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Lay Summary 

The world’s shift away from fossil fuels has driven the search for renewable 

alternatives, particularly in producing valuable chemicals. One promising candidate is 

furfural (FFR), a platform chemical derived from biomass. This thesis focuses on 

developing and optimizing catalytic systems to efficiently convert FFR into high-value 

chemicals, specifically furfuryl alcohol (FAL) and 2-methylfuran (2-MeF), which are 

important intermediates in various industries. 

The primary objective of this research was to identify and optimize various catalytic 

systems using both molecular hydrogen (H2) and alternative/renewable hydrogen 

sources. By focusing on the conversion of FFR in continuous vapor-phase reactions, 

this work seeks to provide foundational knowledge that can guide the future 

development of more efficient and sustainable catalytic processes for biomass 

valorization. The experimental investigations spanned several approaches, evaluating 

different catalytic systems for their ability to transform FFR under diverse reaction 

conditions. This included the use of bimetallic catalysts (e.g., Cu-Ni) and mixed metal 

oxides (e.g., Cu-Fe, Mg-Fe) to improve the performance of these systems. Additionally, 

innovative methods were explored, such as using rice husk ash - a sustainable and cost-

effective source of silica - as a support for these catalytic systems. Throughout the 

research, factors such as catalyst composition, temperature, hydrogen availability, and 

space velocity were critical to achieving high selectivity and conversion rates. The 

findings revealed that specific combinations of metals and reaction conditions led to 

significant improvements in selectivity toward FAL and 2-MeF. Moreover, the study 

provided valuable insights into optimizing process variables, all of which play a key 

role in enhancing catalyst efficiency. While detailed investigations into catalyst 

deactivation were not a central focus, the results hinted at potential challenges in long-

term catalyst stability. Regeneration studies provided partial recovery of catalytic 

activity, suggesting areas where future research can address the issue of catalyst 

longevity. 

Overall, this work contributes to the broader field of sustainable chemical production 

by advancing the understanding of catalytic systems for biomass conversion. It lays the 

groundwork for future innovations aimed at reducing reliance on fossil fuels and 

creating more environmentally friendly production methods for essential chemicals. 
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Abstract 

As the world moves toward sustainable and renewable resources, efficient biomass 

conversion processes have become a key area of focus. Furfural (FFR), a platform 

chemical derived from lignocellulosic biomass, presents significant potential for 

replacing fossil-derived products with high-value chemicals and fuels. This thesis 

explores the design and optimization of catalytic systems for converting FFR into 

value-added products such as 2-methylfuran (2-MeF) and furfuryl alcohol (FAL), 

contributing to a greener chemical industry. Both traditional hydrogenation using 

molecular hydrogen (H2) and alternative transfer hydrogenation approaches using non-

conventional hydrogen sources are examined, aiming to develop more sustainable 

biomass conversion processes. 

A variety of catalytic systems were tested, including bimetallic catalysts, mixed 

metal oxides, and supported metal-incorporated mesoporous silica, to enhance catalyst 

performance and selectivity in FFR valorization. Detailed material characterization was 

carried out using techniques such as X-ray diffraction (XRD), Brunauer-Emmett-Teller 

surface area analysis (BET), temperature-programmed desorption (TPD), scanning 

electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), and high-

resolution transmission electron microscopy (HRTEM). These analyses confirmed the 

successful synthesis and structural properties of the catalysts. 

Optimization of process parameters, such as space-time and reaction 

temperature, along with time-on-stream (TOS) studies, revealed promising results. 

TiO2-supported Cu-Ni bimetallic catalysts exhibited impressive selectivity for 

converting FFR to 2-MeF, achieving up to 84.5% selectivity at 200 °C using a 10%Cu-

10%Ni/TiO2 catalyst. Additionally, Cu-Fe mixed oxide catalysts with equimolar ratios 

of Cu and Fe demonstrated excellent performance in FFR hydrodeoxygenation, 

achieving up to 90% selectivity for 2-MeF at 230 °C under ambient H₂ pressures.  

The thesis also highlights the use of mesoporous silica derived from rice husk 

ash, with metals incorporated to create highly efficient catalysts. The Cu-supported Zr-

incorporated mesoporous silica catalyst (Cu@Zr-MS) achieved FFR conversion rates 

of 90% and maintained FAL yields of approximately 85% over extended reaction 

periods. Further exploration of transfer hydrogenation using Mg-Fe mixed oxide 

catalysts showed that the optimal Mg/Fe ratio of 4 delivered a 79.8% selectivity for 2-

MeF and 85.2% FFR conversion over a 4-hour reaction time at 400 °C. 
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This research underscores the potential of innovative catalytic systems for 

developing more sustainable and efficient biomass conversion processes, offering 

valuable insights into advancing the green chemical industry 

. 

Keywords: Biomass Valorization; Furfural, 2-Methylfuran, Furfuryl Alcohol; 

Hydrogenation; Transfer Hydrogenation; Sustainable Chemistry 
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Chapter 1: Introduction 

 

1.1 Chemicals and Fuels: Cornerstones of Technological and Economic Progress 

Chemicals and fuels are the bedrock of contemporary human society, intricately woven 

into every facet of modern life. Chemicals serve as essential components in our 

infrastructure, from buildings and vehicles adorned with plastics, rubber, and synthetic 

textiles, to the ubiquitous items of daily use such as toothbrushes, carrier bags, and food 

packaging. They are embedded in vital technologies, including mobile phones and 

computers, and are even present in our furnishings - carpets, clothing, and furniture. 

Beyond their visible applications, chemicals enhance other materials like metals and 

wood through protective coatings and decorative finishes. In the digital age, plastics are 

increasingly supplanting paper for information transmission in electronic devices. 

Modern agriculture heavily relies on chemical fertilizers and agrochemicals to sustain 

high productivity levels, while the pharmaceutical industry, pivotal to healthcare 

advancements, is fundamentally driven by chemical innovations. Equally indispensable 

are fuels, which power transportation systems, provide energy for heating and 

electricity generation, and drive industrial processes. Fuels underpin the operation of 

critical infrastructure and are significant contributors to economic growth, facilitating 

technological advancements and global interconnectedness. The efficient and 

innovative use of fuels has enabled increased mobility, enhanced industrial capabilities, 

and interconnected economies on a global scale. In summary, the omnipresence and 

indispensability of chemicals and fuels underscore their vital role in sustaining human 

prosperity. They form the cornerstone of modern infrastructure, products, and services, 

defining the essence of contemporary life. As we look towards the future, the continued 

development and efficient utilization of these resources are paramount in addressing 

the emerging challenges and ensuring a sustainable and prosperous global society. 

1.2 The Dominance of Fossil Fuels and the Imperative for Transition 

Fossil fuels - coal, oil, and natural gas - have for long been the dominant sources of 

energy and raw materials for chemicals and fuels [1–3]. They have powered 

industrialization, driven economic growth, and facilitated technological advancements 

over the past century and a half. However, this over-dependence on fossil fuels has led 

to fear of an inevitable exhaustion in the not-so-distant future [4,5], disturbances in 
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supply chain, price fluctuation and/or market manipulation [3]. Their use also results in 

the emission of greenhouse gases such as CO2, responsible for global climate change, 

in extremely large quantities and widespread environmental degradation in the form of 

land, air and water pollution [3,5,6]. Besides, the substantial rise in their prices over the 

last few decades has taken away the competitive edge they have had over other sources 

such as biomass, resulting in a considerable improvement in competitiveness of 

renewable sources [5,7,8]. Thus, a shift away from fossil fuels towards renewable 

sources is a timely and highly desirable step if sustainable development is to be 

achieved.   

1.3 Harnessing Biomass: A Pathway to Cleaner Energy and Chemicals 

In recent times, biomass, a renewable energy source available in abundance, has 

emerged as an excellent alternative to traditional fossil resources. Biomass refers to any 

organic material with a recent origin that can be replenished in a matter of years or 

decades [9,10]. These include not just plants, crops, bushes, trees, and plant-based 

materials such as agricultural wastes, residues from forestry but also waste food, animal 

by-products and animal and human wastes (Fig. 1.1). Due to shorter replenishment 

times, they are considered short cycle carbon systems, as opposed to fossil fuels that 

are regarded as long cycle carbon materials [11]. Moreover, since the plant materials 

comprising biomass utilize the atmospheric CO2 released by natural or anthropogenic 

sources during their growth, it makes biomass a carbon neutral resource [3,10]. Among 

the various types of biomass feedstocks, lignocellulosic biomass has, in particular, 

emerged as the most suitable feedstock for producing bulk as well as speciality 

chemical due to a number of reasons. First, since it is non-edible [12], the competition 

with food production is avoided, and the food vs fuel debate does not arise [13]. Second, 

it is the most abundant among all the biomass feedstocks [10], due to which the 

fluctuations in supply tend to be minimum. Third, lignocellulosic biomass grows much 

faster and can be obtained at lower costs as compared to agriculturally valuable food 

crop feedstocks [13]. These factors combined with its significant oxygen content, make 

lignocellulosic biomass a highly promising green platform for producing an extremely 

diverse portfolio of both low volume and high value chemicals as well as low value, 

high volume fuels products along a value chain similar to fossil fuel-based compounds.  
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Fig. 1.1 Typical sources of biomass  

1.4 Breaking Down Biomass: Understanding Its Composition and Structure 

Lignocellulosic biomass is defined by its complex and varied composition, which 

significantly influences its utility and processing. It is primarily made up of three 

polymeric fractions - cellulose, hemicellulose and lignin - that together make up nearly 

90% of its dry weight (Fig. 1.2) [14]. These three fractions form complex, non-uniform 

three-dimensional structures that can vary in composition as well as complexity 

depending on the type of biomass feedstock [10]. A major consequence of this 

structural complexity is that lignocellulosic biomass is robust and recalcitrant to both 

chemical as well enzymatic degradation [10,15]. Its recalcitrance is usually ascribed to 

a combination of the crystalline nature of cellulose, the hydrophobic properties of 

lignin, and the encapsulation of cellulose by the lignin-hemicellulose matrix [15].   

Cellulose is the most abundant among these fractions and constitutes approximately 

half of the organic carbon in the biosphere [10]. It is made up of repeating D-glucose 

units, each forming a six-carbon pyranose ring [14,16,17]. The three hydroxyl groups 

on each pyranose ring engage in intra- and intermolecular hydrogen bonding 

[14,16,17], which bestows cellulose with its unique crystalline structure, mechanical 
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strength, and chemical stability. The pyranose rings are connected by β-1,4-glycosidic 

linkages [14,16,17], involving the loss of a water molecule, thereby classifying 

cellulose as a polysaccharide of anhydroglucopyranose. The structure of cellulose 

includes both crystalline and amorphous regions, which alternate in the form of 

microfibrils. It possesses a high degree of polymerization [18], which can range to 

values as high as 10,000 and 15,000 glucopyranose units in materials such as wood and 

cotton, respectively [17]. When subjected to partial acid hydrolysis, cellulose breaks 

down into cellobiose (a glucose dimer), cellotriose (a glucose trimer), and cellotetrose 

(a glucose tetramer). Complete acid hydrolysis further degrades cellulose into glucose, 

illustrating its complex yet systematically degradable nature [17]. 

Hemicellulose is the second most prevalent polymer in lignocellulosic biomass. Unlike 

cellulose, which is a linear chain of glucose units, hemicellulose is a diverse and 

amorphous polysaccharide composed of various heteropolymers such as xylan, 

galactomannan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan 

[10,14,16,17]. Its structure integrates a mix of pentose sugars like xylose and arabinose, 

and hexose sugars including mannose, glucose, and galactose, often with acetyl groups 

attached [10]. In the plant cell wall, hemicellulose plays a crucial role by forming a 

network that links cellulose fibers into microfibrils and connects with lignin [10,16], 

contributing to the overall structural integrity of the plant. Due to its branched, non-

crystalline nature and lower degree of polymerization (50 to 200 monomer units) as 

compared to cellulose (as high as 15000 glucopyranose units for cotton), hemicellulose 

is more susceptible to hydrolysis and can be easily broken down into its constituent 

sugars by dilute acids, bases, or hemicellulase enzymes [14,16,17].   

Lastly, lignin is a three-dimensional polymer composed of a diverse array of 

phenylpropane units, including p-coumaryl alcohol, coniferyl alcohol, and sinapyl 

alcohol, which are linked by a variety of C-O-C and C-C bonds [10,14,16,17]. The 

phenylpropane units in lignin can be categorized into three primary types: guaiacyl (G), 

syringyl (S), and p-hydroxyphenyl (H) units [10,14,16,17], with their proportions 

varying between softwoods and hardwoods. In softwoods, lignin predominantly 

consists of guaiacyl units, whereas hardwood lignin is a co-polymer of both guaiacyl 

and syringyl units, reflecting a higher methoxyl content [10,14,16,17]. Lignin's 

macromolecular structure is characterized by its high molecular weight, averaging 

around 20,000, with a polydispersity index greater than that of cellulose [14]. This high 
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molecular weight and its complex bonding network contribute to lignin's limited 

solubility [14] and its effectiveness in tightly binding cellulose and hemicellulose 

within the plant cell wall [16]. Lignin’s presence provides structural rigidity and 

stability to plant cell walls and enhances their resistance against insects and pathogens 

[10]. Additionally, it contributes to challenges in converting lignocellulosic biomass 

into valuable products, forming compounds such as furans during degradation, that 

inhibit fermentation and thereby complicating the extraction of fermentable sugars [14].  

 

Fig. 1.2 Structure of lignocellulosic biomass.  

1.5 Biomass Conversion Strategies: From Raw Material to Valuable Products 

Lignocellulosic biomass has traditionally been seen primarily as a potential source of 

biofuels. Consequently, several strategies have been developed over the course of the 

past few years for this particular pursuit. Currently, thermochemical methods such as 

combustion [19], gasification [20], pyrolysis [21], and hydrothermal liquefaction [22] 

are the predominant techniques for converting biomass into biofuels (Fig. 1.3). These 

processes involve heating biomass at moderate to high temperatures and, at times, under 

varying pressures to achieve thermal degradation [23]. However, the multi-scale 

complexity arising from the complex and rigid structure of polymeric lignocellulose 

has proven to be a huge and thus far, an unsurmountable challenge in the pursuit of 

sustainable fuels from biomass. The liquid fuels produced through these 

thermochemical routes yield are of low quality and low energy content due to their 

highly acidic nature and presence of large amounts of oxygenated compounds and water 
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[24]. Further treatment by processes such as hydrodeoxygenation, Fischer-Tropsch 

synthesis, water-gas shift reaction etc. is required to increase their energy contents and 

remove the oxygenated compounds before they can be used as transportation fuels 

[24,25].  

 

Fig. 1.3 Common thermochemical strategies for lignocellulosic biomass conversion 

and their products. 

1.6 Reimagining Biomass Valorization: Chemicals Over Biofuels  

In light of these challenges, there is a growing push to shift the focus of biomass 

conversion from fuels to chemicals, which could then be further transformed to a wide 

range of industrially and economically relevant chemicals and fuels. Several factors 

underpin this strategic shift. Firstly, lignocellulosic biomass contains a significant 

amount of oxygen - up to 50 wt.%. This high oxygen content enables the production of 

a diverse array of chemicals that surpass the range typically derived from fossil sources 

like crude oil. Secondly, while biomass conversion for biofuels produces a broad 

spectrum of products, concentrating on chemical production allows for more targeted 

transformations. This selective approach results in fewer products but with higher 

yields and selectivity. Evidence from mass and energy balance comparisons highlights 

this advantage: while one kilogram of crude oil yields approximately 0.2 kg of 

chemicals and 0.8 kg of fuels with a total caloric value of 32 MJ, biomass converted to 
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ethanol yields only about 6 MJ of energy per kilogram [2]. In contrast, focusing solely 

on chemical production from biomass can achieve around 0.8 kg of chemicals per 

kilogram of biomass, reflecting greater efficiency in conversion [2]. Moreover, 

biomass-derived chemicals present higher valorization opportunities. For instance, 

specialty aromatic chemicals obtained from lignin via catalytic depolymerization can 

command prices as high as $100 per kg for substances like vanillin, compared to around 

$1 per kg for petrofuels [2]. Finally, the economic feasibility of biomass-based fuels is 

increasingly undermined by the efficiency and cost-effectiveness of alternative energy 

sources such as electricity, hydrogen (H2), and fuel cells. The availability of low-cost 

crude oil and shale gas further erodes the competitiveness of biomass-derived fuels. As 

a result, the production of high-value, low-volume chemicals from biomass offers a 

more viable and economically sustainable alternative. Given the shift towards 

electrification and more stringent regulations on combustion engines, focusing on 

chemical manufacturing from biomass is poised to be a more resilient and profitable 

pathway for the future. 

1.7 Biorefineries and Beyond 

Building upon the recognition of biomass as a versatile feedstock beyond traditional 

biofuels, biorefineries emerge as pivotal facilities for converting biomass into a diverse 

array of chemicals. Biorefineries represent a paradigm shift in sustainable industrial 

practices, akin to their petroleum counterparts but tailored to utilize renewable biomass 

sources. These facilities are envisioned to integrate various conversion processes - 

thermochemical, chemical, and biological - to extract valuable chemical compounds 

from biomass (Fig. 1.4) [26].  However, the inherent complexity and variability of 

biomass composition present notable challenges.  

Biomass is a heterogeneous mix of cellulose, hemicellulose, lignin, and other 

components like proteins, fats, and minerals, with its composition varying by source, 

location, and season. This variability complicates processing and conversion, 

necessitating tailored approaches for different biomass types. For instance, 

lignocellulosic biomass, rich in cellulose and lignin, requires distinct processing 

methods compared to starch-rich biomass. Efficient chemical production from biomass 

demands an understanding of the chemical structure of the biomass feedstocks as well 

as innovations in pretreatment, conversion processes, and catalyst development [27,28].  
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Moreover, determining the most effective route to convert biomass into a particular 

biofuel is relatively straightforward since the target product and the feedstock are 

clearly defined [29]. The structured nature of biofuels production - clear product 

composition, established price targets, and predictable operational costs - enables 

focused process analysis and targeted R&D investments. Technologies failing to meet 

stringent price requirements for fuels are systematically replaced by more economically 

viable alternatives. In contrast, producing chemicals from biomass presents a far greater 

challenge. The complexity arises from a myriad of potential chemical products and 

diverse starting materials, compounded by the absence of standardized conversion 

technologies [30]. Bozell and Petersen [30] emphasize this intricate landscape, where 

various reactions and feedstocks offer numerous possibilities for chemical production. 

Current research in this domain typically employs a unified, versatile technology 

capable of producing multiple products within a broader family of materials. If a 

technology proves uneconomical for one application, it may still find viability in others 

within the same category. This approach allows for a higher-level assessment of energy 

and economic impacts across families of compounds rather than evaluating each 

product individually. This facilitates the identification of technology opportunities and 

promotes efficient and sustainable chemical production from biomass. 

 

Fig. 1.4 A typical biorefinery featuring biomass conversion to value-added products.  
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1.8 Charting the Course: Platform Chemicals and the DOE 'Top 10' Roadmap for 

Biobased Chemical Production 

In light of the above discussion, it clear that navigating the strategies for producing 

chemicals from biomass presents a central challenge: balancing the advancement of 

fundamental technologies with demonstrating their market potential. This challenge 

underscores the emergence of platform chemicals as a strategic framework to 

streamline and enhance chemicals as well as fuels production from biomass. Platform 

chemicals are intermediate compounds that serve as versatile building blocks for a 

broad array of end spanning different chemical families [11,31]. Unlike traditional 

methods focusing on isolated product lines, platform chemicals enable efficient 

synthesis of multiple high-value chemicals as well as high-volume fuels from a 

common set of starting materials [11,31].  

In this direction, the US Department of Energy (DOE) released a pivotal report in 2004, 

known as the DOE "Top 10" report, outlining research needs for biobased products 

[30,32]. This seminal document identified 12 target chemical compounds achievable 

from biomass carbohydrates from a list of over 300 [30,32], aiming to harmonize broad 

technology development with targeted product identification. The report emphasized 

rational selection criteria for selecting biobased compounds and technologies: 

prioritizing compounds with significant research backing, broad applicability across 

multiple products akin to petrochemical practices, direct substitution potential for 

existing petrochemicals, capacity for high-volume production, versatility as starting 

materials for derivative production, readiness for scale-up, proven commercial 

presence, suitability as primary building blocks, and production from renewable carbon 

sources. By specifying chemical targets, the report advocated for using product 

identification as a guiding principle in research endeavours. This approach was not only 

aimed to advance technological capabilities but also sought to align biorefinery outputs 

with market demands. 

1.9 Furfural: A Platform Chemical with Diverse Potential 

Following the strategic framework for platform chemicals as outlined by the DOE "Top 

10" report, furfural (FFR) emerges as a prime example of a versatile platform chemical 

with significant potential for biomass-derived applications. Recognized in the DOE 
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report as one of the key target chemicals, FFR is a valuable intermediate compound 

derived from lignocellulosic biomass, particularly from hemicellulose.  

With a worldwide annual production of nearly 652 kilotons [33], FFR is by far the most 

common chemical of industrial importance that is manufactured exclusively from 

lignocellulosic biomass. First isolated in a laboratory scale in 1831, the first commercial 

facility for the production of FFR on a large scale was started by Quaker Oats Company 

in the year 1921 [33–40]. The current route of FFR production in industries involves 

the acid catalysed hydrolysis of pentoses present in the biomass to xylose which then 

yields FFR on dehydration [24,31,34–39,41]. However, the technologies currently in 

use for FFR production are very inefficient and suffer from a number of limitations 

such as low yields, undesirable side reactions such as condensation and polymerization, 

safety issues arising from the use of highly corrosive acids as catalysts, high energy 

consumption, and generation of large amounts of acidic effluent streams [24,31,42–44]. 

Efforts have been focused on increasing FFR yields and efficiencies of separations via 

a number of approaches such as using heterogeneous catalysts, ionic liquids, biphasic 

processes, supercritical extraction etc. [24,31]. 

The presence of an aldehyde group and an aromatic furan ring in FFR makes it highly 

reactive, allowing it to undergo the reactions of both the aromatic ring and the aldehyde 

functional group [31,41,45]. Due to its chemical reactivity, FFR can be transformed to 

more than 80 high value-added compounds (Fig. 5), directly or indirectly, through 

reactions such as selective hydro-deoxygenation, decarbonylation, decarboxylation, 

hydrogenation, and hydrogenolysis to building blocks, fuels, additives and other 

industrially important chemicals [31,41]. Fig. 1.5 displays some of the value-added 

chemicals that can be produced directly from FFR.  
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Fig. 1.5 List of some of the most relevant FFR derivatives.  

1.10 Furfural Transformation: Pathways to Valuable Chemicals and Fuels 

As discussed above, FFR can be transformed into a wide array of high-value chemicals 

through various catalytic processes such as hydrogenation, hydrodeoxygenation, ring 

opening, oxidation, and other transformations, each yielding distinct products. 

Hydrogenation and hydrodeoxygenation (HDO) are, by far, the most explored FFR 

transformations as they yield a very diverse range of highly valuable compounds such 

as 2-methylfuran (2-MeF), furfuryl alcohol (FAL), tetrahydrofurfuryl alcohol (THFA), 

2-methyltetrahydrofuran (2-MeTHF), furan, and 1,5-pentanediol (1,5-PDO), etc. 

Among these, 2-MeF and FAL are the two derivatives that have garnered the most 

attention from the scientific community, which can be seen from the significant amount 

of work that has been done in the past few years.  

1.9.1 2-Methylfuran 

2-MeF has emerged as a potential biofuel and fuel additive due to its high research 

octane number (RON =103) and energy density (28.5 MJ L-1). In addition, it also finds 

use as a solvent and a raw material in the synthesis of pharmaceutical drugs, pesticides 

and perfume intermediates, nitrogen and sulphur-containing heterocyclic and 

functionally substituted aliphatic compounds [41,46–48]. 
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1.9.2 Furfuryl Alcohol 

Currently, FAL is the most significant derivative of FFR, accounting for nearly 85% of 

the global annual FFR production [49] and serving a wide range of applications in the 

chemical industry. FAL is primarily used in the foundry industry to create resins for 

high-quality cores and molds for metal casting. It also serves as a reactive solvent for 

phenolic resins in the refractory industry and as a viscosity reducer for epoxy resins. 

Additionally, FAL is used in manufacturing polyurethane foams and polyesters and 

serves as a key building block in the synthesis of THFA, pharmaceuticals like 

ranitidine, and fragrances. Beyond these uses, FAL can be converted into other valuable 

chemicals, such as ethyl furfuryl ether (EFE), levulinic acid (LA), and gamma-

valerolactone (GVL) [38,39].  
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Chapter 2: Literature Review 

 

The transformation of FFR into high-value products like 2-MeF and FAL is both a 

significant challenge and an opportunity within the biomass conversion sector. These 

compounds are not only valuable in their own right but also serve as key intermediates 

in the synthesis of many valuable chemicals. Their successful conversion has the 

potential to enhance the sustainability and efficiency of chemical processes, driving 

advancements in the development of more sustainable industrial practices. 

Research into the hydrogenation of FFR to 2-MeF and FAL has been extensively 

conducted across both liquid- and vapor-phase systems, utilizing molecular hydrogen 

and transfer hydrogenation techniques. Liquid-phase processes have provided valuable 

insights into catalyst design, reaction mechanisms, and process optimization. These 

studies have significantly advanced the understanding of hydrogenation processes and 

laid the groundwork for further developments in the field. However, liquid-phase 

methods also present technical challenges that can limit their broader application. The 

need for high hydrogen pressures in liquid-phase reactions introduces safety concerns 

and requires specialized, often expensive, equipment. Moreover, these high-pressure 

conditions can sometimes lead to the formation of unwanted byproducts, complicating 

purification. The choice of solvent in liquid-phase hydrogenation can influence reaction 

pathways, occasionally leading to less favorable outcomes and adding complexity to 

product separation. Additionally, scalability remains an issue, as maintaining consistent 

reaction conditions on an industrial scale can be more challenging in liquid-phase 

systems. On the other hand, vapor-phase hydrogenation offers several advantages, such 

as greater control over reaction conditions, lower pressure requirements, and easier 

scalability. Therefore, this literature review will focus specifically on vapor-phase 

processes, outlining the work that has been done in this area related to the 

transformation of FFR into 2-MeF and FAL. This focus will allow for a detailed 

exploration of the advancements and methodologies that have been developed within 

the context of vapor-phase hydrogenation, reflecting the growing interest and potential 

of these approaches in biomass conversion to value-added products. 
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2.1 Conventional (Molecular H2-based) FFR HDO to 2-MeF  

The vapor-phase HDO of FFR to 2-MeF has a rich history, with early studies dating 

back to the 1920s. Eloi Ricard and Henri Martin Guinot were among the pioneers [1], 

demonstrating FFR hydrogenation to FAL and 2-MeF using Cu catalysts on supports 

like asbestos, kaolin and silica. Notably, the catalyst, reduced at temperatures between 

140 to 200 °C, initiated reactions as low as 80 °C, with about 10-20% of FAL 

converting to 2-MeF at 140 °C. Remarkably, the catalyst was able to maintain activity 

for days without noticeable deactivation, depending on the preparation and reduction 

methods, as well as the FFR feed rate. Further developments in the mid-20th century 

saw Johns and Burnette experiment with charcoal-supported copper and copper calcium 

chromite catalysts [2–4]. Their work identified that operating within a temperature 

range of 200-230 °C and using an excess of hydrogen were critical for achieving high 

2-MeF yields, often exceeding 90%. However, temperatures exceeding 280 °C caused 

a decline in conversion, with complete loss of activity at 320 °C. Additionally, they 

found that scaling up the process by 5 to 10 times led to unexpected challenges, 

reducing both catalyst stability and 2-MeF yield. Wilson later explored FFR 

hydrodeoxygenation using Co, Cu, Fe, and Ni catalysts [5], identifying copper chromite 

as the most selective, achieving up to 80% 2-MeF yield at 65% FFR conversion. Ni-

based catalysts, though offering higher conversions, primarily produced furan. Co and 

Fe catalysts showed poor FFR conversion; Co favoured furan, while Fe exclusively 

produced 2-MeF. Further studies found that a Fe-Cu catalyst was more effective for 2-

MeF production than Ni-Cu [6], though copper chromite still outperformed both.  

Despite their initial success, copper chromite catalysts have notable drawbacks, 

including deactivation over time and the environmental concerns posed by chromium's 

toxicity. As a result, recent efforts have focused on developing more sustainable 

alternatives, with Cu catalysts supported on SiO2 emerging as promising replacements. 

However, conventional Cu/SiO2 catalysts - prepared via impregnation method - have 

faced challenges related to moderate catalytic activity and stability, often due to 

agglomeration and sintering [7]. 

To address these issues, researchers have explored various synthesis techniques to 

enhance the activity and stability of Cu/SiO2 catalysts. For example, Liu et al. achieved 

a consistent 2-MeF yield greater than 92% at 200 °C over 150 hours using a Cu/SiO2 

catalyst prepared by the precipitation method [8]. Dong et al. reported complete FFR 
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conversion with 89.5% 2-MeF selectivity at 220 °C [9], maintained over 210 hours with 

a similarly prepared catalyst. Notably, the ammonia evaporation method has yielded 

even more robust catalysts. Dong et al. in another one of their studies achieved a 95.2% 

2-MeF yield at 200 °C over 210 hours using this approach [10]. Zhang and colleagues 

further optimized this method by incorporating hydrothermal crystallization into the 

synthesis procedure [7], resulting in a catalyst that achieved complete FFR conversion 

and 86.6% 2-MeF selectivity over 250 hours. Meanwhile, Zong et al. developed a 

MOF-derived Cu/SiO2 catalyst that outperformed those synthesized by ammonia 

evaporation and traditional impregnation methods [11], achieving complete FFR 

conversion and a 96% 2-MeF yield over 50 hours. Across these studies, the superior 

activity and stability of the catalysts were attributed to the strong metal-support 

interactions, which promoted high Cu dispersion and the synergistic presence of both 

Cu0 and Cu+ species, contributing to the overall catalytic performance. 

Beyond Cu, group VIII metals like Pd [12] and Ni [12,13] supported on silica have also 

been investigated, though with less success. Pd catalysts tend to favour decarbonylation 

[12], producing furan as the main product, while Ni catalysts exhibit a more complex 

selectivity pattern, favouring both FAL and furan at low temperatures and furan and C4 

ring-opening products at higher temperatures [12,13].  

Transition metal phosphides (TMPs) and transition metal carbides (TMCs) have 

garnered attention in the vapor-phase HDO of FFR to 2-MeF, following their promising 

performance in liquid-phase processes. Lan et al. demonstrated that silica-supported 

TMPs, particularly Ni2P and MoP, could achieve high FFR conversion (~90%) and 

impressive selectivity for 2-MeF (> 90%) [14]. A key factor was the P/Ni ratio, which 

played a crucial role in steering the product distribution. Higher phosphorus content not 

only enhanced Brønsted acidity but also modulated adsorption behavior on the Ni 

surface, thus favouring 2-MeF formation. Similarly, TMCs like Mo2C have shown 

significant potential. Lee and colleagues highlighted Mo2C’s high selectivity for C=O 

and C-O bond cleavage in FFR, effectively producing 2-MeF with minimal by-products 

at a relatively low temperature of 150 °C [15]. However, the challenge of rapid 

deactivation looms large, as carbonaceous species formation and oxidation of the 

carbidic phase undermine the catalyst's longevity. Attempts to stabilize the catalyst, 

such as incorporating Co into Mo2C, have yielded some improvement, yet the issue of 

deactivation persists [16], echoing the difficulties faced in similar liquid-phase studies. 
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Table 2.1 presents the catalysts developed and the reaction conditions employed for the 

production of 2-MeF from FFR by vapor-phase hydrodeoxygenation using molecular 

H2 in the recent years.   

Table 2.1 Literature representing studies in vapor-phase hydrodeoxygenation of FFR 

to 2-MeF using molecular H2 

Catalyst Space 

Velocity 

(H2 / 

FFR)e 

 

Temp. 

(K) 

TOSf 

(hr) 

FFR 

Conv 

(%) 

2-MeF 

Yield/ 

selectivity 

(mol%) 

Ref. 

Cu2Cr2O5 NAg NAg 543 NAg 65 80b 5 

Cu/SiO2 2.3d 10 473 150 > 90 >92b 8 

20% Cu/SiO2 0.5d 17 493 210 100 89.5a 9 

20%Cu/SiO2 0.5d 17 473 210 100 95.5b 10 

7%Cu/SiO2 1244.4c 15 513 50 100 98.5b 11 

5%Ni-

2%Fe/SiO2 

10d 25 523 NAg 96.3 39.1a 13 

Ni2P/SiO2 3d 74 473 2 90 >90a 14 

MoP/SiO2 3d 74 473 2 91 >90a 14 

a selectivity reported for 2-MeF. b yield reported for 2-MeF. c LHSV provided. d WHSV 

provided. e H2/FFR molar ratio. f Time-on-stream at which catalytic properties were 

determined. g NA - not available 

2.2 Conventional (Molecular H2-based) FFR Hydrogenation to FAL 

Like 2-MeF production, FAL production via vapor-phase FFR hydrogenation also dates 

back to the 1920s, when Eloi Ricard and Henri Martin Guinot first investigated this 

route using Cu catalysts on supports like asbestos, kaolin and silica [1]. The catalyst 

showed activity at temperatures as low as 80 °C, with FAL being the major product. 

The authors noted that the catalyst was able to maintain its activity for days without 

noticeable deactivation. Du Pont started using copper chromite catalyst in the year 1931 

[17]. After a certain time on stream, the catalyst activities were decreased significantly; 

to circumvent this loss in activity, the catalyst bed temperature had to be raised from 

140 °C to around 180 °C. However, the rise in temperature led to the promotion of 

hydrogenolysis reaction which yielded 2-MeF in significant amounts. Brown and 
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Hixon investigated a calcium-promoted Cu-Cr catalyst for FFR hydrogenation, 

exploring temperatures between 100 and 140°C [52]. They observed that using charcoal 

as a support material unexpectedly led to higher 2-MeF production, likely due to higher 

temperatures at catalyst surface [52]. They found glass beads to offer several 

advantages over charcoal as a catalyst support [18]. The researchers identified the 

temperature range of 130 to 135°C as optimal for FAL production, achieving yields of 

up to 95%. Quaker Oats circumvented this issue of 2-MeF at higher temperatures over 

Cu-Cr catalysts by using a Na2O⸳xSiO2 as a support material for the chromite catalysts, 

which provided 99% yields for FAL at temperatures in the range of 132 to 177 °C [19]. 

In recent years, concerns over chromium's toxic environmental impact has spurred a 

shift in focus toward more sustainable alternatives - generally Cu based due to their 

specificity towards FAL.  

One of the early studies in this regard was conducted by Nagaraja et. al., who explored 

MgO supported Cu catalysts synthesized via co-precipitation, impregnation and solid-

solid methods [20]. The sample prepared by co-precipitation method exhibited the best 

catalytic performance among all the samples, providing FFR conversions and FAL 

yields of approximately 98% at 180 °C and a low H2 to FFR ratio of just 2.5 [20]. The 

catalyst did not exhibit any signs of deactivation during the 5 h period of activity 

assessment, likely due to the high surface area and larger number of surface active Cu0 

sites. In another study where they investigated MgO supported Cu catalysts with 

different Cu loadings [21], the authors achieved optimum FFR conversion and FAL 

selectivity (98%) at a Cu loading of 16 wt.% under the same reaction conditions. In a 

similar study, Shirvani and team explored MgO supported Cu catalysts promoted by 

Ca, Co and Cr [22]. They noted that while the conversion over the bimetallic catalysts 

followed the trend – Cu-Co > Cu-Cr > Cu-Ca, the FAL selectivity followed a reverse 

trend. Overall, they found the Co-promoted Cu/MgO to be the best in terms of FFR 

conversion (75.1%) and FAL selectivity (96.9%) at 180 °C and a much higher H2/FFR 

ratio of 10 [22].  

Another widely explored support material for Cu catalysts, besides MgO, is SiO2. While 

these catalysts are typically prepared using simple methods like wet impregnation, this 

approach often results in poor activity and stability. To address this, researchers have 

been exploring alternative synthesis methods. Du et al. compared the performance of 

various Cu/SiO2 catalysts for FFR hydrogenation to FAL, focusing on synthesis 
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techniques like impregnation, ion exchange, ammonia evaporation, and deposition 

precipitation [23]. At a low space velocity (WHSV = 0.4 h-1), most catalysts performed 

similarly, except for the impregnation-derived catalyst. When the space velocity 

increased to 1.8 h-1, the differences became pronounced: the impregnation catalyst's 

activity plummeted to just 3.1% conversion, whereas the ammonia evaporation-derived 

catalyst maintained an 85.2% conversion [23]. This catalyst also demonstrated 

exceptional stability, lasting over 400 hours at 130°C. In another study, the same group 

investigated Cu supported on ethanolamine-modified SiO2, prepared by impregnation 

method, for FFR hydrogenation [24]. They found that the simple Cu on untreated SiO2 

prepared via impregnation had the poorest performance, with FFR conversion dropping 

from 100% to 84% in 24 hours and by another 44% in just 12 hours at 130°C and a 

space velocity of 0.4 h-1 [24]. In contrast, ethanolamine-modified SiO2 supported Cu 

catalysts showed significantly enhanced stability under similar reaction conditions. For 

example, with a 1:1 mass ratio of ethanolamine to SiO2 in the synthesis, the conversion 

dropped from 99% to 90% over 47 h. Increasing the ratio to 2:1 and 3:1 extended this 

drop to 135 h and 230 h, respectively, with further increases offering minimal 

improvement [24]. Notably, this stability surpassed that of their previously studied 

ammonia evaporation-derived Cu/SiO2 catalyst, which took 110 hours to see a similar 

drop. Wang et al. reported similar enhancements in activity with their Cu/SiO2 catalysts 

[25], which were prepared by reducing lamellar double hydroxy salts synthesized via a 

combined ammonia evaporation and hydrothermal method. The catalysts with a 25% 

Cu loading achieved a remarkable FAL selectivity of 97.2% and a 97% FFR conversion 

at 160°C, H2/FFR = 15, and a space velocity of 0.45 h-1 [25]. Notably, this catalyst 

maintained its high performance over 120 hours, nearly seven times longer than the 

stability of their ammonia evaporation-derived catalyst. The exceptional activity and 

stability in all of these cases was attributed to the significant presence of Cu+ and the 

synergistic effect between Cu0 and Cu+ sites. 

Besides MgO and SiO2, other metal oxides such as CeO2 [26], ZnO [27], mixed oxide 

supports such as ZnO-Al2O3 [28,29] and Fe-Al [30] have also been explored as support 

materials for Cu catalysts. Jiménez-Gómez and colleagues investigated Cu catalysts 

supported on CeO2 and ZnO, exploring various Cu/Ce and Cu/Zn ratios. In the Cu/CeO2 

system [26], all catalysts exhibited noticeable deactivation during a 5-hour test at 

190°C, with lower Cu/Ce ratios suffering the most severe deactivation. The best-
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performing Cu/CeO2 catalyst, with a Cu/Ce ratio of 6, achieved 83% FFR conversion 

and over 80% FAL yield after 5 hours at 190 °C. In the Cu/ZnO system [27], a reverse 

trend was observed under similar conditions. Lower Cu/Zn ratios resulted in higher 

conversion and greater stability, attributed to smaller Cu0 particle sizes and larger metal 

surface areas. This was in contrast to the Cu/CeO2 findings, where metal particles with 

larger sizes and smaller surface areas led to better performance. The optimal Cu/ZnO 

catalyst, with a Cu/Zn ratio of 0.2, achieved 93% conversion and 82% FAL selectivity 

after 5 hours and demonstrated notable stability, maintaining over 60% conversion and 

approximately 60% FAL yield over a 24-hour period. The same team extended their 

research to FFR hydrogenation over Cu catalysts supported on ZnO-Al2O3, with 

varying Cu/Zn ratios and a fixed (Cu + Zn)/Al ratio of 3, derived from hydrotalcite-

type CuZnAl precursors [28]. While all catalysts were selective towards FAL, they also 

displayed noticeable deactivation during the 5-hour test period, consistent with their 

earlier findings on CeO2 and ZnO supports. The optimal catalyst had a Cu/Zn ratio of 

1, achieving a 71% FAL yield at 210°C. In parallel, Venkatesha et al. developed 

Cu/ZnO-Al2O3 catalysts through solid-state grinding of metal nitrate precursors with 

organic reducing agents like citric acid, formic acid, and hydrazine [29]. The citric acid-

prepared catalyst stood out, offering superior Cu dispersion and surface area, leading 

to the best performance: 74% conversion and nearly complete FAL selectivity sustained 

over 30 hours. Table 2.2 presents the catalysts developed and the reaction conditions 

employed for the production of FAL from FFR by vapor-phase hydrogenation using 

molecular H2 in the recent years.   
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Table 2.2. Literature representing studies in vapor-phase hydrogenation of FFR to 2-

FAL using molecular H2 

Catalyst Space 

Velocity 

(H2 / 

FFR)e 

 

Temp. 

(K) 

TOSf 

(hr) 

FFR 

Conv 

(%) 

FAL 

Yield/ 

selectivity 

(mol%) 

Ref. 

Cu/MgO 0.05c 2.5 453 NAg 98 98a 20 

16%Cu/MgO 0.05c 2.5 453 NAg 98 98a 21 

Cu-Co/MgO 1.7d 10 453 4 75.1 96.9a 22 

20%Cu/SiO2 0.4d 12 403 450 >90 ~95a 23 

25%Cu/SiO2 0.45d 15 433 120 97 97.2a 25 

Cu/CeO2 1.47d 11.5 463 5 83 67b 26 

Cu/ZnO 1.47d 11.5 463 5 93 82a 27 

a selectivity reported for FAL. b yield reported for FAL. c GHSV provided. d WHSV 

provided. e H2/FFR molar ratio. f Time-on-stream at which catalytic properties were 

determined. g NA - not available 

2.3 Catalytic Transfer Hydrogenation of FFR to 2-MeF  

Traditionally, hydrogenation and HDO of biomass-derived oxygenates such as FFR 

relies on molecular H2. While H2 is widely available and easily activated on metallic 

catalysts, conventional HDO faces challenges such as high H2-to-substrate ratios and 

elevated temperatures in vapor-phase processes, or high H2 pressures in liquid-phase 

processes. These conditions can lead to oversaturation of the aromatic ring and 

formation of undesirable by-products like THFA, 2-MeTHF, and ring-opening products 

such as 1,5-PDO, along with the need for expensive, high-pressure equipment. 

Catalytic transfer hydrogenation (CTH) offers a promising alternative by using organic 

molecules like alcohols or formic acid as hydrogen donors, reducing safety concerns 

and equipment costs associated with high-pressure hydrogen [31–33]. Additionally, the 

lower hydrogenating capacity of most organic hydrogen donors, compared to molecular 

H2, allows for greater control in selective hydrogenation and/or hydrogenolysis, 

particularly when targeting unsaturated molecules.  

The current literature on FFR conversion via transfer hydrogenation to 2-MeF and/or 

FAL overwhelmingly centres on liquid-phase processes, with just two studies exploring 
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vapor-phase HDO of FFR to 2-MeF using transfer hydrogenation. This highlights a 

significant gap in the research, underscoring the need for further exploration and 

development in vapor-phase approaches. Grazia's study delved into the vapor-phase 

CTH of FFR to 2-MeF using MgO, Fe2O3, and a mixed MgO-Fe2O3 catalyst [34,35]. 

MgO demonstrated strong activity for hydrogenating FFR at lower temperatures, 

mainly producing FAL at lower temperatures. However, its conversion efficiency was 

limited, peaking at 35% up to 350°C. As temperatures increased to 400°C and 500°C, 

the conversion improved to 40% and 59%, respectively. Despite these gains, MgO's 

capacity to further convert FAL to 2-MeF remained modest, with only a 35% selectivity 

at 500°C. Higher temperatures also led to more by-products like cyclopentanones and 

a poorer carbon balance due to heavy compound deposits on the catalyst surface. The 

game-changer came with the addition of Fe to the MgO catalyst. This modification 

nearly tripled the 2-MeF yield to 92% and elevated FFR conversion to 93% at 380°C 

when Fe and Mg were present in a 1:2 ratio. The dramatic boost in performance is 

attributed to the creation of Lewis acidic sites from Fe2O3 within the basic MgO matrix, 

which enhanced acid-base interactions and facilitated more efficient 2-MeF production. 

Interestingly, they noted that increasing the Fe/Mg ratio to 10 slightly reduced the 2-

MeF yield to 88% [35].  However, these promising results were observed over a very 

short time-on-stream (TOS) period of just 1 hour. When catalyst stability was tested 

over extended periods, the Fe-Mg-O catalyst faced rapid deactivation, with conversion 

dropping to 42% after just 3 hours on stream. The study did not provide data beyond 

this 3-hour mark, highlighting the need for further investigation into the long-term 

stability of these catalysts. Table 2.3 presents the catalysts developed and the reaction 

conditions employed for the production of 2-MeF from FFR by vapor-phase transfer 

hydrogenation in the recent years.   
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Table 2.3 Literature representing studies in vapor-phase transfer hydrogenation of FFR 

to 2-MeF 

Catalyst Space 

Velocity 

(Donor/ 

FFR)e 

 

Temp. 

(K) 

TOSf 

(hr) 

FFR 

Conv 

(%) 

FAL 

Yield/ 

selectivity 

(mol%) 

Ref. 

Mg/Fe/O NAc 10 653 1 93 79a 34 

MgO NAc 10 653 1 75 5a 35 

Al/Mg/O NAc 10 653 1 63 22a 35 

a selectivity reported for 2-MeF. b yield reported for 2-MeF. c GHSV provided. d WHSV 

provided. e Donor/FFR molar ratio. f Time-on-stream at which catalytic properties were 

determined. g NA - not available 

2.4 Highlights/Observations and Research Gaps 

1. Historically, the transformation of FFR into valuable products such as FAL and 2-

MeF has been carried out using molecular H2. This preference is due to the abundant 

availability of H2 and its efficient activation on the widely used metallic catalysts, 

which has made it a go-to choice for these transformations. 

2. A significant body of research on FFR transformation has centred on liquid-phase 

processes, driven by the fact that FFR is typically obtained from biomass in a dilute 

aqueous mixture. This aligns well with liquid-phase processing, simplifying the 

transformation by avoiding the need for vaporization. Liquid-phase hydrogenation has 

provided valuable insights into catalyst design, reaction mechanisms, and process 

optimization, significantly advancing the field. However, this approach has notable 

challenges. High H2 pressures are required for ensuring complete reactant conversions, 

which introduce safety risks and require costly, specialized equipment. These pressures 

can also promote side reactions, generating unwanted byproducts that complicate 

purification. The choice of solvent can further influence reaction pathways and 

separation processes, often leading to less desirable outcomes. Additionally, issues such 

as metal leaching, low productivity, long downtimes between cycles and difficulties in 

catalyst recovery and recycling further diminish the practicality and cost-effectiveness 

of scaling up liquid-phase hydrogenation for FFR transformation 
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3. Vapor-phase FFR transformation offers a host of advantages that make it a 

compelling alternative for use at industrial scales. This method streamlines the process 

by removing the need for liquid solvents, thus simplifying operation. By using reactants 

in vapor phase, vapor-phase processes enable superior interaction between H2 and FFR, 

enhancing mixing and mass transfer, which translates into higher conversion rates and 

faster reaction kinetics. The ability to operate continuously and at low H2 pressures in 

vapor-phase systems reduces downtime, lowers operational costs, and boosts 

productivity. Additionally, the straightforward product separation, due to the gaseous 

state of primary products, simplifies downstream processing.  

4. Group VIII metals like Pt, Pd, and Ni are often the go-to choices for any 

hydrogenation reaction due to their strong ability to activate H2. However, their 

exceptional hydrogenation capabilities come at the cost of selectivity when it comes to 

FFR conversion to value-added products. When FFR interacts with these metals, both 

its furan ring and carbonyl group bind to the surface, which triggers a range of reactions 

ranging from hydrogenation, hydrogenolysis, decarbonylation ring saturation and 

opening, making it difficult to target a specific product like FAL or 2-MeF. Thus, while 

these metals are highly active catalysts, their high hydrogenation activity makes 

controlling the selectivity a challenge. 

5. Cu-based catalysts are highly favoured for converting FFR into FAL and 2-MeF, 

thanks to their selective interaction with the carbonyl group that allows them to 

selective activate it over the C=C bonds in furan ring and steer the process towards the 

desired products. Historically, copper chromite has been the catalyst of choice for FFR 

conversion to FAL and 2-MeF since the 1920s, underscoring its long-standing 

effectiveness. 

6. Despite their historical success, copper chromite catalysts are marred by significant 

drawbacks, primarily the environmental issues associated with chromium toxicity. This 

concern has driven a push towards more sustainable alternatives. Among these, Cu 

catalysts supported on SiO2 have emerged as promising candidates for both FFR 

hydrogenation to FAL as well as its HDO to 2-MeF. However, traditional Cu/SiO2 

catalysts, typically prepared through impregnation methods, encounter challenges such 

as moderate catalytic activity and stability. These issues often arise from problems like 

agglomeration and sintering, which hinder their performance and longevity. 
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7. Given the potential of Cu/SiO2 catalysts in FFR hydrogenation and HDO, extensive 

efforts have been made to enhance their activity through various synthesis methods, 

including ammonia evaporation, co-precipitation, deposition-precipitation, ion 

exchange, hydrothermal synthesis, and sol-gel techniques. Among these, the ammonia 

evaporation and combined ammonia evaporation-hydrothermal synthesis methods have 

shown exceptional promise, consistently achieving complete FFR conversion and over 

90% yield or selectivity toward 2-MeF and FAL, with these values sometimes sustained 

over reaction periods exceeding 200 hours. 

8. While advanced synthesis methods have significantly enhanced the performance and 

stability of Cu/SiO2 catalysts in FFR hydrogenation and HDO, they also present several 

challenges. These techniques are often complex, involving multiple precisely 

controlled steps, and frequently utilize expensive silica sources like colloidal or fumed 

silica, which can substantially increase production costs. Additionally, reproducibility 

issues have been observed, with catalysts prepared using identical methods yielding 

varying results across different research groups, particularly concerning long-term 

stability. For instance, Du et al. [23] employed the ammonia evaporation method with 

fumed silica to synthesize Cu/SiO2 catalysts, achieving impressive results with over 

90% FFR conversion and approximately 98% selectivity toward FAL sustained across 

400 hours. In contrast, Wang et al. [25], using the same synthesis approach but with 

silica sol as the silica source, reported rapid catalyst deactivation within 60 hours. 

Similar discrepancies are evident in studies over Cu/SiO2 catalysts focused on FFR 

HDO to 2-MeF as well. Fu et al.'s catalyst [36], prepared via ammonia evaporation, 

delivered around 80% selectivity to 2-MeF with complete FFR conversion over 25 

hours. Conversely, Dong et al., utilizing a different silica source in the same synthesis 

method [10], achieved a remarkable 95.5% yield to 2-MeF maintained consistently over 

215 hours without notable deactivation. Even catalysts derived from the co-

precipitation method exhibited variability; Dong et al.'s version provided a steady 

89.5% yield to 2-MeF over 210 hours [9], whereas Fu et al.'s counterpart showed lower 

conversion rates and much higher and fluctuating towards FAL over a shorter 

assessment period. While differences in reaction conditions might explain some 

variability, the observed inconsistencies in catalytic performance highlight a broader 

challenge. These disparities underscore the need to develop more robust and cost-

effective synthesis methods that can reliably replicate results across diverse conditions. 
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Achieving this consistency is crucial for advancing the development of catalysts that 

are both effective and commercially viable.  

9. While Cu/SiO2 catalysts have proven highly effective for FFR hydrogenation and 

HDO to FAL and 2-MeF respectively, they are not the only viable options available. 

The moderate activity of Cu catalysts towards C-O bond hydrogenolysis highlights the 

need for alternative strategies to enhance this crucial reaction. One promising direction 

is the use of different metal oxide supports, such as Al2O3, CeO2, MgO, TiO2, and ZnO. 

These materials offer enhanced acidic and basic surface sites, improved metal 

dispersion, and greater oxygen mobility, addressing some of the key limitations of 

traditional Cu systems. Initial investigations in both liquid-phase and vapor-phase 

reactions have demonstrated that these metal oxides can significantly boost the 

performance of Cu-based catalysts and that they hold the potential to rival or even 

surpass the efficiency of SiO2-supported systems. Despite this promise, these 

alternative supports remain relatively underexplored.  

10. Beyond exploring alternative metal oxide supports, another effective strategy for 

improving the performance of Cu-based catalysts involves combining Cu with metals 

that offer superior hydrogenation or oxophilic properties. Integrating metals like Co, 

Ni, or Pd with Cu can improve hydrogenation and hydrogenolysis activity by boosting 

H2 dissociation. Bimetallic catalysts such as Cu-Co, Cu-Ni, or Cu-Pd leverage this 

synergy, with Cu providing specificity towards C=O bond activation and the promoter 

metal enhancing H2 activation. This combination results in improved FFR conversion 

and higher selectivity for 2-MeF. Alternatively, pairing Cu with oxophilic metals like 

Fe, Mo, or W can also enhance oxygen removal. These metals interact strongly with 

the C=O moiety of FFR, facilitating better oxygen removal while Cu provides the 

necessary H atoms. Initial bench-scale studies indicate these strategies hold great 

promise, but further research is needed to optimize these metallic combinations and 

fully realize their potential for industrial applications. 

11. So far, the bench-scale FFR hydrogenation and HDO studies have heavily relied on 

molecular H2, which presents significant challenges. Batch processes require high H2 

pressures, often leading to unwanted side reactions, while vapor-phase methods use H2 

in large excess - sometimes up to 80 times the FFR amount - resulting in inefficient 

hydrogen use. To address these issues and reduce the carbon footprint associated with 
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traditional hydrogenation and HDO routes, researchers are investigating renewable 

organic molecules like formic acid, ethanol, and methanol as alternative hydrogen 

sources. Although studies in this area - particularly those on vapor-phase FFR HDO to 

2-MeF using organic H donors – are scant, the initial results are promising. However, 

significant gaps remain in this research. Existing studies have not thoroughly examined 

the active phases of catalysts or their structural changes during transfer hydrogenation. 

There is also a need to investigate the impact of synthesis conditions on catalyst 

performance. Furthermore, the catalysts in these studies exhibited rapid deactivation 

within just one hour, highlighting the need for improved long-term stability. 

2.5 Objectives 

The objective of this thesis is to develop and optimize catalytic systems for the efficient 

conversion of FFR - a biomass-derived platform chemical - into high-value chemicals, 

specifically FAL and 2-MeF, in continuous vapor phase mode. This research 

emphasizes the initial identification and optimization of various catalytic systems, such 

as bimetallic catalysts, mixed metal oxides, and metal-incorporated mesoporous silica 

supports derived from renewable resources, to establish a robust foundation for 

understanding their performance in FFR conversion processes. This foundational work 

seeks to address or fill existing knowledge gaps, enhance the understanding of catalyst 

performance, and guide future research directions in FFR valorization.  

By employing both molecular hydrogen (H2) and alternative hydrogen sources, this 

thesis seeks to capture a comprehensive range of processes currently trending in FFR 

valorization. While molecular H2 processes remain the dominant route for FFR 

transformation to FAL and 2-MeF, transfer hydrogenation represents an emerging route 

that offers an innovative and more sustainable, alternative approach. This dual focus 

not only aims to enhance the understanding of these processes but also provide valuable 

insights into optimizing catalyst performance, activity, selectivity and/or yield, and 

stability. Overall, this thesis seeks to advance the sustainable conversion of biomass to 

valuable products, offering practical insights for improved catalyst design and process 

optimization. 

Detailed studies on catalyst deactivation mechanisms are not included in this thesis, as 

the primary emphasis at this stage was on the initial identification and optimization of 

the catalytic systems. The objective was to establish proof of concept and refine the 
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catalytic systems to achieve optimal performance. Considering the novelty and 

complexity of the developed catalysts, significant effort was devoted to their 

comprehensive characterization to elucidate their structural and chemical properties. 

However, insights into potential deactivation mechanisms have been gathered from 

existing literature to inform future research efforts. 

2.5.1 Main Objective:  

To develop stable and highly selective catalysts for furfural valorization via 

hydrogenation to 2-methylfuran and furfuryl alcohol in vapor phase mode.  

2.5.2 Specific Objectives:  

1. Preparation and characterization of metal-based catalysts guided by an 

extensive review of the existing literature. 

2. Evaluate the performance of these catalysts to identify an optimal catalyst 

for the process. 

3. Analyze the influence of process variables to optimize the yield and 

selectivity of the target compounds. 

2.6 Organization of the thesis 

Chapter 1: This chapter sets the stage by exploring the pivotal role that chemicals and 

fuels play in technological and economic progress, underscoring their integral 

contribution to modern industries and daily life. It then addresses the dominance of 

fossil fuels and the urgent need for a transition towards more sustainable sources to 

mitigate environmental and economic impacts. In response, the chapter introduces 

biomass as a promising alternative, highlighting its potential for cleaner energy and 

chemicals. The discussion progresses with an in-depth examination of biomass 

composition and structure, which is essential for understanding its conversion into 

valuable products. Various biomass conversion strategies are outlined, detailing 

methods such as pyrolysis, gasification, and hydrolysis that transform raw biomass into 

useful chemicals and fuels. Shifting the focus, the chapter reimagines biomass 

valorization by emphasizing the production of chemicals over traditional biofuels, 

given the higher value and broader applications of platform chemicals. The concept of 

biorefineries is then explored, illustrating how they address the complexity of different 
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feedstocks and enhance conversion efficiency. Further, the chapter charts the 

importance of platform chemicals within the DOE 'Top 10' roadmap, which guides 

advancements in biobased chemical production. The discussion narrows to furfural, a 

key platform chemical with diverse potential, and concludes with an exploration of its 

transformation into valuable chemicals and fuels through various chemical pathways. 

Chapter 2: Chapter 2 offers a thorough review of the existing literature on the 

hydrogenation and HDO of FFR, with a focus on various catalytic and process 

methodologies. The chapter begins by exploring the vapor-phase HDO of FFR to 2-

MeF using H2, detailing recent advancements, catalytic performances, and associated 

challenges. It then transitions to the vapor-phase hydrogenation of FFR to FAL with 

molecular H2, examining catalyst efficacy, operational conditions, and improvements 

in reaction efficiency. The review further encompasses the transfer hydrogenation of 

FFR to 2-MeF, highlighting the use of alternative hydrogen sources and the 

development of suitable catalysts for this method. Following these discussions, the 

chapter presents highlights and observations, summarizing the key findings from the 

reviewed studies. It also identifies research gaps, providing insight into unresolved 

issues and areas requiring further investigation. This chapter pinpoints where additional 

research can contribute to advancing the field and improving catalytic processes for 

FFR conversion, thereby setting the stage for the experimental chapters that follow. 

Chapter 3: Chapter 3 delves into the comprehensive experimental procedures 

employed in this research. It details the synthesis of catalysts, including the step-by-

step methods used to prepare and characterize the catalysts. The chapter also covers the 

diverse characterization techniques employed to analyze the physical and chemical 

properties of the synthesized materials. Additionally, this chapter outlines the 

methodology for catalytic processes, including hydrogenation, hydrodeoxygenation, 

and transfer hydrogenation. Each process is described in detail, providing insights into 

the experimental setups, reaction conditions, and analytical methods used to assess 

catalyst performance 

Chapter 4: This chapter discusses the HDO of FFR to 2-MeF over impregnation-

derived TiO2 monometallic Cu and Ni catalysts as well as Cu-Ni bimetallic catalysts 

where the Cu loading was fixed, and the Ni loading was varied. Detailed studies were 

carried out to evaluate the effect of various process parameters such as Ni content, 
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temperature, and contact time on the selectivity of 2-MeF. The long-term catalytic 

activity evaluation was also studied. 

Chapter 5: This chapter discusses the HDO of FFR to 2-MeF over Cu-Fe mixed oxide 

catalysts with varying Cu to Fe molar ratios and synthesized via sol-gel method. A 

comprehensive evaluation of these catalysts was carried out to assess the influence of 

Cu to Fe ratios, reaction temperatures, weight hourly space velocity and catalyst 

reduction temperature under atmospheric pressure conditions. Following parameter 

optimization, long term catalyst stability study and a rigorous regeneration study were 

conducted.  

Chapter 6: This chapter discusses the hydrogenation of FFR to FAL over Cu catalysts 

supported on metal-incorporated mesoporous silicas derived from rice husk ash, 

synthesized via a combined hydrothermal-impregnation synthesis method. The changes 

induced by metal incorporation in the silica matrix were thoroughly evaluated by 

examining the effects of incorporation with different metal, reaction temperatures, and 

weight hourly space velocity under atmospheric pressure conditions. Following the 

initial assessment, the optimized catalyst underwent a rigorous long-term stability study 

and a regeneration study.   

Chapter 7: This chapter discusses the HDO of FFR to 2-MeF via transfer 

hydrogenation over Mg-Fe mixed oxide catalysts with varying Mg/Fe ratios and 

calcined at different temperatures after synthesis via co-precipitation method. A 

comprehensive evaluation of these catalysts was carried out to investigate the influence 

of Mg to Fe ratios, reaction temperatures, space velocity and calcination temperatures 

of the catalysts under atmospheric pressure conditions. Following the conclusion of 

process parameter optimization, the long-term catalytic activity evaluation and 

regeneration study were also carried out. 

Chapter 8: This chapter summarizes the overall conclusion of the thesis. 

 

 

 

 

 



Chapter 2| Literature Review 

34 | P a g e  

 

References 

[1] E. Ricard, H.M. Guinot, Process for the manufacture of furfuryl alcohol and 

methylfurane, US 1739919, 1929. 

[2] I.B. Johns, L.W. Burnette, Method Of Producing Methylfuran, US 2458857, 

1949. https://doi.org/10.17077/0031rd-0360.24332. 

[3] L.W. Burnette, I.B. Johns, Production of 2-Methylfuran by Vapor- Phase 

Hydrogenation of Furfural, Ind. Eng. Chem. 40 (1948) 502–505. 

[4] R.F. Holdren, Manufacture of methylfuran, US 2445714, 1948. 

[5] C.L. Wilson, Reactions of Furan Compounds. Part V. Formation of Furan from 

Furfur- aldehyde by the Action of Nickel or Cobalt Catalysts: Importance of 

Added Hydrogen., J. Chem. Soc. (1945) 61–63. 

[6] R.M. Lukes, C.L. Wilson, Reactions of Furan Compounds. XI. Side Chain 

Reactions of Furfural and Furfuryl Alcohol over Nickel-Copper and Iron-Copper 

Catalysts, J. Am. Chem. Soc. 73 (1951) 4790–4794. 

https://doi.org/10.1021/ja01154a093. 

[7] J. Zhang, G. Ding, Y. Jin, L. Wei, X. Li, D. Wang, Y. Zhu, Y. Li, Stabilizing the 

interfacial Cu0-Cu+ dual sites toward furfural hydrodeoxygenation to 2-

methylfuran via fabricating nest-like copper phyllosilicate precursor, Fuel. 337 

(2023) 127212. https://doi.org/10.1016/j.fuel.2022.127212. 

[8] Q. Liu, Q. Liu, X. Hu, Selective conversion of furfural into value-added chemical 

commodity in successive fixed-bed reactors, Catal. Commun. 135 (2020) 

105836. https://doi.org/10.1016/j.catcom.2019.105836. 

[9] F. Dong, Y. Zhu, H. Zheng, Y. Zhu, X. Li, Y. Li, Cr-free Cu-catalysts for the 

selective hydrogenation of biomass-derived furfural to 2-methylfuran: The 

synergistic effect of metal and acid sites, J. Mol. Catal. A Chem. 398 (2015) 

140–148. https://doi.org/10.1016/j.molcata.2014.12.001. 

[10] F. Dong, G. Ding, H. Zheng, X. Xiang, L. Chen, Y. Zhu, Y. Li, Highly dispersed 

Cu nanoparticles as an efficient catalyst for the synthesis of the biofuel 2-

methylfuran, Catal. Sci. Technol. 6 (2016) 767–779. 

https://doi.org/10.1039/c5cy00857c. 

[11] Z. Zong, H. Tan, P. Zhang, C. Yuan, R. Zhao, F. Song, W. Yi, F. Zhang, H. Cui, 

Cu/SiO2 synthesized with HKUST-1 as precursor: high ratio of Cu+/(Cu+ + 

Cu0) and rich oxygen defects for efficient catalytic hydrogenation of furfural to 

2-methyl furan, Phys. Chem. Chem. Phys. 25 (2023) 24377–24385. 

https://doi.org/10.1039/d3cp02806b. 

[12] S. Sitthisa, D.E. Resasco, Hydrodeoxygenation of Furfural Over Supported 

Metal Catalysts: A Comparative Study of Cu, Pd and Ni, (n.d.). 

https://doi.org/10.1007/s10562-011-0581-7. 

[13] S. Sitthisa, W. An, D.E. Resasco, Selective conversion of furfural to methylfuran 

over silica-supported NiFe bimetallic catalysts, J. Catal. 284 (2011) 90–101. 

https://doi.org/10.1016/j.jcat.2011.09.005. 

[14] X. Lan, R. Pestman, E.J.M. Hensen, T. Weber, Furfural hydrodeoxygenation 



                                                                                         Chapter 2| Literature Review 

35 | P a g e  

 

(HDO) over silica-supported metal phosphides – The influence of metal–

phosphorus stoichiometry on catalytic properties, J. Catal. 403 (2021) 181–193. 

https://doi.org/10.1016/j.jcat.2021.01.031. 

[15] W.S. Lee, Z. Wang, W. Zheng, D.G. Vlachos, A. Bhan, Vapor phase 

hydrodeoxygenation of furfural to 2-methylfuran on molybdenum carbide 

catalysts, Catal. Sci. Technol. 4 (2014) 2340–2352. 

https://doi.org/10.1039/c4cy00286e. 

[16] Z. Lin, W. Wan, S. Yao, J.G. Chen, Cobalt-modified molybdenum carbide as a 

selective catalyst for hydrodeoxygenation of furfural, Appl. Catal. B Environ. 

233 (2018) 160–166. https://doi.org/10.1016/j.apcatb.2018.03.113. 

[17] W.A. Lazier, Process for hydrogenating furfural, US 2077422, 1931. 

[18] H.D. Brown, R.M. Hixon, Vapor Phase Hydrogenation of FurFural to FurFuryl 

Alcohol., Ind. Eng. Chem. 41 (1949) 1382–1385. 

https://doi.org/10.1021/ie50475a021. 

[19] S. Swadesh, Catalytic production of furfuryl alcohol and catalyst therefor, US 

2754304, 1952. 

[20] B.M. Nagaraja, V. Siva Kumar, V. Shasikala, A.H. Padmasri, B. Sreedhar, B. 

David Raju, K.S. Rama Rao, A highly efficient Cu/MgO catalyst for vapour 

phase hydrogenation of furfural to furfuryl alcohol, Catal. Commun. 4 (2003) 

287–293. https://doi.org/10.1016/S1566-7367(03)00060-8. 

[21] B.M. Nagaraja, A.H. Padmasri, B. David Raju, K.S. Rama Rao, Vapor phase 

selective hydrogenation of furfural to furfuryl alcohol over Cu-MgO 

coprecipitated catalysts, J. Mol. Catal. A Chem. 265 (2007) 90–97. 

https://doi.org/10.1016/j.molcata.2006.09.037. 

[22] S. Shirvani, M. Ghashghaee, V. Farzaneh, S. Sadjadi, Influence of catalyst 

additives on vapor-phase hydrogenation of furfural to furfuryl alcohol on 

impregnated copper/magnesia, Biomass Convers. Biorefinery. 8 (2018) 79–86. 

https://doi.org/10.1007/s13399-017-0244-z. 

[23] H. Du, X. Ma, P. Yan, M. Jiang, Z. Zhao, Z.C. Zhang, Catalytic furfural 

hydrogenation to furfuryl alcohol over Cu/SiO2 catalysts: A comparative study 

of the preparation methods, Fuel Process. Technol. 193 (2019) 221–231. 

https://doi.org/10.1016/j.fuproc.2019.05.003. 

[24] H. Du, X. Ma, M. Jiang, P. Yan, Z. Conrad Zhang, Highly efficient Cu/SiO2 

catalyst derived from ethanolamine modification for furfural hydrogenation, 

Appl. Catal. A Gen. 598 (2020). https://doi.org/10.1016/j.apcata.2020.117598. 

[25] S. Wang, G. Zhao, T. Lan, Z. Ma, H. Wang, Y. Liu, B. Xu, Y. Lu, Gas-phase 

hydrogenation of furfural to furfuryl alcohol: A promising Cu/SiO2 catalyst 

derived from lamellar Cu-based hydroxy double salt, Fuel. 372 (2024) 132095. 

https://doi.org/10.1016/j.fuel.2024.132095. 

[26] C.P. Jiménez-Gómez, J.A. Cecilia, I. Márquez-Rodríguez, R. Moreno-Tost, J. 

Santamaría-González, J. Mérida-Robles, P. Maireles-Torres, Gas-phase 

hydrogenation of furfural over Cu/CeO2 catalysts, Catal. Today. 279 (2017) 

327–338. https://doi.org/10.1016/j.cattod.2016.02.014. 



Chapter 2| Literature Review 

36 | P a g e  

 

[27] C.P. Jiménez-Gómez, J.A. Cecilia, D. Durán-Martín, R. Moreno-Tost, J. 

Santamaría-González, J. Mérida-Robles, R. Mariscal, P. Maireles-Torres, Gas-

phase hydrogenation of furfural to furfuryl alcohol over Cu/ZnO catalysts, J. 

Catal. 336 (2016) 107–115. https://doi.org/10.1016/j.jcat.2016.01.012. 

[28] G.R. Bertolini, C.P. Jiménez-Gómez, J.A. Cecilia, P. Maireles-Torres, Gas-

phase hydrogenation of furfural to furfuryl alcohol over Cu-ZnO-Al2 O3 

catalysts prepared from layered double hydroxides, Catalysts. 10 (2020). 

https://doi.org/10.3390/catal10050486. 

[29] N.J. Venkatesha, S. Ramesh, Citric Acid-Assisted Synthesis of Nanoparticle 

Copper Catalyst Supported on an Oxide System for the Reduction of Furfural to 

Furfuryl Alcohol in the Vapor Phase, Ind. Eng. Chem. Res. 57 (2018) 1506–

1515. https://doi.org/10.1021/acs.iecr.7b04701. 

[30] S.A. Selishcheva, A.A. Smirnov, A. V. Fedorov, O.A. Bulavchenko, A.A. 

Saraev, M.Y. Lebedev, V.A. Yakovlev, Highly active CuFeAl-containing 

catalysts for selective hydrogenation of furfural to furfuryl alcohol, Catalysts. 9 

(2019) 1–20. https://doi.org/10.3390/catal9100816. 

[31] M.J. Gilkey, B. Xu, Heterogeneous Catalytic Transfer Hydrogenation as an 

Effective Pathway in Biomass Upgrading, ACS Catal. 6 (2016) 1420–1436. 

https://doi.org/10.1021/acscatal.5b02171. 

[32] W. Fang, A. Riisager, Recent advances in heterogeneous catalytic transfer 

hydrogenation/hydrogenolysis for valorization of biomass-derived furanic 

compounds, Green Chem. 23 (2021) 670–688. 

https://doi.org/10.1039/d0gc03931d. 

[33] D. Banerjee, A.K. Sahu, J.K. Clegg, S. Upadhyayula, Recent advances in 2-

methylfuran production via catalytic transfer hydrogenation of biomass-derived 

furfural, Chem. Eng. J. 493 (2024) 152552. 

https://doi.org/10.1016/j.cej.2024.152552. 

[34] L. Grazia, A. Lolli, F. Folco, Y. Zhang, S. Albonetti, F. Cavani, Gas-phase 

cascade upgrading of furfural to 2-methylfuran using methanol as a H-transfer 

reactant and MgO based catalysts, Catal. Sci. Technol. 6 (2016) 4418–4427. 

https://doi.org/10.1039/c5cy02021b. 

[35] C. Lucarelli, D. Bonincontro, Y. Zhang, L. Grazia, M. Renom-Carrasco, C. 

Thieuleux, E.A. Quadrelli, N. Dimitratos, F. Cavani, S. Albonetti, Tandem 

hydrogenation/hydrogenolysis of furfural to 2-methylfuran over a Fe/Mg/O 

catalyst: Structure–activity relationship, Catalysts. 9 (2019). 

https://doi.org/10.3390/catal9110895. 

[36] X. Fu, Y. Liu, Q. Liu, Z. Liu, Z. Peng, Preparation of Highly Active Cu/SiO2 

Catalysts for Furfural to 2-Methylfuran by Ammonia Evaporation Method, 

Catalysts. 12 (2022). https://doi.org/10.3390/catal12030276. 

 

 



37 | P a g e  

 

Chapter 3: Materials and Methods 

 

This chapter provides an in-depth account of the experimental protocols used for 

catalyst synthesis, along with a thorough overview of the characterization techniques 

applied. Furthermore, it offers a detailed exploration of the methodologies employed in 

conducting catalytic hydrogenation, hydrodeoxygenation, and transfer hydrogenation 

reactions. 

3.1 Catalyst Synthesis 

3.1.1 Materials Used 

Aluminium nitrate nonahydrate (Al(NO3)3·9H2O, 98%), copper nitrate trihydrate 

(Cu(NO)2·3H2O (99.5%)), magnesium oxide (MgO, 96%), urea (CO(NH2)2, 99%) and  

zirconyl nitrate hydrate (ZrO(NO3)2·xH2O) were procured from Loba Chemie Pvt. Ltd., 

Mumbai, India. Cetyltrimethylammonium bromide (C19H42BrN, CTAB, 98%), iron 

nitrate nonahydrate (Fe(NO3)3·9H2O, 98%), magnesium nitrate hexahydrate 

(Mg(NO3)2·6H2O, 98%), tin (IV) chloride pentahydrate (SnCl4·5H2O), and titanium 

isopropoxide (Ti[(C3H7O)4], 98%), were procured from Avra Synthesis Pvt. Ltd., 

Hyderabad, India. Nickel nitrate hexahydrate (Ni(NO)2·6H2O, 98-102%) was 

purchased from Hi-Media Laboratory Pvt. Ltd., Mumbai (India) while citric acid, 

sodium carbonate (Na2CO3, 99.5%), sodium hydroxide (NaOH, 98%), and titanium 

dioxide (TiO2, ≥98.5%)) were obtained from Merck Life Sciences Pvt. Ltd., Mumbai. 

Furfural (99%) was procured from Spectrochem Pvt. Ltd., Mumbai (India). Rice husk 

used was collected from agricultural fields in the vicinity of Indian Institute of 

Technology Ropar in the state of Punjab, India. The gases (H2 and N2) were sourced 

from Raj Enterprises, Mohali, with a purity of 99.9999%. 

3.1.2 Synthesis of TiO2 supported monometallic and bimetallic Cu and Ni catalysts 

A wet impregnation method [1,2] was used for synthesizing the monometallic catalysts 

wherein certain amounts of Cu and/or Ni precursors (Cu(NO)2·3H2O and 

Ni(NO)2·6H2O, respectively) and TiO2 powder were dissolved in 100 mL double 

distilled water to obtain a 10 weight% loading of each metal in the synthesized mono- 

and bimetallic catalysts (Fig. 1). The resulting solution was then transferred to a 500 
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mL round bottom flask where it was aged under vigorous stirring at 80 °C for 4 h, 

followed by the evaporation of water at the same temperature under reduced pressure 

in a rotary evaporator. The catalysts were collected from the flask, dried in a hot air 

oven at 100 °C overnight, and finally, calcined in air at 450 °C for 3 h.   

The bimetallic Cu-Ni catalysts were synthesized similarly to the monometallic catalysts 

(Fig. 3.1), wherein certain amounts of Cu and Ni precursors and TiO2 support were 

added in 100 mL water to maintain a constant 10 wt.% loading of Cu and 2.5, 5, 10, 

and 20 wt.% loading of Ni in the synthesized catalysts. The resulting solution was 

transferred to a round bottom flask and aged at 80 °C for 4 h in a rotary evaporator, 

followed by the removal of water by evaporation under reduced pressure at the same 

temperature. The obtained catalyst(s) were then dried at 100 °C overnight and calcined 

at 450 °C for 3 h in air.  

 

Fig. 3.1 Schematic Diagram for the synthesis of TiO2-supported bimetallic Cu-Ni 

catalysts.  

3.1.3 Synthesis of Cu-Fe mixed oxide catalysts 

Cu-Fe oxide catalysts with varying Cu/Fe ratios (0.5 to 2) were synthesized following 

a previously reported procedure through a sol-gel route using citric acid as the 

chelating/gelling agent (Fig. 3.2) [3,4]. In a typical synthesis, x mmol of 

Cu(NO3)2·3H2O and y mmol of Fe(NO3)3·9H2O were dissolved in double distilled 
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water at a temperature of 60 °C for a period of 2 h. Simultaneously, citric acid was 

dissolved separately in double distilled water in equimolar quantity. Subsequently, the 

citric acid solution was added to the metal nitrate solution and the resulting solution 

was heated for 2 h at 60 °C under stirring. Later, the temperature was raised to 80 °C to 

evaporate the water, yielding a viscous gel. The gel was dried overnight at 120 °C, 

ground to a fine powder using a mortar and pestle and finally, calcined at 500 °C at a 

heating rate of 5 °C/min for 4 h.   

 

Fig. 3.2 Schematic Diagram for the synthesis of Cu-Fe mixed oxide catalysts.  

3.1.4 Synthesis of Cu catalysts supported on metal-incorporated rice husk ash-

derived mesoporous silica 

3.1.4.1 Preparation of Rice Husk Ash 

The rice husk collected was washed thoroughly with water to remove any dirt and 

impurities, followed by drying, crushing, and sieving. Silica-rich rice husk ash then was 

prepared using the protocol reported in literature [5,6].  In a typical synthesis, 30 g of 

clean and dried rice husk was added to a 1M solution of HNO3 (a solid loading of 20 

ml g-1) and stirred at 120 °C for 3 h. The acid-treated rice husk was subsequently washed 

with deionized water until neutralization and dried for approximately 24 h at 100 °C 

(Fig. 3.3). Finally, the dried material was calcined in a muffle furnace at 600 °C at a 

ramp rate of 3 °C min-1 for 4 h.  
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Fig. 3.3 Schematic Diagram for rice husk ash synthesis.  

3.1.4.2 Synthesis of Pristine and Metal Incorporated Mesoporous Silica Supports 

A mesoporous silica support material was synthesized via a straightforward 

hydrothermal process [5–7], utilizing the rice husk ash obtained in the previous step as 

the silica source. In a typical procedure, 10 g each of rice husk ash-derived silica and 

NaOH (with a NaOH to SiO2 molar ratio of 1.5) were dissolved in approximately 200 

ml of double distilled water and heated at 80 °C for 1 h with stirring. After cooling to 

room temperature, the mixture was filtered using a Whatman filter paper to obtain a 

clear sodium silicate solution, labelled as solution I. Simultaneously, a second solution 

(labelled solution II) was prepared by dissolving 9.1 g CTAB (with a CTAB to SiO2 

molar ratio of 0.15) in 100 ml water and heating at 80 °C for 30 minutes with stirring. 

Solution II was then cooled to room temperature. Next, the sodium silicate solution 

(solution I) was added dropwise into the CTAB solution (solution II) under stirring to 

form solution III. Solution III was heated again at 80 °C for 6 h. Subsequently, the 

solution was cooled to room temperature, pH adjusted to 10 using a 3M HNO3 solution, 

and finally aged for 48 h at 100 °C in a Teflon-lined stainless-steel autoclave. The 

obtained solid were filtered, washed several times with deionized water and ethanol till 

neutralization and dried overnight at 80 °C. Finally, the dried solids were calcined at 

600 °C at a rate of 3 °C min-1 for 5 h. The obtained mixed supports were labelled as 

MS.  
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Mixed oxide supports containing mesoporous silica incorporated with oxides of various 

metals (Al, Sn, Ti, and Zr) were synthesized using a similar procedure (Fig. 3.4). The 

only difference was the addition of metal precursor solutions (prepared to maintain a Si 

to metal molar ratio of 10) to solution III before aging at 80 °C for 6 h, maintaining pH 

at 10, and aging at 100 °C. The obtained solids were filtered, washed several times with 

deionized water and ethanol till neutralization and dried overnight at 80 °C. Finally, the 

dried solids were calcined at 600 °C at a rate of 3 °C min-1 for 5 h. The obtained mixed 

supports were labelled as Al-MS, Sn-MS, Ti-MS and Zr-MS.  

 

Fig. 3.4 Schematic Diagram for metal-incorporated mesoporous silica synthesis from 

rice husk ash.  

3.1.4.3 Synthesis of Supported Cu catalysts  

Catalysts containing Cu supported on pure, and metal-incorporated mesoporous silica 

were prepared via wet impregnation method wherein a certain amount of Cu precursor 

and support material were dissolved in 100 mL deionized water to obtain a 5 wt.% 

loading of Cu metal in the synthesized catalysts. The resulting solution was then 

transferred to a 500 mL round bottom flask where it was aged under vigorous stirring 

at 80 °C for 3 h, followed by the evaporation of water at the same temperature under 

reduced pressure in a rotary evaporator. The catalysts were collected from the flask, 

dried in a hot air oven at 80 °C overnight, and finally, calcined in air at 500 °C for 4 h 

at a rate of 3 °C min-1. The final catalysts were labelled as Cu@MS, Cu@Al-MS, 

Cu@Sn-MS, Cu@Ti-MS and Cu@Zr-MS.  
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3.1.5 Synthesis of Mg-Fe mixed oxide catalysts 

A series of hydrotalcite-type Mg-Fe mixed oxide catalysts with various Mg/Fe molar 

ratios were synthesized using a co-precipitation method, as described in previous 

studies (Fig. 3.5) [8,9]. Typically, x millimoles of Mg(NO3)2·6H2O and y millimoles of 

Fe(NO3)3·9H2O, with x/y ratios ranging from 1 to 5, were dissolved in deionized water 

to form solution A, which had a metal ion concentration of 0.4M. Concurrently, solution 

B was prepared by dissolving specific amounts of Na2CO3 and NaOH in deionized 

water to ensure n[CO3
2-] = 1 x n[Mg2+ + Fe3+] and [OH-] = 2 x n[Mg2+ + Fe3+]. Both 

solution A (the metal nitrate solution) and solution B (the precipitant solution) were 

added dropwise to a beaker containing distilled water under constant stirring. During 

this process, the pH of the mixture in the beaker was maintained at 10 ± 0.2 using a 

Cole-Parmer Oakton PC 2700 benchtop pH meter. After the complete addition of both 

solutions, the mixture was stirred for 30 minutes at room temperature and then 

transferred to a Teflon-lined stainless-steel autoclave for hydrothermal treatment at 80 

°C for 24 hours. The resulting product was filtered, thoroughly washed to remove 

excess precipitating agents, dried overnight at 80 °C, crushed, ground, and calcined at 

500 °C for 5 hours at a heating rate of 2°C/min under static air in a muffle furnace. The 

synthesized Mg-Fe mixed oxides with Mg/Fe molar ratios of 1, 2, 3, 4, and 5 were 

designated as Mg1Fe1, Mg2Fe1, Mg3Fe1, Mg4Fe1, and Mg5Fe1, respectively. 

Additionally, pure Mg and Fe oxides were synthesized using a similar procedure were 

labelled Mg1Fe0 and Mg0Fe1 catalysts.  
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Fig. 3.5 Schematic Diagram for the synthesis of Mg-Fe mixed oxide catalysts. 

3.2 Catalyst Characterization 

The synthesized fresh catalysts were characterized to evaluate their catalytic properties 

via different characterization techniques as listed below: 

1. X-ray diffraction (XRD):  

2. N2 Physisorption 

3. Field emission scanning electron microscopy (FESEM) 

4. Energy-dispersive X-ray spectroscopy (EDX) 

5. CO2- and NH3-Temperature program desorption (TPD) 

6. H2-Temperature program reduction (TPR) 

7. X-Ray Photon Spectroscopy (XPS) 

8. Transmission Electron Microscopy (TEM) 

3.2.1 X-ray diffraction (XRD) 

The crystal structure of the calcined and reduced catalysts was meticulously explored 

through X-ray diffraction (XRD) using a Rigaku Miniflex 600 diffractometer. 

Operating under conditions of 30 kV and 10 mA, this instrument harnessed the power 

of Cu Kα radiation (λ = 1.5406 Å) to scan a 2θ range of 10° to 80° at a speed of 4°/min.  

The identification of crystalline phases was accomplished by comparing the 2θ values 

and d-spacing of characteristic Bragg reflections from our samples to reference data in 
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the Inorganic Crystal Structure Database (ICSD). Additionally, the average crystallite 

size (D) of the catalyst samples was calculated using the Scherrer equation, which 

applied to the full width at half maximum (FWHM) of the X-ray diffraction peaks, 

correcting for instrumental broadening effects. 

𝑑 =
𝐾∗𝜆

𝛽∗𝐶𝑜𝑠𝜃
                                     

Where d is the crystallite size, K is dimensionless shape factor (taken as 0.9, by 

assuming spherical crystal), λ is wavelength of X-ray, and β represents instrumental 

broadening of the diffraction line, which corresponds to the Bragg angle (θ), 

quantitatively represented by the full width at half maximum (FWHM) of the 

corresponding diffraction peaks. 

3.2.2 N2 Physisorption 

The textural properties of the catalysts, including average pore size, pore volume, and 

BET surface area, were analyzed using N2 physisorption on Quantachrome Nova 

2000e, Quantachrome Autosorb iQ2 or Microtrac BELSORP-mini-X instruments. Prior 

to the assessment, the catalysts underwent a degassing procedure at 200 °C for 3 hours 

in a dedicated degassing chamber to effectively eliminate any adsorbed moisture and 

impurities. The specific surface area and pore size distribution were determined using 

the Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-Halenda (BJH) 

method, respectively, within a relative pressure range of 0.05 to 1. Additionally, 

adsorption-desorption isotherms were generated for the catalyst samples, providing 

comprehensive insights into their textural characteristics. 

3.2.3 Field Emission Scanning Electron Microscope (FESEM) 

A Field Emission Scanning Electron Microscope (FESEM) analyzes samples by using 

a highly focused electron beam generated by a field emission source, which operates in 

an ultra-high vacuum environment to reduce interference. The electron beam is directed 

toward the surface of the sample, where it interacts with the atoms and produces various 

signals such as secondary electrons, backscattered electrons, and X-rays. The primary 

signal used for imaging is the secondary electrons, which are emitted from the sample's 

surface when the electron beam strikes it. As the beam scans the surface in a raster 

pattern, these electrons are collected by detectors. The intensity of the secondary 
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electrons is mapped to create a 2D image of the sample's morphology, revealing fine 

surface features in extraordinary detail. FESEM stands out for its superior resolution, 

often reaching 1 nanometer or less. This high resolution is achieved due to the field 

emission gun (FEG), which generates a highly focused and stable electron beam. 

Compared to conventional SEMs, the FEG provides a much brighter and coherent 

electron source, significantly reducing beam spot size and electron scattering. This 

results in sharper, more detailed images, even at extremely high magnifications - up to 

1,000,000X. In the present work, the surface morphology of fresh catalysts was 

recorded using a JEOL-JSM-7610FPlus field emission scanning electron microscope 

(FESEM). 

3.2.4 Energy-dispersive X-ray spectroscopy (EDX) 

Energy Dispersive X-ray Spectroscopy (EDX) is a widely used technique for 

identifying and mapping the distribution of elements within a sample. The method 

leverages the unique atomic structure of each element, which produces a characteristic 

X-ray signal that serves as its "fingerprint" in the EDX spectrum. During analysis, a 

focused electron beam, generated by an electron gun, is directed at the sample. When 

this beam strikes the sample, it knocks electrons out of their atomic orbitals. As 

electrons from higher energy levels fall into the lower energy vacancies, they emit X-

rays with specific energies. These emitted X-rays are unique to each element and are 

captured by a sensitive detector. The detector converts the energy of the X-rays into 

electrical signals, which are processed by a charge-sensitive preamplifier and a 

multichannel analyzer. These signals are then interpreted by a computer system, which 

generates a detailed elemental profile of the sample. This process enables researchers 

to identify not only the elements present but also their relative abundance and 

distribution. In this study, a Bruker EDX system integrated with a FESEM (JSM-7610F 

Plus) was employed to analyze and capture the elemental composition of the catalyst 

sample, providing critical insights into its makeup. 

3.2.5 H2-Temperature Programmed Reduction (H2-TPR) 

To determine the reduction temperature of the calcined catalyst, Temperature 

Programmed Reduction (TPR) experiments were performed using a Quantachrome 

CHEMBETTM TPR/TPD or Micrometrics Pulse Chemisorb 2750 instruments. The 

process began with the pre-treatment of 50–100 mg of catalyst samples in an argon 
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atmosphere (Ar flow rate: 30 ml min-1) at 250°C for one hour. Following pre-treatment, 

the samples were allowed to cool to room temperature. After cooling, the catalyst 

samples were exposed to a 10% H2/Ar gas mixture flowing at 30 ml min-1. The 

temperature was gradually increased from 25°C to 750°C at a controlled ramp rate of 

10°C min-1. Throughout this heating process, the amount of hydrogen consumed was 

continuously measured using a thermal conductivity detector (TCD), providing 

essential data on the catalyst's reduction behavior. 

3.2.6 NH3-/CO2-Temperature Programmed Desorption (NH3- or CO2-TPD) 

The acidity of the catalyst was quantified using Temperature Programmed Desorption 

(TPD), with ammonia (NH3) serving as the probe molecule. The analysis was carried 

out on a Quantachrome CHEMBETTM TPR/TPD, Micrometrics Pulse Chemisorb 2750 

and/or MicrotracBEL Corp. BELCAT II instruments. Initially, the catalyst samples 

were preheated to 300°C at a rate of 10°C min-1 under a continuous flow of helium (He) 

for 30 minutes to clean the surface. After this step, the sample was cooled to 50°C, and 

NH3 (10% in He) was flowed over the catalyst surface at 10 mL min-1 for 1 hour to 

allow for adsorption. Following NH3 adsorption, excess or physically adsorbed gas was 

removed by flushing with helium at 50 mL min-1 for 30 minutes. The desorption process 

was then monitored as the sample was heated from 50°C to 500°C at a rate of 10°C 

min-1. The desorbed gases were measured using an in-built thermal conductivity 

detector (TCD), providing a detailed profile of the catalyst's acidity. A similar TPD 

method was employed to measure the basic sites of the catalyst, using carbon dioxide 

(CO2) as the probe molecule instead of ammonia. 

3.2.7 X-ray Photoelectron Spectroscopy  

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analytical technique 

used to determine the elemental composition, chemical states, and electronic structure 

of materials. It works by irradiating a sample with X-rays, typically from an aluminum 

(Al Kα) or magnesium (Mg Kα) source, which causes the ejection of photoelectrons 

from the surface of the material. When X-rays strike the sample, they impart enough 

energy to eject core-level electrons from atoms on the surface. The kinetic energy of 

these ejected photoelectrons is measured by an electron detector. Since the energy of 

the incident X-rays is known, the binding energy of the ejected electrons can be 

calculated using the equation: 
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Ebinding = Ephoton – Ekinetic - φ 

Ebinding is the binding energy, Ephoton is the energy of the incident X-rays, Ekinetic  is the 

measured kinetic energy of the ejected electron, and ϕ is the work function of the 

spectrometer.  

Each element has characteristic binding energies for its electrons, meaning the binding 

energy serves as a "fingerprint" for identifying elements and their chemical states. The 

XPS spectrum displays peaks corresponding to the electrons ejected from specific 

atomic orbitals. By analyzing these peaks, the elemental composition and oxidation 

states of the surface can be determined, typically within the top 1-10 nanometers of the 

material. Additionally, the chemical shifts in binding energy help identify different 

chemical environments or oxidation states of the elements. In the current study, 

measurements were carried out using the Versaprobe PHI 5000 (Physical Electronics) 

scanning system and the ESCALAB Xi+ (ThermoFisher Scientific), both under an 

ultrahigh vacuum analysis chamber and using Al Kα X-rays. 

3.2.8 High Resolution Transmission Electron Microscopy (HRTEM) 

High-Resolution Transmission Electron Microscopy (HRTEM) is a powerful technique 

that analyzes samples by passing a beam of highly energetic electrons through an ultra-

thin specimen. The interaction of these electrons with the sample generates signals that 

are used to produce detailed images at the atomic scale. In HRTEM, an electron gun 

produces a finely focused beam of electrons that is directed onto the sample. Unlike 

other electron microscopy techniques, where the electron beam interacts primarily with 

the surface, HRTEM allows electrons to penetrate the entire sample, providing 

information about both the internal structure and the surface. The electrons that pass 

through the sample are scattered according to the arrangement of atoms within the 

material. These scattered electrons are collected by detectors to form an image. What 

makes HRTEM unique is its ability to achieve extremely high spatial resolution - often 

down to the level of individual atoms - due to the very short wavelength of high-energy 

electrons. To further enhance resolution, HRTEM uses sophisticated electromagnetic 

lenses to focus the electron beam and minimize aberrations. The interaction between 

the transmitted electrons and the sample generates phase contrast, which is critical for 

resolving fine structural details. The resulting image is magnified and recorded on a 

detector, then processed and analyzed using specialized software. In this  
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3.3 Reactions Involved in FFR transformation to FAL and 2-MeF 

The transformation of FFR to FAL and 2-MeF involves a sequence of key reactions. 

Initially, the hydrogenation of the carbonyl group in FFR results in the formation of 

FAL. Subsequently, hydrogenolysis of the hydroxyl group in FAL leads to the 

production of 2-MeF. However, as highlighted earlier in the introduction and literature 

review, the unique chemical structure of FFR - characterized by both an aromatic ring 

and a reactive carbonyl group - renders it highly susceptible to various reactions under 

hydrogenation conditions. This reactivity can result in the formation of a diverse range 

of products beyond FAL and 2-MeF, with numerous side reactions occurring 

concurrently. These competing pathways can yield a complex mixture of by-products, 

complicating the selective conversion of FFR to the desired products, as seen in Fig. 

3.6.  

 

Fig. 6 Conversion Pathways during FFR hydrogenation.  

3.3.1 Main Reactions 

3.3.1.1 FFR Hydrogenation 

C5H6O2 + H2 → C5H6O + H2O                                                                                                 (3.1) 

   FAL                 2-MeF 
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3.3.1.2 FAL Hydrogenolysis 

C5H6O2 + H2 → C5H6O + H2O                                                                                               (3.2) 

   FAL                 2-MeF 

3.3.1.3 Overall FFR HDO  

C5H4O2 + 2H2 → C5H6O + H2O                                                                                             (3.3) 

   FFR                 2-MeF 

3.3.2 Major Side Reactions 

3.3.2.1 FAL Ring Saturation 

C5H6O2 + 2H2 → C5H10O2                                                                                                                                                                  (3.4) 

   FAL                   THFA 

3.3.2.2 FFR Decarbonylation 

C5H4O2 → C4H4O + CO                                                                                                            (3.5) 

   FFR          Furan 

3.3.2.3 2-MeF Ring Saturation 

C5H6O + 2H2 → C5H10O                                                                                                                                                               (3.6) 

   2-MeF             2-MeTHF 

3.3.2.4 2-MeF Ring Opening/Hydrogenolysis 

C5H6O + 2H2 → C5H10O                                                                                                                                                                   (3.7) 

   2-MeF             2-Pentanone 

C5H10O + H2 → C5H12O                                                                                                               (3.8) 

2-Pentanone        2-Pentanol 
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3.3.2.5 Furan Ring Opening 

C4H4O + 2H2 → C4H8O                                                                                                                (3.9) 

Furan                   Butanal 

C4H8O + H2 → C4H10O                                                                                                            (3.10) 

Butanal               Butanol 

C4H10O + H2 → C4H10 + H2O                                                                                              (3.11) 

Butanol               Butane 

3.4 Evaluation of Catalytic Activity  

3.4.1 For FFR Hydrogenation and HDO using molecular H2 

The catalytic activity of the synthesized catalysts for FFR hydrogenation and HDO was 

evaluated at atmospheric pressure in a reactor setup consisting of a feed pump, a pre-

heater mixer, a fixed-bed reactor, a condenser, and a gas-liquid separator for different 

process parameters such as reaction temperatures and weight hourly space 

velocities/space times (Fig. 3.7). The fixed-bed reactor comprised a ¼ inch Inconel tube 

of length 520 mm mounted inside a split- type vertical furnace with two heating zones. 

Prior to conducting experiments for the evaluation of process parameters, test runs were 

carried out to ensure that no external and internal mass transfer limitations were present. 

For this purpose, first the gas hourly space velocity (GHSV) of the carrier gas was 

varied keeping the reactant space velocity constant and the conversion and product 

selectivity data were recorded. When the conversion and product selectivity remained 

constant beyond a certain value of GHSV (4364 h-1 in this case), the external transport 

resistances were deduced to have vanished and this value was used for conducting 

further studies. The evaluation of internal resistances to transport was carried out using 

catalyst particles having average sizes smaller than 2 mm, 1.18 mm, 0.85 mm and 0.500 

mm in the external transportation limitation-free regime. It was noted that the values of 

conversion and product selectivity remained constant at and/for catalyst particles 

having size smaller than 1.18 mm, signifying the absence of internal resistances. 

Therefore, for studies involving the evaluation of process parameters, this particle size 

was selected.  
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Before each reaction, the reactor tube was loaded with 1 g of the calcined 

catalyst with inert material SiC, which was mixed to maintain a uniform temperature 

throughout the bed. All the experiments were carried out by maintaining the plug flow 

conditions, i.e. the ratio of the catalyst bed height to the particle size and the ratio of the 

internal diameter of the tubular reactor to the particle size of the catalyst was kept at 50 

and 30, respectively [10]. The catalyst was placed in the reactor tube between two layers 

of wool and then reduced at an H2 flow rate of 50 mL min-1 at a certain reduction 

temperature (as determined from the TPR analysis) for a period of 2.5 h. Following the 

reduction step, the temperature was lowered to the desired value (175 to 250 °C) under 

the same value of H2 flow rate. Due to its tendency to undergo polymerization and cause 

a blockage in the pumping lines, FFR was fed in the form of a solution consisting of 5 

vol% FFR dissolved in isopropyl alcohol (IPA) was fed to a preheater maintained at 

170 °C through a high-pressure liquid chromatography (HPLC) pump at a flow rate of 

a certain flowrate (mL min-1). Simultaneously, H2 gas was also introduced into the pre-

mixer heater while maintaining a certain H2 to FFR molar ratio (5 to 15), resulting in 

its mixing with the vaporized liquid feed; thereafter, this mixed feed was introduced 

into the fixed bed reactor.   

Furthermore, the vapor products leaving the reactor were condensed and the 

liquid and gaseous products were separated in a gas-liquid separator. The resulting 

liquid products were identified using an Agilent 7890B gas chromatograph equipped 

with a 5977GC Mass spectrometer. The liquid products were analysed offline with the 

same instrument but with a DB-5 capillary column and a flame ionization detector 

(FID). Similarly, the gaseous products were analysed by sampling the gas stream 

leaving the gas-liquid separator with a gas-tight syringe and then injecting the sample 

into an Agilent 7820B gas chromatograph also equipped with a DB-5 capillary column 

and an FID detector.  
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Fig. 3.7 Schematic diagram of experimental setup for FFR transformation 

3.4.2 For FFR Transfer Hydrogenation  

The catalytic performance of the synthesized catalysts for FFR transfer hydrogenation 

was evaluated at atmospheric pressure using the same reactor system as mentioned 

above that included a feed pump, pre-heater mixer, fixed-bed reactor, condenser, and 

gas-liquid separator. Preliminary tests, as outlined previouslu, were conducted to 

confirm the absence of external and internal mass transfer limitations. Prior to each 

reaction, the reactor tube was loaded with 1 g of calcined catalyst mixed with SiC in a 

1:1 weight ratio to ensure uniform temperature distribution. Plug flow conditions were 

maintained with the catalyst bed height to particle size ratio and the internal diameter 

of the reactor to particle size ratio set at 50 and 30, respectively [10]. The catalyst, 

positioned between wool layers in the reactor tube, was heated to the desired reaction 

temperature (250 to 400 °C) under N2 flow. For the transfer hydrogenation reaction, 

IPA was used as the hydrogen donor. FFR was fed as a 5 vol% solution in IPA, 

maintaining a molar ratio of 20:1 (IPA to FFR). This solution was delivered to a pre-

mixer heater set at 170 °C using an HPLC pump at a certain flow rate (mL min-1). 

Simultaneously, N2 was introduced into the pre-mixer heater at a flow rate of 50 mL 

min-1, serving as the carrier gas for the vaporized liquid feed. The combined feed was 

then directed to the reactor for the reaction. The vapor products exiting the reactor were 
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condensed using a chiller maintained at -25 °C. The resulting liquid products were 

identified using an Agilent 7890B gas chromatograph equipped with a 5977GC Mass 

spectrometer. The analysis or quantification was carried out using the same instrument 

but with a DB-5 capillary column and a flame ionization detector.  

3.4.3 Evaluation of Catalytic Performance  

The catalytic performance was evaluated by determining the FFR conversion and 

product selectivities and yields defined and determined using the following formulae: 

Conversion (%) =  
moles of FFR consumed

moles of FFR fed
 x 100                                                 (3.12) 

Selectivity of species i (%) = 
moles of product i formed

moles of FFR consumed
 x 100                       (3.13) 

Yield of species i (%) = 
moles of product i  formed

moles of FFR fed
 x 100                             (3.14) 

The weight hourly space velocity (WHSV) was calculated as follows: 

F𝐴0

W
 = 

molar flowrate of FFR into the reactor per hour

Weight of the catalyst 
  (

gFFR h−1

gcatalyst
)                  (3.15) 

The residence time and weight hourly space time (WHST) was calculated as follows:  

Residence time = 
Weight of the catalyst 

Molar flowrate of FFR into the reactor 
  (

gcatalyst h

gFFR
)  h  = WHST       (3.16)               

The gas hourly space velocity (GHSV) was calculated as follows:  

GHSV = 
Hydrogen flowrate at STP (

mL

hr
)

Catalyst Volume (mL) 
 hr-1

                                                    (3.17)           
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Chapter 4: FFR HDO to 2-MeF over TiO2-supported Cu-Ni 

bimetallic catalysts 

 

This work investigates the vapor phase HDO of FFR to 2-MeF over a series of TiO2-

supported mono and bimetallic Cu-Ni catalysts with a fixed Cu content (10 wt.%) and 

varying Ni content (0-20 wt.%). The catalysts were synthesized through a simple wet 

impregnation method, and their properties were studied in depth through an array of 

analytical techniques such as XRD, H2-TPR, SEM, N2-physisorption, and NH3- TPD. 

Detailed studies were carried out to evaluate the effect of various process parameters 

such as Ni content, temperature, and contact time on the selectivity of 2-MeF. 

Following the conclusion of process parameter optimization, the long-term catalytic 

activity evaluation was also studied.  

4.1 Catalyst characterization 

4.1.1 XRD  

Fig. 4.1 displays the XRD patterns of the synthesized mono- and bimetallic Cu-Ni 

catalysts supported on TiO2. The diffraction patterns of all the catalysts exhibited 

diffraction peaks at 2θ = 25.4°, 37°, 37.8°, 38.6°,  48.1°, 53.9°, 55.1°, 62.7°, 68.8°, 

70.3°, 75.1°, and 76.1°, which were ascribed to the (011), (013), (004), (112), (020), 

(015), (121), (024), (116), (220), (125) and (031) lattice planes of anatase TiO2 

(tetragonal, ICSD collection no. – 202243) [1]. In 10%Cu/TiO2, a peak belonging to 

the (002) lattice plane of monoclinic CuO (ICSD collection code – 87123) was observed 

at 2θ = 35.4°, confirming the presence of Cu [2]. Similarly, 10%Ni/TiO2 exhibited a 

peak at 2θ = 43.1°, belonging to the (11-1) lattice plane of monoclinic NiO (ICSD 

collection code – 76670), thereby confirming that Ni is present in the catalyst [2] . In 

bimetallic catalysts, diffraction peaks at 2θ values of 35.4° and 43.1° confirmed the 

presence of CuO and NiO [2]. A weak diffraction corresponding to NiO was observed 

for Ni loading up to 5%, suggesting that at these loading levels, the crystallite size of 

NiO was quite small (~15 nm). The peak corresponding to NiO at 43.1° grew in 

intensity with the increment in Ni content to 10% and 20% in the bimetallic catalysts. 

Also, it was observed that the diffraction peak corresponding to CuO underwent a 

significant reduction in intensity with the increase in Ni content. The crystallite sizes 

of CuO and NiO in 10%Cu/TiO2 and 10%Ni/TiO2, calculated using the Scherrer 
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equation at 2θ = 35.4° and 43.1°, were found to be 69.5 nm and 29.7 nm, respectively. 

For the case of bimetallic catalysts, addition of Ni in increasingly larger amounts was 

noted to have led to a reduction in the crystallite size of CuO, with the size decreasing 

from 49.6 nm for 10%Cu-2.5%Ni catalyst to 11 nm for 10%Cu-20%Ni catalyst and 

confirms the observed reduction in the diffraction peak of CuO with increasing Ni 

content. To summarize, the presence of Ni has a positive effect on CuO, improving its 

dispersion and leading to a reduction in its crystallite size [3].  

Interestingly, a gradual reduction in the intensities of peaks corresponding to 

TiO2 support was observed in the diffraction patterns of the bimetallic catalysts with an 

increase in the Ni content from 2.5% to 20%, with the reduction in intensities being 

particularly sharp at Ni loadings of 10 and 20%. According to the available literature 

[1,4,5], the observed reduction in the intensities of peaks corresponding to TiO2 could 

correspond to the transformation of TiO2 from anatase to rutile phase, promoted by NiO 

[1,4,5]. When present in significant amounts, NiO has been observed to lower the 

activation energy required for TiO2 to undergo phase transformation [1,4,5]. Such a 

transformation is generally accompanied by the appearance of diffraction peaks 

corresponding to the rutile phase [1,4,5]. In this study, however, no peaks related to this 

phase were observed in the diffraction patterns of the bimetallic catalysts, even at a Ni 

content of 20%. Consequently, any contribution of the rutile phase can be ruled out. 

The addition of Ni has also been associated with inhibiting the growth of grains and 

particles of TiO2, which could explain the reduced crystallite size of TiO2 observed for 

monometallic Ni catalyst as well as bimetallic Cu-Ni catalysts  [6,7]. Table 4.1 displays 

the crystallite sizes of the synthesized monometallic and bimetallic catalysts.  



Chapter 4| FFR HDO to 2-MeF over TiO2-supported Cu-Ni bimetallic catalysts                                                              

57 | P a g e  
 

 

Fig. 4.1 XRD patterns of calcined (a) 10%Cu/TiO2, (b) 10%Cu-2.5%Ni/TiO2, (c) 

10%Cu-5%Ni/TiO2, (d) 10%Cu-10%Ni/TiO2, (e) 10%Cu-20%Ni/TiO2, and (f) 

10%Ni/TiO2 catalysts  

Table 4.1 Physical properties of the calcined mono- and bimetallic Cu-Ni catalysts  

Catalyst Crystallite Size (nm) 

Surface 

Areab 

(m2 g-1) 

Pore 

Volumec 

(cm3 g-1) 

Pore Sizec 

(nm) 

 CuOa NiOa TiO2
a    

TiO2 - - - 9.3 0.0243 10.5 

10%Cu/TiO2 59.6 - 81.4 9.2 0.020 8.6 

10%Cu-2.5%Ni/TiO2 49.6 14.3 67.8 8.5 0.016 8.8 

10%Cu-5%Ni/TiO2 34.7 18.5 56.5 8.6 0.019 9.2 

10%Cu-10%Ni/TiO2 27.8 30.5 48.4 8.8 0.021 9.6 

10%Cu-20%Ni/TiO2 10.9 43.4 42.4 10.6 0.028 11.2 

10%Ni/TiO2 - 29.7 48.5 12.2 0.030 9.8 

a Calculated using Scherrer equation. b Calculated using BET method. c Calculated using 

BJH method.   

In order to investigate the nature of Cu and Ni species of the catalysts post 

reduction, XRD analysis was carried out for catalysts after reduction at temperatures 

determined from H2-TPR analysis. Fig. 4.2 shows the XRD diffractograms of the 

reduced catalysts. Diffraction peaks corresponding to the tetragonal anatase TiO2 phase 
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at 2θ values = 25.4°, 37°, 37.8°, 38.6°,  48.1°, 53.9°, and 55.1° were observed in the 

patterns of all the catalysts [1]. The reduced 10%Cu/TiO2 catalyst exhibited peaks 

corresponding to the (111) and (200) lattice planes of metallic Cu at 43.3°, and 50.5° 

[8,9]. Similarly, diffraction peaks corresponding to the (111) and (200) lattice planes of 

metallic Ni were observed at 2θ = 44.5° and 51.9° in the diffractogram of 10%Ni/TiO2 

[8,9]. The peaks corresponding to CuO and NiO, observed previously at 2θ = 35.4° and 

43.1° respectively in the diffraction patterns of the calcined monometallic catalysts, 

vanished completely, signifying complete reduction of the oxide phases under the used 

reduction conditions. Post reduction, the diffractograms of Cu-Ni bimetallic catalysts 

exhibited peaks corresponding to Cu0 were observed at 2θ = 43.3° and 50.5° but none 

belonging to CuO were observed, signaling the complete reduction of CuO. 

Furthermore, the intensity of these reflections was reduced significantly as the Ni 

content increased from 0 to 10% and completely vanished as Ni content increased 

further to 20%. This further confirms the conclusion drawn from the XRD 

diffractograms of calcined bimetallic catalysts that the addition of Ni enhances the 

dispersion of Cu [10]. The diffraction patterns of the reduced bimetallic catalysts also 

contained peaks corresponding to Ni0 at 44.5° and 51.9°; however, they were found 

shifted slightly to lower 2θ values (44.1° and 51.6°). The reduction in the intensities of 

Cu0 diffraction peaks and the shifting of Ni0 peaks indicates the existence of synergistic 

interactions between Cu and Ni and the formation of Cu-Ni bimetallic alloys [3,11]. 

Similar trends have been noted in several reports in literature wherein the formation of 

Cu-Ni bimetallic alloys was observed at varying Cu/Ni composition, leading to 

enhancement in dispersion of Cu0 species [3,12]. Table 4.2 displays the crystallite sizes 

of the reduced monometallic and bimetallic catalysts 
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Fig. 4.2 XRD patterns of reduced (a) 10%Cu/TiO2, (b) 10%Cu-2.5%Ni/TiO2,                             

(c) 10%Cu-5%Ni/TiO2, (d) 10%Cu-10%Ni/TiO2, (e) 10%Cu-20%Ni/TiO2, and                      

(f) 10%Ni/TiO2 catalysts  

Table 4.2 Physical properties of the reduced mono- and bimetallic Cu-Ni catalysts  

Catalyst Crystallite 

Size (Cu)a 

(nm) 

Crystallite 

Size (Ni)b 

(nm) 

10%Cu/TiO2 50.9 - 

10%Cu-2.5%Ni/TiO2 39.5 17.8 

10%Cu-5%Ni/TiO2 29.6 29.7 

10%Cu-10%Ni/TiO2 17.8 35.7 

10%Cu-20%Ni/TiO2 - 51 

10%Ni/TiO2 - 39 

a Calculated at 2θ = 43.3°. b Calculated at 2θ = 44.1°  

4.1.2 H2-TPR 

Fig. 4.3 displays the H2-TPR profiles of the synthesized TiO2 mono- 10%Cu and 10%Ni 

and bimetallic 10%Cu-(2.5, 5, 10, 20) %Ni catalysts. The 10%Cu/TiO2 catalyst 

exhibited a small peak at 227 °C and a strong, sharp peak centered at 280 °C, 

corresponding to the reduction of Cu2+ species to metallic Cu0 species and signaling the 

presence of different Cu2+ species and/or CuO particles of different sizes [13–16]. 
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Several reports available in the literature have described more than one reduction peak 

in the TPR profiles of Cu catalysts supported on oxide supports [13–16]. The consensus 

in such cases is that the peak at lower temperatures corresponds to the reduction of CuO 

particles of smaller size or the finely dispersed Cu2+ species with little to no interaction 

with the support, while the peak at higher temperatures corresponds to the reduction of 

larger-sized or bulk CuO species interacting relatively strongly with the support [13–

16]. Accordingly, the first peak can be attributed to the reduction of smaller-sized CuO 

particles and/or dispersed Cu2+ species and the intense second peak at 280 °C can be 

ascribed to the reduction of bulk CuO particles [13–16]. Similarly, the TPR profile of 

10%Ni/TiO2 also exhibited a multipeak reduction profile with an intense peak 

maximum at 373 °C and a small shoulder at 440 °C. The major reduction peak 

corresponds to the reduction of NiO from Ni2+ to Ni0, exhibiting weaker interaction 

with the oxide support, and the small shoulder at 440 °C could be attributed to the 

reduction of Ni2+ species interacting strongly with TiO2 support [17–21]. 

The TPR profiles of 10%Cu-(2.5, 5, 10, and 20) %Ni bimetallic catalysts also 

exhibited two reduction peaks. However, it was observed that the addition of Ni had 

resulted in the major reduction peak of the bimetallic catalysts shifting towards lower 

temperatures. With the addition of Ni to the extent of 2.5 wt.%, a strong peak was 

observed at 236 °C, with a slightly smaller peak at 287 °C. With further increase in the 

Ni content of the synthesized bimetallic catalysts to 5 and 10 wt.%, the maxima shifted 

further lower to 227 °C, while the peak at 287 °C was reduced further in intensity to 

almost a shoulder and shifted to 272 °C. In these profiles, the reduction peak at a lower 

temperature can be ascribed to the reduction of highly dispersed Cu2+ species with little 

to no interaction with the supporting metal oxide or small-sized CuO particles [13–16], 

while the peak at a higher temperature could be attributed to the reduction of either the 

amorphous NiO interacting with the support or bulk CuO species or mixed Cu-Ni oxide 

species [8,17,22]. The observed shift in the reduction temperatures of CuO and NiO 

from higher to lower temperatures in the synthesized Cu-Ni bimetallic catalysts is 

indicative of an enhancement in the reducibility of the catalysts, which could be 

attributed to a strong synergistic interaction between Cu and Ni, resulting in a reduced 

crystallite size which was also confirmed with the XRD analysis. This conclusion is in 

line with the observations made in several reports, where it has been noted that the 

reduction of CuO to Cu metal enhances and/or catalyzes the reduction of NiO to Ni via 
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spillover mechanism, wherein CuO first undergoes reduction to Cu, which dissociates 

H2 that spills over onto NiO resulting in its reduction [2,3,10,11,22–24]. Some studies 

suggest that the enhanced reducibility could also possibly be attributed, to some extent, 

to the segregation of Cu and Ni metals where the catalyst surface is enriched in Cu due 

to the tendency of Ni to occupy bulk or subsurface sites, as a result of which it moves 

towards the bulk of the catalyst [10,11,25]. To summarize, the addition of Ni led to the 

formation of supported bimetallic catalysts where the Cu and Ni metals interact 

synergistically with each other. This interaction grew stronger as the Ni content was 

increased, resulting in increased reducibility of the synthesized catalysts and reduced 

crystallite size. Such a change in the reduction behavior of CuO and NiO species in the 

bimetallic catalysts after the addition of Ni has been reported by numerous studies in 

literature and is thought to arise from the strong interactions among the Cu and Ni 

species and is an evidence of the formation of a bimetallic alloy during reduction 

[11,26]. Therefore, it can be concluded that the observed shifts in reduction 

temperatures towards lower temperatures in the TPR analysis, combined with the 

results of XRD analysis post reduction, point towards the formation of Cu-Ni bimetallic 

alloys.  

 

Fig. 4.3 H2-TPR reduction profiles of (a) 10%Cu/TiO2, (b) 10%Cu-2.5%Ni/TiO2, (c) 

10%Cu-5%Ni/TiO2, (d) 10%Cu-10%Ni/TiO2, and (e) 10%Ni/TiO2 catalysts 
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4.1.3 SEM-EDX 

Fig. 4.4 displays the SEM images of the synthesized TiO2-supported mono- and 

bimetallic Cu-Ni catalysts. The monometallic 10%Cu/TiO2  exhibited large, 

irregularly-shaped particles with considerable agglomeration, which is in line with the 

observations made in the literature for TiO2-supported copper catalysts (Fig. 4.4a) 

[15,16,27]. From the SEM micrographs (Fig. 4.4b to 4.4e) of the synthesized bimetallic 

catalysts, it can be seen that the addition of Ni resulted in reduced particle sizes which 

could be attributed to the reduction in the crystallite size of TiO2, which is line with the 

results of the XRD analysis (Fig. 4.1 and Table 1). In addition to reduced sizes of 

particles, agglomeration of the metal oxide particles also seemed to have reduced 

significantly with an increase in Ni loading. A similar conclusion can be drawn from 

the FESEM image of 10%Cu-10%Ni/TiO2 catalyst (Fig. 4.5), where small, irregular-

shaped particles with relatively low levels of agglomeration can be clearly seen. The 

findings are consistent with the XRD results, where it was observed that the addition of 

Ni in gradually larger amounts from 2.5% to 20% led to a reduction in the size of both 

CuO and TiO2 (Tables 1 and 2). The results are also in agreement with the literature 

available for Cu-Ni bimetallic catalysts, where a similar reduction in particle size and 

improved dispersion of metal oxide species was observed with the addition of Ni 

[3,9,11,28]. In addition, the surface composition of the synthesized mono and bimetallic 

catalysts was investigated using EDX analysis. The atomic weight percentage of metals 

obtained from the analysis was found to be nearly consistent with their intended loading 

amounts. Table 4.3 summarizes the elemental composition (weight %) of the elements 

in mono and bimetallic catalysts determined using EDX analysis.   
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Fig. 4.4 SEM images of (a) 10%Cu/TiO2, (b) 10%Cu-2.5%Ni/TiO2, (c) 10%Cu-

5%Ni/TiO2, (d) 10%Cu-10%Ni/TiO2, (e) 10%Cu-20%Ni/TiO2, and (f) 10%Ni/TiO2. 

 

Fig. 4.5 FESEM micrograph of calcined 10%Cu-10%Ni/TiO2 catalyst. 
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Table 4.3 Elemental surface composition of the synthesized mono- and bimetallic Cu-

Ni catalysts using EDX analysis  

 Atomic weight % from EDX  

Catalyst Ti O Cu Ni Cu/Ni 

10%Cu/TiO2 50.62 36.89 12.49 0 - 

10%Cu-2.5%Ni/TiO2 49.2 36.47 11.6 2.72 4.26 

10%Cu-5%Ni/TiO2 48.37 36.23 10.30 5.10 2.02 

10%Cu-10%Ni/TiO2 44.25 34.95 10.66 10.13 1.05 

10%Cu-20%Ni/TiO2 34.65 31.97 10.92 22.46 0.48 

10%Ni/TiO2 52.17 37.58 0 10.25 - 

4.1.4 HRTEM 

Fig. 4.6 displays the HRTEM images of 10%Cu-10%Ni/TiO2 catalyst after reduction. 

Distinct dark and light colored regions can be observed in the high resolution TEM 

micrographs which could probably be attributed to metal particles and TiO2 support, 

respectively [11,29]. Highly dispersed and small sized metal particles, roughly 

spherical in shape, were observed in the recorded images (Fig. 6b-d), which is in good 

agreement with the results of XRD, TPR and SEM analyses that adding Ni enhances 

the dispersion of Cu species in the bimetallic catalysts. Lattice fringes with d-spacing 

of about 0.204 nm and 0.35 nm were observed (Fig. 6e) , which correspond to the (111) 

and (011) lattice planes of Cu-Ni alloy and anatase TiO2, respectively [29,30]. The same 

was also confirmed from the selected area electron diffraction pattern (SAED), 

displayed in Fig. 6f. The confirmation of Cu-Ni alloy formation explains the shifting of 

Ni0 diffraction peaks towards lower 2θ values observed in the diffractograms of reduced 

bimetallic catalysts [11]. In order to determine the elemental distribution in the reduced 

sample, EDS mapping was utilized. Fig. S2 displays the bright field scanning 

transmission electron microscopy (STEM-BF) and the corresponding elemental maps 

for Cu, Ni, Ti and O. The elemental map clearly shows that the particles contain Cu and 

Ni, confirming the formation of Cu-Ni bimetallic alloys. Additionally, the signal 

corresponding to Ni appeared to be weaker in intensity as compared to that of Cu, which 

could possibly be pointing to segregation of Cu and Ni and/or enrichment of catalyst 
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surface with Cu, as previously noted by Seemala [8]. Overall, the results of HR-TEM 

and EDS imaging are consistent with the XRD results and point towards successful 

formation of bimetallic alloy after reduction.     

 

Fig. 4.6 HRTEM images of reduced 10%Cu-10%Ni/TiO2 catalyst. 

4.1.5 N2 physisorption 

Table 1 displays the surface area, pore size, and pore volume of the synthesized mono 

and bimetallic Cu-Ni catalysts. Among the monometallic catalysts, 10%Ni/TiO2 

catalyst had a higher surface area than its Cu-based counterpart. It also had a larger pore 

volume and pore size than the monometallic Cu catalyst. It can be ascribed to the fact 

that the monometallic Ni catalyst had a smaller crystallite size than the Cu catalyst. 

Adding Ni was observed to have a positive effect on Cu species, and the surface area, 

pore size, and pore volume for the bimetallic catalysts increased to some extent as the 

Ni content gradually rose to 20%. The observations are in agreement with the results 

obtained from XRD analysis and SEM analysis, and therefore, it could be postulated 

that a strong interaction between Cu and Ni might be responsible for these results. The 

existence of such interaction can be observed from the reduction in the diffraction peak 

of CuO and its crystallite size as the Ni loading in the synthesized bimetallic catalysts 

gradually increased to 20%. As a result, it could be concluded that the addition of Ni 
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has a positive, stabilizing role on Cu species, preventing its agglomeration and thereby 

resulting in a slightly increased surface area and porosity [3,12,31].      

4.1.6 XPS 

Fig. 4.7 displays the XPS spectra of calcined 10%Cu-10%Ni/TiO2 catalyst. The 

spectrum for Cu 2p exhibited two major peaks at ~933 eV and 953 eV that can be 

indexed to Cu 2p3/2 and Cu 2p1/2 energy levels, respectively, (Fig. 4.7(a)). The 

deconvolution of the peak at 933 eV revealed a two-peak fit with peaks at 932.5 and 

933.8 eV. A similar two-peak fit was observed on the deconvolution of the peak at 953 

eV, revealing peaks at 952.2 and 954.2 eV. The peaks observed at 933.6 and 954.2 eV, 

along with the broad satellite shake-up peaks observed between 938 and 945 eV, and 

around 964 eV are all characteristic of Cu2+ species. [32–34]. Meanwhile, the peaks at 

932.5 and 952.2 eV can be ascribed to the presence of reduced Cu0 or Cu+ species, 

arising from the reduction of Cu2+ species during the analysis [34]. A similar 

deconvolution of the Ni 2p XPS spectrum yielded four peaks at binding energy values 

of 853.5, 855.4, 860.8, 863.8 and 872.6 eV (Fig. 4.7(b)). The peaks at 853.5 and 855.4 

eV can be ascribed to the doublet for Ni 2p3/2 and Ni 2p1/2 energy levels, while those at 

860.8, 863.8 and 872.6 eV are satellite peaks attributed to Ni2+ species [35,36]. These 

peaks are characteristic of Ni2+ species and indicate the NiO on the surface [35,36]. The 

spectrum of Ti 2p, shown in Fig. 4.7(c), exhibited only two peaks at 458.3 eV and 464.1 

eV belonging to the Ti 2p3/2 and 2p1/2 energy levels of Ti4+ species, respectively, thereby 

confirming the presence of Ti in the form of Ti4+ species on the catalyst surface [1,34]. 

The O 1s was also observed to contain only two peaks: an intense peak at 529.5 eV 

attributed to lattice oxygen (O2-) and a small shoulder at 530.8 eV  ascribed to the 

presence of adsorbed oxygen species [37]. Even though no diffraction peaks 

corresponding to either Cu2O or Cu0 were observed in the diffractogram of calcined 

10%Cu-10%Ni/TiO2 catalyst, the XPS spectrum of Cu recorded for this catalyst 

exhibited peaks corresponding to both Cu+2 and Cu+/Cu0 species. The existence of 

peaks belonging to reduced Cu species in the XPS spectrum of unreduced/calcined Cu 

based catalysts has been reported by a number of reports available in literature and is 

ascribed to the easy reduction of the Cu+2 species during XPS analysis [34,38]. 

However, the intensity of peaks corresponding to the reduced species in this study was 

noted to be significantly than that of the peaks of Cu+2 species, signaling the higher 

concentration of reduced species as compared to the CuO species. The presence of 
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Cu+/Cu0 species could possibly be attributed to the fact that the presence of Ni further 

enhanced the reducibility of Cu. A similar pattern was observed by Li et. al. [38] for 

the case of Ce doped Cu/TiO2 catalysts, where they noted that increasing the Ce content 

led to an increase in the intensity of peaks belonging to Cu+ in the Cu 2p spectrum of 

calcined catalysts. The result of XPS analysis are also consistent with those obtained 

from XRD, TPR and SEM analyses in this study, all of which suggest an improvement 

in dispersion and a reduction in crystallite size of Cu with the addition of Ni. The 

formation of smaller sized Cu particles would not only improve stability against 

sintering but also provides greater number of active sites [8,10], which in turn would 

lead to increased activity towards hydrodeoxygenation of furfural to 2-methylfuran. 

This was observed to be the case by Srivastava et. al. [3] and Seemala et. al. [39] who 

reported an increase in FFR conversion and 2-MeF selectivity with increased loading 

of Ni in bimetallic catalysts.   

 

Fig. 4.7 XPS spectra of (a) Cu 2p, (b) Ni 2p, (c) Ti 2p and (d) O 1s of calcined 10%Cu-

10%Ni/TiO2.  
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In order to further examine the chemical states of the catalyst in the reaction 

environment, XPS analysis was also carried out for reduced 10%Cu-10%Ni/TiO2 

catalyst, the results of which are shown in Fig. 4.8. The spectrum of Cu 2p exhibited 

two peaks at binding energy values of 932 eV and 951 eV which correspond to the Cu 

2p3/2 and Cu 2p1/2 energy levels of Cu0 species [8,40,41]. No characteristic peaks 

corresponding to Cu2+ species were observed; only a very slight broad hump that 

corresponds to the shake-up satellite peaks of Cu2+ species was noted, though its 

intensity was much lower than that noted for the calcined sample (Fig. 4.8).  Combined 

with the results obtained from XRD analysis of reduced catalysts, it can be concluded 

that the oxide phase has a very low concentration and most of the Cu exists in the form 

of Cu0 species. Meanwhile, Ni2p XPS spectrum exhibited multiple peaks belonging to 

both reduced Ni metal (Ni0) as well as Ni2+ species. Peaks corresponding to Ni0 were 

observed at binding energy values of 852, 861 and 869.5 eV [8,19,35,41] while those 

observed at 854.5 and 872 eV belong to the Ni2+ species [35,36,41]. The presence of 

peaks corresponding to oxides phases of Ni points towards the existence of oxide 

surface layers. The XPS spectrum obtained for Ni is in line with that reported by several 

studies in literature where Ni has often been observed to be present in both Ni2+ as well 

as Ni0 states even after reduction [8,19,35,36,41]. The appearance of peaks 

corresponding  to Cu2+ and Ni2+ species is due to inevitable partial oxidation resulting 

from the exposure to air while transferring the sample from the reduction reactor to the 

XPS chamber.  

 

Fig. 4.8 XPS spectra of (a) Cu 2p, and (b) Ni 2p, of reduced 10%Cu-10%Ni/TiO2.  
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4.1.7 NH3-TPD 

Fig. 4.9 exhibits the temperature programmed desorption profiles of NH3 (NH3-TPD) 

over 10%Cu/TiO2, 10%Cu-10%Ni/TiO2, and 10%Ni/TiO2. Depending upon the 

temperature at which NH3 gets desorbed, a surface acidic site can be decided into three 

categories: weak (150-350 °C), medium (350-550 °C), and strong (550-850 °C) [35]. 

Monometallic catalysts and the Cu-Ni bimetallic catalyst exhibited a broad peak 

between 100 and 200 °C, indicating weak acidic sites. A similar broad but faint peak 

was observed between 350-500 °C in the desorption profiles of 10%Cu and 10%Cu-

10%Ni catalysts, signifying the medium-strength acidic sites. 10%Ni catalyst exhibited 

a significant sharper peak centered at around 450 °C, indicating that it had a greater 

number of medium-strength active sites. In addition, the desorption profile of 10%Ni 

catalyst also exhibited a peak centered at around 610 °C, signifying the strong acidic 

sites. No such peak was, however, observed for 10%Cu catalyst. It can be seen from 

the results that while monometallic Cu catalyst exhibited mostly weak acidic sites, its 

Ni counterpart exhibited medium and strongly acidic sites. The 10%Cu-10%Ni catalyst, 

like 10%Cu/TiO2 catalyst, also exhibited weak and medium-strength acidic sites.  

 

Fig. 4.9 NH3-TPD profiles of calcined (a) 10%Cu/TiO2, (b) 10%Cu-10%Ni/TiO2, and 

(c) 10%Ni/TiO2 catalysts.  
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4.2 Catalytic activity in FFR HDO 

4.2.1 Initial catalyst screening  

FFR can be hydrogenated to yield a wide variety of valuable products such as FAL, 2-

MeF, 2-MeTHF, THFA, furan, CPO, and 1,5-PDO, depending upon the type of catalyst 

and reaction conditions. FFR HDO to 2-MeF occurs in a sequential manner wherein it 

first undergoes hydrogenation at the carbonyl moiety to form FAL, which then 

undergoes hydrogenolysis at the alcohol group to form 2-MeF. However, both FAL and 

2-MeF can simultaneously undergo ring hydrogenation, resulting in the formation of 

THFA and 2-MeTHF, respectively; the latter can also be formed from THFA by the 

hydrogenolysis of its alcohol group. Besides these, FFR may undergo decarbonylation, 

resulting in the formation of furan. Therefore, the process requires the use of a catalyst 

that is capable of interacting, with a high degree of specificity, with the carbonyl moiety 

of FFR, while minimizing any interaction with the furan ring. In this context, FFR HDO 

was first carried out over TiO2-supported monometallic Cu and Ni catalysts and then 

over the Cu-Ni bimetallic catalysts containing varying Ni contents at 200 °C, an H2 to 

FFR molar ratio of 15, and a WHST of 1.15 gcatalyst h gFFR 
-1 (WHSV = 0.87 gFFR h

-1 

gcatalyst 
-1) to evaluate their catalytic activity and selectivity towards 2-MeF.  

4.2.1.1 FFR HDO over monometallic Cu catalyst 

Over 10%Cu/TiO2 catalyst, 2-MeF and FAL were obtained as the major products with 

selectivity values of 55.2% and 40.2%, respectively and a FFR conversion of 92%. It 

has previously been reported that FFR interacts with Cu catalysts through the O atom 

of the carbonyl group via η1(O) binding mode, while its furan ring lies perpendicular to 

the surface owing to a strong force of repulsion arising from an overlap between the 3d 

orbital of Cu and the antibonding orbital of the ring (Fig. 4.10) [42–47]. As a result, 

Cu-based catalysts have been observed to exhibit greater selectivity toward the 

activation of C=O bond in organic molecules containing both C=C as well as C=O 

functionalities. In terms of product selectivity, it has been observed that FAL is the 

major product over these catalysts at low temperatures while 2-MeF is the dominant 

product at higher temperatures [42–47]. The results obtained here are in good 

agreement with previously available reports on FFR hydrogenation on supported 

monometallic Cu catalysts where 2-MeF was observed to be the main product at 

temperatures ≥ 200 °C [3,8,39,48,49]. Other products such as CPO, GVL, and 2-
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MeTHF were observed but only in very small amounts. In addition, neither acetone nor 

any products arising from the etherification of FFR such as furfuryl ethyl ether, furfuryl 

acetate and/or (2-isopropoxymethyl)furan were observed in the reaction products, 

signifying that the solvent IPA did not undergo degradation and/or react with FFR under 

the prevailing reaction conditions.  

 

Fig. 4.10 Proposed mechanism of FFR HDO over 10%Cu/TiO2 catalyst 

4.2.1.2 FFR HDO over monometallic Ni catalyst         

The product distribution over 10%Ni/TiO2 catalyst was observed to be markedly 

different from that of the monometallic Cu catalyst, yielding FAL and furan as the 

major products with selectivity values of 48.7% and 38.2%, respectively, at an FFR 

conversion of 95%. Besides FAL and furan, THFA was observed as one of the reaction 

products with a selectivity value of 4.5%, while the selectivities towards C4 ring 

opening products such as butanal and butanol were less than 5%. 2-MeF, the target 

product, was only observed in very small amounts, with a selectivity value of 2.5%. 

Similar trends for production distribution were observed by Sitthisa et. al. [50,51] and 

MacIntosh et. al. [52] for FFR hydrogenation over metal oxide supported monometallic 

Ni catalysts under similar reaction conditions. To understand the results obtained in the 

present work, it is important to consider the role of H coverage and the adsorbate-

adsorbate interactions arising from this coverage on the product distribution over Ni 

catalysts. It is commonly understood that at a low H coverage, Ni, like other group VIII 

metals such as Pd, Pt and Ru, interacts with FFR through both the C as well as O atoms 

of its carbonyl group via a η2(C,O) binding mode, where both the carbonyl group and 

the furan ring lie parallel to the surface metal atoms [42,46,50,53–56]. This flat 

adsorption geometry allows Ni catalysts to activate both the C=O bond as well as the 

C=C bonds of the aromatic ring and, depending upon the reaction temperature, results 
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in the formation of a variety of products such as FAL, 2-MeF, 2-MeTHF, THFA, 

pentanediols (1,5-PDO and 1,2-PDO), furan and C4 ring opening products [42,50,53–

56]. However, FFR HDO reactions are generally carried out in the presence of excess 

amounts of H2, with  the molar ratio of H2 to FFR being greater than 10 [47,50,51,57]. 

Under these conditions, the metal atoms on the catalyst surface are very likely to be 

saturated with H atoms, resulting in a significant H coverage. As a result, the 

interactions between the adsorbate molecules adsorbed on these surface atoms can be 

expected to become influential, particularly at high adsorbate coverages, resulting in a 

reversal in product selectivity [58,59]. Banerjee et. al. [54] conducted a mechanistic 

study on FFR hydrogenation over Ni(111) to investigate the various plausible reaction 

pathways and reported that the product distribution indeed had a large dependence on 

surface H coverage, which itself was found to be a strong function of reaction 

temperature. They observed that at low temperatures (227 °C), H adsorbed strongly and 

spontaneously on Ni surface, resulting in a high H coverage. This resulted in a change 

in the adsorption geometry of FFR on the Ni from the commonly observed η2(C,O) 

mode to the bent η1(O) binding mode, where it is bonded to Ni atoms through the 

carbonyl O atom. Under such conditions, reaction pathways for FAL and furan were 

found to be equally favorable kinetically and, therefore, likely to be the dominant 

products [54]. The activation barrier for ring saturation was observed to be slightly 

higher than that for FAL and furan formation pathways; the activation barrier for 2-

MeF formation was by far the highest among all pathways. The formation of C4 ring 

opening products was also found to be much less favorable kinetically due to higher 

activation barriers [54]. It was also reported that at temperatures below 227 °C, the 

reaction pathway for furan formation would become less favorable; on the other hand, 

THFA would be likely formed in increasingly larger amounts as FAL would adsorb 

more strongly on Ni surface and undergo ring saturation [54]. Similar results were 

obtained by Wang et. al. [53] in the mechanistic investigation of FFR HDO over 

Pd(111) in excess of H2, wherein they reported a reversal of selectivity from furan 

towards FAL at high coverage of H and FFR itself. Fig. 4.11 displays the proposed 

reaction mechanism over 10%Ni/TiO2 catalyst.  
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Fig. 4.11 Proposed mechanism of FFR HDO over 10%Ni@TiO2 catalyst. 

4.2.1.3 FFR HDO over bimetallic Cu-Ni catalysts          

To evaluate the effect of Ni addition on FFR conversion and 2-MeF selectivity, the Ni 

content in bimetallic Cu-Ni catalyst varied from 2.5 wt.% to 20 wt.%, while the Cu 

content was kept fixed at 10 wt.% (Fig. 4.12). Even at a low loading of 2.5%, the 

addition of Ni resulted in a Cu-Ni bimetallic catalyst that yielded higher FFR 

conversion and 2-MeF selectivity than those obtained with the monometallic Cu 

catalyst, with conversion increased from 92% to 97.1% and 2-MeF selectivity raise 

from 55.2% to 68.7%. The selectivity towards FAL, on the other hand, witnessed a 

decline from 40.2% to 25.7%. In addition, ring saturation products such as 2-MeTHF 

and THFA were observed in small amounts, while furan and C4 ring opening products 

such as butanal and butanol were observed in trace amounts. However, the combined 

selectivity towards the by-products remained low (3.2%). A further increase in Ni 

content of the bimetallic catalyst to 5% resulted in a similar increase in FFR conversion 

and 2-MeF selectivity to 98.7%, and 78.7%, respectively; meanwhile, FAL selectivity 

fell sharply from 26.2% to 11.5%. The increased Ni content also led to an increased 

selectivity towards by-products, the most notable among them being 2-MeTHF and 

THFA, whose selectivities were observed to be 3.5% and 1.5%, respectively, and the 

overall selectivity towards all the by-products rose to 7%. Increasing the Ni content to 

10% led to only a tiny increase in FFR conversion to 100%; 2-MeF selectivity also rose 

only by a relatively small amount than previous loadings to 84.5%, while FAL 
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selectivity reduced to 1%. The presence of Ni in such amounts accelerated the 

formation of by-products, with selectivity towards 2-MeTHF raise sharply to 9% and 

that of THFA rising to 2.5%. Selectivity towards furan and C4 and C5 ring opening 

products such as butanal, butanol, 2-pentanone (2-PON), 2-pentanol (2-POL), and 

methyl isobutyl ketone remained low (~2%) even as the Ni content increased from 2.5% 

to 10%. Further increasing the Ni content to 20% did not produce any appreciable 

change in FFR conversion. However, the selectivity towards 2-MeF witnessed a 

significant decline, falling to 66.2%, while that of 2-MeTHF and THFA increased to 

19% and 4.5%, respectively. Besides these, selectivities of other side products were 

also observed to have increased. Interestingly, FAL selectivity was also observed to 

have risen to 2.9%. Also, neither any of the products possible from FFR etherification 

nor acetone, a possible product of IPA decomposition, were observed in the reaction 

products for any of the bimetallic compositions, ruling out the degradation of IPA.   

 

Fig. 4.12 Conversion and product selectivities over TiO2 supported mono- and 

bimetallic Cu-Ni catalysts. Reaction conditions: Feed flowrate = 9.05 mmolFFR h-1, 

H2/FFR ratio = 15, Temp. = 200 °C, WHSV = 0.87 gFFR h-1 gcatalayst
-1, Pressure = 1 atm. 

4.2.1.4 Probable Reaction Mechanism 

From the above discussion, it is clear that the bimetallic Cu-Ni catalysts exhibited 

higher selectivity towards 2-MeF than monometallic Cu catalyst. Such a remarkable 
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change in the product selectivity over those observed for Cu catalyst can be explained 

by the structural changes brought about by Ni addition. Detailed characterization 

analyses revealed that the monometallic Cu catalyst exhibited poorer CuO dispersion 

and larger crystallite size than the bimetallic catalysts. The increased dispersion and 

reduced crystallite sizes of CuO in bimetallic catalysts can be attributed to the stronger 

interactions between the CuO and NiO species as the Ni content was increased. 

Furthermore, the reduction temperature of the resulting bimetallic catalysts was 

observed to have shifted to lower temperatures, and the surface area and porosity 

increased with increasing Ni content. The Cu catalysts, while being selective towards 

C=O bond activation, possess low activity towards hydrogenolysis of C-O bond due to 

lower H2 activation and/or dissociation activity and (ii) much stronger interactions with 

FFR and H2 than FAL. As a result, they require higher reaction temperatures to carry 

out the hydrogenolysis of the C-O bond of FAL to yield 2-MeF. By combining Cu with 

more reactive metals possessing greater activity towards H2 activation and dissociation 

such as Ni, Pd, Pt etc. to form Cu-M bimetallic catalysts can help achieve the desired 

balance between catalytic activity and target product selectivity by a combination of 

electronic and structural modifications [8,39,42,46]. In such bimetallic combinations, 

the second metal, most often a noble or transition metal, acts as a promoter through a 

phenomenon called spillover [46,60], wherein it activates and dissociates H2, which 

then diffuses/migrates to the nearby Cu atom and reacts with the adsorbed reactant 

[23,46,61–64]. Interestingly, for the case of C-Ni bimetallic combinations supported on 

metal oxides, various studies available in literature by Seemala et. al. [8,39], Alstrup et. 

al. [65], Brongersma et. al. [66], Kitla et. al. [67] and Yao et. al. [68] over metal oxide 

supported Cu-Ni bimetallic catalysts point towards a significant 

enrichment/segregation of Cu on the surface of these catalysts due to the strong 

interactions between the Ni atoms and the metal oxide supports [69]. The strong metal-

support interactions result in the movement of Ni atoms to the support interface and 

that of Cu atoms to the surface, thereby resulting in the segregation of the two metals. 

Given the known interactions between certain metals and reducible metal oxide 

supports such as TiO2 [69], such a segregation of metals in reducible metal oxide 

supported bimetallic catalysts could in fact, be quite general.  

As a result, the observed enhancement in selectivity towards 2-MeF on Ni 

addition could be attributed to a combination of factors: better Cu dispersion and 
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smaller crystallite size, and increased reducibility of the bimetallic catalysts, as well as 

H2 spillover and possible segregation of Cu and Ni atoms (Fig. 4.13). Such a 

segregation of Cu and Ni, if possible, would yield a bimetallic catalyst with Cu rich 

surface domains that would provide the required specificity towards the target 

compound (2-MeF) by selectively interacting with FFR in the η1(O) mode. The Ni 

atoms, present in lower concentrations on the surface as isolated domains, would be 

responsible for supplying the required hydrogen by acting as sites for H2 activation and 

dissociation, which then moves on to the Cu atoms for hydrogenation and HDO [8,39]. 

Due to the lower surface concentration of Ni atoms under such conditions, the 

interaction between them and FFR molecules will be minimal, which in turn would 

limit the formation of by-products. Moreover, the increased dispersion, reducibility, 

and decreased crystallite size of Cu species would provide an additional boost through 

increased C-O hydrogenolysis rates [3].  

 

Fig. 4.13 Proposed mechanism of FFR HDO over bimetallic Cu-Ni/TiO2 catalyst 

4.2.2 Effect of reaction conditions on FFR HDO over 10%Cu-10%Ni@TiO2 

catalyst 

In the initial screening of the synthesized catalysts, 10%Cu-10%Ni/TiO2 catalyst was 

observed to display the highest selectivity towards 2-MeF selectivity among the 

synthesized monometallic Cu and Ni catalysts as well as the Cu-Ni bimetallic ones with 

different Ni contents under the initial reaction conditions. As a result, it was selected 

for further investigations on the effect of reaction parameters on target product 

selectivity.  
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4.2.2.1 Effect of reaction temperature 

Fig. 4.14 displays the results obtained for the influence of reaction temperature on 2-

MeF selectivity over 10%Cu-10%Ni/TiO2 catalyst. When the reaction temperature was 

175 °C, FAL and THFA were observed in significant amounts, with their selectivities 

of 20.8% and 11%, respectively. 2-MeF selectivity was a moderate 59.5%, and the 

selectivity towards 2-MeTHF was quite low at 4.7%. Reducing the temperature from 

200 °C to 175 °C resulted in a small decline in FFR conversion from 100% to 91%, 

while the 2-MeF selectivity witnessed a steep fall from 84.5% to 59.5%. As the reaction 

temperature was increased to 200 °C, FFR conversion increased from 91% to 100%, 

while 2-MeF selectivity increased to 84.5%. Simultaneously, an increase in 2-MeTHF 

selectivity (9%) and a reduction in those towards FAL and THFA 1 and 2.5%, 

respectively, were observed. The sizeable FAL and THFA selectivities and moderate 

2-MeF selectivity at 175 °C may be ascribed to the fact that at such low temperatures, 

Cu-based catalysts have considerable activity towards the hydrogenation of C=O bond 

than the hydrogenolysis of C-O bond, as a result of which FAL was formed as the major 

product, and 2-MeF selectivity witnessed a fall [40,43,44]. Under similar conditions, 

Ni-based catalysts have been reported to be active towards the hydrogenation of both 

the C=O bond and the C=C bonds of the furan ring, yielding THFA as the major product 

with FAL as the minor product [54,70]. As a result, the domains of Ni atoms present 

on the surface and in contact with FFR are most likely to hydrogenate its C=O bond 

and convert it to FAL, which would then itself undergo ring hydrogenation to form 

THFA, thereby explaining the formation THFA in substantial amounts in the products. 

Therefore, the optimum value of 2-MeF selectivity observed at 200 °C can possibly be 

attributed to the increased rates of C-O bond hydrogenolysis of FAL and decreased 

favorability of the saturation of its furan ring at higher temperatures [40,43,44,54,70]. 

However, on further increasing the reaction temperature above 200 °C, FFR conversion 

remained constant at 100%; 2-MeF selectivity, on the other hand, dropped substantially 

to 68.5% and 42.7% as the temperature was raised to 225 °C and 250 °C, respectively. 

A similar reduction was observed in the selectivities of FAL, THFA, and 2-MeTHF, 

with their values dropping to 0.3%, 0.5% and 3.5% as the temperature reached 250 °C. 

Simultaneously, 2-PON and 2-POL, ring opening products formed by 2-MeF 

hydrogenolysis, were observed to have been formed in large amounts, with their 

selectivity values reaching 36% and 6%, respectively at 250 °C. In addition, butanal 
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and butanol, two C4 ring opening products, were also formed in significant amounts, 

with their combined selectivity reaching ~7% at 250 °C. The observed reduction in 2-

MeF selectivity and enhancement in the formation of C4 and C5 ring opening products 

could be attributed to the fact that at high reaction temperatures, Cu becomes highly 

active toward C-O bond hydrogenolysis, boosting 2-MeF formation and reducing FAL 

selectivity [40,42,71]. This enhancement in target product selectivity at increasingly 

higher temperatures is accompanied by its over-hydrogenolysis to C5 ring opening 

products such as 2-PON, 2-POL, and 1-POL [40,42,71]. As a result, the selectivity of 

2-MeF decreased and the above-mentioned ring opening products selectivity increased 

[40,42,71]. Ni catalysts are also known to exhibit a somewhat similar trend in product 

selectivities, wherein at high temperatures, they favor decarbonylation and ring opening 

over the hydrogenation of C=O and C=C bonds, thereby resulting in the formation of 

furan, butanal, butanol and butane [40,42,50,51,54,55].  

 

Fig. 4.14 Effect of reaction temperature on FFR HDO over 10%Cu-10%Ni/TiO2 

catalysts. Reaction conditions: Feed flowrate = 9.05 mmolFFR h-1, H2/FFR ratio = 15, 

WHSV = 0.87 gFFR h-1 gcatalayst
-1, Pressure = 1 atm. 

4.2.2.2 Effect of WHSV 

Fig. 4.15 displays the results obtained for the influence of WHSV on 2-MeF selectivity 

over 10%Cu-10%Ni/TiO2 catalyst at 200 °C. An optimum 2-MeF selectivity of 84.5% 

was observed at a temperature of 200 °C and WHSV value of 0.87 gFFR h-1 gcatalayst
-1. In 

175 200 225 250

0

10

20

30

40

50

60

70

80

90

100

 FFR conversion

Temperature (°C) 

C
o
n

v
er

si
o
n

 a
n

d
 S

el
ec

ti
v
it

y
 (

m
o
l%

)

 2-MeF

 FAL 

 Others



Chapter 4| FFR HDO to 2-MeF over TiO2-supported Cu-Ni bimetallic catalysts                                                              

79 | P a g e  
 

order to study the effect of contact time on product distribution, WHSV varied from 

0.58 to 1.74 gFFR h-1 gcatalayst
-1. Reducing the WHSV to 0.58 gFFR h-1 gcatalayst

-1, did not 

bring about any change in FFR conversion, which remained fixed at 100%; however, 

the selectivity of 2-MeF was observed to have fallen to 76%. A similar reduction in 

FAL selectivity was also noted, which decreased to around 0.5%. 2-MeTHF selectivity, 

meanwhile, jumped to nearly 17%, and that of THFA fell slightly to 1.5%. A small 

increase was also observed in the selectivities of 2-PON and 2-POL; however, no 

change was observed in the selectivities of furan or C4 ring opening products. The 

reduction in 2-MeF and THFA selectivity could be explained by the fact that reducing 

the WHSV brings about an increase in the contact time, allowing the reactant and the 

products to remain in contact with the catalyst for a longer period. The increased contact 

time allowed them to further undergo ring hydrogenation and hydrogenolysis reactions, 

respectively, thereby yielding 2-MeTHF in large amounts. In addition, it is possible that 

under such conditions, 2-MeF underwent further hydrogenolysis reaction, which 

explains the slightly increased formation of 2-PON and 2-POL. A similar trend was 

observed for 2-MeF selectivity when the WHSV was increased from 0.87 to 1.74 gFFR 

h-1 gcatalayst
-1, with the 2-MeF selectivity falling to 72%. The selectivities of 2-MeTHF 

and THFA also witnessed a fall, dropping to ~4 and 1 %, respectively, as the WHSV 

was doubled. On the other hand, FAL selectivity was observed to have increased 

significantly to 18.5%, which could be attributed to the fact that with the reduction in 

contact time, FAL did not get enough time to undergo further conversion to 2-MeF or 

THFA. It can therefore be concluded that longer residence times favor the formation of 

2-MeF by allowing sufficient time for FAL to undergo hydrogenolysis. However, at 

longer residence times, there exists a possibility of 2-MeF undergoing ring 

hydrogenation, as evidenced by the increased 2-MeTHF selectivity at larger contact 

times.   



Chapter 4| FFR HDO to 2-MeF over TiO2-supported Cu-Ni bimetallic catalysts 

80 | P a g e  
 

 

Fig. 4.15 Effect of WHSV on FFR HDO over 10%Cu-10%Ni/TiO2 catalysts. Reaction 

conditions: Feed flowrate = 9.05 mmolFFR h-1, H2/FFR ratio = 15, Temp. = 200 °C, 

Pressure = 1 atm. 

4.2.3 Evaluating the possibility of CTH 

Traditionally, hydrogenation and HDO processes at both bench and industrial scales 

have been carried out using molecular H2 due to its widespread availability and easy 

activation on the surfaces of metal-based catalysts [72–74]. However, current hydrogen 

production processes almost entirely utilize fossil fuels such as natural gas and coal as 

feedstocks [75], which can threaten the sustainability of biofuels production from 

biomass-derived platforms such as FFR and HMF. As a result, in the past few decades, 

catalytic transfer hydrogenation (CTH) has been increasingly seen as an efficient and 

sustainable alternative strategy for the selective hydrogenation and HDO of biomass-

derived furanic compounds. In this process, simple organic molecules such as formic 

acid and alcohols such as methanol, IPA etc. serve as H donors, donating the H2 

required for the hydrogenation and/or HDO process. The hydrogenation ability of these 

donors is markedly lower than that of molecular H2, granting better control over the 

selective hydrogenation and/or HDO of organic compounds such as FFR and HMF that 

contain multiple functional groups [72–74]. Furthermore, using organic compounds as 

H donors would prove advantageous in alleviating the safety hazard posed by the use 
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of high-pressure H2 in most bench scales and lowering the overall cost and complexity 

of the process [72–74].   

In this context, it was considered worthwhile to evaluate the possibility of 

carrying out the selective FFR HDO to 2-MeF using an H donor instead of molecular 

H2 at the optimized reaction conditions (200 °C and 0.87 gFFR h-1 gcatalayst
-1 ) over 

10%Cu-10%Ni/TiO2 catalyst as it exhibited the highest selectivity towards target 

compound. For this purpose, a set of experiment was carried out by using IPA as the H 

donor; the feed composition was similar to that used for the sets of experiments carried 

out in the previous sections, wherein the feed mixture consisted of 5% (v/v) FFR 

dissolved in IPA. Before the CTH reaction, the catalyst was first reduced in H2 flow as 

done previously for experimental runs carried out with molecular H2, following which 

it was then cooled down to the reaction temperature. Simultaneously, the gas flow was 

switched from H2 to N2 while the catalyst was being cooled down to the desired 

temperature and the whole system was purged with N2 at a flow rate of 200 mL min-1. 

Once the reaction temperature (200 °C) was achieved, N2 flow was set to 50 mL min-1. 

The analysis of the liquid products collected revealed that the FFR conversion was 

fairly consistent at ~22% throughout the time period of the CTH study (Fig. 4.16). With 

regard to the product distribution, FAL was observed to be the major product, with a 

selectivity of ~95%. 2-MeF selectivity was observed to be constant at ~2% during the 

course of reaction. By-products such as 2-MeTHF and THFA were observed in trace 

amounts, while ring opening products such as 2-PON and 2-POL were not observed at 

all. The obtained results are in good agreement with the observations made by Grazia 

et. al. [76], who reported an FFR conversion of around 20% and a 100% selectivity 

towards FAL at 200 °C in the vapor phase HDO of FFR to 2-MeF over MgO catalysts 

using methanol as the H donor. Similarly, in an investigation of the vapor phase CTH 

of levulinic acid (LAc) to γ-valerolactone (GVL) over Cu@SiO2 catalyst with formic 

acid as the H donor, Lomate et. al.[33] noted that only 14% of the LAc fed could be 

converted at a temperature of 200 °C. The poor FFR conversion observed for the case 

of CTH in the present study. Moreover, it can be ascribed to the fact that the 

dehydrogenation of alcohols such as IPA is not thermodynamically favorable at low 

temperatures, limiting the production of H2. With increasing temperature, the Gibbs 

free energy ΔG becomes increasingly less positive, becoming negative at temperatures 

above ~229 °C for IPA [33]. Grazia et. al. [76] noted a similar trend in FFR conversion, 
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wherein they noted that both FFR conversion and 2-MeF selectivity increased rapidly 

as the reaction temperature was increased above 250 °C. Therefore, it can be concluded 

that CTH with common organic donors is not an efficient strategy for carrying out the 

hydrogenation or HDO of organic compounds such as FFR at low reaction 

temperatures, since at such temperatures, the dehydrogenation of these donors is not 

favorable. It is necessary to use higher temperatures if high conversions and target 

product selectivities are desired.  

 

Fig. 4.16 FFR HDO over 10%Cu-10%Ni/TiO2 catalysts through CTH using IPA as the 

H donor. Reaction conditions: Feed flowrate = 9.05 mmolFFR h-1, IPA/FFR ratio = 20, 

Temp. = 200 °C, WHSV = 0.87 gFFR h-1 gcatalayst 
-1, Pressure = 1 atm.  

4.2.4 Catalyst Stability 

Fig. 4.17 displays the results from the catalytic stability test over 10%Cu-10%Ni@TiO2 

catalyst for FFR HDO. The catalyst exhibited an FFR conversion close to 100% for 9 

h, following which a slight reduction in conversion was observed. As a result, at the 

end of 15 h FFR conversion was observed to have dropped to 94%. In the context of 

products, the catalyst selectivity towards 2-MeF was nearly constant at 85% up to 12 h, 

after which it decreased and dropped to 72% at the end of 15 h. A similar decreasing 

trend in selectivity was also observed for 2-MeTHF, a ring saturation product of 2-MeF, 

wherein its selectivity hovered around 8.5% for the first 6 h and then steadily decreased 

to 1.5% at the end of the stability test. The selectivity towards FAL was low in the 

initial 6 h (~1%); however, as the time progressed and the catalyst began undergoing 
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deactivation, its selectivity began rising gradually and reached a value of 22% at the 

end of this study. The observed reduction in 2-MeF selectivity and the corresponding 

rise in that of FAL could be attributed to the progressive deactivation suffered by the 

catalyst along the TOS study, which diminishes the hydrogenation activity of its active 

sites, which in turn reduces their ability to carry out the hydrogenolysis of C-O bond of 

FAL to 2-MeF.  

 

Fig. 4.17 Time-on-stream (TOS) study on FFR HDO over 10%Cu-10%Ni/TiO2 

catalysts. Reaction conditions: Feed flowrate = 9.05 mmolFFR h-1, H2/FFR ratio = 15, 

Temp. = 200 °C, WHSV = 0.87 gFFR h-1 gcatalayst 
-1, Pressure = 1 atm. 
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Chapter 5: FFR HDO to 2-MeF over Cu-Fe mixed oxide 

catalysts 

 

This chapter investigates Cu-Fe mixed oxide catalysts with varying Cu/Fe molar ratios 

(0.5 to 2) synthesized via a sol-gel method for vapor-phase FFR HDO. The catalysts 

were characterized using XRD, H2-TPR, NH3-TPD, N2 physisorption, FESEM and 

XPS to gain sights into their properties. Subsequently, a comprehensive evaluation of 

these catalysts was carried out to assess their catalytic efficacy in the FFR HDO process. 

This investigation explored the influence of Cu to Fe ratios, reaction temperatures, and 

weight hourly space velocity under atmospheric pressure conditions. It goes beyond 

routine optimization methodology by thoroughly examining additional key factors: (i) 

the role of reduction temperature of the catalysts, (ii) the influence of H2 to FFR molar 

ratio on the HDO process, and (iii) a rigorous regeneration study, where the catalyst 

was regenerated after an initial cycle of extended time-on-stream reactions (24 h). Here, 

the catalyst was first calcined at 500 °C in air, followed by re-activation in H2 

atmosphere, both inside the reactor. Finally, the regenerated catalyst underwent a 

second 24 h cycle of TOS reactions. Here, the idea was to gauge the catalyst’s resilience 

and potential for sustained catalytic performance.  

5.1 Characterization 

5.1.1 XRD 

Fig. 5.1 shows the XRD patterns of the fresh Cu-Fe oxide catalysts with varying Cu to 

Fe molar ratios calcined at 500 °C. All the diffractograms exhibit peaks at 2θ values of 

18.4°, 30.1°, 35.6°, 43.2°, 53.8°, 57.3°, and 62.5°, which may be ascribed to the (111), 

(220), (311), (400), (422), (511), and (440) lattice planes of cubic CuFe2O4 spinel phase 

[1,2]. However, it must be noted that the peaks at 2θ = 35.6°, 43.1°, 53.8°, 57.3°, and 

62.5° can also correspond to the lattice planes of CuO and Fe2O3 [1,3,4]. As a 

consequence, the diffractograms in Fig. 5.1 represent an intriguing ambiguity in the 

assignment of the diffraction peaks, the resolution of which hinges on taking into 

consideration the influence of calcination temperature. While some studies available in 

literature suggest that the spinel CuFe2O4 phase can indeed be formed at relatively 

lower calcination temperatures such as 400 °C [5], other studies suggest that at 

moderate calcination temperatures (typically between 400 and 600 °C), CuO and Fe2O3 
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are the dominant species in the calcined catalysts, and the spinel phase is either non-

existent or makes up a small fraction [3,6,7]. With increasing temperatures (generally 

greater than 600 °C), the peaks corresponding to the spinel structure begin to emerge; 

however, those corresponding to Cu and Fe oxides still remain noticeable. It is only 

when the calcination temperatures become very high (800 °C or more) that the spinel 

CuFe2O4 emerges as the main phase [3,6–8]. Nevertheless, it is worth noting that CuO 

and/or Fe2O3 phases may still be present, albeit in trace amounts, even after calcination 

at such elevated temperatures. In light of the above discussion, it is more appropriate to 

infer that the catalyst synthesized here is a mixed-oxide phase predominantly made up 

of CuO and Fe2O3 while also containing some spinel CuFe2O4. 

In addition to the above-mentioned peaks, additional peaks were observed in 

the diffraction pattern of the catalyst with Cu/Fe = 0.5 at 38.7°, which corresponds to 

CuO and at 33.2° and 49.3° which can be assigned to Fe2O3. Increasing the Cu to Fe 

molar ratio from 0.5 to 2 led to a sharp increase in the intensities of peaks at 35.6°, 

38.6° and 48.8°. Additionally, several new peaks belonging to CuO appeared at 66.2°, 

68.2° and 75.2°. Subtle changes can also be noted for the peaks at 57.5° and 62.4°, both 

of which split into two peaks as the Cu to Fe molar ratios increased to 2. The changes 

observed in the diffractograms upon increasing Cu/Fe ratios are consistent with the 

observations made in existing published reports and signify that when the metal ratios 

are greater than the stoichiometric ratio required for the formation of the spinel phase 

(Cu:Fe = 1:2), the calcined Cu-Fe catalysts will always contain the oxide species of the 

metal present in excess, in this case CuO, regardless of the calcination temperature [6–

8]. Interestingly, it was observed that at low Cu to Fe ratios, CuO had comparatively 

lower crystallite sizes (Table 5.1). Even more interesting is the fact that the crystallite 

size was the smallest at a Cu/Fe ratio of 1, perhaps signifying the presence of synergistic 

interaction between Cu and Fe at this ratio that promoted the dispersion of Cu.[9] This 

is in line with observations made in previous reports where Fe has been known to inhibit 

the agglomeration of Cu [9]. However, such a promotional role is possible when the 

proportion of Fe is significant; at high Cu content, Fe is no longer able to influence 

Cu’s dispersion, explaining the larger crystallite size observed when Cu is in excess.  

As we will see later, this synergistic interaction and improved dispersion will prove 

beneficial during the assessment catalytic performance.  
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Fig. 5.1 XRD diffractograms of fresh Cu-Fe oxides with (a) Cu/Fe = 0.5, (b) Cu/Fe = 

1, (c) Cu/Fe = 1.5 and (d) Cu/Fe = 2. 

To understand the nature of Cu and Fe species under the reaction conditions, XRD 

analysis was carried out for the catalysts following reduction at 350 °C, as shown in 

Fig. 5.2. The catalyst with the Cu to Fe molar ratio of 0.5 had diffraction peaks 

corresponding to the (111), (200) and (220) lattice planes of metallic Cu at 43.4°, 50.5° 

and 74.2°[3,10], and no discernable peaks associated with CuO, signaling the complete 

reduction of Cu. Simultaneously, multiple peaks corresponding to Fe2O3 were noted at 

2θ values of 24.2°, 33.3°, 35.8°, 40.6°, 49.6°, 54.1°,  and 64.1° [3,11], along with peaks 

corresponding to Fe3O4 at 30.2°, 57° and 62.4°. The presence of numerous peaks 

attributed to Fe2O3 and Fe3O4 in the diffraction pattern signifies that the former was 

only partially reduced under these conditions [11,12]. Upon examining the catalyst with 

Cu/Fe ratio equal to 1, it was noted that the peaks belonging to Fe2O3 had disappeared, 

replaced by intense peaks corresponding to the cubic Fe3O4 phase (ICSD collection 

code: 158741) at 2θ = 30.1°, 35.4°, 37.05°, 57°, and 62.6° [13], signaling that Fe2O3 

had been reduced to Fe3O4. Notably, the peaks at 50.4°, and 74.2°, which belong to 

metallic Cu, exhibited a sharp rise in intensity, suggesting a substantial enhancement in 

the amount of metallic Cu present. Especially striking was the pronounced increase in 

intensity observed for the peak at 43.3°, possibly arising from an overlap between the 

(111) lattice plane of Cu and (004) lattice plane of Fe3O4, pointing towards the existence 

of a probable strong interaction between Cu and Fe3O4. As the Cu to Fe ratio increased 
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to 1.5, the intensity of the diffraction peaks for Cu and Fe3O4 was somewhat reduced. 

Concomitantly, new peaks emerged at 36.3°, 42.3° and 61.2°, which could be ascribed 

to the presence of Cu2O [13] (ICSD collection code: 172174), indicating that due to the 

substantial excess of Cu in the catalyst, CuO was not completely reduced to metallic 

Cu. Additionally, a small peak at 38.6°, corresponding to CuO, further confirmed that 

the excessive presence of Cu was hindering its complete reduction. Moving to an even 

higher Cu to Fe molar ratio of 2, a significant reduction in the intensities of peaks 

corresponding to metallic Cu at 43.4°, 50.6° and 74.2°, signifying that the formation of 

metallic Cu had fallen substantially. Simultaneously, the peaks corresponding to Cu2O 

and CuO, highlighting their increased presence of these phases. Additionally, a very 

small peak at 40.6°, corresponding to Fe2O3, further confirmed that the excessive 

presence of Cu was not only hindering its own complete reduction but also that of Fe.   

 

Fig. 5.2 XRD diffractograms of reduced Cu-Fe oxides with (a) Cu/Fe = 0.5, (b) Cu/Fe 

= 1, (c) Cu/Fe = 1.5 and (d) Cu/Fe = 2. 

The XRD analysis of reduced Cu-Fe oxide catalysts reveals a subtle correlation 

between the Cu to Fe molar ratio and the resultant phase formations. The reduction of 

Fe2O3 under hydrogen atmosphere has generally been postulated to occur over a wide 

range of temperature (~400 to 700-800 °C) in three steps: Fe2O3 → Fe3O4 → FeO → 

Fe [11,12,14]. However, the presence of metals such as Cu greatly enhances the 

reducibility of Fe, as a result of which the reduction of Fe begins at substantially lower 
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temperatures [11,12,14]. As such, this reduction behaviour has been attributed to the 

promotional role played by Cu, wherein it is the first to undergo reduction from Cu2+ 

to Cu0 and subsequently, facilitates the reduction of Fe by providing the requisite 

hydrogen through spillover [11,12,14]. In fact, such a synergistic effect was also noted 

in a previous study of ours for the case of Cu-Ni bimetallic catalysts, where the presence 

of Cu led to a drastic reduction in the reduction temperature of Ni2+ species [15]. 

Initially, at a lower Cu to Fe ratio of 0.5, Cu was noted to have undergone complete 

reduction to its metallic form (Cu0); however, the reduction of Fe2O3 to Fe3O4 was not 

complete. The incomplete reduction of Fe2O3 to Fe3O4 suggests that the available Cu 

species may not be present in a quantity sufficient to effectively promote the reduction 

of Fe2O3. At a Cu to Fe ratio of 1, the observed formation of Cu0 and Fe3O4 phases 

indicates an optimum outcome that is a result of a delicate balance: the Cu content is 

sufficiently high to effectively catalyze the complete reduction of Fe2O3 to Fe3O4, yet 

not so high as to hinder its own reduction. As the Cu to Fe ratios increase beyond 1 to 

1.5 and 2, an interesting interplay is observed. The excessive presence of Cu appears to 

hinder its own reduction, as indicated by the significant reduction in the intensities of 

peaks corresponding to metallic Cu and the appearance of peaks belonging to Cu2O and 

CuO. The incomplete reduction of Cu may stem from an overwhelming amount of Cu 

being present in the catalyst, leading to the formation of bulk oxide phases, which are 

inherently more difficult to reduce. The formation of these tough-to-reduce bulk oxides 

also leads to a drop in the amount of hydrogen available through spillover, which 

negatively affects the reduction of Fe species, as witnessed from the formation of Fe2O3.  

Table 5.1 Physical properties of the Cu-Fe mixed oxide catalysts  

Catalyst Crystallite Size  

(CuO)a  

(nm) 

Crystallite 

Size (Cu)b  

(nm) 

Surface Areac 

(m2 g-1) 

Pore 

Volumed 

(cm3 g-1) 

Pore 

Sized 

(nm) 

Cu/Fe = 0.5 21.9 15.2 8.6 0.031 3.06 

Cu/Fe = 1 17.5 18.3 6.9 0.027 3.08 

Cu/Fe = 1.5 25.04 22.8 6.1 0.025 3.18 

Cu/Fe = 2 35.1 25.8 5.9 0.022 3.26 

a Calculated using Scherrer equation at 2θ = 38.6°. b Calculated using Scherrer equation 

at 2θ = 50.3° c Calculated using BET method. d Calculated using BJH method  
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5.1.2 H2-TPR 

H2-TPR analysis was carried out to systematically investigate the effect of varying Cu 

to Fe ratios on the reduction behaviour of Cu-Fe mixed oxide catalysts, as shown in 

Fig. 5.3. At a Cu to Fe ratio of 0.5, the deconvolution of the H2-TPR profile unveiled 

two distinct reduction peaks occurring at 251.2 °C and 293.5 °C. These peaks 

correspond to the reduction of CuO to Cu, consistent with the existing literature, which 

suggests the presence of two CuO species: easily reducible dispersed particles and a 

tougher-to-reduce bulk phase [4,10]. Upon increasing the Cu to Fe ratio to 1, a notable 

shift in the reduction peaks towards lower temperatures was observed (234.2 °C and 

281.2 °C). This shift was accompanied by a substantial increase in the proportion of H2 

consumed by the dispersed phase, which reached 62% of the total H2 consumed during 

CuO reduction (Table 5.2). These findings suggest a synergistic effect between Cu and 

Fe, resulting in the formation of more easily reducible CuO particles. At a Cu to Fe 

ratio of 1.5, a faint reduction peak at 216.8 °C indicated the presence of highly dispersed 

CuO species with small particle size. Additionally, the reduction temperatures exhibited 

an increase compared to the Cu/Fe = 1 catalyst, potentially attributable to Cu hindering 

its own reduction through the formation of bulk oxides. Further increasing the Cu to Fe 

ratio to 2 resulted in both reduction peaks shifting towards further higher temperatures 

(264.3 °C and 302.5 °C). Deconvolution of the reduction profile revealed a doubling in 

the proportion of H2 consumed by the bulk phase compared to the Cu to Fe ratio of 1.5. 

This suggests that excess Cu may impede its own reduction, leading to the formation 

of bulk oxide species requiring higher temperatures for reduction. The shift in the 

reduction temperatures of Cu towards higher temperatures for the case of Cu/Fe = 1.5 

and 2 suggests that the large excess of Cu in the catalyst could be playing a negative 

role, forming bulk oxide species with larger particle sizes and interacting comparatively 

more strongly with the support, hindering their reducibility. The results obtained here 

are in good agreement with those obtained from the XRD analysis which also suggested 

that beyond a certain Cu to Fe ratio, the excess Cu starts to impede its own reduction 

due to the formation of agglomerated species – as Fe is no longer to inhibit aggregation 

– that require higher temperatures for reduction. In summary, the detailed analysis 

provided by H2-TPR offers valuable insights into the intricate interplay between Cu and 

Fe in mixed oxide catalysts and their effects on reduction behavior. 
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Fig. 5.3 H2-TPR profiles of the synthesized Cu-Fe mixed oxide catalysts with Cu/Fe 

ratios of (a) 0.5, (b) 1, (c) 1.5 and (d) 2. 

Analyzing the reduction behaviour of Fe across the varying Cu to Fe molar ratios 

revealed three distinct peaks, aligning with the established consensus of three-staged 

reduction process for Fe reduction: Fe2O3 → Fe3O4 → FeO → Fe [11,12,14]. For the 

catalyst with Cu/Fe = 0.5, reduction peaks corresponding to three stages were observed 

at 623 °C, 747.5 °C and 808.4 °C, with the H2 consumption percentages of 73.2%, 

19.2% and 7.6%, respectively. The extraordinarily high H2 consumption during stage 1 

as compared to stages 2 and 3, which correspond to the reduction of the in-situ 

generated Fe3O4 and FeO species respectively, could be attributed to Cu’s promotional 

role, influencing the reduction kinetics of Fe and enhancing the reducibility of Fe. 

Increasing the Cu to Fe ratio to 1 further enhanced the reducibility of Fe, which was 

reflected in the fact that the three reduction peaks now appeared at much lower 

temperatures (516.3 °C, 611.4 °C and 656.9 °C). Intriguingly, the H2 consumption 

pattern also underwent drastic changes. The percentage H2 consumption for Fe2O3 

reduction to Fe3O4 dropped substantially, while the consumption in reduction of in-situ 

generated Fe3O4 and FeO rose (Table 2). Increased H2 consumption in the 2nd and 3rd 

stages suggests a pronounced promotional effect of the metallic Cu that is now present 

in higher abundance due to its greater loading. The presence of metallic Cu in higher 

amounts, as seen from reduced XRD analysis, would result in ample amount of H2 

100 200 300 400 500 600 700 800 900 1000

(a)

(b)

(c)

747.5
293.5251.2

234.2 281.2

261.9

295.7

264.3
302.5

623 808.4

516.3

611.4
656.9

511.8

605.2
648.7

505.4

585.3 624.5

(d)

Temperature (°C)

In
te

n
si

ty
 (

a
.u

.)



Chapter 5| FFR HDO to 2-MeF over Cu-Fe mixed oxide catalysts 

98 | P a g e  

 

being available for the reduction of iron oxides through spillover, thereby explaining 

the observed consumption trend. As the Cu to Fe ratio exceeds 1 (Cu/Fe = 1.5 and 2), 

the reduction temperature for Fe2O3 shifts slightly leftward but the percentage H2 

consumption for this stage is reduced. The peaks corresponding to the reduction of the 

in-situ formed Fe3O4 and FeO, on the other hand, exhibited a comparatively larger shift 

towards lower temperatures. The percentage H2 consumption for the reduction of Fe3O4 

to FeO and FeO to Fe continued to increase as the Cu/Fe ratio rose to 2. These 

observations are well in agreement with the existing consensus that the presence of Cu 

greatly enhances the reducibility of Fe through strong interactions among them.  

Table 5.2 Reduction temperature (°C) and H2 Consumption values for Cu-Fe mixed 

oxide catalysts with varying Cu/Fe ratios obtained through deconvolution of H2-TPR 

profile.  

Catalyst 

Percentage H2 Consumption H2 

Consumption 

(mmol H2 

gcat
-1) 

Cu Fe 

Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 

Cu/Fe = 0.5 - 46.9 53.9 73.2 19.2 7.6 23.1 

Cu/Fe = 1 - 61.8 38.2 58.5 31.1 10.4 18.6 

Cu/Fe = 1.5 1.4 82.3 16.3 52.9 33.4 13.8 18.1 

Cu/Fe = 2 0.3 75.6 24.1 45.4 37.5 17.1 17.8 

5.1.3 NH3-TPD 

In NH3-TPD analysis which characterizes a catalyst’s acidic sites, distinct trends were 

once again noted across varying Cu to Fe molar ratios, as can be seen in Fig. 5.4. Based 

on the temperature at which the adsorbed NH3 desorbs from the catalyst surface, the 

strength of the surface acid sites can be categorized as weak (< 300 °C), medium (~300 

to 500 °C) and strong (> 500 °C) [16]. In the catalyst with Cu/Fe = 0.5, a very intense 

peak at approximately 122 °C, suggesting a significant presence of weak acidic sites. 

Additionally, a broad and faint peak centered at around 500 °C indicates the existence 

of some medium-strength sites. The predominance of weak sites can be explained by 

the presence of Cu0 and unreduced Fe2O3 species, both of which exhibit weak Lewis 

acidity. Upon increasing the Cu/Fe ratio to 1, two peaks were observed at 91 °C and 
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195 °C that point to the continued presence of weak acidic sites, though it is notable 

that their intensity is much weaker than the intensity of the peak observed for Cu/Fe = 

0.5. Concurrently, the intensity of the peaks around 410 °C and 505 °C increased 

substantially, signifying an increase in medium-strength sites, perhaps due to the 

presence of more Lewis acidic Fe3O4 formed by the reduction of Fe2O3. A faint peak 

observed at 600 °C indicated that the catalyst contained fewer strong acidic sites. As 

the Cu/Fe rose further to 1.5 and 2, the peak corresponding to the medium-strength 

acidic sites grew further in intensity, as did the peak assigned to strong sites (Fig. 5.4). 

Simultaneously, a reduction in the number of weak acid sites was noted with increasing 

Cu to Fe molar ratios. The rise in the concentration of medium- and strong-strength 

sites for this catalyst may be linked to the emergence of Cu2O and CuO formation for 

catalysts with Cu/Fe = 1.5 and 2, as seen from reduced XRD analysis.  

 

Fig. 5.4 Temperature-programmed NH3 desorption profiles of reduced (a) Cu/Fe = 

0.5, (b) Cu/Fe = 1, (c) Cu/Fe = 1.5 and (d) Cu/Fe = 2 catalysts.   

5.1.4 XPS 

In order to further investigate the surface oxidation states of Cu and Fe, XPS analysis 

was carried with the catalyst with Cu/Fe = 1, reduced at 350 °C (Fig. 5.5). The Cu 2p 

spectral profile revealed two peaks at 932 and 952 eV that can be ascribed to the 2p3/2 

and 2p1/2 energy levels of metallic Cu, respectively [13,15,17]. Additionally, a broad 

and faint hump, associated with the shake-up satellite peaks of Cu2+ species, 
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concomitantly appear between 940 and 946 eV [15]. These results, coupled with those 

obtained from reduced XRD analysis, confirm that Cu predominantly exists in the form 

of metallic Cu species. The Fe 2p spectrum (shown in Fig. 5.5(b)), upon deconvolution, 

revealed peaks corresponding to Fe 2p3/2 and Fe 2p1/2 energy levels as well as two 

satellite peaks. Three peaks were observed corresponding to the Fe 2p3/2 energy level 

at 709.9, 711.3 and 713.6 eV, ascribed to the Fe2+ species present in octahedral sites, 

Fe3+ species present in octahedral sites and Fe3+ present in tetrahedral sites, respectively 

[5,18–20]. Similarly, three peaks were noted for  the Fe 2p1/2 energy level as well at 

binding energy values of 723.2, 725.2 and 727.3 eV, ascribed to the Fe2+ species in 

octahedral sites, Fe3+ species in octahedral sites and Fe3+ species in tetrahedral sites, 

respectively [5,18–20]. The existing literature suggests that Fe3O4 has an inverse spinel 

structure, wherein the Fe2+ ions occupy the octahedral sites while the Fe3+ ions are 

present in both octahedral and tetrahedral sites [19,20].  The ratio of Fe3+ to Fe2+ species, 

determined through peak integration, was calculated to be 1.88, which is close to the 

experimentally predicted value of 2 for the inverse structure [5]. In addition to these 

peaks, satellite peaks ascribed to Fe3+ species were noted at binding energy values of 

718.5 eV and 732.8 eV. The overall spectral profile, featuring distinct peaks 

corresponding to both Fe2+ and Fe3+ species, aligns well with the expected features of 

an inverse spinel phase characteristic of Fe3O4 and therefore, support the conclusion 

that the obtained results are consistent with the formation of Fe3O4 in the catalyst. This 

finding is further corroborated by concurrent evidence from reduced XRD analysis, 

which independently confirms the presence of Fe3O4 in the catalyst.  
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Fig. 5.5 XPS spectra of (a) Cu 2p and (b) Fe 2p for the reduced catalyst with Cu/Fe = 

1. 

5.1.5 N2 physisorption 

Table 4 shows the results of the N2 physisorption analysis for the determination of 

specific surface, pore volume and pore size distribution. As the Cu to Fe ratio increased 

from 0.5 to 2, a consistent reduction was noted in both surface area as well as pore 

volume. This could be attributed to the high Cu loading, which leads to agglomeration 

and the formation of large particles of bulk oxides, particularly when Cu is in large 

excess as evidenced from XRD and H2-TPR analyses. The presence of large particles 

would result in a partial coverage of the surface of iron oxide and/or pore blockage, 

thereby diminishing the surface area and pore volume [21].  

5.1.6 FESEM 

Fig. 5.6 presents the FESEM images of the synthesized Cu-Fe mixed oxide catalysts. It 

is clear from the images that all the catalysts exhibited large particles. Shafaei et. al. 

[22], Gao et al.[23], and More et. al.[5] have all previously reported the formation of 

large sized particles in Cu-Fe oxide catalysts synthesized through sol-gel method. 

Additionally, it appears that as the Cu/Fe molar ratios increases, the shape of the 

particles changes from looking somewhat cubical to largely irregular, and non-uniform. 

In addition, the surface composition of the synthesized mixed oxide catalysts was 

investigated using EDX analysis. The atomic weight percentage of metals obtained 

from the analysis was found to be nearly consistent with their intended Cu/Fe molar 
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ratios. Table 5.3 summarizes the elemental composition (weight %) of the elements in 

Cu-Fe mixed oxide catalysts determined using EDX analysis.   

 

Fig. 5.6 FESEM images of calcined Cu-Fe oxide catalysts with (a) Cu/Fe = 1, (b) Cu/Fe 

= 2, (c) Cu/Fe = 3, and (d) Cu/Fe = 4.  

Table 5.3 Elemental surface composition of the synthesized Cu-Fe mixed oxide 

catalysts using EDX analysis  

Catalyst 
Atomic weight % from EDX 

Fe O Cu Cu/Fe Molar Ratio 

Cu/Fe = 0.5 46.4 26.9 26.5 0.5 

Cu/Fe = 1 34 25.7 40.3 1.04 

Cu/Fe = 1.5 27.5 23.7 48.8 1.56 

Cu/Fe = 2 24.3 23.1 52.6 1.90 

5.1.7 HRTEM  

Further investigation into the morphological structure of the Cu-Fe mixed oxide 

catalyst, with a Cu/Fe ratio of 1 and reduced at 350 °C, through HRTEM revealed 

intriguing insights (Fig. 5.7). The analysis indicated a diverse range of particle shapes; 

some particles exhibited a roughly rectangular morphology, while others were more 

elongated or displayed a near-spherical form. This variety in morphology is consistent 

with the findings from the FESEM analysis, which similarly identified larger-sized 

particles. Importantly, the HRTEM images showcased distinct fringes corresponding to 



Chapter 5| FFR HDO to 2-MeF over Cu-Fe mixed oxide catalysts 

103 | P a g e  

 

the Cu (111) plane and the (004), (022), and (044) planes of Fe3O4. These observations 

suggest that the reduction process of the mixed oxide catalyst effectively facilitated the 

formation of Cu₀ and Fe3O4 phases, aligning well with the results obtained from XRD 

and XPS analyses.  

 

Fig. 5.7 HRTEM images of the Cu-Fe mixed catalyst with Cu/Fe = 1 and reduced at 

350 °C.  

5.2 FFR HDO over Cu-Fe mixed oxide catalysts 

5.2.1 Effect of Cu/Fe molar ratio 

The evaluation of the catalytic performance of the synthesized Cu-Fe mixed oxide 

catalysts was started by assessing the role of varying Cu to Fe molar ratios on FFR 

HDO to 2-MeF at 230 °C, an H2 to FFR molar ratio of 15, and a WHST of 1.92 gcatalyst 

h gFFR 
-1 (WHSV = 0.5 gFFR h

-1 gcatalyst 
-1), as shown in Fig. 5.8. At the lower end of the 

investigated range, where the Cu to Fe was 0.5, the observed FFR conversion and 2-

MeF selectivity were moderately high at 82% and 73.8%, respectively. Meanwhile, the 

selectivity towards FAL, an intermediate formed through the hydrogenation of FFR’s 

carbonyl moiety, was notably elevated at 20.6%. By-products such as 2-PON and 2-

POL were also detected, albeit with low selectivity (3.2%). As the Cu to Fe increased 
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to 1, the catalyst’s activity and selectivity towards 2-MeF both improved significantly, 

reaching nearly 100% and 90%, respectively. Simultaneously, the selectivity towards 

FAL decreased substantially to 6% and by-products selectivity only showed a minor 

increase to 3.8%. As the Cu to Fe ratio further increased to 1.5 and subsequently 2, the 

conversion first dropped to 92.5 and then to 78%. The 2-MeF selectivity exhibited a 

similar trend, falling off to 81.5% and then 64.2% as the Cu/Fe ratio rose to 1.5 and 2, 

respectively. Conversely, the selectivity to FAL shot up rapidly, reaching a value of 

34.3% at Cu/Fe = 2. Like 2-MeF, formation of by-products also fell with increasing Cu 

to Fe ratios.  

 

Fig. 5.8 Effect of Cu to Fe molar ratio on conversion and product selectivities during 

FFR HDO. Reaction conditions: feed flowrate = 5.43 mmolFFR h-1, H2/FFR = 15, 

Temperature = 230 °C, WHSV = 0.5 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm. 

From the above results, it is clear that the Cu to Fe molar ratio has a significant bearing 

on the activity as well as selectivity of the synthesized catalysts. In order to understand 

the observed trends, it is crucial to explore the insights gained from the characterization 

analyses. The combination of weak acidic sites and limited H2 availability owing to 

lower Cu loading in the catalyst with Cu to Fe ratio of 0.5 resulted in insufficiently 

strong binding of the FFR molecule and incomplete deoxygenation, respectively, 

explaining the moderate conversion and selectivity to 2-MeF, along with the substantial 

selectivity of FAL.  
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In contrast, when the Cu and Fe were in equimolar amounts, Fe was seen to 

have a promotional role on Cu dispersion, giving rise to more dispersed CuO as seem 

from XRD and TPR analysis. Additionally, the TPR analysis also revealed a dramatic 

increase in the reducibility of Fe, leading to the formation of the Fe3O4, as confirmed 

by reduced XRD analysis. Consequently, the catalyst now boasted markedly higher 

acidic sites of medium-strength along with some strong sites, enabling the stronger 

binding of the FFR molecule. Moreover, there was increased availability of H2 from 

spillover due to the higher amount of Cu0 species at this Cu/Fe ratio, facilitating both 

increased conversion and improved selectivity to 2-MeF. However, in the presence of 

excess Cu (when Cu/Fe = 1.5 and 2), there was a noticeable decrease in the reducibility 

of Cu itself, evident from the results of the H2-TPR analysis. This finding was further 

validated by the appearance of peaks corresponding to Cu2O and CuO in the diffraction 

patterns of these peaks. The incomplete reduction of Cu oxides resulted in a heightened 

presence of medium- and strong-strength acidic sites. This increase in acidity could 

lead to overly strong binding of reactant and product molecules to the active sites, 

hindering their easy desorption. This phenomenon also has the potential to accelerate 

catalyst deactivation over extended reaction periods or convert the desired product into 

undesired by-products. Notably, the intensity of peaks corresponding to Cu0 also 

decreased substantially, indicating a reduction in the quantity of Cu0 species responsible 

for activating and supplying the H2 required for FFR deoxygenation. Despite the 

continued presence of the active Fe3O4 phase in the catalysts, the combined effect of 

increased acidity and reduced H2 availability contributed to significant reduction in 

reactant conversion and target product selectivity. To conclude, the optimum values of 

conversion and 2-MeF selectivity over the catalyst with Cu/Fe = 1 could be assigned to 

comparatively better Cu dispersion, presence of ample number of acidic sites of 

appropriate strength, along with sufficient H atoms on the surface through spillover and 

lastly, strong synergistic interaction between the in-situ generated Cu0 and Fe3O4, as 

represented in Fig. 5.9.  
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Fig. 5.9 Probable FFR HDO to 2-MeF mechanism over Cu-Fe catalyst with Cu/Fe = 1.   

5.2.2 Effect of reaction conditions on FFR HDO over Cu-Fe mixed oxide catalyst 

with Cu/Fe = 1 

During the initial evaluation of the prepared catalysts, it was noted the Cu-Fe mixed 

oxide catalyst featuring a Cu/Fe ratio of 1 exhibited the highest selectivity of 2-MeF 

among the various catalysts under the initial reaction conditions. Consequently, this 

particular catalyst was chosen for subsequent investigations into the impact of reaction 

parameters on the selectivity of the target compound.  

5.2.2.1 Effect of reaction temperature  

Fig. 5.10 illustrates the impact of temperature on FFR conversion and 2-MeF selectivity 

over the catalyst with Cu/Fe = 1. Decreasing the temperature from 230 °C to 210 °C 

resulted in a minimal change in conversion, which remained above 99%. However, 

product selectivities exhibited variation, with 2-MeF selectivity dropping to 84.2% and 

FAL selectivity rising to 11%. By-product selectivity also decreased slightly to 3%. 

Further reduction in reaction temperature to 190 °C and 170 °C led to noticeable 

declines in conversion to 95.3% and 88%, respectively. Simultaneously, 2-MeF 

selectivity decreased to 76% and 62.4%, while FAL selectivity increased to 19.3% and 

34% as the temperature dropped to 190 and 170 °C, respectively. By-product selectivity 

mimicked the trend of 2-MeF selectivity, decreasing as the evaluation was carried out 

at lower temperatures. The reduced conversion and 2-MeF selectivity at low reaction 

temperatures can be attributed to Cu’s poor hydrogen activation/dissociation ability, 

and weaker binding with the activated H atoms adsorbed on the surface, allowing for 
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their easy desorption [24–27]. Furthermore, Cu has been known to interact more 

strongly with FFR in comparison to FAL. Therefore, despite their specificity towards 

the C=O bond, Cu-based catalysts are unable to completely deoxygenate it at low 

reaction temperatures, leading to incomplete conversion, reduced 2-MeF selectivity and 

elevated FAL selectivity.[16,28]  Meanwhile, when the reaction was carried out at an 

elevated temperature of 250 °C, the reactant was completely converted. However, at 

this temperature, the selectivity towards both 2-MeF and FAL decreased sharply to 77% 

and 0.6%, respectively. Instead, by-products such as 2-PON, 2-POL and 1-POL were 

formed in a much higher amount with a combined selectivity of 20.3%. The reduction 

in 2-MeF selectivity at this temperature can be ascribed to Cu becoming increasingly 

active not only towards H2 activation and hydrogenolysis of C-O bond in FAL but also 

the over-hydrogenolysis of 2-MeF itself [16,17,29]. Consequently, at such elevated 

reaction temperatures, C5 ring opening products such as 2-POL and 1- and 2-POL are 

formed from 2-MeF hydrogenolysis in larger amounts [16,17,29]. In the light of these 

trends, the optimum selectivity observed at 230 °C points towards a delicate balance 

being achieved at this temperature - the catalyst was quite active towards the 

hydrogenolysis of C-O bond of FAL but not too active to cause the over-hydrogenolysis 

of 2-MeF. Overall, the results obtained here highlight the crucial role of temperature in 

influencing and/or optimizing selectivity towards 2-MeF.  

 

Fig. 5.10 Effect of reaction temperature on conversion and product selectivities during 

FFR HDO over Cu-Fe mixed oxide catalyst with Cu/Fe = 1. Reaction conditions: feed 
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flowrate: 5.43 mmolFFR h-1, H2/FFR = 15, WHSV = 0.5 gFFR h
-1 gcatalyst 

-1, Pressure = 1 

atm.  

5.2.2.2 Effect of WHSV 

Fig. 5.11 presents the results of investigating the influence of varying space velocity 

(WHSV) on the selectivity towards 2-MeF over Cu-Fe oxide catalyst with Cu/Fe = 1. 

Previously during the investigation on the effect of temperature, an optimum selectivity 

of 90% was observed at 230 °C while the space velocity was maintained at 0.52 gFFR h
-

1 gcatalyst 
-1. Now, in order to explore the role of WHSV, additional investigations were 

carried out at increased space velocity values of 1, 2 and 3 gFFR h
-1 gcatalyst 

-1. With 

increase in WHSV from 0.5 to 1 gFFR h
-1 gcatalyst 

-1 led to a 10% drop in FFR conversion; 

the reduction for 2-MeF selectivity, on the other hand, was comparatively lower at 

5.5%, resulting in a selectivity of 84.5%. Further increases in space velocity to 2 and 3 

gFFR h
-1 gcatalyst 

-1 led to the conversion dropping to 79.3% and 62% respectively. 2-MeF 

selectivity followed a similar trend, declining sharply to 55% as the space velocity 

increased to 3 gFFR h
-1 gcatalyst 

-1. The selectivity of by-products, once again mirrored the 

trend of 2-MeF, reaching a very low value of 0.7% at a WHSV value of 3 gFFR h
-1 gcatalyst 

-1. Concurrently, FAL selectively rose rapidly, reaching a high value of 42.4% at a space 

velocity of 3 gFFR h
-1 gcatalyst 

-1. The increase in space velocity resulted in a reduction in 

residence/contact time, limiting the time available for FFR and FAL, the key 

intermediate in the process, to undergo further conversion [16,28]. Consequently, not 

only was FFR partially converted but the selectivity to 2-MeF also decreased, while the 

selectivity to FAL became considerably higher.  
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Fig. 5.11 Effect of WHSV on conversion and product selectivities during FFR HDO 

over Cu-Fe mixed oxide catalyst with Cu/Fe = 1. Reaction conditions: H2/FFR = 15, 

Temperature = 230 °C, Pressure = 1 atm.  

5.2.2.3 Effect of reduction temperature 

The reducibility of Fe introduces complexity, as it can exist in multiple oxidation states 

(Fe3+, Fe2+ and Fe0) depending upon the reduction temperature, as seen in Fig. 5.2 

(reduced XRD). Notably, the available literature points towards a catalytic significance 

of Fe3O4 in FFR HDO. The presence of Cu, however, further complicates this scenario 

as it is known to significantly influence the reducibility of Fe. Therefore, exploring the 

impact of reduction temperature becomes crucial to elucidate the role of different Fe 

species in shaping the catalyst’s activity. With this in mind, the catalytic activity of the 

Cu-Fe mixed oxide catalyst with Cu/Fe = 1 was evaluated at two additional reduction 

temperatures: 450 °C and 550 °C (Fig. 5.12). Previously when the investigation was 

carried out with the catalyst reduced at 350 °C, near complete FFR conversion and a 

90% selectivity to 2-MeF were noted, which could be ascribed to the synergistic 

interaction between Cu and Fe3O4. When the reduction temperature was raised to 450 

°C, a massive drop was observed in FFR conversion and 2-MeF selectivity, which fell 

to 50.8% and 38.3%, respectively. FAL selectivity, meanwhile, surged to 58.8%. 

Increasing the reduction temperature further to 550 °C caused the conversion to fall to 

an even lower value of 21.2%. The 2-MeF selectivity followed a similar trend, 

plummeting to just 4% while FAL selectivity soared to 92%.  
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Fig. 5.12 Effect of reduction temperature on conversion and product selectivities during 

FFR HDO over Cu-Fe mixed oxide catalyst with Cu/Fe = 1. Reaction conditions: feed 

flowrate = 5.43 mmolFFR h-1, H2/FFR = 15, Temperature = 230 °C, WHSV = 0.5 gFFR 

h-1 gcatalyst 
-1, Pressure = 1 atm. 

To gain a comprehensive understanding of these drastic changes in conversion and 

product selectivity, it is once again imperative to closely examine the insights from 

characterization analyses. The XRD analysis of the catalysts (Fig. 5.13) divulged a 

significant transformation: when subjected to reduction at 450 °C, the active Fe3O4 

phase was entirely reduced, evident from the disappearance of its peaks. In its stead, 

peaks corresponding to (110) and (220) lattice planes of Fe0 emerged at 44.7° and 

65°[30], intensifying as the reduction temperature further increased to 550 °C. XPS 

analysis of the reduced samples, shown in Fig. 14, showcased peaks indicative of 

metallic Fe at 707 and 720 eV [31], affirming the formation of Fe0 through reduction at 

450 and 550 °C. However, it is worth noting here that the XPS analysis also included 

peaks attributed to Fe2+ and Fe3+ species, signifying the presence of some Fe in an 

oxidized form possibility due to potential surface oxidation associated with ex-situ XPS 

analysis. Arias and team [30], in their investigation on selective hydrogenation of 

biomass-based platform chemicals, with Cu-Fe bimetallic catalysts, reported similar 

results where the XRD analysis only revealed the presence of metallic Cu and Fe while 

XPS analysis pointed towards the presence of some Fe2+ and Fe3+ species when the 

reduction temperature was 450 °C. It is also equally crucial to note that during the entire 
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duration of the catalytic activity evaluation – encompassing both reduction and reaction 

- the catalyst is consistently in a reductive environment. As a consequence, the existence 

of these oxides species is unlikely. Even if, by any chance, they did exist, their presence 

would in exceedingly minute quantities. Therefore, it is reasonable to conclude that 

after reduction at 450 and 550 °C, the catalyst would consist predominantly of metallic 

Cu and Fe, with a very small amount of oxide species. With the oxide species now 

completely reduced, the acidity of the catalyst would essentially plummet to near zero. 

This loss of essential acidic sites hampers the catalyst’s ability to bind FFR and FAL 

molecules, explaining the drastic reduction in conversion and selectivity to the target 

product. It is therefore clear that 350 °C is the optimum reduction temperature for the 

catalyst to achieve the highest conversion and 2-MeF selectivity.   

 

Fig. 5.13 XRD diffractograms of Cu-Fe oxide catalyst with Cu/Fe = 1 reduced at (a) 

350 °C, (b) 450 °C and (c) 550 °C. 
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Fig. 5.14 Fe 2p XPS spectrum of Cu-Fe oxide catalyst with Cu/Fe = 1 reduced at (a) 

450 °C, and (b) 550 °C.  

5.2.2.4 Effect of H2/FFR ratio 

Vapor phase reactions for HDO of biomass-derived platform chemicals and/or 

oxygenates such as FFR, guaiacol, phenol, etc. are commonly carried out in the 

presence of excess amount of H2, with the H2 to oxygenate molar ratio lying between 

20 and 50 [32–34]. There are various strategic reasons behind the usage of H2 in such 

large excesses in HDO reactions. To begin with, surplus of H2 ensures a continuous and 

ample supply of H atoms, which is pivotal for the hydrogenation integral to HDO. 

These hydrogenation reactions are essentially eliminating oxygen from the biomass 

oxygenates, transforming them into valuable compounds. Additionally, the presence of 

excess H2 promotes the activation of oxygen-containing functional groups, [34]. 

Furthermore, H2 often functions as a carrier gas in vapor-phase reactions [35], but also 

helps prevent or mitigate catalyst deactivation when present in excess [35–37]. While 

utilizing excess H2 in vapor-phase HDO reactions offers various advantages, there are 

also notable disadvantages associated with this approach. The use of excess H2 can 

contribute to higher operational expenses, increased energy consumption during the 

separation and recovery processes, and can lead to the overreduction of crucial 

intermediate species as well as the target production, altering the selectivity and leading 

to the formation of numerous undesired by-products.[36] Hence, optimization of  H2 

usage in HDO reactions becomes a very critical aspect of process design.    

Considering these factors, the H2/FFR molar ratios was varied from 5 to 15 to 

explore its impact on FFR conversion and 2-MeF selectivity over Cu-Fe mixed catalyst 
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with Cu/Fe = 1, at optimized reactions conditions of 230 °C and 0.5 gFFR h
-1 gcatalyst 

-1 

(Fig. 5.15). Under these optimized conditions and a H2/FFR molar ratio of 15, FFR was 

almost completely converted while the selectivity was 90%. Lowering the H2/FFR 

molar ratio to 10 showed no change in either conversion or 2-MeF selectivity values, 

which aligns with expectations given that H2 is still in quite a large excess and high 

activity of Cu towards hydrogenolysis at elevated temperatures. However, with further 

reduction in the H2/FFR ratio to 5, changes in conversion and product selectivity 

become apparent. The conversion decreased by around 19%, reaching a value of 81%. 

The reduction in 2-MeF selectivity was more pronounced, dropping to 59% while the 

FAL selectivity soared up to nearly 38%. By-product formation also slows down, 

evident from a very low selectivity value of 0.6%. The results suggest that dropping 

down the H2/FFR value due to 5 significantly reduced the amount of H atoms available 

on the surface, not only slowing down the conversion of FFR but also the 

hydrogenolysis of FAL. This aligns with findings reported by Taylor et. al. [38] in their 

study on FFR hydrodeoxygenation over Pt(111), where a high H2/FFR ratio at the 

surface promotes FFR hydrogenation to FAL and FAL hydrogenolysis to 2-MeF while 

suppressing carbon deposition. Pourzolfaghar et. al. [34], in their investigation on 

phenol hydrodeoxygenation, also reported that a high H2 to phenol not only increased 

phenol conversion but also increased the degree of deoxygenation. In conclusion, the 

investigation into varying H2/FFR molar ratios revealed that maintaining a ratio of 10 

or higher provided optimal FFR conversion and 2-MeF selectivity. However, a ratio 

below 10 led to noticeable decline in both conversion and selectivity, emphasizing the 

important role of hydrogen availability.  
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Fig. 5.15 Effect of H2/FFR molar ratio on conversion and product selectivities during 

FFR HDO over Cu-Fe mixed oxide catalyst with Cu/Fe = 1. Reaction conditions: feed 

flowrate = 5.43 mmolFFR h-1, Temperature = 230 °C, WHSV = 0.5 gFFR h
-1 gcatalyst 

-1, 

Pressure = 1 atm. 

5.2.3 Catalyst Stability and Regeneration  

To assess catalyst stability over prolonged operation, a 24-h time-on-stream (TOS) 

study was conducted (Fig. 5.16). During the initial 12 h, the catalyst maintained a 

consistent conversion rate above 99%, after which a gradual decline ensued. Even at 

the end of 24 h period, the conversion remained robust at 93.7%, which can possibly 

be attributed to the high activity of Cu towards the activation of both C=O and C-O 

bonds at higher reaction temperatures and presence of large excess of H2. The trend 

observed in 2-MeF selectivity mirrored that of conversion, remaining stable around 

90% for the first 12 h before experiencing a gradual decline. However, after the 16 h 

mark, the decline became more pronounced, reaching 55% by the end of the TOS study. 

FAL selectivity, initially steady at 6.5%, began to rise steadily as deactivation set in. 

Notably, the increase in FAL selectivity became more prominent after 16 h, nearly 

tripling over the course of the next 8 h and reaching a final value of 43.8%.  

While catalyst deactivation was not explicitly studied in this study, the changes 

observed in conversion and product selectivity here can still be explained by drawing 

upon the insights previously reported in published literature. In a study by MacIntosh 

and Beaumont on FFR hydrogenation over supported Ni metal catalysts, deactivation 
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was linked to the formation of oligomeric and/or polymeric condensation compounds 

originating from FFR and FAL [39]. Similarly, Du and colleagues, exploring FFR 

hydrogenation to FAL over silica supported Cu catalysts, associated deactivation with 

carbon deposition resulting from the polymerization products of FFR and FAL [40]. 

The investigation of Jiménez-Gómez et. al.[28] supports these findings, linking the 

deactivation of their mesoporous silica supported Cu catalyst to the formation of 

carbonaceous deposits resulting from the formation of oligomeric compounds. In 

addition, they noted that stronger adsorption of FFR and FAL may also contribute to 

deactivation via site blocking [28]. In the light of this understanding, the likely cause 

of catalyst deactivation in this study involves strong adsorption of FFR and FAL, along 

with the formation of their oligomerization products, leading in site and/or pore 

blockage.   

 

Fig. 5.16 Time-on-stream (TOS) study for FFR HDO over Cu-Fe mixed oxide catalyst 

with Cu/Fe = 1. Reaction conditions: feed flowrate = 5.43 mmolFFR h-1, H2/FFR = 10, 

Temperature = 230 °C, WHSV = 0.5 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm, TOS = 24 h. 

To assess the catalyst’s resilience and its potential for sustained catalytic performance, 

a regeneration study was conducted after the initial cycle of extended TOS reactions 

lasting 24 h. This involved a sequential process, beginning with calcination at 500 °C 

in air, followed by reactivation in an H2 atmosphere, both performed within the fixed-

bed reactor unit. Subsequently, the regenerated catalyst underwent a second 24 h TOS 
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cycle, aiming to provide insights into the catalyst’s stability and its capacity to maintain 

effectiveness over multiple reaction cycles. Fig. 5.17 illustrates the results of the 

regeneration study, indicating a partial recovery of catalytic activity after the 

regeneration process. The catalyst maintained a consistent conversion of 85% for 

approximately 10 h, after which a gradual decline ensured, accelerating over time and 

leading to a final value of 68%. While product selectivity did not exhibit drastic 

changes, some variations were observed. 2-MeF was still the major product, with a 

nearly constant selectivity of about 86% in the initial 10 h. However, its selectivity 

began declining rapidly after 14 h, dropping to 46.5% at the end of 24 h period. Initially 

stable at 9.5%, FAL selectivity rose rapidly after 14 h on stream, more than tripling to 

52% at the end of 24 h period. The observed changes in catalytic performance could be 

attributed to sintering resulting from extended exposure to elevated temperatures during 

the reduction, TOS and calcination steps, affecting the catalyst’s morphology and 

influencing its stability over time.  

 

Fig. 5.17 Regeneration study for FFR HDO over Cu-Fe mixed oxide catalyst with 

Cu/Fe = 1. Reaction conditions: feed flowrate = 5.43 mmolFFR h-1, H2/FFR = 10, 

Temperature = 230 °C, WHSV = 0.5 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm, TOS = 24 h.  
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Chapter 6: FFR Hydrogenation to FAL over Cu catalysts 

supported on rice husk ash-derived and metal-incorporated 

mesoporous silica 

 

This chapter investigates the catalytic performance of low loading Cu catalysts 

supported on rice husk-ash derived mesoporous silica support modified with metals 

(Al, Sn, Ti and Zr) for the vapor-phase transformation of FFR to FAL. The catalysts 

underwent thorough characterization employing XRD, H2-TPR, NH3-TPD, FTIR, N2 

physisorption, XPS, and FESEM techniques, providing comprehensive insights into 

their properties. The changes induced by metal incorporation in the silica matrix were 

thoroughly evaluated by examining the effects of incorporation with different metal, 

reaction temperatures, and weight hourly space velocity under atmospheric pressure 

conditions, providing valuable insights into the catalytic performance of these advanced 

materials. Following the initial assessment, the optimized catalyst underwent a rigorous 

long-term stability study to assess its durability under extended reaction conditions. 

After the first cycle of TOS reactions, the spent catalyst was first calcined at 500 °C in 

air, followed by re-activation in H2 atmosphere, both inside the reactor. Finally, the 

regenerated catalyst underwent a second 24 h cycle of TOS reactions.  

6.1 Catalyst Characterization 

6.1.1 XRF 

Rice husk, an agricultural byproduct produced in enormous amounts globally, is 

inherently rich in SiO2, as confirmed by the XRF analysis shown in Table 6.1. The XRF 

results of the ash produced from untreated rice husk reveal a significant presence of 

metal oxides (such as K2O, CaO, etc.) alongside silica. To enhance the silica content 

and remove impurities, the rice husk was treated with a 1M HNO3 solution. This acid 

treatment effectively removed the metal oxides, resulting in a purified rice husk ash 

possessing a SiO2 content of ~99% (table 1). Consequently, the ash produced from acid-

treated rice husk can serve as an ideal source of high-purity silica for catalyst 

preparation, demonstrating the efficacy of the purification process. 
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Table 6.1 Metal content of the rice husk ash before and after acid treatment 

Metal Oxides Content (Wt.%) 

Before Treatment After Treatment 

Na2O 0.7 0.11 

MgO 0.9 0.09 

Al2O3 0.9 0.27 

SiO2 88.4 98.91 

P2O5 1.3 0.11 

SO3 1.8 0.04 

Cl 0.3 0.03 

K2O 3.2 0.07 

CaO 2.4 0.07 

TiO2 1.3 0 

Fe2O3 1.3 0.20 

6.1.2 XRD  

Fig. 6.1 displays the X-ray diffraction patterns of the calcined Cu catalysts supported 

on pure and metal-incorporated mesoporous silica materials. Low-angle X-ray 

diffraction (XRD) analysis was performed to investigate the structural properties of the 

synthesized mesoporous silica support material derived from rice husk. Although not 

depicted here, the XRD patterns exhibited faint peaks at 2θ values of 2°, 4°, and 4.6°, 

which are typically indicative of the highly ordered hexagonal MCM-41 structure [1]. 

Although the presence of these peaks hints at the potential formation of a hexagonal 

mesoporous framework, their faint intensity suggests a modest degree of crystallinity 

or order within the structure. However, with the addition of these metals, the peaks 

corresponding to the ordered MCM-41 structure became almost negligible. This change 

in peak intensity indicates a loss of order within the framework and could be attributed 

to the disruption to the formation of ordered structure induced by the incorporation with 

metals. Given the very faint peaks corresponding to the MCM-41 framework, it is more 

appropriate to refer to the synthesized materials as mesoporous silicas. This 

terminology better reflects the reduced structural order in the silica framework. In wide-

angle XRD analysis, a broad peak between ~20 and 35° was observed, typically 
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associated with the amorphous silica [2]. Notably, this peak was only observed for the 

mesoporous silica incorporated with Al and Ti, However, this peak was notably absent 

in the wide-angle XRD patterns of the other three samples. One possible reason for this 

observation could be variations in the interaction between the incorporated metals and 

silica matrix, potentially altering the structural properties of the silica framework and 

leading to the observed differences in the XRD patterns. Additionally, the diffraction 

patterns of all the catalysts exhibited peaks at 2θ values of 35.5°, 38.6°, 48.7°, 53.2°, 

58.1°, 61.4, 66.1, 68.1°, and 74.9°, which can be ascribed to the (11 -1), (111), (20 -2), 

(020), (202), (11 -3), (31 -1), (220) and (004) lattice planes of monoclinic CuO (ICSD 

collection code: 67850) [2]. Interestingly, no diffraction peaks that may correspond to 

the presence of metal oxides (Al2O3, SnO2, TiO2 and ZrO2) were observed, indicating 

that the added metals were perhaps either incorporated or present as amorphous and/or 

well-dispersed oxides on the surface of mesoporous silica [3]. Upon examination of the 

crystallite size (Table 8), it becomes evident that CuO species with the smallest 

crystallite size are present on Cu@MS. However, with the 

incorporation/incorporation/incorporation of metal, the crystallite size of CuO species 

increased slightly, with the size generally aligning with the density and size of the 

incorporated metal (Sn > Zr > Ti > Al). The observed increase in crystallite size in 

catalysts with Cu supported on metal-incorporated mesoporous silica supports could be 

attributed to either the formation of larger metal oxide particles or enhanced 

crystallinity following metal modification. As discussed later in the FESEM analysis 

(section 6.1.7), the incorporation of Sn and Ti resulted in a significant reduction in 

particle size, whereas no such change was observed for Cu@Al-MS and Cu@Zr-MS 

catalysts, whose particle sizes remained similar to that of the Cu@MS catalyst. 

Therefore, the increase in crystallite size does not appear to indicate larger particle size 

but is more likely due to higher crystallinity. 

To gain insights into the nature of the Cu species under reaction conditions, 

XRD analysis was conducted on the catalysts post-reduction at 300 °C, as depicted in 

Fig. 6.2. The reduced Cu@MS catalyst did not show any peaks corresponding to the 

Cu0 phase, implying that the formed Cu0 species were likely very small and/or well-

dispersed. This behavior could be attributed to the exceptionally high surface area of 

the pure mesoporous silica support, coupled with the strong interactions between Cu 
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metal particles and the support. In contrast, all the metal-incorporated mesoporous 

silica-supported Cu catalysts exhibited pronounced peaks corresponding to the metallic 

Cu phase at 43.3°, 50.6°, and 74.1° [4]. No peaks indicative of CuO or Cu2O were 

observed in the diffraction patterns, suggesting that CuO was either completely reduced 

to Cu0 or that the remaining oxide phases were highly dispersed. 

 

Fig. 6.1 The XRD diffractograms of the calcined (a) Cu@MS, (b) Cu@Al-MS, (c) 

Cu@Sn-MS, (d) Cu@Ti-MS, and (e) Cu@Zr-MS catalysts 

Interestingly, the crystallite size of Cu increased after reduction in all the metal-

incorporated silica-supported catalysts compared to their pre-reduction values (Table 

6.2). This suggests that, despite the incorporation with metals, which typically enhances 

interaction between Cu and the support, some degree of sintering occurred during 

reduction or perhaps higher crystallinity.  
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Fig. 6.2 The XRD diffractograms of the (a) Cu@MS, (b) Cu@Al-MS, (c) Cu@Sn-MS, 

(d) Cu@Ti-MS, and (e) Cu@Zr-MS catalysts reduced at 300 °C. 

Table 6.2 Physical properties of the Cu@MS and Cu@M-MS catalysts  

Catalyst Crystallite 

Size  

(CuO)a  

(nm) 

Crystallite 

Size (Cu)b  

(nm) 

Surface 

Areac 

(m2 g-1) 

Pore 

Volumed 

(cm3 g-1) 

Pore 

Sized 

(nm) 

Cu@MS 10.96 - 870.7 1.16 5.3 

Cu@Al-MS 12.52 14.61 687.3 1.03 5.9 

Cu@Sn-MS 21.91 25 164.4 0.38 11.5 

Cu@Ti-MS 14.61 17.5 419.6 0.70 6.6 

Cu@Zr-MS 17.5 22 377.8 0.47 7.03 

a Calculated using Scherrer equation at 2θ = 38.6°. b Calculated using Scherrer equation 

at 2θ = 43.4° c Calculated using BET method. d Calculated using BJH method  

6.1.3 FTIR 

To assess the structural changes induced by metals, FTIR spectroscopy was conducted 

on mesoporous silica samples modified with metals (Fig. 6.3). The FTIR spectra of 

pure mesoporous silica support exhibited an absorption band at approximately 1060 
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cm-1, along with the smaller shoulder band at around 1250 cm-1, both of which can be 

ascribed to the asymmetric stretching vibrations of the Si-O-Si bonds [5–7]. A weak 

band was noted at ~960 cm-1, ascribed to the symmetric stretching vibrations of the Si-

OH group [8]. Lastly, the two bands at ~800 cm-1 and ~450 cm-1 correspond to the 

symmetric stretching and bending vibrations of Si-O-Si linkages, respectively [8]. 

Upon modification with metals, the absorption band at 1060 cm⁻¹ shifted to lower 

wavenumbers, accompanied by a decrease in intensity, indicating structural alterations 

in the silica framework due to interaction with the metal species. This shift and intensity 

reduction suggest the formation of Si-O-M (M = metal) bonds [6], confirming the 

incorporation of the metal species into the silica framework. Specifically, for the Sn-

modified mesoporous silica, this band broadened significantly, indicating much more 

extensive structural alteration following Sn incorporation. Similar shifts and intensity 

reductions were observed in other bands as well, with the reduction in intensity 

generally being commensurate with the size of the incorporated metal. Another 

approach to assess the formation of Si-O-M bonds could be through monitoring the 

silanol and the ring-structural Si-O bands in FTIR spectra. The silanol band 

predominantly represents surface Si-OH groups, with bulk Si atoms exist in forms 

including Si-O-Si and M-O-Si linkages [6,9]. Increasing M-O-Si linkages reduce the 

availability of Si atoms in Si-O-Si linkages, thereby decreasing the intensity of the 

silanol band in the mixed oxide structure [6,9]. Our study shows a decrease in the 

intensity of the silanol band with metal modification, suggesting the formation of M-

O-Si bonds. Similarly, changes in the intensities of ring-structural Si-O bands observed 

here at 815 and 445 cm-1 for pure mesoporous silica can also be correlated with the 

formation of M-O-Si -linkages in the mixed oxides [6]. A reduction in these band 

intensities after modification with metals is generally known to indicate a reduction in 

ring-structural Si-O bonds and the potential formation of M-O-Si linkages [6]. As was 

the case with the silanol band, the bands corresponds to the ring-structural Si-O bonds 

were also noted to have reduced in intensity following the addition of metals, further 

implying that the added metals had been incorporated into the silica matrix. In 

summary, FTIR analysis of the mixed oxide supports confirms the formation of Si-O-

M bonds upon metal incorporation into mesoporous silica, evidenced by shifts in 

absorption bands and changes in intensity, reflecting structural alterations and the 

incorporation of metal species into the silica framework. 
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Fig. 6.3 FTIR spectra of (a) MS, (b) Al-MS, (c) Sn-MS, (d) Ti-MS and (e) Zr-MS 

supports. 

6.1.4 N2 physisorption  

N2 physisorption analysis was conducted to characterize the surface area, pore volume, 

and pore size distribution of the synthesized catalysts, the results of which are presented 

in Table 2. The N2 adsorption-desorption curves (Fig. 6.4) of the catalysts displayed a 

type IV isotherm, which as per the IUPAC classification is a characteristic of ordered 

mesoporous materials [10]. The point of inflection can be observed at a relative pressure 

(P/Po) of ~0.2, which marks the completion of monolayer coverage by N2 adsorbate on 

the walls of the mesopores [11]. The subsequent uptake in N2 adsorption between P/Po 

values of ~0.2 and 0.4 corresponds to N2 condensation within the ordered mesopores 

of the silica framework [1,5]. The steepness of this step highlights the narrow and well-

defined pore size distribution characteristic of mesoporous materials such as MCM-41. 

It is noteworthy that the steepness decreases upon the incorporation of metals (Al, Sn, 

Ti and Zr), indicating loss of the ordered structure following metal addition [5], which 

is in agreement with the results of XRD analysis. Additionally, the inflection point 

moved somewhat to the right with the metal loading, hinting to an enlargement of the 

pores [11]. In some of the catalysts (Cu@Sn-MS, Cu@Ti-MS and Cu@Zr-MS), a 

plateau was observed at P/Po values between 0.4 and 0.8, which can be attributed to 

multilayer N2 adsorption [5]. Finally, a sharp increase in N2 adsorption at higher relative 
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pressures (P/Po > 0.8), accompanied by a hysteresis loop, is typically ascribed to N2 

condensation in the interparticle pores [12].  

 

Fig. 6.4 N2 physisorption-desorption curves for the calcined Cu@M-MS catalysts.  

Surface area and pore size distribution analyses (Table 8) revealed that the Cu@MS 

catalyst boasted the highest surface area and pore volume at 870.7 m2/g and 1.16 cm3/g. 

However, with the incorporation of metals, both surface area and pore volume 

experienced significant reduction. This decline in surface area and pore volume in 

catalysts with metal oxides incorporated on mesoporous silica can be attributed to the 

structural alterations induced by the loading of these metals during the one-pot 

synthesis process. These alterations can disrupt the regular arrangement of pores, 

leading to pore blockage or constriction [5], thereby diminishing both surface area and 

pore volume. Additionally, the subsequent deposition of Cu during impregnation steps 

may exacerbate pore occlusion and decrease accessible pore volume. Furthermore, the 

presence of metals could induce particle aggregation or clustering, diminishing the 

effective surface area available for adsorption. The disruption of the regular pore 

structure, combined with the aggregation induced by the presence of metals, may lead 

to pore widening, thus explaining the observed increase in pore size.  
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6.1.5 H2-TPR  

Temperature programmed reduction (TPR) is a highly effective technique for assessing 

how supported metal oxide catalysts undergo reduction. The ease with which metal-

based catalysts are reduced is a critical factor in determining their catalytic activity. Fig. 

6.5 presents the raw and deconvoluted H2-TPR profiles of the pure and metal-

incorporated mesoporous silicas impregnated with Cu, respectively. The Cu@MS 

catalyst displayed distinct features in its profile: a sharp peak centred at 273.2 °C and a 

broad hump-shaped peak at 584.5 °C. The presence of two peaks in the H2-TPR profile 

of Cu catalysts suggests the coexistence of CuO species with different sizes and/or 

interactions with the support. Typically, peaks occurring below 250 °C are attributed to 

well-dispersed Cu2+ species with small particle sizes and/or weak interactions with the 

support, while those between 250 and 300 °C or higher are associated with the reduction 

of larger-sized or bulk CuO species interacting more strongly with the support [13–16]. 

However, peak positions may shift, depending on the Cu-support interaction strength. 

Weak interactions are known to facilitate CuO reduction to metallic copper, whereas 

strong interactions lead to higher reduction temperatures.  

Given the observed small crystallite size of Cu (~11 nm) in this catalyst, the 

low-temperature peak is most likely due to reduction of well-dispersed and small-sized 

Cu2+ species with weak interactions. The high-temperature peak may be attributed to 

the reduction of Cu2+ species interacting strongly with the support through Cu-O-Si 

bonds formed by the interaction of Cu with the surface hydroxyl groups [17]. The high 

surface area and porosity of the silica support also contribute by providing numerous 

sites for the dispersion and interaction of Cu, leading to stronger interactions. Notably, 

the findings align well with those from XPS and Auger analysis, which revealed a 

significant presence of Cu2+ species, most likely the CuO species that maintain strong 

interactions with the support. Shen et. al. [11] observed similar trends for their Co-

MCM-41 catalyst, where higher temperatures for Co2+ reduction compared to supported 

Co catalysts was attributed to strong Co and Si interactions resulting from a Co-O-Si 

bond.  

The low-temperature reduction peak remained largely unchanged when SiO2 

was incorporated with Al and Zr, consistent with minimal alterations in crystallite size. 

However, the high-temperature peak, previously observed at 584.5 °C, shifted to lower 
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temperatures for Cu@Al-MS (480 °C) and Cu@Zr-MS (554.2 °C), with significantly 

reduced intensity. This suggests that the incorporation of Al and Zr enhanced the 

reducibility of Cu. The XPS analysis (section 3.6.1.4 and Fig. S3) of both the catalysts 

also indicated substantial presence of Cu+ and/or Cu0 species, corroborating the 

findings and confirming that both Al and Zr facilitated the reduction of Cu species, 

albeit to different extents.  

Conversely, the addition of Ti and Sn appeared to influence the reducibility of 

Cu in a distinct manner. The reduction profile of Cu@Sn-MS exhibited a broad, 

significant peak at 360 °C, which sharpened and slightly shifted to 370 °C for Cu@Ti-

MS. According to literature, bulk CuO typically undergoes reduction around 350 °C, 

suggesting the observed peaks could correspond to the formation and reduction of bulk 

CuO species on the surfaces of SnO2-SiO2 and TiO2-SiO2 mixed oxide supports. 

Alternatively, the observed peaks may also signify that CuO species is strongly 

interacting with the support materials, leading to a two-stage reduction process. 

Rajendran et al. [18], investigating ethylene oxidation over TiO2-supported Cu 

catalysts, reported Cu2+ to Cu+ reduction occurring up to 550 K (277 °C), followed by 

Cu+ to Cu0 reduction up to 650 K (377 °C).  In this scenario, the lower temperature 

peaks (275.1 °C for Cu@Sn-MS and 295.3 °C for Cu@Ti-MS) could be assigned to 

Cu2+ to Cu+ step and the higher temperature peaks (360 °C for Cu@Sn-MS and 370 °C 

for Cu@Ti-MS) could be assigned to the Cu+ to Cu0 step, respectively. The findings 

from Auger analysis (section 3.6.1.4 and Fig. S3) reinforce the two-step reduction 

mechanism, revealing only Cu+ species in both Cu@Sn-MS and Cu@Ti-MS catalysts. 

This indicates that while the incorporation of Sn and Ti aids in the reduction from Cu2+ 

to Cu+, it does not facilitate the complete reduction to Cu0. A possible reason for this 

could be the interaction of Cu with the incorporated metals through the formation of 

Cu+-O-Mδ+ bonds [19]. Overall, the results of H2-TPR analysis point towards an 

improvement in Cu reducibility post metal-incorporation in mesoporous silica, most 

probably due to the formation of more reducible Cu2+-O-Mδ+ (Al3+, Sn4+, Ti4+ or Zr4+) 

bonds at the interface of Cu and metal-incorporated silica supports [19].  

The interaction of Cu species with the support material is also evident from 

additional peaks in the reduction profiles of Cu@Sn-MS and Cu@Ti-MS catalysts. 

Cu@Sn-MS exhibited intense peaks at 646 °C and 665 °C, which align with reports 
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indicating pure SnO2 reduction to metallic Sn around 680 to 700 °C [20]. These peaks 

likely denote reduction of amorphous and bulk SnO2 phases, respectively [21]. 

Similarly, Cu@Ti-MS showed small, hump-shaped peaks at 456.5 °C and 482.3 °C as 

well as 697.7 °C. Zhu et al. [22] reported that TiO2 reduction typically yields very weak 

and poorly identifiable peaks above 550 °C, which aligns with the findings of Cordoba 

et al. [23] and Rajendran et al. [18]. They noted that Cu addition facilitated easier 

reduction of Ti4+ to Ti3+, evidenced by shifts in reduction peaks to lower temperatures. 

Therefore, the peaks observed here at 456.5 °C, 482.3 °C, and 697.7 °C for Cu@Ti-MS 

likely indicate reduction of Ti4+ to Ti3+ species. The XPS analysis (section 3.1.6.4) 

revealed the formation of reduced Ti (Ti3+) and Sn (Sn2+ and Sn0) species, confirming 

Cu's promotional role in aiding the reduction of Sn4+ and Ti4+ species through spillover, 

which further underscores the existence of strong metal-support interactions. In 

conclusion, the interaction between the metal and support material significantly 

influences the reduction temperatures in the synthesized catalyts. 

 

Fig. 6.5 Deconvoluted reduction profiles of the (a) Cu@MS, (b) Cu@Al-MS, (c) 

Cu@Sn-MS, (d) Cu@Ti-MS, and (e) Cu@Zr-MS catalysts. 

6.1.6 NH3-TPD  

NH3-TPD is a valuable technique for investigating the surface acidity of catalysts, 

offering crucial insights into their interaction with adsorbates. Fig. 6.6 presents the 

NH3-TPD profiles of calcined pure and metal-incorporated mesoporous silicas 
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impregnated with Cu. Based on the desorption temperature of NH3 from the catalyst 

surface, the strength of the surface acid sites can be categorized as weak (<300 °C), 

medium (300-500 °C), and strong (>500 °C) [24]. The TPD profile of Cu@MS features 

an intense and broad peak between ~100 and 350 °C, which, on deconvolution, reveals 

two peaks at 184.8 °C and 254.5 °C. A fainter peak centered at 437.4 °C, likely from 

hydroxyl groups on the silica surface, is also noted. These results indicate the presence 

of weak acidic sites, consistent with literature noting the weak acidity of CuO and SiO2 

[25,26]. 

The Al-incorporated catalyst exhibits a sharp and broad peak between 100 and 400 °C, 

with deconvolution revealing peaks in the low-temperature range (<300 °C). 

Additionally, significant peaks at 334.2 and 480.2 °C indicate medium-strength acid 

sites. The increased acidity likely arises from Si–O–Al bridging sites, where the charge 

imbalance between Si4+ and Al3+ creates acid sites [27]. Both Sn and Zr-incorporated 

samples have peaks in the 100 to 300 °C range, slightly shifted to higher temperatures 

compared to Cu@MS, indicating stronger weak acidic sites. The Cu@Sn-MS profile 

only has a faint hump-shaped peak in the 300 to 500 °C range, with no peaks above 500 

°C, indicating that Sn addition did not significantly change the strength of the acidic 

sites. This aligns with literature stating that SnO2-SiO2 mixed oxides generally feature 

weak acid sites. In addition to the weak sites, the Zr-incorporated catalyst exhibits a 

sizeable peak centered at 314.5 °C and two small peaks above 500 °C, indicating the 

presence of medium and strong acidic sites. The higher strength of surface acidic sites 

in Cu@Zr-MS could be attributed to the formation of Zr-O-Si bonds. Studies have 

noted that in ZrO2-SiO2 mixed oxides, ZrO2 forms Lewis acid sites due to the higher 

ionic nature of Zr-O bonds present near the more covalent Si-O bonds [28–30]. The 

Cu@Ti-MS catalyst also has three peaks below 300 °C, indicating numerous weak 

sites. This catalyst differs in having significant NH3 desorption above 600 °C. Though 

SiO2 and TiO2 both possess weak acid sites, combining them greatly increases the 

acidic strength of SiO2 and the total number of acidic sites for TiO2 [31–33], explaining 

the observed increase. 

While the strength of acidic sites in Cu catalysts increased with metal incorporation, 

the total acidic strength (determined by the amount of NH3 desorbed) did not follow the 

same trend. Instead, it correlated with surface area: the Cu@MS catalyst had the highest 
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number of acidic sites, while Cu@Sn-MS had the lowest. This seemingly contradictory 

result agrees with observations by Itoh et al. [33], who also noted a correlation between 

total acidic strength and surface area. 

 

Fig. 6.6 Deconvoluted NH3-TPD profiles of the (a) Cu@MS, (b) Cu@Al-MS, (c) 

Cu@Sn-MS, (d) Cu@Ti-MS, and (e) Cu@Zr-MS catalysts 

6.1.7 XPS 

6.1.7.1 Evaluation of surface states of metal-incorporated oxide supports 

To further elucidate the structural modifications resulting from metal integration into 

the mixed oxide support, XPS analysis was conducted on both the pristine mesoporous 

silica and the metal-incorporated mesoporous silica samples. As shown in Fig. 6.7, the 

XPS spectra of Si 2p for all the supports displayed asymmetry and broadening, 

suggestive of Si existing in varied oxidation states or environments. In the literature, 

multiple peaks in the Si 2p spectrum are commonly reported for silica materials, 

particularly those derived from carbonaceous sources such as rice husk [34–37]. Upon 

deconvolution, the Si 2p spectrum of pure mesoporous silica revealed six distinct peaks 

with binding energy values at approximately 101, 101.6, 102.1, 102.8, 103.7, and 104.5 

eV. In the literature, Si-O-Si linkages typically manifest at binding energy values 

around 103.8 eV, with Si3+ at approximately 103.2 eV, Si2+ at 102.6 eV, and Si+ at 

102.1 eV [34,35]. Additionally, peaks indicating elemental silicon (Si0) appear at lower 
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binding energies, approximately 100.4 eV and 99.6 eV [38]. In this study, these values 

align with literature in terms of peak positions but are slightly shifted to higher binding 

energies, possibly due to differences in local environments within the mesoporous silica 

matrix, such as variations in surface interactions or electronic effects induced by 

synthesis conditions. The presence of these sub-oxide states can be attributed to several 

factors. Incomplete combustion of acid-treated rice husk under static air conditions can 

sometimes lead to residual carbon in the resulting rice husk ash that may persist through 

subsequent processing steps. The combustion of the residual carbon as well as the 

organic template (CTAB) in the calcination step can release gases like CO that can react 

with SiO2, inducing reduction reactions and further contributing to the formation of Si 

suboxide states. These findings align with literature reports that attribute the 

multifarious silicon valences observed in XPS spectra to thermal reduction reactions 

between carbon and SiO2 [34,35]. Factors influencing this phenomenon include the 

porous structure of the material and its specific surface area, which affect the release of 

CO gas during combustion. This accelerates the reduction reaction of SiO2 and 

enhances the presence of Si suboxides in the final material. Furthermore, in the context 

of materials synthesis involving silica and carbonaceous materials, such as in the case 

of rice husk and its ash, interactions between carbon and SiO2 can lead to the formation 

of pores or voids within the material [34]. This phenomenon occurs when several 

carbon atoms around SiO2 particles are consumed with the formation of pores, which 

weakens the reduction degree of SiO2 [39]. This would potentially lead to uneven 

reduction across the material surface and the formation of diverse silicon valence states, 

as observed in XPS spectrum. After examining the Si 2p spectra of metal-modified 

mesoporous silica supports, it is evident that the peaks are similar in nature to those 

observed in pristine mesoporous silica and appear at comparatively lower binding 

energy values. These shifts suggest alterations in the bonding environments of Si within 

the material and could potentially indicate the formation of Si-O-M bonds through 

electron transfer from the metals to the Si atoms, likely facilitated by the lower 

electronegativity of metals like Al, Ti, Sn, and Zr compared to Si. These findings 

suggest significant interactions between Si and the metals, indicative of successful 

metal incorporation into the silica framework.  
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Fig. 6.7 XPS Spectrum of Si 2p for (a) MS, (b) Al-MS, (c) Sn-MS, (d) Ti-MS, and (e) 

Zr-MS supports 

6.1.7.2 Evaluation of surface states of reduced Cu catalysts supported on mixed 

oxide supports 

Besides the supports oxides, XPS analysis was also carried out for the synthesized 

supported Cu catalysts to investigate the surface oxidation states under dynamic 

reaction conditions, after reduction at 300 °C (Fig. 6.8). The deconvoluted Cu 2p 

spectral profile for Cu@MS catalyst showed two peaks at 932.6 eV and 952.3 eV 

corresponding to the 2p3/2 and 2p1/2 energy levels of metallic Cu and/or Cu+, 

respectively [16,40]. Additionally, despite reduction, the Cu 2p spectrum still retained 

peaks corresponding to the Cu 2p3/2 and Cu 2p1/2 energy levels of Cu2+ species at 933.4 

eV and 953.4 eV, respectively (Fig. 6) [16,40,41]. This persistence of Cu2+ species, 

even after reduction, is noteworthy. The H2-TPR profile of this catalyst had revealed a 

particularly strong interaction between Cu and SiO2, evidenced from the existence of a 

high temperature reduction peak. This strong interaction could enhance the stabilization 

of Cu2+, through the formation of Cu2+-O-Si4+ bonds, impeding the reduction process 

and hindering the complete reduction of CuO species to Cu0 or Cu+.  

Upon the incorporation of metals in the mesoporous silica framework, the peaks 

corresponding to Cu2+ species disappeared for all the catalyst, and the peaks 
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corresponding to the Cu0/Cu+ species moved to higher binding energy values. Only the 

Cu@Zr-MS catalyst exhibited a broad, faint hump associated with the shake-up satellite 

peaks of Cu2+ species between 940 and 946 eV [16]. The shifting of the Cu0/Cu+ peaks 

to higher binding energy values is indicative of an electron transfer from Cu to the 

incorporated metal at the interfaces, leaving the Cu atoms electron deficient. This 

phenomenon can be attributed to the strong interactions between Cu and the 

incorporated metals, which enhanced the reducibility of the Cu2+ species and has the 

potential to stabilize the Cu+ species at the catalyst surface [42]. The same was also 

evidenced by the H2-TPR analysis.  

 

Fig. 6.8 (i) Reduced XPS Cu 2p spectra of (a) Cu@MS, (b) Cu@Al-MS, (c) Cu@Sn-

MS, (d) Cu@Ti-MS and (e) Cu@Zr-MS catalysts and (ii) Zr 3d spectra of reduced 

Cu@Zr-MS catalyst.  

6.1.7.3 Evaluating Copper Oxidation States  

Both Cu0 and Cu+ species are known to be essential for effective furfural hydrogenation 

in Cu-based catalysts, making it vital to assess their relative proportions. However, 

conventional XPS is limited in its ability to distinguish between Cu⁰ and Cu⁺, so Auger 

analysis is often employed to distinguish between these two species. The Auger analysis 

results (Fig. 6.9) show that the Cu@MS catalyst has significant amounts of Cu2+ 

(46.5%), along with 22.4% Cu0 and 31.1% Cu+. This indicates a strong stabilization of 

Cu2+ due to interactions with the support, which is also evident in the H2-TPR as well 

as XPS findings, even though Cu2+ species was not detected in reduced XRD. In 

contrast, the Cu@Al-MS catalyst exhibits no Cu²⁺, containing 8.7% Cu0 and 91.3% 

Cu+. This indicates improved reducibility due to the incorporation of Al. However, the 
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high proportion of Cu+ suggests that this oxidation state is effectively stabilized, likely 

due to the strong interactions with the support material. Meanwhile, the Cu@Sn-MS 

and Cu@Ti-MS catalysts contained only Cu+ species, signifying that the Sn and Ti-

incorporated mesoporous silica supports promoted the stabilization of this oxidation 

state at the catalyst surface. This observation aligns with the two-step reduction process 

seen in their H₂-TPR profiles, where Cu2+ is first reduced to Cu+ before being further 

converted to Cu0. The stabilization of Cu+ indicates that rather than quickly reducing 

Cu2+ directly to Cu0, the reduction occurs stepwise: first to Cu+, which can persist due 

to the support's influence. Lastly, Meanwhile, the Cu@Zr-MS catalyst shows a more 

balanced composition of 29.5% Cu0, 57.6% Cu+, and 12.9% Cu2+, reflecting a moderate 

interaction between Cu and Zr, which facilitates a more favourable reduction 

environment compared to the other supports. As we will see further in the experimental 

results section, the amount of Cu0 and Cu+ will prove crucial in the hydrogenation of 

FFR.  

 

Fig. 6.9 Cu Auger Spectra for reduced (a) Cu-MS, and (b) Cu@Al-MS, (c) Cu@Sn-

MS, (d) Cu@Ti-MS, and Cu@Zr-MS catalysts.  

6.1.7.4 Evaluating Oxidation States of Incorporated Metals 

The Zr 3d spectral profile showed two doublets after deconvolution, indicating the 

presence of two types of Zr species in the reduced catalyst (Fig. 6.8). The peaks at 182.4 

eV and 184.8 eV correspond to the Zr 3d5/2 and Zr 3d3/2 doublets, characteristic of 
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Zr3+ species, suggesting the presence of partially reduced Zr (Zr3+) species and 

indicating that oxygen vacancies may also be present in the reduced catalyst. 

Additionally, peaks at 183.2 eV and 185.6 eV suggest the presence of Zr as Zr4+ in the 

synthesized catalyst [43–45]. In the Sn 3d spectra (Fig. S4), peaks at 487.7 eV, 495.1 

eV, and 497.7 eV were observed. Deconvolution of these peaks revealed doublets 

corresponding to Sn0 at 486 and 494.6 eV, Sn2+ species (SnO) at 486.9 and 495.2 eV, 

and Sn4+ (SnO2) at 487.6 and 497.6 eV [46].  The Ti 2p spectral profile also displayed 

two peaks at 459.4 eV and 465.2 eV (Fig. 6.10). Deconvolution further revealed peaks 

corresponding to Ti3+ at 458.8 eV and 464.6 eV, as well as peaks corresponding to Ti4+ 

at 459.6 and 465.5 eV [19]. Like the case for Cu@Zr-MS catalyst, the presence of the 

partially reduced Ti3+ species points towards the presence of oxygen vacancies [19]. 

Lastly, the deconvoluted Al 2p spectral profile exhibited peaks corresponding to Al-O, 

Al-OH and Al-O-Si bonds at binding energy values of 74.2 eV, 75 eV and 77 eV, 

respectively [47].  
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Fig. 6.10 XPS spectra of (a) Sn 3d, (b) Ti 2p and (c) Al 2p of reduced Cu@Sn-MS and 

Cu@Ti-MS catalysts, respectively 

6.1.8 FESEM 

Figure 6.11 presents the FESEM images of the calcined Cu catalysts supported on pure 

and metal-modified mesoporous silica supports. The pure mesoporous silica-supported 

catalyst (Cu@MS) displayed large, irregularly shaped particles, consistent with 

observations made in literature [5,48]. Similarly, the Al and Zr-incorporated catalysts 

(Cu@Al-MS and Cu@Zr-MS) exhibited large particles with no uniform shape or size. 

This outcome was expected for the Cu@Zr-MS catalyst due to its low surface area. 

However, it was surprising for the Cu@Al-MS catalyst, given its relatively high surface 

area. The H2-TPR analysis explained this anomaly by showing that metal-support 

interactions weakened after loading Al and Zr, which hindered the improvement of 

dispersion in the Cu@Al-MS catalyst. In contrast, the Cu@Sn-MS and Cu@Ti-MS 

catalysts exhibited much smaller and more uniformly distributed particles. This 

observation aligns with the TPR analysis, which indicated that modification with Sn 

and Ti significantly increased metal-support interactions. These stronger interactions 

likely stabilized the CuO species, enhancing their dispersion and resulting in smaller, 

well-distributed particles. In addition, the surface composition of the synthesized 

supported Cu catalysts was investigated using EDX analysis. The atomic weight 

percentage of metals obtained from the analysis was found to be nearly consistent with 

their intended loading amounts. Table 6.3 summarizes the elemental composition 

(weight %) of the elements in pristine and metal-incorporated mesoporous silica 

supported Cu catalysts determined using EDX analysis.   
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Fig. 6.11 FESEM images of the calcined (a) Cu@MS, (b) Cu@Al-MS, (c) Cu@Sn-

MS, (d) Cu@Ti-MS, and (e) Cu@Zr-MS catalysts 

Table 6.3 Elemental surface composition of the synthesized Cu supported on pristine 

and metal-incorporated mesoporous silica catalysts.  
 

Atomic weight % from EDX 

Catalyst Si O Cu Metal Si/Metal Molar Ratio 

Cu@MS 43 51.6 5.4 - - 

Cu@Al-MS 40.7 50.6 4.7 4 9.67 

Cu@Sn-MS 35.3 44.9 4.7 14.9 10.05 

Cu@Ti-MS 38.7 49.8 4.9 6.6 10 

Cu@Zr-MS 36.4 47 4.8 11.8 10.1 

6.1.9 HRTEM 

To gain deeper insights into the morphology of the Cu@Zr-MS catalyst reduced at 300 

°C, HRTEM analysis was employed (Fig. 6.12). The analysis revealed a diverse particle 

morphology, characterized by a somewhat non-uniform shape, in agreement with the 

XRD analysis which had indicated that the catalyst lacked a regular, well-ordered 

structure, like that of MCM-41.. Notably, the Cu species appeared to be distributed 

uniformly across the support surface, indicating efficient loading on the support surface. 
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Additionally, the images presented challenges in distinguishing between SiO2 and 

ZrO2, which could imply a well-mixed phase or the successful integration of Zr into the 

silica matrix. These observations align with the findings from previous characterization 

analyses, reinforcing the hypothesis that Zr had been successfully incorporated into the 

SiO2 framework. 

 

Fig. 6.12 HRTEM images of the reduced Cu@Zr-MS catalyst. 

6.2 Evaluation of Catalytic Activity in FFR hydrogenation  

6.2.1 Effect of metal incorporation in mesoporous silica support  

The evaluation of the catalytic performance of the synthesized catalysts was initiated 

by assessing the activity of pure and metal-incorporated mesoporous silica supported 

Cu catalysts in FFR hydrogenation at 180 °C, an H2 to FFR molar ratio of 10, and a 

WHSV of 0.5 gFFR gcatalyst
-1 h-1 (Fig. 6.13). At low loadings values such as the one used 
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here and low reaction temperatures, Cu catalysts generally exhibit nearly 100% 

selectivity towards FAL, making selectivity less useful for comparing different Cu 

catalysts. Instead, yield becomes a more suitable parameter, as it accounts for the 

amount of product formed relative to the reactant fed and can vary due to differences 

in conversion rates. Among all the catalysts, the pure mesoporous silica-supported Cu 

catalyst (Cu@MS) showed the lowest FFR conversion and FAL yield at 29.5% and 

27.2%, respectively. The Auger analysis had revealed a high proportion of Cu2+ in 

Cu@MS, which corresponds to weak acidic sites that are less effective in binding the 

reactant and catalyzing the conversion. Cu@Sn-MS showed slightly better 

performance, but still underperformed due to its exclusive presence of Cu⁺ species and 

weak surface acid sites. Although Cu+ can act as Lewis acid sites and activate FFR, its 

inability to activate H2 limits its effectiveness in hydrogenation. Cu@Al-MS showed 

improved performance with a conversion of 45.5% and a FAL yield of 44.75%, likely 

due to the presence of medium acid sites and a high surface area, which would allow 

for better metal dispersion. However, the presence of only 8.7% Cu⁰ in Cu@Al-MS 

implies that H2 activation is limited and therefore, leading to poorer hydrogenation 

ability. Despite having a significantly higher number of strong acid sites, the Cu@Ti-

MS catalyst achieved only moderate conversion (57.2%) and yield (55.2%) (Fig. 6.13). 

This performance can be attributed to the fact that, like the Cu@Sn-MS catalyst, 

Cu@Ti-MS contains only Cu+ species, which are less effective at activating hydrogen 

compared to Cu0 species. However, the presence of oxygen vacancies in Cu@Ti-MS 

provides a crucial advantage, aiding not only in FFR activation but also facilitating H2 

activation, thus compensating for the absence of Cu0 species and the exclusive presence 

of Cu⁺. Additionally, it is important to note that while strong acid sites can enhance 

catalytic activity, they can also overly bind reactant and product molecules. This can 

hinder desorption, lower conversion rates, accelerate catalyst deactivation, and lead to 

the formation of undesired by-products [24].   Cu@Zr-MS demonstrated the highest 

conversion (74.5%) and yield (72.9%) among all the catalysts, even though it possessed 

the second lowest surface area.  The balanced presence of Cu0 and Cu+, as revealed by 

Auger analysis, suggests that Cu@Zr-MS effectively combines the benefits of both 

active species: Cu0 for hydrogen activation and Cu+ for reactant activation. 

Additionally, NH3-TPD analysis showed an increase in acidic strength post-Zr 

incorporation, which likely contributes to the improved catalytic activity observed in 
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Cu@Zr-MS. Furthermore, XPS analysis indicated the presence of partially reduced Zr3+ 

species in Cu@Zr-MS, which may contribute to the formation of oxygen vacancies that 

further enhance catalytic performance by providing additional active sites for both H2 

and FFR activation.   

Beyond the factors previously discussed, the role of metal oxophilicity is also 

pivotal in catalytic performance. Metals with high oxophilicity, such as W, Mo, Zr, and 

Ti, have a strong affinity for oxygen-containing molecules, which facilitates their 

activation and conversion. This is especially relevant in processes like 

hydrodeoxygenation and hydrogenation, where efficient handling of oxygen and 

hydrogen is crucial. This importance is evident from studies on phenol 

hydrodeoxygenation using metal oxide-supported Pd catalysts [49]. For instance, 

Pd@Al2O3, despite having the highest number of surface acid sites, did not perform as 

well as Pd@ZrO2 and Pd@TiO2, which showed superior deoxygenation rates due to 

the higher oxophilicity of Zr and Ti. Similarly, other research on Pd@ZrxCe1-xO2 

catalysts highlighted that oxophilicity significantly influenced deoxygenation to 

benzene [50]. In the context of our study, Zr, Ti, and Sn are known for their significant 

oxophilicity. However, despite its oxophilicity, the Sn-containing catalyst (Cu@Sn-

MS) showed poor performance due to its low surface area, weak acidity and the absence 

of necessary Cu0 phase. Similarly, despite Ti’s oxophilic nature, the strong acid sites in 

Cu@Ti-MS and absence of Cu0 may have limited FFR conversion due to lower 

availability of H atoms and by hindering the desorption of reactant and product species. 

The Cu@Al-MS catalyst exhibited surprisingly low conversion and FAL yield - despite 

having sufficient number of both weak and medium-strength acid sites and a relatively 

high surface area - likely due to Al’s lower oxophilicity compared to the other metals. 

Overall, the superior performance of the Cu@Zr-MS catalyst can be attributed to a 

combination of sufficient acidic sites of appropriate strength, balanced Cu0-Cu+ 

proportions, presence of oxygen vacancies and the oxophilic nature of Zr.  
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Fig. 6.13 Effect of Metal Incorporation on the conversion and yield during FFR 

hydrogenation over Cu supported on mesoporous silica catalysts. Feed Flowrate = 5.43 

mmolFFR h-1, H2/FFR = 10, Temperature = 180 °C, WHSV = 1 gFFR h-1 gcatalyst
-1, Pressure 

= 1 atm. 

6.2.2 Effect of Temperature 

Fig. 6.14 illustrates how temperature affects FFR conversion and FAL yield over 

Cu@Zr-MS catalyst. Lowering the temperature from 180 °C to 160 °C caused the 

conversion to decline from 74.5% to 56.6% and the FAL yield to decrease from 72.9% 

to 54.5%. This drop in conversion and FAL yield at lower temperatures can be 

attributed to Cu’s limited ability to activate and dissociate hydrogen, coupled with its 

weaker binding with activated hydrogen atoms adsorbed on the surface, allowing for 

their easy desorption [51,52]. Notably, no 2-MeF formation was observed at both 160 

°C and 180 °C. This is because Cu interacts more strongly with FFR than with FAL. 

Thus, despite their specificity towards the C=O bond, Cu-based catalysts cannot fully 

deoxygenate FFR at low temperatures [25,53,54], leading to high FAL selectivity, and 

negligible 2-MeF selectivity. Also, the Cu loading used was on the lower end, so the 

hydrogenation ability would also be limited, preventing over-hydrogenation to 2-MeF.  

Increasing the temperature to 200 °C resulted in the reactant conversion rising 

to 90.6%, while the FAL yield increased to 85%. At this temperature, 2-MeF was also 

observed, with a yield of about 5.2%. Further increasing the temperature to 220 °C 
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increased conversion to approximately 97%. However, the FAL yield dropped to 76% 

while the 2-MeF yield soared to 17.5%. The increased conversion at higher 

temperatures can be attributed to Cu becoming highly active not only in H2 activation 

but also in the hydrogenation of the C=O bond in FFR and the hydrogenolysis of the 

C-O bond in FAL. Consequently, at moderate temperatures, the hydrogenation of the 

C=O bond increases, yielding more FAL [4,53,54], while higher temperatures promote 

the hydrogenolysis of the C-O bond in FAL, producing larger quantities of 2-MeF [25]. 

These trends indicate that the optimal yield observed at 180 °C suggests a 

delicate balance at this temperature - the catalyst was sufficiently active for the 

hydrogenation of the C=O bond in FFR but not overly active to cause extensive 

hydrogenolysis of FAL. 

 

Fig. 6.14 Effect of reaction temperature on the conversion and yield during FFR 

hydrogenation over Cu@Zr-MS catalyst. Feed Flowrate = 5.43 mmolFFR h-1, H2/FFR = 

10, WHSV = 1 gFFR h-1 gcatalyst
-1, Pressure = 1 atm. 

6.2.3 Effect of WHSV 

Figure 6.15 presents the results of investigating the influence of varying WHSV on 

FAL yield over Cu@Zr-MS catalyst. Previously, during the investigation of the effect 

of temperature, an optimum yield of 85% was observed at 200 °C while maintaining 

the space velocity at 1 gFFR h−1 gcatalyst
-1. To explore the role of WHSV further, additional 
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experiments were conducted at space velocity values of 0.5, 1, 1.5 and 2 gFFR h−1 gcatalyst
-

1. Decreasing the WHSV from 1 to 0.5 gFFR h−1 gcatalyst
-1 resulted in a 5% increase in 

FFR conversion, whereas the FAL yield declined to 79%. 2-MeF yield, on the other 

hand, jumped to 14.7%. On the other hand, increases in space velocity to 1.5 and 2 gFFR 

h−1 gcatalyst
-1 caused the conversion to drop to 79% and 63%, respectively. Similarly, 

FAL yield declined sharply to 74.7% and 62.6% as the space velocity increased to 1.5 

and 2 gFFR h−1 gcatalyst
-1, respectively. The yield of 2-MeF also mirrored the trend of 

FAL, dropping to 0% at a WHSV of 2 gFFR h−1 gcatalyst
-1. The increase in space velocity 

led to a reduction in residence/contact time, limiting the time available for FFR and/or 

FAL to undergo conversion [4,25]. Consequently, not only was FFR partially 

converted, but the FAL and 2-MeF yields also decreased. 

 

Fig. 6.15 Effect of WHSV on the conversion and yield during FFR hydrogenation over 

Cu@Zr-MS catalyst. H2/FFR = 10, Temperature = 200 °C, Pressure = 1 atm. 

6.2.4 Catalyst Stability and Regeneration 

To evaluate catalyst stability during extended operation, a extended time-on-stream 

(TOS) study was conducted (Fig. 6.16). The catalyst maintained a consistent conversion 

rate of ~90% for the first 18 h after which a gradual decline was observed. After the 

24th h, the decline in conversion was more rapid, with the conversion value dropping 

off steeply to 53.8% at the end of the 30h h. The FAL yield also mirrored a somewhat 
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similar trend, where it hovered constantly around a value of around 85% for the first 16 

hours. Like conversion, the yield began to decline rapidly after the 24-hour mark, 

reaching a final value of 51.8% at the end of the 30-hour mark. The results indicate the 

catalyst was very active in the initial 10 to 12 h, likely due to the high activity of Cu for 

H2 activation and the Cu+ and oxygen vacancies for activating the C=O bond of FFR. 

With increasing time-on-stream, it is likely that the active sites were progressively 

deactivated by deposition of carbonaceous species, which would reduce their capacity 

to activate H2 and the reactant and therefore, explain the declining conversion and FAL 

yield values. Although catalyst deactivation was not explicitly studied, the observed 

changes in conversion and product yield can be explained by insights from the 

literature. MacIntosh and Beaumont's study on FFR hydrogenation over supported Ni 

metal catalysts linked deactivation to the formation of oligomeric and/or polymeric 

condensation compounds derived from FFR and FAL [55]. Similarly, Du et al. [15], in 

their investigation of FFR hydrogenation to FAL over silica-supported Cu catalysts, 

associated deactivation with carbon deposition from the polymerization products of 

FFR and FAL. Additionally, research by Jiménez-Gómez et al. [4,53,54] supported 

these findings, attributing the deactivation of their mesoporous silica-supported Cu 

catalyst to carbonaceous deposits from oligomeric compounds, and also noted that 

stronger adsorption of FFR and FAL may contribute to deactivation through site 

blocking. In light of these insights, the likely cause of catalyst deactivation in this study 

involves the strong adsorption of FFR and FAL and the formation of their 

oligomerization products, leading to site and/or pore blockage. 
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Fig. 6.16 Time-on-Stream (TOS) study for FFR hydrogenation to FAL over Cu@Zr-

MS catalyst. Feed Flowrate = 5.43 mmolFFR h-1, H2/FFR = 10, Temperature = 200 °C, 

WHSV = 1 gFFR h-1 gcatalyst
-1, Pressure = 1 atm, TOS = 30 h. 

To evaluate the durability and long-term catalytic performance, a regeneration study 

was conducted following an initial 24-h TOS (time on stream) reaction cycle. The 

regeneration process involved two steps: first, calcination at 500 °C in air, followed by 

reactivation in a hydrogen atmosphere, both performed within the fixed-bed reactor. 

After regeneration, the catalyst underwent a second 24-h TOS cycle to assess its 

stability and ability to maintain performance across multiple cycles. The results, shown 

in Fig. 6.17, demonstrate a partial restoration of catalytic activity post-regeneration. 

The catalyst sustained a conversion rate of nearly 80% for the first 8 h, after which a 

gradual decline in conversion was observed. This decline became more pronounced 

after 12 h and accelerated, eventually reaching a final conversion of 56.2%. No changes 

were observed in the product distribution as FAL remained the dominant product, with 

a consistent yield of around 74% during the initial 12 h. However, its yield began to 

decrease after this point, dropping to approximately 52% by the end of the 24-h period. 

These shifts in catalytic performance may be attributed to sintering caused by prolonged 

exposure to high temperatures during the reduction, TOS, and calcination steps, 

potentially altering the catalyst’s morphology and impacting its stability over time. 
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Fig. 6.17 Regeneration study for FFR hydrogenation to FAL over Cu@Zr-MS catalyst. 

Feed Flowrate = 5.43 mmolFFR h-1, H2/FFR = 10, Temperature = 200 °C, WHSV = 1 

gFFR h-1 gcatalyst
-1, Pressure = 1 atm, TOS = 24 h. 

6.2.5 Probable Reaction Mechanism 

Based on the comprehensive characterization analyses and process parameter 

evaluations, a plausible reaction mechanism for the conversion of FFR to FAL over the 

Cu@Zr-MS catalyst can be outlined (Fig. 6.18). Reduction of the calcined Cu@Zr-MS 

catalyst at 300 °C in a hydrogen atmosphere results in the reduction of Cu2+ to Cu0. 

These newly formed Cu0 sites play a crucial role in facilitating the reduction of Cu2+-

O-Zr4+ bonds at the Cu and Zr-MS support interface, through spillover to Cu+-Ov-Zr3+ 

bonds, in the process creating oxygen vacancies (Ov). 

Upon introducing FFR into the reactor, the Cu0 sites activate H2 molecules, 

dissociating them into atomic hydrogen, which is essential for the hydrogenation step. 

Concurrently, Cu+ sites [15] and oxygen vacancies [19], acting as Lewis acid centers, 

interact with the carbonyl group of FFR, enhancing its adsorption and activation. 

Additionally, the unreduced Zr4+ species, due to their oxophilic nature, facilitate 

interaction with the carbonyl group of FFR. The hydrogenation of FFR to FAL can then 

proceed via two possible mechanisms [56]. In the first mechanism, an H atom attacks 
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the carbon atom of the C=O group, resulting in the formation of an alkoxide 

intermediate. This intermediate then reacts with another H atom to produce FAL. In the 

second mechanism, an H atom attacks the carbonyl oxygen, leading to the formation of 

a hydroxyalkyl intermediate. This intermediate subsequently yields FAL upon the 

addition of a second hydrogen atom [56]. The second mechanism is generally 

considered more favourable due to the stabilization provided by the furan ring [56]. 

When the hydrogen atom first attacks the carbonyl oxygen, it leaves the carbon atom 

with a lone, unpaired electron. The furan ring stabilizes this unpaired electron through 

delocalization, thereby lowering the activation energy for this reaction route. This 

stabilization effect makes the hydrogenation process more efficient and favours the 

production of FAL. After the reduction of the C=O bond to a C-OH bond and 

subsequent desorption of the FAL product, the active sites on the catalyst are once again 

exposed to the reactants. This renewal of active sites allows the catalytic cycle to 

continue efficiently, facilitating ongoing hydrogenation reactions. 

 

Fig. 6.18 A schematic representation of possible reaction mechanism of FFR 

hydrogenation over Cu@Zr-MS to FAL 
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Chapter 7: FFR Transfer Hydrogenation to 2-MeF over Mg-

Fe mixed oxide catalysts 

 

This chapter investigates Mg-Fe mixed oxide catalysts with varying Mg/Fe molar ratios 

(1 to 5) synthesized via a co-precipitation method for vapor-phase FFR transfer 

hydrogenation to 2-MeF.The catalysts were characterized using XRD, NH3-TPD, CO2-

TPD, N2 physisorption, FESEM, HRTEM and XPS to gain sights into their properties. 

Subsequently, a comprehensive evaluation of these catalysts was carried out to assess 

their catalytic efficacy in the FFR transfer hydrogenation process. This investigation 

explored the influence of Mg to Fe ratios, reaction temperatures, space velocity and 

calcination temperatures of the catalysts under atmospheric pressure conditions. 

Following the conclusion of process parameter optimization, the long-term catalytic 

activity evaluation was also studied. Later, a rigorous regeneration study, where the 

catalyst was regenerated after an initial cycle of extended time-on-stream reactions. 

Here, the catalyst was first calcined at 500 °C in air, and then subjected to a second 

cycle of TOS reactions.  

7.1 Characterization 

7.1.1 XRD 

Fig. 7.1 illustrates the XRD diffractograms for pure Mg and Fe oxides, along with Mg-

Fe mixed oxides at varying Mg/Fe molar ratios. The pure Fe oxide displays peaks at 2θ 

values of 24.2°, 33.2°, 35.7°, 40.9°, 49.5°, 54.1°, 57.6°, 62.5°, 64.2° and 71.9°, which 

correspond to the (012), (104), (110), (113), (024), (116), (018), (214), (030), and (10 

10) lattice planes of the hexagonal hematite (α-Fe2O3) phase [1]. Meanwhile, the pure 

Mg oxide shows three smaller peaks at 2θ values of 36.9°, 74.7°, and 78.7°, paired with 

two prominent peaks at 42.9° and 62.3°, characteristic of the cubic periclase MgO phase 

[2,3].  In the Mg-Fe mixed catalyst with a 1:1 molar ratio, the Fe2O3 peaks at 40.9°, 

49.5°, 54.1°, and 57.4° lose much of their intensity, leaving only the peaks at 33.1° and 

35.6° visible. Additionally, new peaks at 42.8° and 62.1° emerge, with the former 

potentially correspond to MgO and the latter to both MgO and Fe2O3. Increasing the 

Mg/Fe ratio to 2 results in the disappearance of all Fe2O3 peaks except for the (110) 

lattice plane. The peaks at 42.9° and 62.5° become more pronounced, and a small 

shoulder at 36.5° likely reflects the (111) phase of periclase MgO. A distinct sharp peak 
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around 30° may indicate the formation of an MgFe2O4 spinel ferrite phase. As the 

Mg/Fe ratio further increased to 5, these peaks at 42.8° and 62.1° further intensify and 

shift to lower values, accompanied by the emergence of a new peak corresponding to 

MgO at 78.7°. Meanwhile, the Fe2O3 peaks disappear entirely, and no evidence of the 

spinel phase is detected, possibly due to the phase being amorphous, or present in 

quantities below the detection limit of XRD.  

The catalysts containing both Mg and Fe show broad XRD peaks, which stand 

in stark contrast to the sharp peaks observed for the pure MgO sample. This broadening 

points to a significant structural transformation during the calcination process. It has 

been observed that the precursors of Mg-Fe catalysts, prepared via the co-precipitation 

method, exhibit a layered structure akin to brucite (Mg(OH)2). In this structure, Mg2+ 

or Fe3+ cations occupy the centres of octahedra, which share edges to form two-

dimensional sheets [4]. These sheets stack into a three-dimensional network, held 

together by hydrogen bonds [4]. Upon calcination, the original layered structure is 

disrupted, leading to a highly disordered phase [4,5]. This is reflected in the broad XRD 

peaks observed, which suggest the formation of a Mg-Fe mixed oxide phase with 

limited long-range order. The shift of XRD peaks towards lower 2θ values with 

increasing Mg/Fe ratios in our study further suggests the incorporation of Fe ions into 

the MgO lattice, forming a solid ferro-periclase solution. The shift towards lower 2θ 

values is a result of ionic radius of Fe3+ (0.65 Å) being smaller as compared to that of 

Mg2+ (0.72 Å). This results in a lattice contraction, supporting the formation of a 

(Mg(Fe3+)-O) mixed oxide phase. Literature reports align with these findings [6–8], 

indicating that Mg-Fe mixed oxides are formed after calcination at 500 °C from 

hydrotalcite-type precursors, and adopt a highly disordered structure [7,9]. A similar 

structural transformation has been observed in other catalyst systems. For example, 

Takehira and colleagues noted the formation of a periclase-like phase (Mg(Ni2+-, Al3+)-

O) in Ni-Mg-Al catalysts, also synthesized via co-precipitation, where mixed oxides of 

Mg, Ni, and Al were formed [10,11].  
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Fig. 7.1 XRD diffraction patterns of (a) Mg0Fe1 and Mg1Fe0 and (b) Mg-Fe mixed 

oxide catalysts with varying Mg/Fe ratios.  

Table 7.1 Physical properties of the synthesized pure and mixed oxide Mg-Fe catalysts. 

Catalyst Surface Area 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore Size (nm) 

Mg0Fe1 30.9 0.063 8.16 

Mg1Fe1 117.2 0.442 15.1 

Mg2Fe1 100.6 0.369 19.5 

Mg3Fe1 155.2 0.552 14.2 

Mg4Fe1 149 0.621 16.7 

Mg5Fe1 152.4 0.355 9.4 

Mg1Fe0 201.2 0.47 9.3 

7.1.2 N2 Physisorption 

Table 7.1 presents the results from the N2 physisorption analysis, detailing specific 

surface area, pore volume, and pore size distribution of the catalysts studied. The 

Mg0Fe1 catalyst, which contains only pure iron oxide, exhibited the lowest surface area 

and pore volume among all the catalysts, consistent with observations reported in the 

literature [12,13]. This is likely due to the propensity of iron oxide particles to 

agglomerate.[13,14] For the Mg-Fe mixed catalysts, no distinct trend in surface area 

and pore volume values was observed. However, the introduction of Mg significantly 

increased both surface area and pore volume, an effect that could be attributed to the 

creation of meso- and/or microporosity [3]. Notably, when the Mg/Fe ratio exceeded 3, 

there was minimal change in the surface area values, and the pore volume also remained 
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relatively constant beyond this ratio. In terms of pore size distribution, the pure Fe2O3 

(Mg0Fe1) catalyst exhibited the smallest average pore size among the catalysts. The 

addition of Mg increased the pore size, with the Mg-Fe mixed oxide catalyst at a Mg/Fe 

ratio of 2 having the largest pore size. However, as the Mg/Fe ratio continued to 

increase beyond 2, the average pore size began to decrease. Despite these variations, all 

Mg-Fe mixed oxide catalysts featured pores sufficiently large to facilitate the diffusion 

of reactants and products to and from the active sites, thereby minimizing potential 

diffusion resistance and ensuring efficient catalytic activity. 

7.1.3 NH3-TPD 

NH3-TPD analysis was conducted on the Mg0Fe1, Mg4Fe1, and Mg1Fe0 catalysts to 

evaluate their surface acidic sites, as illustrated in Fig. 7.2. The desorption temperature 

of NH₃ categorizes these sites into weak (< 300 °C), medium (300 to 500 °C), and 

strong (> 500 °C) acidic sites. The Mg0Fe1 catalyst, composed solely of Fe2O3, 

exhibited a broad desorption band from 100 to 400 °C, with a prominent peak around 

200 °C, indicating the presence of predominantly weak acidic sites. a broad desorption 

band was observed between 100 and 400 °C, with a prominent peak around 200 °C, 

indicating the predominance of weak acidic sites. The band extended beyond 300 °C, 

showing a minor hump-like peak at approximately 345 °C, which tapered off around 

380 °C. This tailing into the medium temperature range, coupled with the small hump, 

suggests the presence of some medium-strength acidic sites in small amounts.  For the 

Mg1Fe0 catalyst, which contains only Mg, a similar broad band between 100 and 300 

°C was observed, peaking at around 180 °C, indicating weak acidic sites. However, the 

intensity of this peak was weaker than that of the Mg0Fe1 catalyst. Interestingly, a 

broad band between 300 and 450 °C, peaking near 360 °C, was observed, indicating a 

significant presence of medium-strength acidic sites. The acidity in the pure MgO 

catalyst may be attributed to the presence of coordinatively unsaturated Mg2+ sites can 

act as Lewis acid sites, contributing to the observed desorption profile. The Mg4Fe1 

catalyst, with a Mg to Fe ratio of 4, showed desorption profiles similar to those of the 

Mg1Fe0 catalyst, with a broad peak between 100 and 300 °C and another between 300 

and 450 °C. The intensity of both the low-temperature and medium-temperature peaks 

appeared to be greater than that observed in both the Mg0Fe1 and Mg1Fe0 catalysts, 

suggesting an increased number of both weak and medium-strength acidic sites. These 
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findings are consistent with literature reports on similar systems, such as MgO-SiO2 

[15,16], and MgO-Al2O3 [17,18] mixed oxides, and activated carbon-supported MgO 

catalysts [19],  where comparable NH3-desorption profiles were observed. In these 

studies, an increase in the intensities of peaks corresponding to weak and medium or 

strong acidic sites was noted at high Mg contents. The observed increase in the number 

of acidic sites in the Mg4Fe1 catalyst, relative to the Mg0Fe1 and Mg1Fe0 catalysts, 

could be attributed to the incorporation of Fe into the MgO lattice. Ramasamy et. al. 

[18] and Shen et. al. [20] have reported that Lewis acidity in Mg-rich mixed oxides 

(such as Mg-Al) can be ascribed to the presence of the trivalent metal (Al3+ or Fe3+ in 

this case) in the M3+-O-Mg2+ species. Additionally, there may be some contribution 

from coordinatively unsaturated Mg2+ sites as well, thereby explaining increased 

strength of acidic sites.   

 

Fig. 7.2 NH3-TPD profiles of (a) Mg0Fe1, (b) Mg4Fe1 and (c) Mg1Fe0 catalysts.  

7.1.4 CO2-TPD 

To evaluate the nature of the basic sites on the surface of the catalysts, CO2-TPD 

analysis was performed for Mg0Fe1, Mg4Fe1, and Mg1Fe0 catalysts (Fig. 7.3). Similar 

to acidic sites, surface basic sites can be categorized as weak, medium, or strong based 

on the CO2 desorption temperature. The Mg0Fe1 catalyst, composed of just Fe2O3, 

showed no detectable CO2 desorption peaks, which is expected since Fe3+ species act 
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as Lewis acid sites, capable of accepting electrons. CO2 binding, however, requires 

Lewis base sites, which donate electrons. The pure MgO catalyst (Mg1Fe0) displayed 

a prominent peak between ~250 °C and 370 °C, indicative of weak to moderately strong 

basic sites. Additionally, it featured two smaller peaks corresponding to strong basic 

sites at approximately 555 °C and 680 °C. The Mg4Fe1 mixed oxide catalyst, on the 

other hand, exhibited a broad desorption peak between 300 °C and 400 °C, centered 

around 360 °C, signifying the presence of medium-strength basic sites. The medium-

strength basic sites are typically attributed to Mg-O pairs, while stronger basic sites are 

associated with low coordination O2− anions [20,21]. Interestingly, the shift of the 

medium-strength basic site peak from 300 °C in the pure MgO catalyst to 360 °C in the 

Mg4Fe1 catalyst suggests a slight increase in the strength of these sites. This 

enhancement can likely be attributed to the incorporation of Fe3+ ions into the MgO 

lattice, which introduces defects to balance the increased positive charge, leading to 

adjacent oxygen atoms becoming coordinatively unsaturated. Notably, the peaks 

corresponding to strong basic sites were absent in the CO2-TPD profile of the Mg4Fe1 

catalyst. This could be due to the presence of Fe reducing the overall basicity of the 

surface, weakening the stronger basic sites. Shen et. al. [20] had also noted a reduction 

in the basic strength of surface sites post Al introduction in Mg-rich Mg-Al mixed oxide 

catalysts, which they attributed to the fact that the O2- anions associated with Al3+ 

species exhibited much weaker basicity as compared to those associated with Mg2+ as 

the nearest neighbours.   
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Fig. 7.3 CO2-TPD profiles of (a) Mg0Fe1, (b) Mg4Fe1 and (c) Mg1Fe0 catalysts.  

7.1.5 FESEM 

Fig. 7.4 presents FESEM images of the synthesized Mg-Fe mixed oxide catalysts. The 

pure Fe2O3 sample consisted of roughly spherical particles that appeared agglomerated, 

consistent with literature describing the tendency of iron oxides to agglomerate [13,14]. 

Introducing Mg in a 1:1 molar ratio with Fe caused a noticeable morphological change, 

characterized by the emergence of flake/plate-like structures, as observed in previous 

studies [13]. Additionally, the Fe2O3 spheres became very small, consistent with 

observations suggesting a reduction in Fe2O3 crystallite size due to the presence of 

oxides of other metals such as Al [22]. The flakes appear to grow around these spheres, 

suggesting that the spherical Fe2O3 particles are dispersed or situated on the surface of 

the flake-like structures. As the Mg/Fe ratio increased from 1 to 5, the morphology 

evolved significantly: the spherical Fe2O3 particles became less discernible, likely due 

to the increasing prominence of the large flakes or plate-like structures. This change 

suggests that at higher Mg/Fe ratios, the flakes or plates may cover or obscure the 

spherical particles. Moreover, the higher Mg/Fe ratios contribute to enhanced porosity 

in the catalyst structure, as indicated by the widely distributed plates and their 

emergence from cavities. This increased porosity is consistent with previous findings 

[3,13]. Furthermore, the EDX analysis (table 7.2) of the synthesized catalysts found the 

surface elemental composition to be close to the intended values.  
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Fig. 7.4 FESEM images of (a) Mg0Fe1, (b) Mg1Fe1, (c) Mg2Fe1, (d) Mg3Fe1, (e) 

Mg4Fe, (f) Mg5Fe1, and (g) Mg1Fe0 catalysts 

Table 7.2 Elemental composition analysis (EDX) of the pristine and Mg-Fe mixed 

oxide catalysts 

Catalyst 
Atomic Weight % Mg/Fe molar 

ratio Mg Fe O 

Mg0Fe1 - 66.6 33.4 - 

Mg1Fe1 22 45 33 1.12 

Mg2Fe1 30.9 33.9 34 2.09 

Mg3Fe1 35.9 27.8 36.3 2.96 

Mg4Fe1 40.1 23.1 36.8 4.03 

Mg5Fe1 43.2 19.2 37.6 5.17 

Mg1Fe0 63.4 - 36.6 - 
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7.1.6 XPS 

To determine the surface oxidation state of Fe in the synthesized catalysts, XPS analysis 

was performed on MgOFe1, Mg4Fe1, and Mg1Fe catalysts. For the Mg0Fe1 (pure 

Fe2O3) catalyst, the Fe 2p spectrum displayed two main peaks corresponding to Fe 2p3/2 

and Fe 2p1/2 at binding energies of approximately 711 eV and 724.5 eV, respectively as 

seen in Fig. 7.5 (a). Deconvolution of the Fe 2p3/2 peak revealed a multiplet indicative 

of Fe3+ present as bulk α-Fe2O3 (hematite) phase [23–25]. Additionally, a higher 

binding energy surface peak was identified, which likely corresponds to Fe3+ in low 

coordination environments, where reduced electron density necessitates a higher 

binding energy for photoelectron emission. The spectrum also exhibited two satellite 

peaks, associated with the Fe 2p3/2 and Fe 2p1/2 energy levels, at 719 eV and 732.7 eV, 

respectively. According to the literature, the doublets in the Fe 2p spectrum typically 

have a binding energy difference of about 13.4 eV, and the satellite peaks usually 

appear around 8 eV higher than the main peaks [24]. The observed values closely match 

those reported, confirming that Fe is present as Fe3+ (α-Fe2O3) in the Mg0Fe1 catalyst. 

This aligns with the XRD observations, which identified Fe2O3 as the only phase 

formed. Similarly, the Fe 2p spectrum for the Mg4Fe1 catalyst mirrored that of Mg0Fe1 

(Fig. 7.5b), showing peaks exclusively associated with Fe3+ species. This finding again 

aligns with the XRD findings, which showed a shift in peaks to lower 2θ values with 

increasing Mg/Fe ratios. This shift was attributed to the incorporation of Fe3+ into the 

MgO lattice, where the smaller ionic radius of Fe3+ (0.65 Å) compared to Mg2+ (0.72 

Å) caused lattice contractions and formed a ferro-periclase Mg(Fe3+)O solid solution. 

The consistent results from both XPS and XRD analyses reinforce the conclusion that 

Fe is present as Fe3+ in the Mg4Fe1 catalyst.  
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Fig. 7.5 Fe 2p spectra of (a) Mg0Fe1 and (b) Mg4Fe1 catalysts. 

7.1.7 HRTEM 

The morphology of the catalyst with a Mg/Fe ratio of 4 was further examined using 

HRTEM. The HRTEM images (shown in Fig. 7.6) confirmed the presence of thin, 

flake-like or plate-like structures, aligning well with both the FESEM results and prior 

findings in the literature [3,26]. Additionally, the images revealed that these plates or 

flakes were distributed in a random, disordered fashion, consistent with the disordered 

structure observed in the FESEM analysis. This structural disorder is likely attributed 

to the removal of carbonate and water species from the interlayers of the precursor 

material, along with dehydroxylation that occurs during the calcination process [3]. 

This combination of factors during calcination could have disrupted the structural 

regularity, leading to the observed morphology. 
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Fig. 7.6 HRTEM images of the Mg-Fe mixed catalyst with Mg/Fe = 4. 

7.2 Evaluation of FFR Transfer Hydrogenation Activity   

7.2.1 Initial Catalyst Screening 

As highlighted in the introduction, Mg-Fe mixed oxides have shown significant 

potential as catalysts for the transfer hydrogenation of FFR due to the presence of Lewis 

acid-base pairs essential for the selective hydrogenation of FFR to 2-MeF. To further 

explore this potential, the catalytic performance of the synthesized Mg-Fe mixed oxide 

catalysts was evaluated, starting with an examination of pure MgO and Fe2O3 catalysts 

as benchmarks for FFR transfer hydrogenation at 300 °C, with a WHST of 1.43 gcatalyst 

h gFFR 
-1 (WHSV = 0.70 gFFR h

-1 gcatalyst 
-1).  

7.2.1.1 Evaluation of pure Mg and Fe oxide catalysts 

As highlighted in the introduction, Mg-Fe mixed oxides have shown significant 

potential as catalysts for the transfer hydrogenation of FFR due to the presence of Lewis 

acid-base pairs essential for the selective hydrogenation of FFR to 2-MeF. Building on 
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these insights, the evaluation of the catalytic performance of the synthesized Mg-Fe 

mixed oxide catalysts was commenced by examining the effect of varying Mg to Fe 

molar ratios on the transfer hydrogenation of FFR to 2-MeF at 300 °C, with a WHST 

of 1.40 gcatalyst h gFFR 
-1 (WHSV = 0.70 gFFR h

-1 gcatalyst 
-1), as shown in Fig. 7.7. When 

pure Fe2O3 was used as the catalyst, the initial FFR conversion was moderate at 57.3% 

in the 1st h. However, this activity rapidly declined, plummeting to just 18.8% by the 

4th h. The deactivation was reflected in the product selectivities, which shifted 

dramatically over the 4-hour evaluation period. The catalyst started with a moderate 

selectivity of 60.2% for 2-MeF; however, it dropped sharply by nearly 70% to just 18% 

by the end of 4th h. Conversely, the selectivity for FAL increased significantly, rising 

from 35.7% to 76.4% over the same period. These results suggest that while Fe2O3 is 

effective at activating the C=O bond in FFR due to the presence of Lewis acidic Fe3+ 

sites, it lacks the sites capable of effectively activating the alcohol hydrogen donor to 

generate the necessary hydrogen atoms for efficient deoxygenation. This limitation is 

evident in the moderate 2-MeF selectivity, indicating suboptimal C–O bond 

hydrogenolysis activity. The rapid deactivation further underscores this inadequacy, as 

the catalyst becomes predominantly selective towards FAL formation, indicating a shift 

from deoxygenation to mere hydrogenation of the carbonyl group. When MgO was 

employed as the catalyst, it achieved almost complete FFR conversion consistently 

throughout the 4-hour period. In terms of product distribution, a notable trend emerged: 

the catalyst exhibited a pronounced preference for FFR hydrogenation over the entire 

4 h period. FAL consistently remained the predominant product, with its selectivity 

maintaining above 60% throughout, and rising to 70.6% towards the end of the 

assessment period. Conversely, the selectivity for 2-MeF showed a downward 

trajectory, starting at 35.2% and dropping to 27.2% by the end of the 4th h. This 

indicates that while MgO may exhibit lower hydrogenolysis activity compared to 

Fe2O3, it demonstrates a superior ability to activate the alcohol donor, allowing it to 

sustain high catalytic activity with a much milder decline in 2-MeF selectivity over 

time. 

Interestingly, these findings diverge from the observations made by Grazia et 

al. [2], who also investigated MgO's role in vapor-phase transfer hydrogenation of FFR. 

They reported limited hydrogenolysis activity of MgO, with FAL being the 
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predominant product up to 400 °C. Their study - one of the very few in this domain - 

showed FFR conversion remained relatively constant at 30-35% between 250 and 350 

°C, increasing to 59% only at 500 °C. Even at this elevated temperature, 2-MeF 

selectivity reached only 35%, while FAL continued to dominate at 32%. In contrast, 

the current study demonstrated nearly complete FFR conversion with a 2-MeF 

selectivity of 48.2% in just the 1 h. This superior performance can likely be attributed 

to the use of IPA as the hydrogen donor instead of methanol, which was used by 

Grazia's team. Numerous studies have shown that secondary alcohols like IPA have 

significantly higher hydrogen donation capabilities compared to primary alcohols like 

methanol [27,28], leading to more efficient C-O bond hydrogenolysis and thus, higher 

2-MeF selectivity. Additionally, the higher donor-to-substrate molar ratio (~20) used 

in this study, along with possible differences in space velocity - which influences the 

contact time between reactants and the catalyst - may further explain the enhanced 

conversion and product distribution observed here. 
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Fig. 7.7 (a) FFR conversion, (b) FAL selectivity and (c) 2-MeF selectivity over MgO 

and Fe2O3 catalysts during FFR CTH. Reaction conditions: feed flowrate = 7.24 

mmolFFR h-1, Temperature = 300 °C, WHSV = 0.70 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm.  

7.2.1.2 Evaluation of Mg-Fe mixed oxide catalysts  

After evaluating the catalytic performance of MgO and Fe2O3 in FFR transfer 

hydrogenation, the impact of varying Mg to Fe molar ratios was investigated. At 300 

°C and a WHST of 1.43 gcatalyst h gFFR
-1 (WHSV = 0.70 gFFR h⁻¹ gcatalyst

-1) (Fig. 7.8), the 

introduction of Mg to Fe in a 1:1 molar ratio increased FFR conversion to 65.2%, 

compared to the 57.3% achieved with pure Fe2O3. Despite this enhancement, the 

catalyst exhibited relatively rapid deactivation, with a final conversion of 23.4%, still 

surpassing the 18% conversion seen with Fe2O3. Initially, the selectivity towards 2-

MeF was 75.2%, about 4% higher than that for Fe2O3, while selectivity towards FAL 

was 20.6%. Over a four-hour period, the catalyst's deactivation was slightly less 
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pronounced than that of Fe2O3, with 2-MeF selectivity decreasing to 22.5% and FAL 

selectivity increasing to 71.6%. 

Increasing the Mg to Fe molar ratio further enhanced both FFR conversion and 

2-MeF selectivity, while also mitigating catalyst deactivation. This can be attributed to 

the fact that increasing amounts of Mg increases basic sites that enhance alcohol donor 

dehydrogenation, leading to a greater availability of hydrogen atoms for hydrogenolysis 

and thus higher 2-MeF yields. This observation aligns with literature reports that basic 

sites are crucial for activating the donor [2,3,12,29,30]. For instance, Maderuelo-Solera 

et al. [3] observed that increasing the Mg/Fe molar ratio led to higher FFR conversion 

and furfural alcohol (FAL) yields during FFR transfer hydrogenation. Similarly, López-

Asensio et al. [30] reported a significant rise in both FFR conversion and FAL yield as 

the Mg/Al ratio increased from 1 to 4 in Mg-Al mixed oxide catalysts. Gyngazova et 

al. demonstrated a correlation between the catalytic activity of alkaline earth metal 

oxides - SrO, CaO, and MgO - and their basic site strength, with SrO being the most 

active, followed by CaO and MgO [29]. 

However, the results also emphasize the necessity of balancing acidic and basic 

sites for optimal FFR conversion and deoxygenation. Pure Fe2O3, possessing only 

acidic sites as seen from CO2-TPD analysis (Fig. 7.3), provided moderate selectivity 

towards 2-MeF but had limited donor activation capability and deactivated quickly. In 

contrast, MgO, with its basic sites, was effective in donor activation but less efficient 

in hydrogenolysis. The mixed Mg-Fe catalysts showed improved performance, perhaps 

due to the surface acidic and basic sites working in tandem to completely deoxygenate 

FFR. However, it is worth noting that beyond a certain a point, an excess of Mg was 

not beneficial as it reduced the number of acidic sites, leading to decreased 2-MeF 

selectivity. The optimal Mg/Fe ratio was found to be 4, where 2-MeF selectivity peaked 

at 89.2% in the first hour but declined to 59.7% by the end of four hours. Higher Mg/Fe 

ratios resulted in reduced 2-MeF selectivity, indicating that while basic sites are 

essential, an excessive Mg ratio limits the availability of acidic sites needed for 

effective FFR activation. Thus, achieving a balance between acidic and basic sites is 

crucial for optimizing catalytic performance, ensuring efficient FFR conversion, and 

maximizing product selectivity. 
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Fig. 7.8 (a) FFR conversion, (b) FAL selectivity, and (c) 2-MeF selectivity over Mg-

Fe mixed oxide catalysts with varying Mg/Fe ratios during FFR CTH. Reaction 

conditions: feed flowrate = 7.24 mmolFFR h-1, Temperature = 300 °C, WHSV = 0.70 

gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm.  

7.2.2 Effect of Temperature 

During the initial catalyst screening, the Mg-Fe mixed oxide catalyst with a Mg/Fe ratio 

of 4 exhibited strong performance in terms of FFR conversion, 2-MeF selectivity, and 

stability over the 4-hour period. This promising performance led to its selection for 

further investigations into how reaction parameters influence the selectivity of the target 

compound. 

Fig. 7.9 illustrates the effect of temperature on FFR conversion and 2-MeF 

selectivity during FFR CTH. A notable increase in FFR conversion was observed as the 

reaction temperature was raised from 300 °C to 350 °C and 400 °C, with conversion 

rates reaching 97.2% and 100%, respectively. In addition to improved conversion, 
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enhanced catalytic stability was evident, as the reduction in conversion over the 4-hour 

assessment period was significantly lower at higher temperatures compared to 300 °C. 

Regarding product distribution, an increase in reaction temperature from 300 °C to 400 

°C led to a decrease in FAL selectivity and a corresponding rise in 2-MeF selectivity. 

At 400 °C, the optimum temperature for 2-MeF selectivity, a high initial value of 92.6% 

was recorded in the first hour, which slightly declined to 79.8% by the end of the fourth 

hour. During this same period, FAL selectivity was low, starting at 1.1% in the first 

hour and increasing to 14.8% by the end of the fourth hour. The improved FFR 

conversion and target compound selectivity at elevated temperatures suggest that 

alcohol dehydrogenation became more favourable, leading to a higher availability of 

hydrogen atoms for C-O bond hydrogenolysis. However, it is worth noting that 

increasing the reaction temperature from 300 °C to 400 °C also resulted in the formation 

of some condensation products and heavy molecular weight compounds, likely due to 

polymerization and/or oligomerization of FFR and intermediate FAL. These heavier 

molecules remained in the catalyst bed, indicating side reactions that became more 

prominent at higher temperatures. 

Further increasing the temperature to 450 °C, however, led to a decline in both 

conversion rates and catalyst stability. The catalyst deactivated rapidly, as shown in 

Figure 7, with conversion dropping from 76.5% at the end of the first hour to just 35% 

by the end of the 4th h. This decline can be attributed to increased cracking and 

decomposition reactions at such high temperatures, which likely promoted the 

formation of heavy molecular weight compounds in greater amounts that block the 

access to active sites or poison them. Consequently, 2-MeF selectivity also decreased 

rapidly, falling from 86% at the end of the first hour to 41.3% by the end of the 4th h on 

stream. The rapid deactivation was accompanied by a significant increase in FAL 

selectivity, which rose from 4.6% to nearly 50% over the same period. A similar trend 

was observed when the reaction temperature was reduced from 300 °C to 250 °C. The 

lower temperature resulted in a decreased conversion rate, starting at 71.8% in the 1st h 

- 19% lower than that observed at 300 °C during the same period. As the reaction 

progressed, the catalyst deactivated quickly, with conversion dropping to just 30.2% by 

the end of the 4th h. 2-MeF selectivity was also much lower than at 300 °C and followed 

a steep declining trend similar to FFR conversion, indicating that at lower temperatures, 
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alcohol donor activation slowed down considerably. This reduction in hydrogen 

availability for hydrogenolysis led to increased FAL formation, which became the 

dominant product in the latter half of the reaction period. Given FAL’s high 

polymerization tendencies, the rapid deactivation at lower temperatures may also be 

linked to its increased formation. 

 

Fig. 7.9 (a) FFR conversion, (b) FAL selectivity, and (c) 2-MeF selectivity over Mg-

Fe mixed oxide catalysts with Mg/Fe = 4 during FFR CTH at different temperatures. 

Reaction conditions: feed flowrate = 7.24 mmolFFR h-1, WHSV = 0.70 gFFR h
-1 gcatalyst 

-1, 

Pressure = 1 atm.  

7.2.3 Effect of WHSV  

Fig. 7.10 illustrates the impact of varying space velocity (WHSV) on the selectivity 

towards 2-MeF during FFR CTH using a Mg-Fe oxide catalyst with a Mg/Fe ratio of 4. 

In prior experiments examining the effect of temperature, the optimal selectivity was 

achieved at 400 °C, with the space velocity held constant at = 0.70 gFFR h
-1 gcatalyst 

-1. 

Now, in order to explore the role of WHSV, additional investigations were carried out 
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at space velocity values of 0.35, 1.04 and 1.39 gFFR h
-1 gcatalyst 

-1. When the space velocity 

was reduced from 0.7 to 0.35 gFFR h
-1 gcatalyst 

-1, the conversion remained nearly constant 

at 100% in the 1st h. However, as the reaction progressed, the catalyst began to 

deactivate, leading to a significant drop in conversion to 69.8% by the 4th h. At this 

lower space velocity, 2-MeF selectivity was slightly lower during the first two hours 

compared to that observed at the higher space velocity of 0.70 gFFR h
-1 gcatalyst 

-1 in the 

first 2 h. In the final two hours, however, the 2-MeF selectivity decreased significantly, 

falling well below the values seen at the higher space velocity, finally achieving a value 

of 62%. At the same time, FAL selectivity rose sharply, from 0.5% to 30.4% over the 

4-h period. This behavior can be attributed to the increased contact time between 

reactant molecules and the catalyst that results from lowering the space velocity. This 

extended interaction allows FFR and/or the intermediate FAL to undergo 

polymerization and/or oligomerization reactions, thereby promoting the formation of 

heavier molecular weight compounds. In the investigation of temperature effects, it was 

shown that elevated temperatures also facilitate the production of such heavy 

compounds. By reducing the space velocity, the conditions become even more 

favourable for these reactions. The greater formation of heavy products likely leads to 

decreased catalytic stability and lower 2-MeF selectivity, as the active sites on the 

catalyst become blocked or poisoned. As a result, the number of available active sites 

diminishes, leading to reduced conversion and diminished selectivity for 2-MeF. 

Increasing the same velocity from 0.7 to 1.04 and 1.39 gFFR gcatalyst
-1 h-1, resulted 

in a reduction in conversion to 92.2% and 78.5%, respectively, within the 1st h. As the 

reaction continued, the conversion further declined, falling below the levels observed 

at 0.7 gFFR gcatalyst
-1 h-1. This decrease in conversion can be attributed to the reduced 

contact time between the reactants and the catalyst at higher space velocities. 

Interestingly, the rate of decline in conversion between successive hours on stream 

diminished with higher space velocities. This trend suggests that at elevated velocities, 

reactants spend less time interacting with the catalyst, limiting the opportunity for side 

reactions. Despite this, the reduced contact time negatively impacted 2-MeF selectivity, 

which dropped from 79.8% after 4 h on stream for 0.7 gFFR gcatalyst
-1 h-1 to 72% and 58% 

at space velocities of 1.04 and 1.39 gFFR gcatalyst
-1 h-1, respectively. At the same time, 

selectivity towards FAL increased at higher space velocities. This increase is linked to 
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the reduced time available for FAL to undergo hydrogenolysis and the decreased 

activation rate of the hydrogen donor. Consequently, the higher space velocities 

favoured FAL formation, which in turn reduced 2-MeF production. 

 

Fig. 7.10 (a) FFR conversion, (b) FAL selectivity, and (c) 2-MeF selectivity over Mg-

Fe mixed oxide catalysts with Mg/Fe = 4 during FFR CTH at different space velocity 

values (gFFR gcatalyst
-1 h-1). Reaction conditions: Temperature = 400 °C, Pressure = 1 atm.  

7.2.4 Effect of calcination temperature 

Calcination temperature is a key factor influencing the structural and chemical 

properties of catalysts, thereby impacting their performance in catalytic reactions. In 

the case of Mg-Fe mixed oxide catalysts with a Mg/Fe ratio of 4, previous optimizations 

of reaction conditions - such as a reaction temperature of 400 °C and a space velocity 

of 0.7 gFFR gcatalyst
-1 h-1 - produced the highest FFR conversion and selectivity towards 

2-MeF. Here, the catalyst was calcined at 500 °C. To further explore the impact of 
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calcination temperature, the catalysts were calcined at 400, 600, 700, and 800 °C and 

the results are shown in Fig. 7.11.  

As the calcination temperature increased from 500 °C to 800 °C, a significant 

decline was observed in both FFR conversion and 2-MeF selectivity. At 500 °C, the 

catalyst performed optimally, achieving a 100% conversion after the 1st h with a 2-MeF 

selectivity of 92.6%. However, when the calcination temperature was raised to 600 °C, 

the conversion dropped to 87.3% in the 1st h, followed by a gradual decline to 70% by 

the 4th h. Though the initial drop in 2-MeF selectivity was moderate, decreasing to 

85.5% in the 1st h at 600 °C, the decline accelerated over time, falling to 66.4% by the 

end of the 4th h, in contrast to the 79.8% recorded at 500 °C. Further increases in 

calcination temperature to 700 °C and 800 °C led to sharper reductions in both 

conversion and selectivity. The catalyst calcined at 700 °C showed a conversion of 

72.4% after the 1st h, which dropped steeply to 41% by the 4th h. Similarly, 2-MeF 

selectivity started at 73.4% and plummeted to 39.1% by the end of the 4th h. The catalyst 

calcined at 800 °C exhibited even more dramatic losses, with conversion dropping from 

60% in the 1st h to just 22% by the 4th h, while 2-MeF selectivity fell from 58.7% to a 

mere 12.8%. The catalyst calcined at 400 °C, while active, also showed a marked 

reduction in performance compared to the 500 °C sample. After the 1st h, the conversion 

was 70.3%, with a 2-MeF selectivity of 80.4%, both considerably lower than the values 

at 500 °C. As the reaction proceeded, the catalyst’s performance degraded rapidly, with 

conversion dropping to 38.2% and 2-MeF selectivity to 29.8% by the 4th h. 
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Fig. 7.11 (a) FFR conversion, (b) FAL selectivity, and (c) 2-MeF selectivity over Mg-

Fe mixed oxide catalysts with Mg/Fe = 4 calcined at different temperatures during FFR 

CTH. Reaction conditions: feed flowrate = 7.24 mmolFFR h-1, Temperature = 400 °C, 

WHSV = 0.70 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm.  

To better understand the variations in FFR conversion and 2-MeF selectivity, it 

is crucial to consider how the catalysts' properties changed with increasing calcination 

temperatures, as revealed through various characterization techniques. Calcination 

temperature is known to have a significant impact on the structural and acid-base 

characteristics of hydrotalcite-derived catalysts, which directly influence their catalytic 

activity. 

XRD analysis (Fig. 7.12) demonstrated that as the calcination temperature rose 

above 500 °C, a distinct spinel MgFe2O4 phase began to form. The emergence of this 

phase was first noticeable at 600 °C, accompanied by sharper peaks for MgO, signifying 

enhanced crystallinity and a larger crystallite size. With further increases to 700 and 

800 °C, the intensity of both the MgFe2O4 spinel phase and MgO became even more 
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pronounced, indicating continued growth in crystallite size. In contrast, the sample 

calcined at 400 °C exhibited broad, weak diffraction peaks, suggesting a largely 

amorphous structure, likely due to incomplete decomposition of the hydrotalcite 

precursor. These findings are consistent with observations made by López-Asensio et. 

al., Ramasamy et. al., and Shen et. al., who reported similar behavior in Mg-Al mixed 

oxide catalysts prepared via the same co-precipitation method. They reported that when 

calcination temperatures exceeded 500 °C, a spinel MgAl2O4 phase formed, which is 

known for having lower surface area and pore volume compared to the periclase-type 

Mg-Al mixed oxides [18,20,30,31].  

 

Fig. 7.12 Diffraction patterns of the Mg-Fe mixed oxide catalysts with Mg/Fe = 4 

calcined at (a) 400 °C, (b) 600 °C, (c) 700 °C and (d) 800 °C.  

The morphological changes observed via FESEM analysis (Fig. 7.13) align with these 

XRD findings. The increased calcination temperature led to more densely packed and 

larger rod-like structures, correlating with reduced porosity and surface area, while 

lower calcination temperature led to incomplete decomposition of precursors, both of 

which would impact catalytic performance. It’s reasonable to infer that the surface areas 

and pore volumes of the catalysts calcined at 400 °C and at higher temperatures (600, 

700, and 800 °C) were all lower than those of the catalyst treated at 500 °C. 

10 20 30 40 50 60 70 80
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Fig. 7.13 FESEM images of the Mg-Fe mixed oxide catalysts with Mg/Fe = 4 calcined 

at (a) 400 °C, (b) 600 °C, (c) 700 °C and (d) 800 °C.  

CO2-TPD (Table 7.3) analysis provided further insight into these structural changes. 

The catalyst calcined at 400 °C showed no detectable CO2 desorption, indicating an 

absence of basic sites, likely due to incomplete transformation. As the calcination 

temperature increased from 500 to 800 °C, there was a notable reduction in CO2 

desorption (table 3), reflecting a decrease in the number of available basic sites. These 

results are consistent with prior studies by Ramasamy et. al. [18] and Shen et. al. [20], 

who also observed reduced basic site density as calcination temperatures increased. 

While NH3-TPD analysis was not performed in this study, Shen’s findings suggest that 

the strength of acidic sites would similarly decrease as calcination temperature 

increased,[20] a trend that likely applies to the Mg-Fe catalysts in this investigation. 
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Table 7.3 CO2 Desorption Values from CO2-TPD Analysis of Mg-Fe Mixed Oxide 

Catalysts with Mg/Fe = 4 calcined at different temperatures. 

Catalyst CO2 desorbed (mmol/g) 

Mg4Fe1-400 - 

Mg4Fe1-500 6.50 

Mg4Fe1-600 4.87 

Mg4Fe1-700 3.12 

Mg4Fe1-800 1.88 

Taken together, the lower surface areas, reduced porosity, higher crystallite size and 

diminished acidic and basic site densities of the catalysts calcined at 400, 600, 700, and 

800 °C provide a clear explanation for the observed decline in FFR conversion and 2-

MeF selectivity. With fewer active surface sites to interact with both the reactant FFR 

and the H donor alcohol molecules, the catalytic efficiency drops significantly, leading 

to the reduced performance seen at these calcination temperatures. 

7.2.5 Catalyst Stability and Regeneration 

To assess the catalyst's stability over an extended period, its performance was tracked 

for 8 h, as shown in Fig. 7.14. During the first two hours, the catalyst maintained an 

impressive FFR conversion rate close to 100%, with 2-MeF selectivity hovering around 

92%. FAL formation was minimal at this stage, with only 1% selectivity in the 1st h and 

a slight increase to 3.3% by the 2nd h. However, after the 2-h mark, signs of catalyst 

deactivation began to emerge. Over the next 2 h, FFR conversion gradually dropped to 

85.1%, accompanied by a decline in 2-MeF selectivity to 79.5%. In contrast, FAL 

selectivity spiked, reaching 14.7% within the same timeframe. Beyond the 4-h point, 

catalyst deactivation became more pronounced. By the end of the 8-h run, FFR 

conversion had plummeted to 30%, while 2-MeF selectivity dropped sharply to just 

16.1%. Meanwhile, FAL selectivity soared, accounting for 78.4% of the product 

distribution by the final hour. This rapid deactivation over such a relatively short period 

could be attributed to the buildup of carbonaceous deposits on the catalyst's surface. 

These deposits, likely formed from the oligomerization or polymerization of FFR or 

FAL at elevated reaction temperatures, may have poisoned the acidic and basic active 

sites responsible for activating both FFR and the hydrogen donor, ultimately impairing 

the catalyst's activity. 
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Fig. 7.14 Time-on-stream (TOS) study for FFR CTH over Mg-Fe mixed oxide catalysts 

with Mg/Fe = 4 calcined at 500 °C. Reaction conditions: feed flowrate = 7.24 mmolFFR 

h-1, Temperature = 400 °C, WHSV = 0.70 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm.  

To assess the catalyst's durability and potential for repeated use, a regeneration study 

was conducted following the initial 8-hour TOS run. The spent catalyst was regenerated 

in-situ through calcination at 500 °C in air for 5 hours, carried out within the fixed-bed 

reactor. After this regeneration process, the catalyst was tested in a second 8-hour TOS 

cycle to gauge its stability and reusability across multiple cycles. As depicted in Fig. 

7.15, the regenerated catalyst showed only a partial recovery in performance. A notable 

shift was observed in both conversion rates and product selectivity. In the first hour, the 

catalyst achieved a conversion of 90.6%, but this time, the decline began right after the 

first hour. While the drop in conversion was gradual over the first 4 h, the values were 

consistently lower compared to the fresh catalyst during the same timeframe. Similarly, 

2-MeF selectivity followed a comparable trend. It started at 88.1% in the first hour - 

slightly below that achieved by the fresh catalyst - and continued to decrease over time. 

By the end of the 4th h, 2-MeF selectivity had dropped to 75.8%, while FAL selectivity 

had increased to 17.3%. After the 4-h mark, both conversion and 2-MeF selectivity 

declined more sharply than they had with the fresh catalyst. By the 8th h, conversion 

had plummeted to 22%, and 2-MeF selectivity fell drastically to just 6.3%. These 

figures were significantly lower than those obtained with the fresh catalyst, highlighting 
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more severe deactivation in the regenerated catalyst. During this period, FAL selectivity 

surged to nearly 88%, indicating a shift in product distribution. The incomplete 

recovery and faster deactivation observed in the regenerated catalyst may be due to 

incomplete removal of carbonaceous species during in-situ calcination, or potential 

sintering caused by prolonged exposure to high temperatures. These factors likely 

altered the catalyst’s structure, compromising its stability and overall effectiveness over 

time. 

 

Fig. 7.15 Regeneration study for FFR CTH over Mg-Fe mixed oxide catalysts with 

Mg/Fe = 4 calcined at 500 °C. Reaction conditions: feed flowrate = 7.24 mmolFFR h-1, 

Temperature = 400 °C, WHSV = 0.70 gFFR h
-1 gcatalyst 

-1, Pressure = 1 atm.  

7.2.6 Probable Reaction Mechanism  

The mechanism behind the transfer hydrogenation process typically follows one of two 

well-established pathways: the metal hydride route or the direct hydrogen transfer route 

[32–34]. In the case of heterogeneous catalysts containing both acidic and basic sites, 

such as the Mg-Al mixed oxides reported in the literature and the Mg-Fe mixed oxides 

synthesized in this study, the process is more likely to proceed via the direct hydrogen 

transfer route [32,33]. This is primarily because the formation of metal hydrides on 

such catalysts is challenging, making the metal hydride route less feasible [32]. 
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The direct hydrogen transfer mechanism, also known as the Meerwein-Ponndorf-

Verley (MPV) mechanism, requires the presence of both Lewis acidic and basic sites 

to facilitate the reduction reaction. In this mechanism, the Lewis acidic site act as an 

electron-deficient centers that bind to the electron-rich oxygen atoms of both the 

hydrogen donor and the reactant [32,34–36]. At the same time, the adjacent basic site 

plays a critical role by attracting the proton from the O-H bond of the alcohol donor 

[32,34–36]. The strength of the interaction between the hydroxyl oxygen in the alcohol 

and the Lewis acid site directly influences the acidity of the hydrogen atom in the donor 

[32]. The more acidic the hydrogen, the easier it becomes for the basic site to abstract 

it [32]. On the flip side, if the basic site is sufficiently strong, it can efficiently pull the 

hydrogen from the alcohol’s hydroxyl group, forming a species that binds to the 

adjacent Lewis acid site [32]. This setup creates an ideal environment for the hydride 

transfer to occur, driving the reduction reaction forward.  

In this study (Fig. 7.16), the Lewis acid centers – Mg2+ and Fe3+ - play a key role in 

activating both the hydrogen donor alcohol (IPA) and the reactant (FFR) by interacting 

with the lone pairs of oxygen in their hydroxyl (-OH) and carbonyl (-C=O) groups, 

respectively. Simultaneously, an adjacent basic site (O2-) engages with the hydrogen 

atom of the hydroxyl group in IPA, weakening the O-H bond. As this occurs, the α-

hydrogen atom attached to the α-carbon of the adsorbed IPA molecule attacks the 

carbonyl group of the FFR molecule, which is adsorbed on a nearby Lewis acid site. 

This interaction leads to the formation of a six-membered transition state ring. The 

process concludes with the formation of an FAL molecule, while IPA is converted to 

acetone, which gets desorbed off the surface. The reaction continues in a similar 

fashion: the newly formed FAL molecule adsorbs onto a Lewis acid site through the 

oxygen atom in its hydroxyl group, positioning itself near another IPA molecule 

adsorbed on a similar site. Again, the α-hydrogen from the IPA is transferred to the 

hydroxyl group of FAL, with the adjacent basic site facilitating the removal of the 

hydrogen atom from IPA’s hydroxyl group. This cycle ultimately results in the 

production of 2-MeF and a water molecule, both of which desorb from the catalyst 

surface, allowing the process to repeat. 
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Fig. 7.16 Probable reaction of FFR CTH to 2-MeF over Mg-Fe mixed catalyst with 

Mg/Fe = 4. 
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Chapter 8: Conclusion and Future Recommendations 

 

In a world increasingly defined by the need for sustainable solutions, the production of 

chemicals and fuels from renewable resources is no longer a distant goal but a pressing 

necessity. Chemicals and fuels are the lifeblood of modern society, powering 

everything from transportation to the production of everyday materials. However, the 

heavy reliance on fossil fuels has left an undeniable mark on our environment. The 

challenge before us is clear: we must transition to greener alternatives that can deliver 

the same essential products without depleting our planet’s finite resources. 

Biomass stands at the forefront of this transformation, offering a renewable feedstock 

capable of replacing fossil fuels in the production of high-value chemicals as well as 

high volume fuels. At the heart of this shift is the concept of platform chemicals, which 

serve as building blocks for a vast range of industrial applications. Among these, 

furfural (FFR) - a versatile compound derived from agricultural residues - has emerged 

as a key player. Its potential to be converted into valuable products like 2-methylfuran 

(2-MeF) and furfuryl alcohol (FAL) positions it as a cornerstone of the bio-based 

economy. 

This thesis systematically explored and optimized catalytic systems for FFR 

valorization by investigating both conventional molecular hydrogen (H2)-based 

methods and the innovative transfer hydrogenation route. By tackling these two distinct 

pathways, this thesis seeks to offer a holistic perspective on FFR conversion. The 

molecular H2 route, being well-established, provided deeper insights into catalyst 

performance in traditional hydrogenation processes, while the emerging transfer 

hydrogenation approach, utilizing alternative hydrogen donors, represents a more 

sustainable, energy-efficient method. Together, these strategies expand the available 

methods for producing valuable chemicals like 2-MeF and FAL, paving the way for 

cleaner and more versatile processes in biomass conversion. 

Through the investigation of diverse catalytic systems - including bimetallic catalysts, 

mixed metal oxides, and supported metal catalysts - this thesis has aimed to unlock 

more efficient, selective, and sustainable pathways for FFR valorization. The insights 

gathered not only advance the scientific understanding of catalytic biomass conversion 
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but also contribute meaningfully to the broader goal of creating a greener, more resilient 

future. 

8.1 Conclusion 

Building on these advancements, a series of critical insights were gathered through a 

comprehensive and systematic evaluation of catalytic systems, aimed at optimizing the 

sustainable conversion of FFR into valuable products.   

Chapter 4 focuses on the catalytic HDO of FFR to produce 2-MeF using TiO2-supported 

mono and bimetallic Cu-Ni catalysts in a fixed-bed reactor at ambient H2 pressures. 

Catalysts were synthesized with a fixed Cu content of 10 wt.% and varying Ni content 

(0-20 wt.%) through a wet impregnation method. Characterization techniques such as 

XRD, TPR, and SEM revealed that increasing Ni content enhanced the dispersion and 

reducibility of Cu, likely due to strong interactions between CuO and NiO species, as 

well as improved surface area and porosity. The catalytic performance highlighted that 

both monometallic Cu and Ni catalysts achieved over 90% conversion, with the Cu 

catalyst demonstrating a modest 55% selectivity towards 2-MeF. Increasing the Ni 

content led to complete FFR conversions and an increase in 2-MeF selectivity. Notably, 

the Cu-Ni bimetallic catalyst with 10% Ni content achieved the highest selectivity of 

84.5% at 200 °C and a WHSV of 0.87 gFFR h-1 gcatalyst
-1. However, increasing Ni to 20% 

negatively impacted selectivity, leading to unwanted over-hydrogenation products like 

THFA and 2-MeTHF. Temperature played a crucial role in product distribution; 

temperatures below 200 °C favored FAL formation, while higher temperatures 

promoted the formation of C4 and C5 ring-opening products. A similar trend was 

observed with varying contact times, where shorter times increased FAL production 

and longer times favored by-products such as 2-MeTHF.  Furthermore, the long-term 

stability tests demonstrated that the catalyst maintained near-complete FFR conversions 

and stable selectivity for 2-MeF over a 12-hour duration. 

Chapter 5 explores the synthesis and evaluation of Cu-Fe mixed oxide catalysts with 

varying Cu/Fe molar ratios from 0.5 to 2, utilizing a straightforward sol-gel method for 

the HDO of FFR in a fixed-bed reactor under ambient H2 pressures. Key findings from 

characterization analyses indicate that the Cu/Fe ratio significantly influences the 

dispersion and reducibility of the catalysts. Notably, a Cu/Fe ratio of 1 enhances CuO 

dispersion and reducibility due to strong Cu-Fe interactions. As the Cu/Fe ratio 
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increases, Fe's reducibility improves, while Cu's reducibility declines due to the 

formation of more stable bulk oxides. The catalytic evaluation demonstrated that low 

Cu/Fe ratios produced acidic sites with insufficient strength and limited hydrogen 

availability, resulting in moderate conversion and 2-MeF selectivity. Conversely, 

catalysts with high Cu/Fe ratios exhibited similar trends due to excess Cu increasing 

acidity but reducing H availability. The optimal performance was achieved with an 

equimolar Cu and Fe catalyst, attaining a value of 90% selectivity at an H2/FFR ratio 

of 10, 230 °C, and a WHSV of 0.5 gFFR h-1 gcatalyst
-1.  Temperature was found to be 

critical in product distribution, favoring FAL formation below 230 °C while promoting 

C5 opening reactions at higher temperatures. A similar trend was noted with WHSV, 

where lower contact times enhanced FAL production. Investigating the H2/FFR molar 

ratios revealed that a ratio of 10 or higher was optimal for achieving excellent 

conversion and 2-MeF selectivity, highlighting the importance of H availability. The 

study also identified 350 °C as the ideal reduction temperature, as higher temperatures 

diminished conversion and selectivity by fully reducing essential acidic sites. The TOS 

study indicated initial conversions exceeding 99%, gradually declining to 93.7% over 

24 hours. Selectivity for 2-MeF remained stable at 90% for the first 12 hours but 

dropped to 55% by the end. Regeneration studies showed partial recovery, with 85% 

conversion maintained for the first 10 hours, eventually declining to 68%. Similarly, 2-

MeF selectivity fell from 86% to 46.5% by the 24-hour mark.  

Chapter 6 investigates the innovative use of rice husk ash as a sustainable and cost-

effective silica source for the development of mesoporous silica supports. Metals such 

as Al, Ti, Zr, and Sn were incorporated into the silica framework and the catalytic 

efficacy of these metal-modified mesoporous silica materials, loaded with Cu catalysts, 

was assessed for FFR hydrogenation FAL in a fixed-bed reactor under atmospheric H2 

pressures. Characterization analyses revealed that the pristine mesoporous silica lacked 

the typical MCM-41 hexagonal structure, with further disruptions observed after metal 

integration. Successful metal incorporation led to significant reductions in surface area 

and pore volume, correlated with the incorporated metals' mass and size. Additionally, 

strong metal-support interactions were confirmed, enhancing the reducibility of CuO 

species through more reducible Cu2+-O-Mδ+ bonds at the metal-support interface. 

Characterization analyses also indicated a shift toward higher acidic strength with metal 

integration, particularly in the Cu@Ti-MS catalyst.  Catalytic activity at 160 °C 



Chapter 8| Conclusion and Future Recommendations  

194 | P a g e  

 

revealed that Cu@MS had the lowest FFR conversion and FAL yield due to weak acidic 

site strength, while Zr incorporation achieved the best results, with FFR conversion and 

FAL yield of 74.5% and 72.9%, respectively. Optimization revealed peak performance 

for Cu@Zr-MS at H2/FFR = 10, 200 °C, and WHSV = 1 gFFR h-1 gcatalyst
-1, achieving 

conversion and yield rates of 90.6% and 85%, respectively. Prolonged assessments 

showed stable conversion around 90% for the first 18 hours, maintaining FAL yields 

of approximately 85% for about 16 hours. However, both metrics declined after 24 

hours, dropping to 53.8% and 51.8% by the end of the 30-hour period. The regeneration 

study indicated a partial restoration of catalytic activity, with nearly 80% conversion 

for the first 8 hours and a consistent FAL yield of around 74% during this period. 

However, both conversion and yield gradually declined, falling to 56.2% and 52% 

respectively, at the end of the 24 h period.  

Chapter 7 investigates the synthesis and catalytic performance of Mg-Fe mixed oxide 

catalysts with varying Mg/Fe ratios (1 to 5), produced via a co-precipitation method. 

These catalysts were tested for the vapor-phase FFR transfer hydrogenation to 2-MeF 

at atmospheric pressure in a fixed-bed reactor at ambient pressures and under inert 

atmosphere. As the Mg/Fe ratio increased, Fe was integrated into the MgO lattice and 

the increased surface area and pore volume increased. The analyses revealed a balanced 

distribution of weak and medium-strength acidic and basic sites across the catalysts as 

well as a disordered morphology characterized by thin, flaky plates that changed to 

thick rod-like structures at higher calcination temperatures. In catalytic performance 

tests, the Fe2O3 catalyst showcased selectivity for 2-MeF, but exhibited low conversion 

and rapid deactivation. In contrast, MgO achieved full FFR conversion but yielded 

equal amounts of both FAL and 2-MeF. When combined, the Mg-Fe catalysts 

significantly enhanced conversion rates and 2-MeF selectivity, especially with higher 

Mg/Fe ratios, which slowed deactivation over a 4-hour period. However, excessive Mg 

tipped the balance, reducing 2-MeF selectivity and increasing FAL production. The 

standout performer was the Mg-Fe catalyst with a Mg/Fe ratio of 4 calcined at 500 °C, 

achieving 85.2% conversion and 79.8% selectivity for 2-MeF at 400°C, alongside a 

space-time yield of 0.7 gFFR gcatalyst h
-1 after 4 h on stream. Temperature proved crucial: 

lower temperatures hindered hydrogen donor activation and hydrogenolysis, leading to 

rapid deactivation. Conversely, raising the temperature to 400°C dramatically enhanced 

conversion and selectivity, though excessively high temperatures caused unwanted 
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cracking and carbonaceous deposits, resulting in faster deactivation. WHSV also played 

a significant role; shorter contact times decreased FFR conversion and increased FAL 

yield, while longer times led to reduced conversion and quicker deactivation. The 

optimal calcination temperature was determined to be 500°C, as deviations resulted in 

diminished FFR conversion and 2-MeF selectivity. TOS studies revealed that while 

initial conversion exceeded 99%, it declined to 85.2% by the 4th h and sharply dropped 

to 30% by the 8th h. 2-MeF selectivity followed a similar pattern, remaining steady at 

92% for the first 2 h before falling to 79.8% after 4 h and plummeting to just 16.1% by 

the 8th  h. Regeneration studies indicated that the catalyst could recover some activity, 

reaching ~90% conversion shortly after regeneration, but this performance quickly 

deteriorated, with conversion dropping to 22% after 8 h. A comparable decline in 2-

MeF selectivity was noted, starting at 75.8% after regeneration and dropping to 6.1% 

after 8 h.  

8.2 Future Recommendations  

1. Future research should prioritize investigating the mechanisms of catalyst 

deactivation in the context of furfural hydrogenation. While this thesis focused on the 

development and optimization of catalytic systems for converting FFR to high-value 

chemicals, understanding deactivation pathways is crucial for enhancing long-term 

catalyst stability and performance. By integrating insights from existing literature with 

experimental studies, future work can elucidate the factors contributing to catalyst 

deactivation, paving the way for the design of more robust and resilient catalytic 

systems tailored for continuous biomass conversion processes. 

2. A valuable future direction stemming from our investigation of Cu-Ni bimetallic 

catalysts supported on titania could involve exploring alternative supports with distinct 

acidic or basic properties, such as ceria, zirconia, alumina, or silica. This approach 

would allow for the evaluation of how these different supports influence the catalytic 

behavior and overall effectiveness of the bimetallic catalysts, potentially leading to 

improved performance in various reactions. 

3. From our work on Cu-Fe mixed oxide catalysts, a promising future direction could 

be to explore the use of various high surface area supports, such as activated carbon, or 

silica. This approach may enhance catalyst performance by improving the dispersion 
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and accessibility of active sites, offering valuable insights into the impact of different 

supports on the properties and efficacy of the catalysts. 

4. Building on our exploration of Cu catalysts supported on mesoporous silicas derived 

from rice husk ash, future research could delve into the use of various templating 

methods to create different silica structures, such as MCM-41 and SBA-15. Another 

approach could be to systematically vary the silicon-to-metal molar ratio during metal 

incorporation, revealing how these structural differences influence catalytic 

performance in FFR hydrogenation. 

5. Building on our exploration of Mg-Fe catalysts for furfural transfer hydrogenation, 

a promising future direction could involve substituting Fe with metals like Al, Ti, or Zr 

to investigate new catalyst compositions while retaining similar acid-base properties. 

Additionally, Mg could be replaced with Ca or Zn, opening avenues for further 

enhancing catalytic performance through varied metal combinations. Exploring the 

addition of a metal such as Cu could also provide valuable insights into how this 

influences catalytic activity. Furthermore, experimenting with various synthesis 

methods for these mixed metal oxides could shed light on how different approaches 

affect catalyst performance, paving the way for innovative solutions in catalytic 

systems and potentially enhancing the activity of the Mg-Fe systems synthesized here. 

5. Future research should prioritize conducting scale-up studies to evaluate the practical 

applicability of catalytic systems developed at bench-scale in industrial settings. These 

studies will assess catalyst performance and stability under realistic operational 

conditions, enhancing the understanding of their scalability and efficiency for biomass-

derived processes. Additionally, exploring the economic feasibility and lifecycle 

analysis of these catalytic systems will provide valuable insights into their potential for 

real-world applications, ultimately facilitating the transition from laboratory-scale 

experiments to large-scale production. 

6. A critical avenue for future research is the in-depth investigation of catalyst 

deactivation mechanisms. While this thesis focused on identifying and optimizing 

catalytic systems for efficient FFR conversion, understanding how and why catalysts 

deactivate over time is essential for their long-term success. Unravelling the pathways 

of deactivation under realistic operating conditions would not only result in extended 

catalyst lifespans but also unlock the potential for more reliable, sustainable biomass 
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conversion processes. Addressing these challenges head-on will be key to transforming 

laboratory-scale innovations into robust, high-performance catalysts that meet the 

demands of industrial applications. 
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Appendix 

 

Fixed bed reactor unit with Gas Chromatograph 

 

 

 

 

 

 

 

 

 

 

 

 



200 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



201 | P a g e  

 

List of Publications 

Journal Publications 

1. A. Jaswal, V. Garule, A. Pandey, P.P. Singh, T. Mondal, P. Biswas, Selective 

furfural hydrodeoxygenation over Cu-Fe catalysts with In-Situ Cu@Fe3O4 formation, 

Journal of Industrial and Engineering Chemistry 138 (2024) 338-349.  

2. A. Jaswal, P.P. Singh, A.K. Kar, T. Mondal, R. Srivastava, Production of 2-methyl 

furan, a promising 2nd generation biofuel, by the vapor phase hydrodeoxygenation of 

biomass-derived furfural over TiO2 supported Cu Ni bimetallic catalysts, Fuel 

Processing Technology 245 (2023) 107726.  

3. A. Jaswal, P.P. Singh, T. Mondal, Furfural-a versatile, biomass-derived platform 

chemical for the production of renewable chemicals, Green Chemistry 24 (2022) 510–

551. 

4. A. Jaswal, V. Garule, T. Mondal, Transforming Waste into Wealth: Cu Catalysts 

Supported on Metal-Incorporated Mesoporous Silica Derived from Rice Husk Ash for 

Furfural Hydrogenation (Manuscript under revision) 

5. A. Jaswal, V. Garule, O. Singh, P.P. Singh, T. Mondal, Sustainable Chemistry in 

Action: Harnessing Earth-Abundant Mg-Fe Mixed Oxide Catalysts for Vapor Phase 

Furfural Transfer Hydrogenation (Manuscript under review) 

6. A. Jaswal, R. Goswami, P.P. Singh, T. Mondal, Enhancing Pine Needle 

Valorization: The Impact of Pre-Treatment on Pyrolysis and Bio-Oil Characteristics 

(Manuscript under review).  

7. P.P. Singh, A. Jaswal, A. Singh, T. Mondal. From Waste to Clean Energy: An 

Integrated Pyrolysis and Catalytic Steam Reforming Process for Green Hydrogen 

Production From Agricultural Crop Residues. ACS Sustainable Chemistry & 

Engineering 12 (2024) 2058-2069.  

8. P.P. Singh, A. Jaswal, R. Singh, T. Mondal, K.K. Pant. Green hydrogen production 

from biomass - A thermodynamic assessment of the potential of conventional and 

advanced bio-oil steam reforming processes, International Journal of Hydrogen Energy 

50 (2024) 627-639.  



202 | P a g e  

 

9. P.P. Singh, A. Jaswal, N. Nirmalkar, T. Mondal, Synergistic effect of transition 

metals substitution on the catalytic activity of LaNi0.5M0.5O3 (M = Co, Cu, and Fe) 

perovskite catalyst for steam reforming of simulated bio-oil for green hydrogen 

production, Renewable Energy 207 (2023) 575–587. 

10. P.P. Singh, A. Jaswal, T. Mondal, Refining the Reforming Process: Optimization 

Strategies for Hydrogen Production from Phenol (Manuscript under preparation).  

Book Chapters 

1. A. Jaswal, P.P. Singh, S. Lande, T. Mondal, Agro-forestry waste as a Potential 

Resource for Climate Change Mitigation. In Clean Energy Transition-via-Biomass 

Resource Utilization: A Way to Mitigate Climate, pp. 59-78, 2024, Springer Nature 

Singapore. 

2. H.K. Tirumaladasu, P.P. Singh, A. Jaswal, T. Mondal, Slow Pyrolysis of Rice Husk 

in a Lab-Scale Batch Reactor: Influence of Temperature on the Products Yield and Bio-

oil Composition (Conference paper). In Recent Advances in Bio-Energy Research 

(ICRABR-2022), pp. 199-2013, 2023, Springer Proceedings in Energy  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



203 | P a g e  

 

Conference Presentations 

1. A. Jaswal, P.P. Singh, T. Mondal, Furfural vapor phase hydrodeoxygenation to 2-

methylfuran, a 2nd generation biofuel, over TiO2 supported Cu-Ni bimetallic catalysts, 

Conference on Advances on Catalysis for Enegy and Envirnoment” (CACEE 2022), 

Tata Institute of Fundamental Research, Mumbai, October 2022. 

2. A. Jaswal, P.P. Singh, T. Mondal, Vapor phase hydrodeoxygenation of biomass 

derived furfural to 2-methylfuran over a series of TiO2 supported mono and bimetallic 

Cu and Ni catalysts, ACS Spring 2023: Crossroads of Chemistry  

3. A. Jaswal, P.P. Singh, T. Mondal, Selective Furfural Hydrodeoxygenation Through 

In-Situ Cu@Fe3O4 Formation in Cu-Fe Mixed Oxide Catalysts, ACS Spring 2024: 

Many Flavors of Chemistry. 

4. A. Jaswal, T. Mondal, A vapor phase route for the production of 2-methylfuran, a 2
nd

 

generation biofuel, from biomass-derived furfural, The 10th UK catalysis conference, 

Loughborough, UK, January 2024. 

5. A. Jaswal, V. Garule, T. Mondal, Enhanced Selectivity in Furfural 

Hydrodeoxygenation via In-Situ Cu@Fe3O4 Generation within Cu-Fe Mixed Oxide 

Catalysts, International Conference on Catalysis for Clean Energy Technologies and 

Sustainable Development, Panjab University Chandigarh, April 2024. 

 

 

 

 

 

 

 

 

 

 

 

 

 



204 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



205 | P a g e  

 

Biodata 

Anurag Jaswal 

Education:  

M.Tech: Chemical Engineering from Dr. S.S.B. UICET, Panjab University, 

Chandigarh, India (2019)                                                                                

Performance/CGPA: 6.67/10  

B.Tech: Chemical Engineering from Chandigarh University, Panjab, India (2017)                                                                              

Performance/CGPA: 8.77/10                                    

Research interest: 

✓ Heterogeneous catalysis 

✓ Biomass conversion to value-added chemicals and fuels 

✓ Techno-economic evaluation of biomass conversion processes 

✓ Waste water treatment  

 

Technical skills: 

Handling and analysing the data using the following sophisticated analytical 

instruments: 

✓ FTIR  

✓ Gas Chromatography with MS, FID and TCD 

✓ TGA 

Softwares: ASPEN+, Origin, X’pert-Plus HighScore etc. 

 

 

 

 



206 | P a g e  

 

 

 


	First Pages 1.pdf
	First Pages 2.pdf
	Introduction.pdf
	Literature Review.pdf
	Materials and Methods.pdf
	Chapter 4.pdf
	Chapter 5.pdf
	Chapter 6.pdf
	Chapter 7.pdf
	Chapter 8.pdf
	Last Pages Revised.pdf

