 170 °C for 12 h, diluted with water and then carried out for analysis. 
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4.2.2. Synthesis of the ruthenium catalyst 

Typically, ruthenium (III) chloride (0.1 mmol) and polyvinylpyrrolidone (50 

mg) dissolved in water (5 mL) was added dropwise to an aqueous solution of 

sodium borohydride (25 mg in 5 mL water) to obtain a black suspension of 

ruthenium nanoparticles.[54] The content of the flask was sonicated for 10 

minutes at room temperature to obtain ruthenium catalyst as black suspension. 

Ruthenium catalyst was collected as a black solid by centrifugation, washed 

several times with deionized water, and then dried under vacuum. 

4.2.3. Catalytic hydrogen production from EG over the ruthenium catalyst 

In a two-necked reaction vessel fitted with a condenser and water displacement 

set-up, a specified amount of ruthenium catalyst was suspended in ethylene 

glycol (EG) in the presence of a specified amount of water and base. The 

reaction mixture was stirred in an oil bath at 110 °C under the argon atmosphere. 

The amount of H2 gas evolved was measured using a burette through the water 

displacement process, and the evolved gas was analyzed using a gas 

chromatography-thermal conductivity detector (GC-TCD). After the reaction, 

the catalyst was recovered from the reaction mixture by centrifugation at 6500 

rpm for 5 minutes. EG conversion and the formation of other organic products 

were estimated by 1H NMR of the crude reaction mixture. The yields of the 

products (sodium formate (SF) and sodium glycolate (SG)) were determined 

using sodium acetate as an internal standard using the following equation.  

        Yield = Cf(P)/Ci(EG)×100 (%) 

where, 

             Cf(GLY) =  millimoles of carbon in the final ethylene glycol 

                   Cf(P) = millimoles of carbons in the final product 

4.2.4. Recyclability experiment 

Typically, the reaction performed using EG (5 mmol), NaOH (10.5 mmol) and 

ruthenium catalyst (0.1 mmol) was performed in water at 110 °C under the 

optimized reaction condition. For the subsequent catalytic runs, the ruthenium 

catalyst was separated from the reaction mixture by centrifugation, and the 

catalyst was re-used for subsequent catalytic runs. The progress of the reaction 

was monitored by measuring the evolved H2 gas by the water displacement 

method and analyzed the released gaseous products by GC-TCD analysis. 
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4.2.5. Bulk scale hydrogen production from EG over the ruthenium 

catalyst 

Typically, the reaction was performed using bulk scale aqueous solution of EG 

(50 mmol) in the presence of the ruthenium catalyst and NaOH (2.1 and 3.5 

equiv.) under the optimized reaction condition at 110 °C.  

4.2.6. Heterogeneity test for the ruthenium catalyst  

Ruthenium catalyst (0.1 mmol), suspended in water (0.360 mL) was stirred with 

a large excess of elemental mercury (Hg) at room temperature for three hours 

before the catalytic reaction. Further, ethylene glycol (5 mmol, 0.280 mL) and 

NaOH (10.5 mmol, 420 mg) were added to the reaction vessel, fitted with a 

condenser and water displacement set-up. Further, the reaction mixture was 

stirred at 110 °C in an oil bath under an argon atmosphere to investigate the 

reaction quenching in the presence of elemental mercury. 

4.2.7. Gas composition analysis  

The identification of gaseous products during the dehydrogenation of EG was 

confirmed as H2 and with no detectable level of CO, CO2 and CH4 using a 

Shimadzu GC-2014 system. The chromatograph was equipped with a shin 

carbon-ST packed column with a thermal conductivity detector (TCD) using 

argon as a carrier gas. Parameters were set for the program to detect H2, CO2 

CO, and CH4 (detector temperature, 200 °C; oven temperature program, 90 °C 

(hold time: 1 min), 90-200 °C (rate: 15 °C per minute).  

4.3. Results and discussion 

4.3.1. Catalyst characterization  

Transmission electron microscopy (TEM) images of the ruthenium catalyst 

revealed the presence of ruthenium nanoparticles of ~2.6 nm particle size 

(Figure 4.1a-c). Notably, the presence of a major peak of 44° in the P-XRD is 

consistent with the (101) plane of the hexagonal-close packed (hcp) ruthenium 

(Figure 4.1d).[55] Energy-dispersive X-ray spectroscopy (EDX) and elemental 

mapping also evidenced the presence of ruthenium element (Figure 4.2). 

Further, the surface area of the ruthenium catalyst was calculated using the 
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Brunauer-Emmett-Teller (BET) equation applied to adsorption data in the 

relative pressure (P/P0) range of 0.05-0.30 and found to be 19 m2/g (Figure 4.3).  

The dominant peaks corresponding to the binding energy of Ru 3p3/2 and 

Ru 3p1/2 of Ru catalyst in X-ray photoelectron spectroscopy (XPS) 

measurements are observed at 461.5 eV and 483.6 eV, respectively, which is 

consistent with the formation of metallic ruthenium (74%) (Figure 4.4). Though 

Ru 3d3/2 peak shows significant overlapping with the peak of C 1s (284.6 eV), 

the binding energy of Ru 3d5/2 at 280.3 is corresponding to Ru(0).[56-57] The 

presence of minor peaks at the binding energy of 464.7 eV and 484.2 eV 

corresponds to the oxidized Ru(IV) of 3p region (26%) is possibly due to the 

formation of an oxide layer over the ruthenium catalyst during sample 

preparation and handling under ambient conditions. Therefore, metallic Ru (0) 

is the active component of the ruthenium catalyst for the dehydrogenation of 

EG under the optimized reaction conditions.[28] 

 

Figure 4.1. (a-b) TEM images, and corresponding (c) Particle size distribution 

curve, and (d) The P-XRD pattern of the fresh ruthenium catalyst. 
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Figure 4.2. (a) SEM image corresponding to (b) elemental mapping and (c) 

EDX spectra of fresh ruthenium catalyst. 

 

Figure 4.3. N2 adsorption-desorption isotherm of fresh ruthenium catalyst. 
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Figure 4.4. (a) XPS spectra of Ru 3p region and (b) Ru 3d region of fresh 

ruthenium catalyst. 

4.3.2. Catalytic hydrogen production from EG 

We began our investigations by evaluating the performance of the ruthenium 

catalyst synthesized by aqueous phase reduction of RuCl3.xH2O using NaBH4 

in the presence of PVP to produce hydrogen gas from neat EG in the presence 

of NaOH at 110 °C. The reaction showed 52% conversion with 80 mL (0.6 

equiv. of H2 per EG) of hydrogen gas release in 9 h (Table 4.1, entry 1). The 

evolved gas was analyzed (by GC-TCD) as H2 gas only with no traces of CO, 

CO2, or CH4 suggesting the selective production of H2 gas from EG (Figure 4.5 

and 4.6). Based on the NMR spectroscopy of reaction mixture, sodium formate 

(SF) and sodium glycolate (SG) were observed as the only major products. 
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Figure 4.5. Time course plot (GC-TCD data in inset) for hydrogen gas 

production from EG over the ruthenium catalyst at 110 °C. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), EG (5 mmol), NaOH (10.5 mmol), and water 

(20 mmol). 

 

 

Figure 4.6. GC-TCD analysis of the (a) standard mixture of gases with the 

composition of CO (24.965%), CO2 (24.962%), CH4 (25.012%) and H2 

(25.061%), and (b-d) gas produced from EG dehydrogenation over the 

ruthenium catalyst at (b) 110 °C, (c) 130 °C, and (d) 160 °C. Reaction 

Conditions: Ruthenium catalyst (0.1 mmol), EG (5 mmol), NaOH (10.5 mmol), 

water (20 mmol), 110 °C, 130 °C, and 160 °C. 
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Figure 4.7. Effect of water concentration on hydrogen production from EG over 

the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 mmol), 

EG (5 mmol), NaOH (10.5 mmol), water (0-10 equiv.), and 110 °C. 

Indeed, the conversion of EG was increased to 83% in the presence of 

an equivalent amount of water to collect 230 mL (1.9 equiv. of H2 per EG) of 

H2 gas in 10 h (Table 4.1, entry 2). Using 4 equivalents of water, EG conversion 

was further enhanced to reach almost complete conversion (99%) with the 

release of 280 mL (2.3 equiv. of H2 per EG) at 110 °C (Table 4.1, entry 3). 

However, with more diluted aqueous solution of EG, lower conversion with 

lesser volume of hydrogen gas release was observed (Table 4.1, entries 4, 5 and 

Figure 4.7). Notably, gas evolution was not observed for the reaction performed 

in the absence of catalyst (Table 4.1, entry 6). To investigate the role of PVP, 

the dehydrogenation of EG was performed over the Ru catalyst (synthesized 

without PVP) under the optimized reaction conditions, where a significantly 

low catalytic activity (conv. 26% in 9.5 h) was observed (Table 4.1, entry 7). 

The observed loss in the catalytic activity can be attributed to the agglomeration 

of the ruthenium nanoparticles due to the absence of PVP (average particle size 

of ~ 4 nm, as confirmed by TEM analysis) (Figure 4.8). 
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Figure 4.8. (a) TEM image and the corresponding (b) particle size distribution 

curve of the ruthenium catalyst synthesized without PVP. 
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Table 4.1. Optimization of the reaction condition for hydrogen production from EG over ruthenium 

catalyst.a  

 

Entry n(EG)/ 

n(H2O) 

NaOH 

(equiv.) 

t (h) Conv. 

(%) 

H2 gas 

(mL)b 

n(H2)/ 

n(EG) 

Yield 

(%)c 

SF/SG 

CB 

(%)d 

 

Initial 

TOF 

(h-1) e 

1 1:0 2.1 9 52 80 0.6 10/7 65 13 

2 1:1 2.1 10.5 83 230 1.9 25/17 59 24 

3 1:4 2.1 9.5 99 280 2.3 57/26 84 32 

4 1:7 2.1 8.5 88 210 1.7 19/40 71 19 

5 1:10 2.1 10 78 198 1.6 15/24 61 22 

6f 1:4 2.1 - - - - - - - 

7 g 1:4 2.1 9.5 26 50 0.4 8/7 89 - 

8 1:4 0 - - - - - - - 

9 1:4 0.5 5 32 60 0.4 6/8 82 13 

10 1:4 1.0 6 54 88 0.7 12/14 72 19 

11 1:4 1.5 8 85 226 1.8 27/38 80 24 

12 1:4 3 13 >99 364 3.0 74/7 81 39 

13 1:4 3.5 10 >99 370 3.0 85/- 85 45 

aReaction conditions: Ruthenium catalyst (0.1 mmol), EG (5 mmol), NaOH, water, 110 °C. bMeasured by 

water displacement method. cCalculated by 1H NMR using sodium acetate as an internal standard. dCarbon 

balance. eInitial turnover frequency at 1 h. fReaction in the absence of catalyst. gRuthenium catalyst 

synthesized without the use of PVP. EG (ethylene glycerol), SF (sodium formate), SG (sodium glycolate). 

Results reported are the average of at least two repeated reactions. 
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Further, varying the NaOH concentration (0.5-3.5 equiv., 3.9-27.34 M) 

significantly influenced the amount of hydrogen gas released from EG (7.8 M) 

over the ruthenium catalyst at 110 °C (Table 4.1 and Figure 4.9). Results 

inferred that by varying the NaOH concentration in the range of 0-11.71 M, the 

conversion rate of EG increases from 0 to 0.83 M/h at 110 °C (Figure 4.9). 

Notably, the reaction could not proceed in the absence of NaOH (Table 4.1, 

entry 8), while at lower NaOH content (0.5 equiv., 3.9 M), the reaction was very 

sluggish with 32% conversion of EG (0.4 equiv. of H2 per EG) (Table 4.1 and 

entry 9). However, the EG conversion rate was not significantly changed with 

the further increase in NaOH concentration from 11.71 M (2.1 equiv.) to 27.34 

M (3.5 equiv.). Though an initial increase in the formation rate of SG from 0 to 

0.37 M/h was observed with the increase in NaOH concentration from 0 -11.71 

M, SG yield was decreased upon the increase in NaOH concentration beyond 

11.71 M, where SG was not observed for the reaction performed with 27.34 M 

NaOH (Table 4.1, entries 12-13). Notably, the formation rate of SF displayed a 

linearly increasing trend with the increase in NaOH concentration (0 -27.34 M), 

where FA yield was significantly increased from 57% (with 2.1 equiv. of 

NaOH) to 85% (with 3.5 equiv. of NaOH) (Table 4.1 and Figure 4.9). These 

results clearly suggest the crucial role of NaOH concentrations in tuning the 

process of EG dehydrogenation.  
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Figure 4.9. (a) Effect of base concentration on hydrogen production from EG 

over the ruthenium catalyst, (b) Initial reaction rate and product formation 

rate-NaOH concentration profile. Reaction conditions: Ruthenium catalyst (0.1 

mmol), EG (5 mmol), water (20 mmol), NaOH (0.5-3.5 equiv., 3.9 M-27.34 M), 

110 °C, and 600 rpm. 
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Figure 4.10. Dependence of ruthenium catalyst concentration on the reaction 

rate for hydrogen production from EG. 

Further, the promotional effect of different bases (NaOH, KOH, K2CO3, 

Na2CO3, and KOtBu) over the dehydrogenation of EG was also investigated 

(Table 4.2). Analogous to the high activity observed in the presence of NaOH 

(Table 4.2, entry 7), complete conversion of EG was also achieved in the 

presence of KOH (Table 4.2, entry 1). However, the rate of production of H2 

gas was slower with KOH compared to that observed in the presence of NaOH, 

which can be attributed to the larger ionic size of K+ ion than Na+, which creates 

stearic hindrance in the dehydrogenation step.[58] Complete conversion of EG 

could not be achieved in the presence of KOtBu (Table 4.2, entry 2). On the 

other hand, the reaction could not proceed in the presence of K2CO3 and 

Na2CO3 (Table 4.2, entries 3-4). Advantageously, H2 gas generation from EG 

can also be achieved over varying ruthenium catalyst concentration (0.25 mol% 

- 2.0 mol%), where the initial rate of H2 gas production was found to increase 

linearly with the increase of catalyst concentration (Table 4.3 and Figure 4.10). 
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Table 4.2. Optimization of the reaction conditions for hydrogen production from EG over ruthenium catalyst.a 

 

Entry Base  
 

T (°C)/ 

t (h) 

Conv. 

(%) 

H2 gas 

(mL)b 

n(H2)/ 

n(EG) 

Yield (%)c 

SF/SG 

CB 

(%)d 

Initial 

TOF 

(h-1)e 

 

1 KOH 110/ 14.5 99 220 1.8 41/15 57  

2 KOtBu 110/14 81 200 1.6 14/31 64 13 

3 Na2CO3 110/10 - - - - - - 

4 K2CO3 110/10 - - - - - - 

5 NaOH 90/14 74 186 1.5 18/38 82 12 

6 NaOH 100/11 90 234 1.9 29/42 81 19 

7 NaOH 110/9.5 99 280 2.3 57/26 84 32 

8 NaOH 120/8 >99 290 2.4 58/22 80 53 

9 NaOH 130/6 >99 340 2.8 64/13 77 67 

10 NaOH 160/3.5 >99 370 3.0 80/- 80 111 

aReaction conditions: Ru catalyst (0.1 mmol), EG (5 mmol), NaOH (10.5 mmol), water (20 mmol), 90 °C - 

160 °C. bMeasured by water displacement method. cCalculated by 1H NMR using sodium acetate as an internal 

standard.  dCarbon balance.  eInitial turnover frequency at 1 h. EG (ethylene glycerol), SF (sodium formate), 

SG (sodium glycolate).  The results reported are the average of at least two repeated reactions. 

Table 4.3. Hydrogen production from EG using varying loading of ruthenium catalyst.a 

 

Entry Catalyst  

mol (%) 

t (h) Conv. 

(%) 

H2 gas 

(mL)b 

n(H2)/ 

n(EG) 

Yield (%)c 

SF/SG 

Initial 

TOF 

( h-1)d 

1  0 - - - - - - 

2 0.25 14 50 122 0.98 9/15 4 

3 0.5 14 84 186 1.51 26/36 13 

4 1.0 13.5 96 224 1.83 41/32 17 

5 1.5 12 97 234 1.91 42/41 26 

6 2.0 9.5 99 280 2.3 57/26 32 

aReaction conditions: Ru catalyst (0.1mmol), EG (5 mmol), NaOH (10.5 mmol), water, 110 °C. bVolume of 

gas was measured by water displacement method. cYield of organic products was calculated by 1H NMR using 

sodium acetate as an internal standard. dInitial turnover number at 1 h. SF (sodium formate), SG (sodium 

glycolate). The results reported are the average of at least two repeated reactions. 
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Figure 4.11. Time course plot for (a) temperature-dependent hydrogen 

production from EG over the ruthenium catalyst at 90-160 °C. (b) the 

distribution of EG, SF and SG during the catalytic dehydrogenation of EG over 

the ruthenium catalyst at 110 °C. Reaction conditions: Ruthenium catalyst (0.1 

mmol), EG (5 mmol), NaOH (10.5 mmol), and water (20 mmol). 

 

Notably, hydrogen gas production from EG was also observed at 90 °C 

to achieve 1.6 equiv. of H2 per mol of EG in 14 h over Ru catalyst. Higher yield 

of hydrogen gas was obtained with further increase in the reaction temperature 

to 100 -160 °C (Table 4.2, entries, 6-10 and Figure 4.11). Complete conversion 

of EG was achieved for the reaction performed at ≥ 110°C, where with increase 

in the reaction temperature yield of SF was also increasing, while SG yield was 

in a decreasing trend. At 160 °C, 3.0 equiv. of H2 gas was produced together 

with the 80% yield of SF for the catalytic reaction from EG dehydrogenation 



142 
 

over the ruthenium catalyst. Under the optimized reaction condition, the 

ruthenium catalyst also displayed an increasing trend in the initial TOF (h-1) 

with the increase in reaction temperature, where the initial TOF was 32 h-1 at 

110 °C which was increased by ~3.5 folds to 111 h-1 at 160 °C, with complete 

selectivity for H2 gas at all the reaction temperatures. The observed enhanced 

catalytic activity of the studied ruthenium catalyst is significant as compared to 

the earlier reported aqueous phase reforming of EG processes such as over Ru-

NaY catalyst at 250 °C displaying EG conversion well below 80% with H2 

selectivity in the range of 50%-74%.[28] The activation energy for the reaction 

was estimated as 57 kJ/mol (Figure 4.12). Moreover, from Eyring equation the 

estimated ΔG‡
(298) was found to be 95.6 kJ/mol with ΔH‡ of +53.9 kJ/mol and 

ΔS‡ of −139.8 J/mol/K (Figure 4.13). We performed GC-TCD analysis of gas 

produced during the dehydrogenation of EG at different reaction temperatures 

(110 °C, 130 °C, and 160 °C) and observed that there is no peak corresponding 

to CO2 or CO gas even at the higher reaction temperature, suggesting the 

selective production of H2 gas (Figure 4.6). Therefore, the observed loss in the 

carbon balance could be associated with the formation of C4/C6 aldol 

condensation products.[51]  

Further, 1H NMR investigation of the catalytic reaction aliquots at 

different time intervals during the reaction inferred a continuous consumption 

of EG with an increasing selectivity for FA (Figure 4.11b). The increase in the 

yield of SF in the presence of higher concentration of base, suggesting that SG 

as one of the intermediate species, which further transformed to SF with the 

release of H2 gas. Further to investigate the involvement of intermediate species 

in the catalytic dehydrogenation of EG, several control experiments were 

performed (Scheme 4.2). It is postulated that the SG observed in the catalytic 

reaction can be produced from glycolaldehyde, which produces hydrogen gas 

in the presence of base to yield glyoxal. Further, glyoxal undergoes 

rearrangement to SG (Scheme 4.2). Notably, EG dehydrogenation to SG and 

SF occurred at a conversion rate of 1.8 M/h under the optimized reaction 

condition (Reaction A, Scheme 4.2). 
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Figure 4.12. (a) Temperature-dependent study for hydrogen production from 

EG over the ruthenium catalyst at 90-120 °C. (b) Arrhenius plot of initial TOF 

values. Reaction conditions: Ruthenium catalyst (0.1 mmol), EG (5 mmol), 

NaOH (10.5 mmol), and water (20 mmol). 

 

Figure 4.13.  Kinetic studies for dehydrogenation of ethylene glycol over the 

ruthenium catalyst using Erying analysis. 
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Figure 4.14. GC-TCD analysis of the (a) standard mixture of gases with the 

composition of CO (24.965%), CO2 (24.962%), CH4 (25.012%), and H2 

(25.061%), and (b-d) gas produced (if any) from formic acid dehydrogenation 

over ruthenium catalyst at (b) 110 °C, (c) 130 °C, and (d) 160 °C. Reaction 

Conditions: Ruthenium catalyst (0.1 mmol), formic acid (5 mmol), NaOH (10.5 

mmol), water (20 mmol), 110 °C, 130 °C, and 160 °C. 

In agreement with the possible reaction pathway, we observed the 

transformation of glyoxal to SG in the presence of NaOH under the catalyst-

free condition (Reaction B, and Scheme 4.2) On the other hand, treating glyoxal 

with the ruthenium catalyst at 110 °C resulted in the formation of SG (sel. 62%) 

and SF (sel. 38%) with the release of H2 gas (1.14 mmol) (Reaction C, and 

Scheme 4.2) Further, treating GA with ruthenium catalyst in the presence of 2.1 

equiv. of NaOH resulted in the generation of H2 gas along with SF with a 

conversion rate of 2.9 M/h, suggesting that dehydrogenation of SG may also 

occur under the catalytic dehydrogenation of EG (Reaction D, and Scheme 4.2). 

Notably, FA to H2 transformation was not observed over the ruthenium catalyst 

(Reaction E, and Scheme 4.2). We have also performed a control experiment 

for the dehydrogenation of formic acid at different reaction temperatures (110 

°C, 130 °C, and 160 °C), where we could not observe any gas evolution as 

inferred by the absence of any peak corresponding to CO2 or H2 in the GC-TCD 
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analysis (Figure 4.14). Therefore, experimental evidence clearly suggested that 

during the Ru-catalyzed transformation of EG, initially, EG dehydrogenate to 

glycolaldehyde, which further undergoes base-catalyzed dehydrogenation to 

glyoxal, followed by the conversion of glyoxal to SG and further 

dehydrogenation of SG to SF. Alternatively, glyoxal may get partially hydrated 

to geminal diol in an aqueous solution, which can further undergo 

dehydrogenation to SG (Scheme 4.3). 

Scheme 4.2. Control experiments to elucidate the reaction pathway for EG 

transformation to H2 gas. 

 

 

Scheme 4.3. Plausible pathway for the dehydrogenation of EG into formate. 
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4.3.3. Catalyst stability and recyclability  

A significant quenching of the reaction was observed when the ruthenium 

catalyst was treated with an excess of elemental mercury prior to the catalytic 

EG dehydrogenation, implying the heterogeneous nature of the catalyst (Figure 

4.15a). In addition, the ICP-AES of the reaction aliquot revealed no significant 

leaching of the ruthenium catalyst (0.17 ppm). Advantageously, the ruthenium 

catalyst can be recovered and recycled several times to yield 1.3 L of H2 gas 

from 1.4 mL of ethylene glycol in 55 h. It was also observed that the TON/cycle 

was not significantly changed during the recyclability experiments (Figure 

4.15b).  Moreover, the bulk scale hydrogen gas production from EG could also 

be achieved to produce over ~1.3 L (52.6 mmol) of hydrogen gas from 2.8 mL 

(50 mmol) of EG in the presence of 2.1 equiv. of NaOH in 52 h at 110 °C, while 

with 3.5 equiv. of NaOH, 2.9 L of H2 gas was produced in ~70 h (Figure 4.16). 

Notably, the P-XRD pattern and XPS profile of the recovered catalyst were 

found to be analogous to that of the fresh catalyst (Figure 4.17). XPS spectra of 

the recovered catalyst also showed prominent peaks corresponding to the 

binding energy of Ru(0) in the Ru 3p region, with some oxide components 

presumably due to aerial oxidation of the catalyst (Figure 4.17b). TEM images 

of the recovered catalyst showed only a minor increase in the particle size (~3 

nm) of the recovered catalyst as compared to the fresh catalyst (~2.6 nm) 

(Figure 4.18). Therefore, these findings suggest the high robustness and long-

term stability of the Ru catalyst, which resulted in achieving enhanced catalytic 

performance during the recyclability experiments with the productivity of 290 

L H2 per gram Ru with 1035 L of H2 gas per L of EG from EG in water at 110 

°C.
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Figure 4.15. (a) Mercury poisoning test, and (b) Recyclability experiment for 

hydrogen production from ethylene glycol over the ruthenium catalyst. Reaction 

conditions: Ruthenium catalyst (0.1 mmol), EG (5 mmol), NaOH (10.5 mmol), 

water (20 mmol), and 110 °C. 

 

 

Figure 4.16. Time course plot for the bulk-scale production of hydrogen gas 

from EG over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst 

(0.1 mmol), EG (50 mmol), NaOH (17.5 mmol), water (200 mmol), and 110 °C. 
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Figure 4.17. (a) P-XRD pattern, and (b) XPS spectra of the spent ruthenium 

catalyst. 

To investigate the effect of mass transfer limitations on the 

dehydrogenation of EG over ruthenium catalyst, we performed reactions at 

different stirring rates (400, 600, and 800 rpm) and at different temperature 

ranges (110-160 °C) under the optimized reaction condition. As summarized in 

Table 4.4, results inferred that the EG conversion, product distribution, and 

reaction rates are not significantly changed at 600 rpm and above, suggesting 

that the external mass transfer limitations are not significant. These results are 

consistent with the previous reports.[59-61] For instance, Lahr and Shanks 

reported that at the stirring speed of 500 rpm and above the catalytic activity of 

Ru on carbon catalysts remains unaffected for the hydrogenolysis of glycerol to 

glycol.[59]  Biswas et al. also showed that the catalytic activity of Cu-Ni-Al2O3 

for the hydrogenolysis of bio-glycerol remains unaffected at 700 rpm and higher 

stirring speed.[60]  
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Figure 4.18. TEM image, and corresponding (b) particle size distribution curve 

of the spent ruthenium catalyst. 

 

Table 4.4. Effect of stirring speed on the dehydrogenation of EG at different reaction 

temperatures. 

Reaction Temperature 110 °C                130 °C 160 °C 

Stirring speed (rpm) 400  600  800 400 600 800 400 600 800 

EG Conv. (%) 98 >99 >99 >99 >99 >99 >99 >99 >99 

SF Yield (%) 47 57 58 66 64 65 67 85 87 

SG Yield (%) 33 26 22 18 13 14 20 - - 

Reaction rate (x10-2) 

(mol gcat
-1 h-1)  

5.0 5.3 5.4 7.0 8.3 8.3 15 16 16 

 

Notably, most of the catalytic reactions for EG reforming to H2 gas were 

performed at a high-temperature range (180- 400 °C) to achieve high selectivity 

of H2 gas up to 99.79% (Table 4.4). Vaidya et al. explored Ru/Al2O3 catalyst 

for the steam reforming of aqueous EG to H2 gas (conv. 13.6%, sel. of H2 gas 

36.4%) at 400°C.[32] Noticeably, Dumesic et al. developed silica-supported 

metal catalysts for aqueous phase reforming of EG at 225 °C. They achieved 
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3.06% conversion of EG with H2 gas sel. of 98.5% over Pd/SiO2, while for 

Ru/SiO2, they obtained 42% EG conversion with only 7% H2 gas selectivity 

(7%).[47] Bitter et al. developed Cu or Ni/CNF catalyst for the transformation of 

EG to  GA (glycolic acid) or FA (formic acid) and H2 at 150 °C-180 °C, where 

they achieved 89% conversion of EG with FA sel. of 27% and GA sel. of 31% 

at 150 °C in 15 h over Ni/CNF.[26] Milstein et al. explored pincer-Ru complexes 

based molecular catalyst for reforming of EG in THF-water to achieve 89% 

conversion of EG with GA yield of 88% at 115 °C in 48 h using 5 equiv. of 

KOH.[51] Mn-PNP complex was also employed for EG reforming by Maji et al. 

to GA and H2 as a byproduct at 140 °C in tAmOH in 12 h, while the reaction 

could not occur in water.[52] Therefore, literature reports revealed that most of 

the transformation of EG to H2 gas or FA/GA were performed at high 

temperature (>200 °C), required organic solvents, and yield low selectivity for 

H2 gas with contamination of CO2, CO and other. In this regard, our 

experimental findings showed the robustness and long-term stability of the 

ruthenium catalyst to exhibit high catalytic activity for EG conversion to 

selective production of H2 gas (better than the expensive Pd-based catalyst at a 

much lower reaction temperature) with the productivity of 290 L H2 per gram 

of Ru with 1035 L of H2 gas per L of EG in water at comparatively lower 

temperature (110-160 °C). 

4.4. Conclusions  

We developed a highly efficient catalytic system based on the ruthenium 

catalyst for selective hydrogen production from ethylene glycol (EG) in water 

at 90-160 °C. We could achieve hydrogen gas yield as high as 3.0 equivalent 

per EG and 85% yield of SF with complete conversion of EG over the 

ruthenium catalyst. Results inferred the crucial role of the base and the reaction 

temperature in achieving high activity. Advantageously, the developed 

ruthenium catalyzed catalytic system also performed well at bulk scale 

hydrogen production from EG (290 L H2/g of Ru and 1035 L H2/L of EG in ~70 

h at 110 °C). Therefore, we believe, on further development, our developed 

ruthenium catalyzed hydrogen production from EG might find application for 

large-scale selective H2 production using aqueous ethylene glycol at relatively 

low-temperature range. 
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Note: The content of this chapter is published as Kumar et al., ACS Sustain. 

Chem. Eng., 11, 3999-4008 (DOI:10.1021/acssuschemeng.2c04521) and 

reproduced with the permission from the American Chemical Society. 
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Chapter 5 

Hydrogen Production from Ethylene Glycol through 

Upcycling of PET-based Plastics Waste over 

Ruthenium Catalyst in Water 

5.1. Introduction 

The low cost, high durability, and light weight of plastic materials, such as 

polyethylene terephthalate (PET), make it one of the favorite materials for wide 

application in almost all sectors. No wonder the worldwide consumption of PET 

has grown by over 24 million metric tons in 2022.[1] Unfortunately, efficient 

and sustainable recycling strategies still need to be effectively placed, resulting 

in a huge portion of PET-based plastic waste going into landfills, negatively 

impacting the climate and soil health.[2,3] Though high-temperature treatment 

of PET is being used as a recycling process, it leads only to low-grade PET. On 

the other hand, biological and chemical pathways for PET 

degradation/depolymerization to its primary components, terephthalic acid 

(TPA) and ethylene glycol (EG), enable the facile recycling and regeneration of 

PET.[4,5] Notably, hydrogenolysis, hydrodeoxygenation, methanolysis, 

aminolysis, glycolysis and hydrolysis are a few of the popular chemical 

approaches for PET depolymerization.[6–9] Hydrogenolysis and 

hydrodeoxygenation require higher pressure of H2 gas for the upgradation of 

PET into value-added chemicals.[6] For instance, Robertson et al. utilized a Ru-

PNN-based pincer catalyst for hydrogenative depolymerization of PET at 

160 °C in anisole:THF (1:1) in the presence of KOtBu under 54.4 atm of H2 

and obtained ethylene glycol (EG) and 1,4-benzene dimethanol in good 

yields.[10] Klankermeyer et al. explored Ru-triphos catalyst for hydrogenolysis 

of PET using 1,4-dioxane as a solvent at 140 °C and 100 bar H2 and achieved 

42% conversion of PET in 16 h with a selectivity of 64% for both.[11] Marks et 

al. reported a heterogeneous C/MoO2 catalyst for solventless hydrogenolysis of 

PET to TPA (85% yield) and EG at 260 °C under atmospheric H2 in 24 h.[12] 

Results inferred that Mo has low activity towards the hydrogen activation, but 

it selectively cleaves the ester groups of PET, resulting in the formation of TPA. 



160 
 

By incorporating Co atoms (CoMo@NC), which aid in hydrogen activation, 

Cai et al. improved the performance of the Mo catalyst investigated by Marks 

et al. and observed an increase in the catalytic activity for hydrogenolysis of 

PET to TPA (91% yield) under 1 atm H2 at 260 °C in 10 h.[13] In a similar 

direction, Farha et al. also explored PET depolymerization over UiO-66 at 

260 °C under 1 atm H2 to obtain 98% yield of TPA along with monomethyl 

terephthalate in 24 h.[14] Yan et al. utilized Ru/Nb2O5 for hydrodeoxygenation 

of PET to aromatics (xylene, benzene and ethyl benzene) at 280 °C and 50 bar 

H2 in water.[15] Qi et al. achieved depolymerization of PET via glycolysis to 

bis(hydroxyethyl)terephthalate (BHET) using EG as a solvent over ZIF-8 at 

197 °C in 1.5 h.[8] Alkaline hydrolysis can also serve as an alternative process 

for depolymerization of PET to TPA and EG.[16–21] In this regard, Achilias et 

al. used aqueous NaOH for the upcycling of PET at 200 °C and obtained the 

disodium terephthalate (98% yield) and EG.[18] Petrossian et al. explored the 

alkaline depolymerization of mixed PET waste and obtained TPA using NaOH 

(20-30%) in ethylene glycol at 110 °C in 4 h.[19] Similarly, Meester et al. 

performed basic hydrolysis of PET using 5-15 wt% NaOH in an ethanol-water 

mixture under mild reaction conditions (<80 °C).[20]  Notably, pure TPA can be 

obtained after the reaction completion from the aqueous solution by adjusting 

the pH, whereas the separation of EG from the aqueous phase is difficult due to 

its high boiling point (197 °C). EG is a value-added chemical and can serve as 

hydrogen storage material as it contains up to 6.5 wt% of H2.
[22] Hydrogen 

production from EG has been widely explored through reforming process 

(aqueous phase and steam reforming) over various catalysts such as 

Ru/Al2O3,
[23] Pt/γ-Al2O3,

[24] Rh/MgAl2O4,
[25] Pt-Co/CeO2-ZrO2,

[26] Ni-

Pt/HT[27] and others. Aqueous phase reforming (APR) is getting a lot of 

attention under relatively lower temperatures (175-265 °C) as compared to the 

steam reforming process (>500 °C). Hydrolysis of PET requires a high 

temperature (180-240 °C), which is consistent with the temperature needed for 

the APR. Thus, efforts are being made to utilize PET in one-pot to produce high 

yield of H2 and valuable chemicals at relatively lower temperatures. For 

instance, Uekert et al. performed hydrolysis of PET in 10 M NaOH followed by 

catalytic photo reforming over CdS/CdOx with the H2 yield of 0.238 

mol/kgPET.[28] Similarly, Gong et al. explored CN-CNT-NiMo catalyst for 
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photocatalytic hydrogen production from PET hydrolysis at 70 °C in the 

presence of 5 M KOH.[29] Mondal et al. demonstrated the electrocatalytic 

transformation of PET hydrolysate to formate over a Co-based coordination 

polymer with the coproduction of hydrogen gas.[30] Recently, Wang et al. 

reported the aqueous-phase reforming (APR) of PET waste at 200-250 ℃ for 

H2 production over Ru-ZnO catalyst supported on mesoporous carbon (Ru-

ZnO/MEC).[31] They observed the improvement in the H2 yield on increasing 

the loading of ZnO (0-5 wt%) in the Ru/MEC catalysts and achieved a high H2 

yield of ~20 mmol/gPET at 250 ℃ over Ru-5ZnO/MEC catalyst by APR of EG 

to H2 along with CO and CO2. Notably, the observed high yield of H2 (19.97 

mol/kgPET) at 250 ℃ over Ru-5ZnO/MEC catalyst was only because of the 

catalytic APR of EG, while at 210 ℃ the H2 yield was only ~2.5 mmol/gPET 

with H2 selectivity of 72% along with CO2 (~23%) and other carbon 

contaminations. It is, therefore, evident that the key challenge in PET upcycling 

is to integrate the PET depolymerization with the efficient production of 

hydrogen gas in a one-pot process by (i) avoiding undesirable hydrogenation of 

aromatics (TPA) and (ii) achieving high selectivity for H2 gas without any 

contamination of CO, CO2, and other alkanes.  

Herein, we employed an integrated approach for the complete one-pot 

depolymerization of PET-based plastic waste with selective production of 

hydrogen gas with quantitative yield over the ruthenium catalyst (unsupported 

catalyst) in water (in the absence of any organic solvent) with a high yield of 

terephthalic acid (TPA). The quantitative yield of H2 gas from PET-based 

plastic waste was achieved over the ruthenium catalyst in a temperature range 

of 110-160 °C. Moreover, the ruthenium catalyst showed high stability with 

appreciably high recyclable performance for bulk-scale production of hydrogen 

gas from PET-based plastic waste. 

5.2. Experimental section 

5.2.1. Materials and instrumentation 

High-purity chemicals and metal salts were purchased from Sigma-Aldrich, 

Alfa-Aesar and used without further purification. All the catalytic reactions 

were performed under inert conditions using high-purity argon gas purchased 

from Inox Air Products Ltd., India. NMR spectra were recorded in deuterated 
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solvents using AVANCE NEO Ascend 500 Bruker spectrometer (500 MHz). 

Chemical shifts were referenced to the internal solvent resonances and were 

reported relative to tetramethylsilane. Transmission electron microscopy 

(TEM) images of the samples were obtained on a TECNAI G2 Sprit Twin 

microscope by operating it at the accelerating voltage of 120 kV. The samples 

for TEM analysis were prepared by the drop-costing method. Briefly, ruthenium 

nanoparticles were dispersed in ethanol under ultra-sonication for 1 hour, and 

then highly dispersed particles were spread onto a carbon-coated Cu grid and 

dried at room temperature.  Particle size was calculated using ImageJ software 

for at least 50-100 particles, and the average particle size distribution curve was 

plotted using Origin software. Scanning electron microscopic (SEM) images 

and elemental mapping data were collected using a JOEL-7610F plus equipped 

with an EDS detector. Powder X-ray diffraction (P-XRD) measurements were 

performed using a Rigaku SmartLab Automated Multipurpose X-ray 

diffractometer with a scintillation detector. The measurements were conducted 

using Cu Kα radiation (λ = 1.5418 Å) with a step size of 0.02° in the 2θ range 

of 20-80°. The exposure time for each P-XRD measurement was 20 minutes. 

FT-IR (Bruker) double-beam spectrometer coupled with attenuated total 

reflection (ATR) facility was used to determine the chemical functional groups 

present in the sample in the wave number range (4000-400 cm−1). TGA analysis 

was performed by heating the sample under N2 flow from 25-800 °C with a 

ramp rate of 20 °C per minute using a Mettler-Toledo TGA/DSC 1 STARe 

System. X-ray photoelectron spectroscopy (XPS) was performed using 

Omicron ESCA (Electron Spectroscope for Chemical Analysis), Oxford 

Instrument, Germany. Aluminium (Al) anode was used as a monochromatic X-

ray source (1486.7 eV) for XPS measurements. The binding energy values were 

charge-corrected to the C 1s signal (284.6 eV). The gas chromatography (GC) 

analyses were performed on a Shimadzu GC-2014 system using a shin carbon-

ST packed column with a thermal conductivity detector (TCD) using argon as 

a carrier gas. Parameters were set for the program to detect H2, CO2, CO, and 

CH4 gas (detector temperature: 200 °C, and oven temperature program: 90 °C 

(hold time: 1 min), 90-200 °C (rate: 15 °C per minute). 
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5.2.2. Synthesis of the ruthenium catalyst 

Typically, ruthenium (III) chloride (0.1 mmol) and CTAB (50 mg) dissolved in 

water (5 mL) were added dropwise to an aqueous solution of sodium 

borohydride (25 mg in 5 mL water) to obtain a black suspension of ruthenium 

nanoparticles. The content of the flask was sonicated for 10 minutes at room 

temperature to obtain ruthenium catalyst as black suspension. ruthenium 

catalyst was collected by centrifugation, washed several times with distilled 

water, and then dried under vacuum and further used for catalytic reactions. 

5.2.3. Catalytic reaction for one-pot depolarization and dehydrogenation 

of PET 

In a two-necked reaction vessel (10 mL) fitted with a condenser and water 

displacement setup, a specified amount of the as-synthesized ruthenium catalyst 

was suspended in water (2 mL) in the presence of a specified amount of PET 

flakes and base. The reaction mixture was stirred in an oil bath at 110-160 °C 

under the argon atmosphere. The amount of H2 gas evolved was measured with 

a water displacement set up using a burette. The burette capacity in mL/cm was 

calibrated (thrice using water) as 4.0 ± 0.1 mL/cm. The evolved gas was 

analyzed using gas chromatography-thermal conductivity detector (GC-TCD). 

After completion of the reaction, the catalyst was recovered from the reaction 

mixture by centrifugation at 6500 rpm for 5 minutes. The conversion of PET 

flakes and the formation of other organic products were estimated by 1H and 

13C NMR of the reaction mixture. To isolate pure white solid TPA (free from 

sodium salt), an excess of HCl was added to the reaction aliquot (obtained after 

one pot catalytic depolymerization and dehydrogenation) to yield a white 

precipitate. The obtained precipitate was collected by centrifugation, washed 

with distilled water to remove excess acid, and dried at 60 °C for 12 h. The 

yields of the products (Na2TPA, EG, SF, and SG) were determined from 1H 

NMR using sodium acetate as an internal standard. 

5.2.4. Recyclability experiment 

Typically, the reaction was performed using t-PET (0.192 g) over the as-

synthesized ruthenium catalyst (0.1 mmol) in water (2 mL) at 120 °C (with 12 

M NaOH) and 160 °C (with 8 M NaOH) under the optimized reaction condition. 
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For the subsequent catalytic runs, the ruthenium catalyst was separated from the 

reaction mixture by centrifugation and was re-used for subsequent catalytic 

runs. The progress of the reaction was monitored by measuring the evolved H2 

gas by the water displacement method and analyzing the released gaseous 

products by GC-TCD. Organic products formed during the reaction were 

analyzed by NMR. 

5.2.5. Bulk scale reaction 

Typically, the reaction was performed using t-PET (1.0 g) over the as-

synthesized ruthenium catalyst (0.1 mmol) in water (10 mL) at 120 °C (with 12 

M NaOH) and 160 °C (with 8 M NaOH) under the optimized reaction condition. 

The progress of the reaction was monitored by measuring the evolved H2 gas 

by the water displacement method and analyzing the released gaseous products 

by GC-TCD. Organic products formed during the reaction were analyzed by 

NMR. 

5.2.6. Mercury poisoning experiment 

Typically, an aqueous suspension (2 mL) of ruthenium catalyst (0.1 mmol) was 

stirred with a large excess (0.3 g) of elemental mercury (Hg) at room 

temperature for 3 h prior to the catalytic reaction. Further, t-PET (0.192 g), and 

NaOH (24 mmol) were added to the reaction vessel fitted with a condenser and 

gas burette, and the reaction mixture was stirred at 120 °C in an oil bath, and 

the progress of the reaction was monitored. 

5.2.7. Gas composition analysis 

The identification of gaseous products during the dehydrogenation of PET was 

confirmed as H2 and with no detectable level of CO, CO2, and CH4 using a 

Shimadzu GC-2014 system. The chromatograph was equipped with a shin 

carbon-ST packed column with a thermal conductivity detector (TCD) using 

argon as a carrier gas. Parameters were set for the program to detect H2, CO2 

CO, and CH4 (detector temperature, 200 °C; oven temperature program, 90 °C 

(hold time: 1 min), 90-200 °C (rate: 15 °C per minute).  
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5.3. Results and discussion 

5.3.1. Synthesis and characterization of the ruthenium catalyst 

Ruthenium catalyst was prepared by aqueous phase reduction of an aqueous 

solution of ruthenium(III) chloride using sodium borohydride (NaBH4) using 

cetyltrimethylammonium bromide (CTAB) as a stabilizer. The P-XRD pattern 

of the fresh ruthenium catalyst showed a prominent peak at 2θ value of 44° for 

Ru (101) (Figure 5.1a). Further, transmission electron microscopy (TEM) of the 

ruthenium catalyst inferred the presence of Ru nanoparticles with an average 

particle size of ~3 nm (Figure 5.1b-c). X-ray photoelectron spectroscopy (XPS) 

of the ruthenium catalyst displayed the well-resolved peaks at 462.3 eV (Ru 

3p3/2) and 484.6 eV (Ru 3p1/2), corresponding to Ru(0) state of the Ru 

nanoparticles (Figure 5.1d). Small XPS peaks at 465.2 eV and 487.8 eV 

correspond to the Ru(IV), presumably for the partial oxide layer formed over 

the surface due to aerial oxidation. Scanning electron microscopy and EDS of 

the ruthenium catalyst also confirms the presence of Ru element (Figure 5.2). 

 

Figure 5.1. (a) TEM image, (b) the corresponding particle size distribution 

curve, (c) P-XRD pattern, and (d) the XPS spectra of the fresh ruthenium 

catalyst. 
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Figure 5.2. (a-b) SEM images, (c) corresponding elemental mapping, and (d) 

EDX spectra of fresh ruthenium catalyst. 

 

5.3.2. Catalytic one-pot depolarization and dehydrogenation of PET-based 

plastic waste 

Firstly, we conducted the transformation of PET flakes (obtained from waste 

transparent PET (t-PET) beverage bottles and food packets) in water over a pre-

synthesized ruthenium catalyst (see experimental section) at 110 °C in the 

presence of NaOH (12 M), where 10.6 mmol/gPET of gas was observed in 6 h 

(Table 5.1, entry 1). Notably, in the absence of ruthenium catalyst, the complete 

depolymerization of PET with a quantitative yield of Na2TPA (5.2 mmol/gPET) 

can also be achieved at 110 °C in 4 h in the presence of 12 M NaOH (Table 5.1, 

entry 2), which is milder as compared to the previous reports.[8,10,11,14,15] The 

reaction duration for the complete depolymerization of PET can be significantly 

reduced to 1.5 h by performing the reaction at 120 °C (Table 5.1, entry 3 and 

Figure 5.3). 1H NMR analysis of the reaction solution confirms the complete 

depolymerization of PET with the formation of Na2TPA and EG in an 

equimolar ratio (Table 1, entry 2-3), where terephthalic acid (TPA) (>99% 

yield, 5.2 mmol/gPET) was isolated as a white solid. (See experimental section). 
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Figure 5.3. Illustrative scheme and time course plot for the one-pot 

depolymerization and hydrogen production from t-PET over the ruthenium 

catalyst. Reaction conditions: ruthenium catalyst (0.1 mmol), t-PET (0.192 g), 

NaOH (12 M), H2O (2 mL), and 120 °C. 

However, the reaction could not occur in the absence of NaOH (Table 5.1, 

entry 4). Performing the catalytic reaction of t-PET over ruthenium catalyst at 

120 °C significantly improves the reaction performance with the release of 15.6 

mmol/gPET of H2 gas (~38,000 mL/gRu) and 9.6 mmol/gPET of sodium formate 

(SF) in only 3 h (Table 5.1, entry 4). GC-TCD analysis of the evolved gas 

inferred the complete selectivity for H2 gas with no contamination of CO2 or 

CO (Figure 5.4).  
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Figure 5.4. GC-TCD analysis of the gas produced from one-pot 

dehydrogenation of (a) t-PET, (b) g-PET, (c) b-PET, and (d) m-PET over the 

ruthenium catalyst along with the (e) standard mixture of gases with the 

composition of CO (24.965%), CO2 (24.962%), CH4 (25.012%) and H2 

(25.061%). Reaction conditions: Ruthenium catalyst (0.1 mmol), PET (0.192 

g), NaOH (12 M), water (2 mL), and 120 °C. 

 

1H NMR analysis of the reaction performed at 110 °C also inferred the 

complete depolymerization of t-PET flakes with 97% carbon yield. Along with 

the formation of Na2TPA (5.2 mmol), 86% of the EG generated during the 

depolymerization of PET was converted to SG (1.9 mmol/gPET) and SF (4.6 
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mmol/gPET) in the presence of ruthenium catalyst at 110 °C (Table 1, entry 1 

and Figure 5.5). 1H NMR of the reaction mixture obtained after the catalytic 

reaction confirms the complete depolymerization of PET flakes with the 

formation of Na2TPA (5.2 mmol/gPET) along with SF (9.6 mmol/gPET) (Figure 

5.6). Notably, the time-dependent PET dehydrogenation reaction at 120 °C 

revealed a high yield of EG, sodium glycolate (SG), and SF in the initial hours 

of the reactions, suggesting the depolymerization of PET with simultaneous 

dehydrogenation of EG. Moreover, with the progress of the reaction, EG and 

SG yields decreased, while SF yields almost linearly increased to 9.6 mmol/gPET 

upon the completion of the reaction (Figure 5.7).  

Figure 5.5. 1H NMR spectra (in D2O:H2O (v/v 1:9)) of the crude reaction 

mixture of the catalytic depolymerization of t-PET. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), t-PET (0.192 g), NaOH (12 M), water (2 mL), 

and 110 °C.   
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Figure 5.6. 1H NMR spectra of the crude reaction mixture of the catalytic 

reaction in D2O:H2O (1:9) depolymerization of t-PET. Reaction conditions:  

PET (0.192 g), NaOH (12 M), water (2 mL), and 120 °C. 

 

 

Figure 5.7. Time-dependent distribution of Na2TPA, EG, SG, and SF for the 

catalytic dehydrogenation of t-PET over the ruthenium catalyst. Reaction 

conditions: Ruthenium catalyst (0.1 mmol), PET (0.192 g), NaOH (12 M), H2O 

(2 mL), and 120 °C. 
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Considering the H2 yield and 1H NMR findings, these results are consistent 

with the depolymerization of PET into Na2TPA and EG and with subsequent 

in-situ dehydrogenation of EG over the ruthenium catalyst to yield H2 gas with 

the formation of SF via SG intermediate. Several control experiments were also 

performed using EG, SG, and other intermediates at 120 °C to investigate it 

further (Scheme 5.1). Results inferred the complete conversion of EG to release 

3.0 equiv. of H2 gas with 1.8 equiv. of SF over the ruthenium catalyst at 120 °C. 

It is hypothesized that the SG observed in the one pot catalytic dehydrogenation 

of PET can be produced from glycolaldehyde, which further produces hydrogen 

Table 5.1. Reaction optimization for the one-pot depolymerization and dehydrogenation of PET-based 

plastic wastes over the ruthenium catalyst.a  

Entry PET NaOH T (°C)/ 

t (h) 

Yield (mmol/gPET) CB (%) 

H2 Na2TPA EG SG SF 

1 t-PET 12 M 110/6.0 10.6 5.2 0.7 1.9 4.6 97 

2b t-PET 12 M 110/4.0 - 5.2 5.2 - - >99 

3b t-PET 12 M 120/1.5 - 5.2 5.2 - - >99 

4 t-PET - 110/4.0 - - - - - - 

5 t-PET 12 M 120/3.0 15.6 5.2 - - 9.6 96 

6 t-PET 12 M 130/2.6 15.6 5.2 - - 9.6 96 

7 t-PET 12 M 140/2.0 15.6 5.2 - - 9.8 98 

8 t-PET 10 M 120/4.0 14.5 5.0 - 0.8 7.9 96 

9 t-PET 8 M 120/4.5 11.5 5.2 0.57 1.6 5.8 91 

10 t-PET 8 M 140/2.5 14.9 5.2 - 1.25 7.6 97 

11 t-PET 8 M 160/1.0 15.6 5.2 - - 9.5 95 

12 t-PET 6 M 160/2.0 14.0 5.2 - 1.67 6.8 97 

13 t-PET 4 M 160/2.0 9.4 5.0 1.3 2.3 3.0 98 

14c t-PET 12 M 120/4.0 15.3 5.2 - - 9.5 95 

15d t-PET 12 M 120/4.0 - - - - - - 

16e t-PET 12 M 120/4.0 - - - - - - 

17f t-PET 12 M 120/5.0 8.5 5.0 1.9 0.9 3.2 90 

18 b-PET 12 M 120/6.0 15.0 5.2 - - 9.4 94 

19 g-PET 12 M 120/6.0 15.3 5.2 - - 9.6 96 

20 m-PET 12 M 120/4.0 15.0 5.2 - - 9.4 94 

21g t-PET 12 M 120/5.5 15.3 5.2 - - 9.5 95 

aReaction conditions: PET (0.192 g), ruthenium catalyst (0.1 mmol), NaOH (12 M), H2O (2.0 mL), 110-

140 °C. bReaction without ruthenium catalyst. Reaction with cKOH, dNa2CO3, eK2CO3, and fKOtBu instead 

of NaOH. gReaction with ruthenium catalyst (0.05 mmol). CB is carbon balance. 
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gas in the presence of base to yield glyoxal. Further, we observed the 

transformation of glyoxal to SG in the presence of NaOH under the catalyst-

free condition. On the other hand, treating glyoxal with the ruthenium catalyst 

at 120 °C resulted in the formation of SF (1.8 mmol) with the release of H2 gas 

(1.0 mmol). Moreover, catalytic reaction with SG also resulted in the release of 

1.0 equiv. of H2 gas with 1.8 equiv. of SF in 1.5 h at 120 °C over the ruthenium 

catalyst, suggesting that dehydrogenation of SG may also occur under the 

catalytic dehydrogenation of EG. Notably, SF to H2 transformation was not 

observed over the ruthenium catalyst (Scheme 5.1). Therefore, experimental 

evidence clearly suggested that during the ruthenium-catalyzed one-pot 

dehydrogenation of PET-based plastics, PET initially undergoes base-assisted 

depolymerization to produce Na2TPA and EG. Further, EG dehydrogenates to 

glycolaldehyde, followed by base-catalyzed dehydrogenation of 

glycolaldehyde to glyoxal, and then glyoxal to SG, and finally, dehydrogenation 

of SG to SF (Scheme 5.2)  

 

 

Scheme 5.1. Control experiments to elucidate the plausible reaction pathway 

for one-pot dehydrogenation of PET. 
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Figure 5.8. 1H NMR spectra of bis(hydroxyethyl)terephthalate in methanol-d4. 

 

 

Scheme 5.2. Plausible pathway for the one-pot depolymerization and catalytic 

dehydrogenation of PET-based plastic on the control experiments conducted (i) 

with and (ii) without ruthenium catalyst in the presence of NaOH (12 M), water 

(2.0 mL) at 120 °C. 

 

Notably, we also synthesized bis(hydroxyethyl)terephthalate (BHET), a 

monomer of PET, by esterification of terephthalic acid with EG and 

characterized by NMR spectroscopy (Figure 5.8 and 5.9). The quantitative yield 

of Na2TPA (>98%) and EG (>90%) was obtained from BHET in the absence of 

catalyst at 120 °C (Scheme 5.3 and Figure 5.10). On the other hand, for the 
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release of 2.8 equiv. of H2 gas, along with SF (>99% yield) and Na2TPA (99% 

yield) at 120 °C (Scheme 5.3 and Figure 5.11).  

 

 

Figure 5.9. 13C NMR spectra of bis(hydroxyethyl)terephthalate in methanol-

d4. 

 

 

Figure 5.10. 1H NMR spectra (in D2O:H2O (v/v 1:9)) of the crude reaction 

mixture of the depolymerization of BHET (without catalyst). Reaction 

conditions: BHET (1.0 mmol), NaOH (12 M), water (2 mL), 120 °C, and 2 h. 
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Scheme 5.3. Control experiments (a) depolymerization of BHET without 

ruthenium catalyst, (b) dehydrogenation of BHET over ruthenium catalyst. 

Reaction conditions: Ruthenium catalyst (0.1 mmol), BHET (1.0 mmol), NaOH 

(12 M), H2O (2.0 mL), and 120 °C. 

 

 

Figure 5.11. 1H NMR spectra (in D2O:H2O (v/v 1:9)) of the crude reaction 

mixture of the catalytic dehydrogenation of BHET over the ruthenium catalyst. 

Reaction conditions: Ruthenium catalyst (0.1 mmol), BHET (1.0 mmol), NaOH 

(12 M), water (2 mL), 120 °C, and 3.5 h. 

Further increase in the reaction temperature to 130-140 °C, the complete 

transformation of PET with the release of H2 gas (~15 mmol/gPET) and SF (~9.6 

mmol/gPET) is achieved in 2 h at 140 °C (Table 5.1, entries 6, 7). Altogether, we 

could achieve complete conversion of t-PET with the quantitative release of H2 

gas (~15 mmol/gPET) at all the reaction temperature (120-140 °C) with an 

estimated activation energy of 22.3 kJ/mol (Figure 5.12).  
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Figure 5.12. (a) Temperature-dependent plot for hydrogen gas generation from 

t-PET over the ruthenium catalyst, and the corresponding (b) Arrhenius plot of 

initial TOF values to calculate activation energy. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), t-PET (0.192 g), NaOH (12 M), H2O (2 mL), 

and 120-140 °C.  

In addition to SF, we obtained purified TPA (as a white solid) in all the 

reactions performed over the ruthenium catalyst under varying reaction 

temperature. These results together demonstrated the one-pot process for the 

selective production of hydrogen gas from t-PET over the ruthenium catalyst 

under mild conditions with the quantified yield of Na2TPA. It is worth 

mentioning here that TPA is an important monomer for the synthesis of 

polyester, PET-based synthetic fabrics, and beverage bottles, while SF is an 

important de-icer compound.[32,33] Moreover, Na2TPA (disodium terephthalate) 

and K2TPA (dipotassium terephthalate) show excellent electrochemical 

properties in sodium ion batteries (NIBs) and potassium ion batteries 

(KIBs).[34,35]  
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Figure 5.13.  Effect of base concentration on hydrogen gas generation from t-

PET over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 

mmol), t-PET (0.192 g), NaOH (8 M -12 M), H2O (2 mL), and 120 °C. 

 

Figure 5.14.  Effect of base concentration on hydrogen gas generation from t-

PET over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst (0.1 

mmol), t-PET (0.192 g), NaOH (4 M-8 M), H2O (2 mL), and 160 °C. 
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reaction with 12 M NaOH, we observed the release of 14.5 mmol/gPET of H2 

gas along with the observation of 0.8 mmol/gPET of SG from t-PET in the 
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lower base concentration (8 M NaOH), the amount of SG was increased to 1.6 

mmol/gPET with only 11.5 mmol/gPET yield of H2 gas (Table 5.1, entry 9), which 

indicates the crucial role of base (NaOH) in achieving complete transformation 

of PET over the ruthenium catalyst (Figure 5.13). Further, we performed 

reactions at elevated reaction temperature (140 and 160 °C) with lower NaOH 

concentrations (≤ 8 M) (Table 5.1, entries 10-13, and Figure 5.14). Although 

complete depolymerization of t-PET was achieved at 140 °C with 8 M NaOH, 

it could not lead to the complete conversion of PET to H2 (Table 5.1, entry 10).  

 

Figure 5.15. Effect of different bases: time course plot for hydrogen gas 

generation from t-PET over the ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), t-PET (0.192 g), base (12 M), H2O (2 mL), and 

120 °C. 

On the other hand, t-PET was completely converted into H2 (15.6 

mmol/gPET), SF (9.5 mmol/gPET), and Na2TPA (5.2 mmol/gPET) at 160 °C in the 

presence of 8 M NaOH (Table 5.1, entry 11). However, with 4 M and 6 M 

NaOH at 160 °C, a lower yield of H2 gas was observed, suggesting the 

incomplete dehydrogenation of EG (Table 5.1, entries 12-13). Analogous to 

NaOH, KOH also exhibited analogous activity with the release of 15.3 

mmol/gPET of H2 gas along with 5.2 mmol/gPET of K2TPA, and 9.5 mmol/gPET 

of SF (Table 5.1, entry 14). Contrary to the efficient activity observed with 

NaOH and KOH, moderate activity was observed with KOtBu, while weak base 

(Na2CO3 and K2CO3) displayed no activity (Table 5.1, entries 15-17 and Figure 

5.15). 

 

0 1 2 3 4 5 6
0

2

4

6

8

10

12

14

16

H
2
 y

ie
ld

 (
m

m
o

l/
g

P
E

T
)

Time (h)

 NaOH

 KOH

 KOtBu



179 
 

5.3.3. Catalytic hydrogen production from different types of PET  

Notably, PET-based plastic waste is available in various forms and, most often, 

in mixed forms. PET with different colors contain different additives 

(pigments), but their chemical compositions are the same. Though in some 

cases, PET with different other additives, such as polypropylene, polyethylene, 

are mixed with PET to get different grades of PET-based plastics, results 

inferred that alkaline hydrolysis results in the formation of purified 

terephthalate salt, which can be readily recovered from the aqueous solution, 

while filtration can remove the other additives, such as polypropylene, 

polyethylene.[19] Notably, recycling of pigmented (coloured) PET is 

problematic as during mechanical recycling; the pigments may result in 

undesirable colors (often grey) when mixed with t-PET, making it unattractive 

for recycling. Further, sorting of colored PET from t-PET is also problematic 

and has negative impacts on the recycling process, resulting in the disposal of 

colored or mixed PET in landfills or incinerated. Therefore, it is important to 

have a suitable recycling process for such mixed PET waste to yield high-purity 

starting materials (e.g., TPA). There have been few recent reports on the 

depolymerization of color or mixed PET. For instance, Meester et al. reported 

the depolymerization of black PET to obtain purified TPA (95%) in the 

presence of 5-15 wt% NaOH at 50-80 °C in the ethanol-water mixture, with 

successful removal of carbon black additive of black PET.[20] Petrossian et al. 

also studied the depolymerization of color or mixed PET under alkaline 

conditions (30% aqueous NaOH) at 80-110 °C to obtain purified TPA (95% 

yield in ethanol and 81% yield in EG), where the colored contaminants have no 

negative impact on the PET depolymerization process.[19] We, therefore, 

explored the applicability of the developed integrated process for hydrogen 

production from brown-colored PET (b-PET), green-colored (g-PET) and 

mixed PET (m-PET a mixture of t-PET, g-PET, and b-PET flakes) obtained 

from various sources, such as colored beverage bottles (Figure 5.16).  
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Figure 5.16. Catalytic one-pot dehydrogenation of t-PET, g-PET, b-PET, and 

m-PET over the ruthenium catalyst. Reaction conditions: Ruthenium catalyst 

(0.1 mmol), PET (0.192 g), NaOH (12 M), H2O (2 mL), and 120 °C.  

Notably, the ruthenium catalyst also displayed complete 

depolymerization of these PET-based plastic waste (b-PET and g-PET) with 

high selectivity for H2 gas (Table 5.1, entries 18-20), analogous to that observed 

with t-PET (Figure 5.4). We observed the complete transformation of b-PET 

over the ruthenium catalyst also released over 15 mmol/gPET of H2 gas in 6 h 

with a yield of 5.2 mmol/gPET of Na2TPA and 9.4 mmol/gPET of SF (Table 1, 

entry 18). The complete transformation of g-PET with the evolution of 15.3 

mmol/gPET of H2 gas and obtained 5.2 mmol/gPET of Na2TPA and 9.6 mmol/gPET 

of SF at 120 °C in 6 h (Table 1, entry 19). In addition, conducting the reaction 

with m-PET flakes resulted in the complete transformation of PET with the 

release of 15 mmol/gPET of H2 gas at 120 °C in 4 h, also with 5.2 mmol/gPET of 

Na2TPA and 9.4 mmol/gPET of SF, highlighting the effectiveness of the 

developed ruthenium-catalyzed the complete one-pot transformation of PET-

based plastic waste to H2 gas (Table 5.1, entry 20, and Figure 5.17).  
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Figure 5.17. Product distribution for the catalytic one-pot dehydrogenation of 

t-PET, g-PET, b-PET, and m-PET over the ruthenium catalyst. Reaction 

conditions: Ruthenium catalyst (0.1 mmol), PET (0.192 g), NaOH (12 M), H2O 

(2 mL), and 120 °C.  

Further, we also performed a reaction with the catalyst loading of 0.05 

mmol and observed 15.3 mmol/gPET of H2 gas along with 5.2 mmol/gPET of 

Na2TPA and 9.5 mmol/gPET of SF (Table 5.1, entry 21). The composition of the 

gas evolved for all these reactions inferred the complete selectivity for H2 gas, 

with no contamination of CO2 or CO as determined by GC-TCD (Figure 5.4). 

It is also worth mentioning that TPA obtained (after acidification) during the 

catalytic depolymerization of PET (t-PET, b-PET, g-PET, and m-PET) was of 

high purity, as the P-XRD, FTIR, NMR, and TGA, patterns of the as-obtained 

TPA were consistent with those of the commercial TPA (Figures 5.18-5.22).[22] 

The P-XRD pattern for the TPA obtained from different colour/mixed PET 

flakes (t-PET, g-PET, b-PET and m-PET) at 2θ values of 17.32⁰, 25.3⁰, and 

28.0⁰, which is analogous to that of the commercial TPA (Figure 5.18) and 

matches well with the standard P-XRD pattern of TPA (ICDD PDF card 00-

031-1916).[19] Analogously, FTIR peaks at 1674 and 1276 cm-1, corresponding 

to C=O and C-O bonds, and 1487 and 1418 cm-1 for the phenyl ring of TPA (as 

obtained from t-PET, b-PET, and g-PET), also matches well with the  

commercial TPA (Figure 5.19). 1H and 13C NMR of the spectra of the as-

obtained TPA and the commercial TPA was also analogous, where peaks 

corresponding to the aromatic protons were obtained at 7.64 ppm (1H NMR) 

and 136.2, and 126.2 ppm (13C NMR), while the carboxylate group appeared at 

172.7 ppm in 13C NMR (Figures 5.20-5.21).   
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Figure 5.18. P-XRD pattern of c-TPA, along with the TPA, was produced 

during the catalytic dehydrogenation of t-PET, g-PET, b-PET, and m-PET. 

Reaction conditions: Ruthenium catalyst (0.1 mmol), PET (0.192 g), NaOH (12 

M), water (2 mL), and 120 °C.  (t, b, g, m, and c stands for transparent, brown, 

green, mixed, and commercial, respectively). 
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Figure 5.19. FT-IR spectra of c-TPA along with the TPA as produced during 

the catalytic dehydrogenation of t-PET, b-PET, g-PET, and m-PET. Reaction 

conditions: Ruthenium catalyst (0.1 mmol), PET (0.192 g), NaOH (12 M), water 

(2 mL), and 120 °C. (t, b, g, m, and c stands for transparent, brown, green, 

mixed, and commercial, respectively).   

 

Therefore, our findings inferred that the developed process 

demonstrated a simple integrated one-pot protocol for the complete 

depolymerization and dehydrogenation of a wide range of PET-based plastic 

waste over ruthenium catalyst with selective production of H2 gas (~15.6 

mmol/gPET) along with the quantitative yield of Na2TPA (5.2 mmol/gPET) and 

SF (9.6 mmol/gPET) at low-temperature (120 °C). The observed high yield and 

selectivity of H2 from PET depolymerization and dehydrogenation are 

significant considering the previously reported low H2 yield from PET-based 

plastic waste, such as ~11 mmol/gPET (by PET pyrolysis reforming/steam 

gasification at 700-800 °C),[36–38] 0.238 mmol/gPET (by photo-reforming of PET 

hydrolysate over CdS/CdOx),
[28] and 19.97 mmol/gPET (by aqueous phase 
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reforming over Ru-ZnO/MEC at 250 °C, ~68% H2 selectivity).[31] It is also 

evident from these reports that most of these PET depolymerization processes 

were either performed at a very high temperature or resulted in lower selectivity 

for H2 gas. 

 

Figure 5.20. 1H NMR spectra of (a) c-TPA along with the (b-e) TPA as 

produced during the catalytic dehydrogenation of (a) t-PET, (b) g-PET, (c) b-

PET, and (d) m-PET. Reaction conditions: Ruthenium catalyst (0.1 mmol), PET 

(0.192 g), NaOH (12 M), water (2 mL), and 120 °C. (t, b, g, m, and c stands for 

transparent, brown, green, mixed, and commercial, respectively). 
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Figure 5.21. 13C NMR spectra of (a) c-TPA along with the (b-e) TPA as 

produced during the catalytic dehydrogenation of (a) t-PET, (b) g-PET, (c) b-

PET, and (d) m-PET. Reaction conditions: Ruthenium catalyst (0.1 mmol), PET 

(0.192 g), NaOH (12 M), water (2 mL), and 120 °C. (t, b, g, m, and c stands for 

transparent, brown, green, mixed, and commercial, respectively). 
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Figure 5.22. TGA analysis of the commercial (c-TPA) and synthesized TPA (t-

TPA, g-TPA, and b-TPA) by one-pot depolymerization and dehydrogenation of 

respective PET over ruthenium catalyst. Reaction conditions: Ruthenium 

catalyst (0.1 mmol), PET (0.192 g), NaOH (12 M), water (2 mL), and 120 °C. 

 

 

Figure 5.23. Bulk scale reaction for hydrogen production from t-PET over the 

ruthenium catalyst. Reaction conditions: ruthenium catalyst (0.1 mmol), t-PET 

(1.0 g), NaOH (12M and 8M), 120 °C and 160 °C, and H2O (10 mL). 
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5.3.4. Bulk scale transformation of PET and reusability of the ruthenium 

catalyst 

Further, the robustness and efficacy of the ruthenium catalyst for the one-pot 

transformation of PET for hydrogen production were investigated by 

conducting the catalytic reaction with bulk-scale of PET and recyclability 

experiments at 120 °C and 160 °C (Figure 5.23). Notably, complete 

depolymerization of t-PET (1.0 g) was achieved with the release of 340 mL of 

H2 gas from 1.0 g of t-PET, along with 5.1 mmol/gPET of Na2TPA and 6.3 

mmol/gPET of SF at 120 °C in 19 h (Figure 5.23). On the other hand, the reaction 

performed at 160 °C using 8 M NaOH also resulted in the release of 340 mL of 

H2 gas (13.9 mmol/gPET) with the TPA (yield 5.2 mmol/gPET) and SF (5.8 

mmol/gPET) in much lesser reaction time (11 h) (Figure 5.23). Moreover, 

complete depolymerization of t-PET for three consecutive catalytic runs was 

achieved with no significant loss in the yield of H2 gas (~15.6 mmol/gPET of H2 

gas per cycle), along with Na2TPA and SF at 120 °C (with 12 M NaOH) and 

160 °C (with 8 M NaOH) (Figure 5.24 and). The observed slight loss in the 

activity is attributed to the loss of catalyst during the recovery process. These 

results demonstrated the high stability of the ruthenium catalyst for PET 

dehydrogenation. Further, the reaction performed in the presence of elemental 

mercury could not yield any gas evolution, while complete depolymerization of 

PET was achieved. These findings suggest the heterogenous nature of active 

ruthenium catalyst involved in the dehydrogenation of in-situ produced EG 

during the depolymerization of PET (Figure 5.25).   
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Figure 5.24. Recyclability experiment for hydrogen production from t-PET 

over the ruthenium catalyst. Reaction conditions: ruthenium catalyst (0.1 

mmol), t-PET (0.192 g), NaOH (8 M), 160 °C, and H2O (2 mL). 

 

 

Figure 5.25. Mercury poisoning experiment performed for one-pot 

dehydrogenation of t-PET over ruthenium catalyst. Reaction conditions: 

Ruthenium catalyst (0.1 mmol), elemental Hg (0.3 g), PET (0.192 g), NaOH (12 

M), water (2 mL), and 120 °C. 
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5.4. Conclusions 

The present report describes a highly efficient, sustainable, and integrated 

protocol for the one-pot transformation of PET-based plastic waste for the large-

scale and selective production of hydrogen gas over ruthenium catalyst at low 

temperature (120 °C) using 12 M NaOH. Moreover, by increasing the reaction 

temperature to 160 °C, the NaOH amount can be reduced to 8 M without any 

loss in the catalytic activity for PET to H2 conversion. Ruthenium catalyst 

displayed high activity for PET depolymerization and dehydrogenation with H2 

yield as high as ~15.6 mmol/gPET (~38,000 mLH2/gRu). Moreover, a quantitative 

carbon yield (as high as 98%) was achieved with SF yield (9.6 mmol/gPET). 

Notably, ruthenium catalyst displayed long-term stability for the bulk 

production of hydrogen gas, with no traces of CO and CO2 contaminations. The 

developed protocol performed equally well for hydrogen production from 

different types of PET-based plastic waste (transparent, green, brown, and even 

mixed PET obtained from beverage bottles and food packets). Notably, the 

purified and quantitative yield of TPA (5.2 mmol/gPET) was achieved for all the 

reactions. In contrast to the traditional processes, such as pyrolysis, steam 

reforming, photo-reforming, and other processes for hydrogen production from 

PET-based plastic waste, which are highly energy-intensive and require high-

temperature, and yield poor selectivity of H2 gas, our process is highly selective 

towards H2 gas under mild condition and hence, has demonstrated the potential 

for application in the industrial-scale one-pot transformation of PET-based 

plastic waste for selective hydrogen production.  

Note: The content of this chapter is published as Kumar et al., 

ChemCatChem, 15, e202300574 (DOI: 10.1002/cctc.202300574) and 

reproduced with permission from Wiley VCH with license number 

5671331171239. 
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Chapter 6 

Summary and Future Scope 

  

6.1. Summary of this thesis 

In summary, during my thesis work, I aimed to design and develop ruthenium-

based heterogeneous catalysts and explore them for catalytic selective 

hydrogen production from polyols i.e., ethylene glycol and glycerol, under 

milder reaction conditions in water. Different reaction parameters that 

influence the rate of hydrogen production and product selectivity of these 

reactions were studied in detail. Catalyst characterization has been performed 

extensively to know the structure-activity relationship and strong-metal 

support interaction. Controlled experiments and NMR studies were performed 

to gain insights into the catalytic pathway of the reactions.  

In chapter 1, the current scenario of energy production, energy consumption 

globally, storage and production of hydrogen gas, and the development of 

heterogeneous catalysts for the production of hydrogen gas from polyols 

(ethylene glycol and glycerol) have been discussed. 

In chapter 2, we synthesized a ruthenium nanoparticle catalyst using the 

aqueous phase chemical reduction method and characterized by various 

spectroscopic techniques such as P-XRD, FESEM, TEM, XPS and others. 

Furthermore, we explored ruthenium nanoparticle catalyst for the selective 

hydrogen production from glycerol in water at low temperatures in the presence 

of a base. Various reaction parameters, such as the effect of water 

concentration, base concentration, different types of bases and temperature 

effect, were employed to optimize the best reaction conditions where a high 

yield of hydrogen gas was achieved with complete conversion of glycerol. 

Experimental findings revealed that water and base played a crucial role in 

achieving a high yield of hydrogen gas (1.6 equiv. per mol of glycerol) and 

lactic acid (70%) with complete conversion of glycerol (>99%) at 110 °C. 

Controlled experiments were carried out to elucidate the reaction pathway of 

catalytic dehydrogenation of glycerol under optimized reaction conditions. 

Advantageously, our studied catalyst also exhibited high long-term stability 
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and generated ~2 L H2/gRu/h from glycerol at 110 °C. 

In chapter 3, we synthesized various supported ruthenium-based catalysts 

(Ru/La(OH)3, Ru/Mg(OH)2, Ru/ZnO, Ru/ZrO2, Ru/TiO2) via the wet-

impregnation method followed by chemical reduction and developed an efficient 

catalytic system to produce H2 gas and lactic acid (LA) from aqueous glycerol 

under mild reaction conditions (90-130 ℃). Notably, a high yield of H2 gas 

(n(H2)/n(GLY) ratio of 1.4) and LA (86%) from glycerol was achieved over the 

Ru/La(OH)3 catalyst. By tuning the reaction conditions like temperature, base, 

water concentration and choosing appropriate support materials, we 

substantially increased the production of both H2 gas and LA. Various 

characterization techniques have been employed to understand the metal-support 

interaction between Ru metal and La(OH)3 support. Several controlled 

experiments were carried out under optimized reaction conditions to validate the 

catalytic dehydrogenation pathway of glycerol, which corroborated well with 

experimental results. Notably, Ru/La(OH)3 catalyst displayed remarkable 

performance in bulk-scale reactions with a 12 L H2/gRu/h productivity at 130 

°C. The studied Ru/La(OH)3 based catalytic system provides new insights in 

exploring glycerol, ethylene glycol and other terminal diols as important 

substrates for selectively producing purified hydrogen gas under optimized 

reaction conditions. 

In chapter 4, We synthesized a ruthenium catalyst by the aqueous phase 

chemical reduction method and characterized using P-XRD, TEM, XPS, and 

other techniques. We explored an efficient catalytic process to produce H2 gas 

from ethylene glycol at 90-160 °C in water. We achieved a high yield of 

hydrogen gas (up to 3.0 n(H2)/n(EG)) and formic acid (85% yield) from 

ethylene glycol in aqueous alkaline medium at 110 °C, where the role of 

reaction temperature and base concentration was found to be critical in 

achieving a high yield of H2 gas. The effect of base concentration and 

temperature greatly influenced the catalytic reaction, and it was observed that 

at low concentrations of base (2.1 equiv.) and high reaction temperature (160 

°C), a high yield of H2 gas and formic acid was achieved. Efforts are being 

made to investigate the reaction pathway during the dehydrogenation process 

by identifying intermediates and using them in controlled reactions under 
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optimized reaction conditions. Advantageously, the ruthenium catalyst 

exhibited appreciably high long-term stability over 70 h, generating ca. 290 L 

of H2/g Ru with a yield of 1035 L of H2/L of EG. 

In chapter 5, we explored ruthenium catalyst and reported an integrated 

process of one-pot upcycling of PET-based plastic waste for selective hydrogen 

gas production in an alkaline aqueous condition at low temperatures (110-160 

°C). The developed catalytic system performed equally well for hydrogen 

production from different colored PET-based plastic waste (transparent, green, 

brown, and mixed PET). Notably, purified and quantitative yield of 

terephthalic acid (5.2 mmol/gPET) was achieved for all the reactions. 

Experimental evidence suggests that during one-pot upcycling of PET-based 

plastics over ruthenium catalyst, initially, PET undergoes depolymerization to 

produce Na2TPA and ethylene glycol in the presence of a base. Then ethylene 

glycol undergoes a dehydrogenation process to generate H2 gas and formic 

acid. The developed catalytic system is applicable to gram-scale H2 gas 

production from PET-based plastic waste with a high yield of H2 gas (~38,000 

mL H2/gRu) without contamination of other gases (CO, CO2 and CH4), 

highlighting the potential application of the developed catalytic system.  

 In this thesis, attempts have been made to develop efficient catalytic 

systems to generate pure H2 gas under milder reaction conditions so that pure 

H2 gas can be directly utilized in fuel cell applications. However, during the 

recyclability experiments, we observed a significant challenge with the 

agglomeration of ruthenium nanoparticles which affected the long-term 

stability and activity of the catalyst. Addressing this issue is crucial for the 

advancement and practical application of these catalysts. The use of 

functionalized support materials can help in easy dispersion and anchoring of 

ruthenium nanoparticles over the supports or post-synthesis treatments such as 

annealing may help in addressing this issue. Additionally, it was interesting to 

observe that the properties of ruthenium nanoparticles can be finely tuned by 

using different types of support materials. Different supports with specific 

electronic interactions can influence the charge distribution around ruthenium 

nanoparticles, thereby impacting both the activity and selectivity of these 

catalysts. This ability to tune the properties of ruthenium nanoparticles through 
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support selection is a promising strategy for designing more efficient and 

selective catalysts for hydrogen production. In this thesis, we used the chemical 

reduction method to synthesize ruthenium nanoparticles. It is important to note 

that the method of synthesis significantly affects the properties of the 

ruthenium catalyst. Different synthesis techniques, such as microwave-assisted 

synthesis, thermal decomposition, and hydrothermal methods, can lead to 

variations in particle size, shape, and dispersion, which, in turn, can be used to 

tune the catalytic performance and stability of the nanoparticles. 

6.2. Future scope 

Hydrogen energy is widely recognized as a promising renewable energy 

alternative. Although it is naturally abundant, it doesn't exist in a free state and 

can be derived from sustainable sources such as biomass or water in the 

presence of a suitable catalyst. It serves as a clean energy carrier, generating 

only water as a byproduct when used in fuel cells. Most of the hydrogen is 

currently produced from the reforming of non-renewable resources (coal, 

petroleum, and natural gas). Reforming is an energy-intensive process which 

requires high temperatures (>250 °C), and the produced H2 gas often has 

contamination of CO2 and other gases (CO and alkanes). In this thesis, we 

explored the potential of Ru-based heterogeneous catalysts for hydrogen 

production from polyols such as ethylene glycol and glycerol extensively. 

However, there is significant scope for further improvement and exploration of 

Ru-based catalysts to advance the field of hydrogen production.  

For the synthesis of ruthenium nanoparticles, various advanced 

synthesis techniques, such as microwave-assisted synthesis, electrochemical 

methods, and atomic layer deposition, could lead to better control over the size, 

shape, and distribution of ruthenium nanoparticles. Moreover, the use of various 

support materials to understand the metal-support interactions at a molecular 

level can help in designing more efficient catalytic systems. Detailed 

mechanistic investigations using in-situ spectroscopy and others can help in 

understanding the underling pathways for hydrogen production. Addressing the 

long-term stability and reusability of Ru-based catalysts is essential for practical 

applications. Research should focus on developing methods to enhance the 

durability of the catalysts, such as by the incorporation of stabilizing agents and 
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evaluating their performance over extended periods and multiple reaction 

cycles. Alloying Ru nanoparticles with other non-noble metals can reduce the 

cost associated with monometallic ruthenium nanoparticles. Further, the 

potential of developed Ru-based catalytic systems can also be explored for 

selective H2 gas production from other biomass-derived polyols such as xylitol 

(C-5), sorbitol (C-6) or glucose (C-6) at lower temperatures.  

By addressing these research directions, we can advance the understanding and 

application of ruthenium-based catalysts, contributing to the development of 

efficient, sustainable, and economically viable hydrogen production 

technologies and other catalytic processes. 
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