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Zusammenfassung 
 
 

Regenerative Elektrizität aus Wind und Sonne einerseits und Biomasse andererseits 

sind 2 fundamentale Grundpfeiler einer zukünftigen nachhaltigen Versorgung mit 

Energie und Chemikalien. Diese beiden Bereiche existieren und entwickeln sich im 

Moment weitgehend unabhängig voneinander. Diese Dissertation unternimmt den 

konzeptionellen Versuch, durch eine Untersuchung der elektrochemischen 

Umwandlung von Biomasse und einem Vergleich zu herkömmlichen thermisch 

katalysierten Prozessen diese beiden Technologiebereiche naeher zusammen zu 

rücken. Uebergeordnetes Ziel der Arbeit ist ein Verstaendnis dafuer zu entwickeln, 

inwieweit sich anhand eines ausgewaehlten Modellreaktionssystem zwischen der 

elektrochemischen Katalyse, also durch elektrisches Potential aktivierte 

Oberflaechenprozesse, und der heterogenen chemischen Fluessigphasenkatalysen, 

die durch thermische Aktivierung kontrollierbar ist, Gemeinsamkeiten und Unterschiede 

in ihrem jeweiligen Zusammenhang von Reaktivitaet/Selektivitaet und externen 

Kontrollparametern identifizieren lassen.  

Die Arbeit präsentiert einen Vergleich von chemisch und elektrochemisch katalysierten 

Oxidationen und Reduktionsprozessen eines der wichtigsten Plattformmolekülen, des 

5-Hydroxymethylfurfurals. Die Arbeit widmet sich darüberhinaus auch seiner 

katalytischen Herstellung aus Fruktose. 

Zunächst beschäftigt sich diese Arbeit mit der Flüssigphasen säurekatalysierten 

Dehydratation von Fruktose zu HMF. Dazu wurde die katalytische Aktivitaet 

verschiedenster fester Saeuren untersucht und zu der Aktivitaet von konventionellen 

Mineralsaeuren und Loesungsmittel in Beziehunggesetzt; insbesondere wurden 

polymere Ionenaustauschermaterialien sowie auch sulfonierte anorganische 

Metalloxide (SiO2, ZrO4, TiO2) betrachtet, die durch kovalente Verankerung von 

Sulfongruppen auf der Oxidoberflaeche hergestellt wurden. 

Anschliessend stellt diese Arbeit eine umfangreiche vergleichende Untersuchung der 

katalytischen Oxidations und Reduktionsverhalten von HMF auf metallischen und 

metalloxidischen Oberflaechen vor. Die Verwendung von freien Elektronen zur 

katalytischen Umwandlung von Biomasse ist ein bisher noch nicht bearbeitetes 

Forschungsfeld. Thermisch- katalytische Studien (heterogene Fluessigphasenkatalyse) 

zur Aktivitaet und Selektivitaet der HMF oxidation zur Furandicarbonsaeure und ihren 

Intermediaten werden als erste betrachtet. Dazu werden verschiedene 

Metallkatalysatoren (Pt, Au, Ru, Rh, Pd)  und der Einfluss verschiedener 
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Kontrollparameter wie pH, Temperatur, Druck untersucht.  Danach wird die thermisch 

chemische Katalyse von HMF zu Dimethylfuran, einem Brennstoffzusatz, in gleicher 

Weise untersucht. 

Schliesslich wird die katalytische Aktivitaet und Selektivitaet derselben 

Metallkatalysatoren untersucht, wenn sie als Elektroden in einer elektrochemischen 

Umgebung unter Anlegen eines elektrischen Potentials eingesetzt werden. Diese 

Reaktionsfuehrung erspart den Einsatz von molekularen Sauerstoff oder Wasserstoff 

als Reaktanten, da Teilreaktionen der Wasserspaltung in waessrigen Loesungen co-

katalysiert werden. Ausserdem existieren 2 zusaetzlich Kontrollparameter, die 

fliessende Elektrische Stromdichte sowie das angelegte Elektrodenpotential. Es wurde 

untersucht, inwieweit sich diese einfach einzustellenden Kontrollparameter auch im 

Zusammenspiel mit anderen konventrionellen Reaktionsparametern wie pH oder 

Temperatur zur Steuerung von Aktivitaet und Selektivitaet einsetzten lassen. 

Tatsaechlich ist die angelegte Stromdichte und ebenso das daraus folgende 

Elektrodenpotential sehr gut geeignet, die Selektivitaet der entstehenden Oxidations 

und Reduktionsprodukte zu steuern. Pt und Ni zeigen dabei zum Beispiel exzellente 

Aktivitaet fuer die kontrollierte Herstellung des Intermediates Furandicarbaldehyd, das 

sich in der konventionellen thermischen Katalyse nicht einfach stabilisieren laesst. Mit 

Ni Elektrokatalysatoren laesst sich HMF zu Brennstoffaehnlichen Produktmolekuelen 

bis hin zum Dimethylfuran reduzieren. 
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Abstract 

 

Renewable solar/wind electricity and renewable biomass conversion represent two 

fundamental pillars for a future sustainable supply of energy and chemicals. Both areas 

are currently developing independently. This thesis investigates ways to bring the two 

areas together by using electrical energy to convert biomass into chemicals; it offers a 

comparative perspective of biomass-based chemical processes using heterogeneous 

and electrochemical catalysis. The key platform molecule of interest here is 5-

hydroxymethylfurfural (HMF) obtained from glucose/fructose. This work considers its 

formation from fructose and its subsequent chemical and electrochemical 

transformations into oxidized and reduced products.  

 

First, the liquid-phase acid catalyzed dehydration of fructose to HMF is addressed.  

Sulfonated metal oxides (SiO2, ZrO4, TiO2) are synthesised by covalent anchoring 

strategies with various sulfonic acid groups.  The activities of these novel 

heterogeneous solid acid catalysts were explored for the dehydration of fructose into 

HMF. Activity of these catalysts were compared with commercially available solid and  

liquid acid catalysts.  

 

Subsequently, this thesis addresses the oxidation and reduction of HMF using 

chemical and electrochemical catalysis. While thermally activated catalytic HMF 

transformations are intensively investigated and in part well documented, the catalytic 

activation of HMF conversion reactions using an electrical interfacial potential 

(electrocatalysis) is new and poorly explored to date. A comparative study of HMF 

catalysis using thermal heterogeneous and electrocatalysis of HMF in liquid-phase is 

reported and discussed. Catalytic reactivity/selectivity studies were carried out using 

aqueous-phase heterogeneous catalysis under mild temperature (50oC) and pressure 

(max. 10 bar) conditions. The catalytic activity of Pt/C catalyst and compared with 

Au/TiO2, Ru/C, Rh/C and Pd/C. The important reaction parameters such as influence of 

pH, effect of pressure and type of catalytic metal surface were explored. HMF 

degradation mechanism was discussed using in-situ NMR study.  

Electrochemical catalysis offers the added advantage by providing the electrode 

potential and the faradaic current as two additional external control parameters. These 

are helpful to tune the thermodynamic driving force, activation energy and thus the 

reaction rate and selectivity of complex reaction processes. Activity and selectivity of 

HMF oxidation and reduction was investigated as function of thermal and electrical 
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external parameters is reported and compared to the thermally activated conditions. 

The study suggests that the electrical potential can serve as an effective parameter for 

controlling the product selectivity in HMF conversion reactions. 
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Chapter 1 

 

Introduction and aim of research 

1.1 Introduction 

Human civilization has started in the 19th century towards the comfort life by converting 

earth’s resources into energy. Resources such as coal, oil and natural gas are being 

used traditionally to produce electricity, heat, and transportation fuels[3]. Chemistry 

constantly thrives towards fulfilling new and existing demands from consumers and end 

users[4]. This has been the case for at least a century, where medicines, pesticides, 

high-performance materials and many other products have been developed and 

integrated into our society. A significant industrial revolution stepped into unbelievable 

and sophisticated life style in terms of transportation, communication and medicine. 

During the 20th century, the   amount of natural resources such as coal and oil were 

drastically converted into energy[5] (e.g. electricity, heating, transportation fuels) and 

chemicals (e.g. plastics, pharmaceuticals, basic chemicals). The consumption of 

different fossil resources are shown in the fig. 1.1 

 

Fig. 1. 1 Development in the global energy consumption measured in million tonnes of oil 
equivalents (Mtoe). (IEA world energy statistics 2010). 

 

So far, petroleum is the largest source (exceeding coal, natural gas, nuclear, or 

hydroelectric for energy and chemical needs and consumed about 4.8 
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barrel/year/person [6, 7]). Crude oil is a product, formed from the various remains of 

plants and animals that lived and died millions of years ago. Hence, fossil fuels are 

considered nonrenewable, i.e., they are not replaced as fast as consumed. Crude oil is 

one of the primary raw materials in the petroleum refining industry to produce many 

types of chemicals and fuels [8]. 

 

Fig. 1. 2 A variety of products from petroleum refining industry (source: handbook of petroleum 
refining processes). 

 

Fig. 1. 2 shows the transformation of crude oil into various fuels in a petroleum refinery 

ranging from C1-C70 hydrocarbons. An important nonfuel use of petroleum is to produce 

chemical raw materials. The two main classes of petrochemical raw materials are 

olefins (ethylene and propylene) and aromatics (benzene and xylene), both of which 

are produced in large quantities. All these molecules contain carbon with different 

compositions of hydrogen and oxygen [9, 10]. 

The petroleum reserves can be classified into three categories: proven, probable, and 

possible reserves. Proven reserves are those fields from which petroleum can be 

produced using current technology at the current prices. Probable reserves are those 

fields from which petroleum can be produced using the near-future technology at 

current prices. 
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Fig. 1. 3 Crude oil production scenario. Twin peaks: peak-oil supporters think we have already 
reached or will soon reach a historical maximum of oil production; others argue that oil 
production will not peak until at least 2030 (adopted Witze, 2007[11]). 

 

As per the present rate of petroleum production, the smaller petroleum reserves are on 

the verge of depletion, and the larger reserves are estimated to be depleted in less 

than 50 years. Hence, the world is facing a bleak future of petroleum short supply. Fig 

1. 3 illustrates the global crude oil production scenarios based on today’s production. 

According to one estimate, peak in global oil production is likely to occur by 2012, and 

thereafter the production will start to decline at a rate of several percent per year. By 

2030, the global petroleum supply will be dramatically lower, which will create a supply 

gap that may be hard to fill by growing contributions from other fossil, nuclear, or 

alternative energy sources in that time frame. However, there are other estimates that 

the peak production will occur beyond 2030 [11]. The chemical industry will face 

tremendous challenges in terms of raw material, if present technology not modified [12, 

13].  

 

1.2  History of crude oil price 

Current industrial economics are mainly dependant on the price of crude oil. As it 

shown in the fig. 1.2, a variety of chemicals and fuels are delivering only from crude oil. 
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Fig. 1. 4 Historical crude oil prices from 1861 to Present [14]. 

 

Fig. 1. 4 presents the history of crude oil price and availability in different countries. The 

oil price is continuously growing and highly influenced by the demand and supply (both 

current and perceived future supplies), which in turn are highly dependent on global 

macroeconomic and political conditions. It is often claimed that OPEC sets a high 

crude oil price and the true cost of crude oil production is only $2/barrel in the Middle 

East. The peak crude oil price in 2008 of $145/barrel put a severe strain on many world 

economies, which in part contributed to the recession that followed. It was already 

expected that the rate of crude oil even increases to further in the near future due to 

demand precedes the supply. The economics of chemical industry always fluctuates 

based on the oil price.  

 

1.3  Effect of unbalanced carbon cycle 

 Upon combustion of long chain carbon in the liquid form of petroleum with the oxygen, 

gaseous form of carbon dioxide is released. In fact, these carbon molecules were not 

existed in the atmosphere but brought from the original source of solid (coal) or liquid 

(petroleum) on or beneath the earth. Over the past century, human activities have 

released large amounts of carbon dioxide and other greenhouse gases into the 

atmosphere by converting fossil fuels. The majority of the greenhouse gases come 

from burning fossil fuels to produce energy during the industrial processes. 

Greenhouse gases act like a blanket around the earth, trapping the sun radiation in the 
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atmosphere and causing it to warm. This phenomenon is called the greenhouse effect 

and is natural and necessary to support life on earth. However, the buildup of the 

greenhouse gases can change earth's climate and result in dangerous effects to 

human health and welfare and to the ecosystems [15]. 

 

 

Fig. 1. 5 Effect of greenhouse gases in worldwide, a) carbon dioxide release from fossil fuel; b) 
change in the surface temperature is due to global warming (adopted Goddard Institute for 
Space Studies, 2009). 

 

Fig 1. 5a shows the increase of carbon dioxide released into the atmosphere since 

1990 and expected the trend to increase further if our emissions continue. About 98% 

of global carbon dioxide emissions results from the fossil fuel combustion. Since the 

start of the industrialization, the CO2 level has increased from 280 ppm to a current 

level of 384 ppm, growing around 2-3 ppm annually [16]. Although still up for debate, 

most climatologists believe that these elevated levels will result in an increased 

average global temperature as shown in the fig. 1. 5b. Over the last century, average 

global temperature has increased by 0.56°C. Due to an increase in the carbon dioxide 

emissions and the auto feedback mechanism of heating, the increase in the 

temperature for the next century is estimated to be anywhere between 1.5°C to 

5.8°C[17]. If it is the case, then we have to face drastic changes on the surface such as 

displacement of agricultural zones, melting of polar ice caps and glaciers, rise in the 

sea level from 9 to 88 cm, etc[16]. Therefore, greenhouse gas reduction has received 

tremendous attention, both scientifically and politically [18, 19]. 
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1.4  Environmental regulations 

Since chemical processes create waste, management of this waste is an important 

issue. Generation of waste can be viewed as an inefficient use of resources that will 

consequently result in a less economically attractive process. The most attractive way 

to manage waste is to prevent it rather than to clean it up. In 1997, Kyoto  Protocol  

was passed  to address such issues.  According to the Kyoto  Protocol, OECD member 

countries and those with transition economies must reduce their emissions of six GHGs 

by at least 5.2% compared to 1990 levels. The emission reduction should take place 

from 2008 to 2012 [20]. This is really a great challenge for chemical industry to update 

their current technology in order to meet the environmental regulations. 

 

1.5  National energy security policies 

Another key issue is national energy security.  A major problem with petroleum fuels is 

their uneven distribution in the world; for example, about 2% of the world population in 

the Middle East has 63% of the global reserves and is the dominant supplier of 

petroleum [21]. Political decisions aiming to reduce dependency on the fossil 

resources. Among other actors, European Union (EU) has announced an ambitious 

goal of reaching 20% renewable energy share by 2020 [22]. Germany’s new energy 

policy includes far more than just phasing out nuclear power by 2022. The expansion of 

the renewables like wind and solar power (80% of the energy mix by 2050) and the 

reduction of greenhouse gases (80% by 2050) planned by the German government will 

require a wide range of measures. Chemical industries are required at to play a 

creative role in order to achieve the goal of energy security policies. 

 

1.6  Raw material change in chemical industry 

The resource challenge is a result of the global population boom of the 20th century, 

where the population has almost quadrupled to over 6 billion people by the year 2000 

and expected to 9 billion by 2050 [23]. This combined with the fact that more and more 

people enjoy the benefits of a high living standards, has put strain on the resources 

needed to fuel this population and consumption boom. Chemistry has made a vast 

array of materials, medicines, fertilizers and fuels available at low cost. However, the 

chemical industry is based almost entirely on processes that convert petroleum derived 

resources into these highly valued products. During 20th century, cheap and abundant 

petroleum feedstocks have been readily available; however it has become shockingly 
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clear that these feedstocks will be priced very differently in the 21st  century, as the 

dwindling supplies can no longer keep pace with an ever increasing demand [2]. This 

event will undoubtedly impact the 

chemical industry of the 21st  

century. In the chemical industry 

profound changes took place in 

the 1980’s influencing research 

and process development today. 

As shown in the fig. 1. 6 , 

petroleum is the main raw material 

for the chemical industry with a 

share of more than 75% [24].  In 

many cases this has led to a 

redefinition of the objectives in the 

chemical industry. After past oil crisis, a great improvement was made in terms of 

energy conversation. At present, less economic improvements were left and energy 

costs have been stabilized at a moderate level. Due to the foreseeable worldwide 

shortage of fossil resources and the resulting increase in their prices, it becomes 

necessary to think about alternative raw materials. In the future, natural gas, carbon 

dioxide and biomass should supplement increasingly to crude oil as raw materials in 

chemical production [25].  

Herein, we explore the prospects for using renewable resources, namely biomass, as 

an alternative to the fossil resources as a feedstock for the chemical industry [26]. In an 

attempt to start identifying promising opportunities, it is instructive to establish a simple 

value chain that illustrates how the petrochemical industry transforms fossil resources 

into desirable products by a series of chemical transformations.  

The value chain in the fig. 1. 7 qualitatively illustrates the value of various important 

commodity chemicals relative to that of the fossil raw materials, that is, coal, natural 

gas, and crude oil. This is certainly a very simplistic illustration as the value of the fossil 

resources varies considerably, not only according to the geographic origin and quality 

but also over time for complex socio-economic reasons. Nonetheless, this fossil value 

chain for the chemical industry emphasizes that crude oil is transformed into 

transportation fuels by relatively simple, efficient, and inexpensive operations. Thus, 

transportation fuels are among the least expensive chemicals available. In these 

considerations biomass plays a key role. Although for energetic purposes biomass has 

Fig. 1. 6 Trend of raw material usage and 
window of uncertainty[2]. 
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a lower potential than other alternatives like photovoltaic. It is the only renewable 

carbon source.  

 

Fig. 1. 7 Options for raw material change in the chemical industry. 

 

For substituting oil by biomass a main challenge of the near future is the systematic 

development of new production concepts. Different approaches for the raw material 

change in the chemical industry are distinguished. In one approach biomass is 

converted to synthetic gas and all other products are built up from the so-called C1 

building blocks [10, 26]. Natural gas and coal can be used for this route as well. In 

other approaches more complex molecular structures like glucose, lignin, plant oil etc., 

which are produced by plants, are used as intermediates, and all final products are 

obtained from these platform chemicals 

 

1.7   Biomass conversion technologies 

1.7.1 Thermo-chemical conversion:  

In thermo-chemical conversion, biomass is converted into gas & liquid intermediates 

that can be used for fuels and chemical synthesis. The term Biomass to Liquid (BtL) is 
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applied to synthetic fuels produced from biomass via thermo-chemical route [27]. The 

objective is to produce fuel components that are similar to those of current fossil-

derived petrol (gasoline) and diesel fuels and hence can be used in the existing fuel 

distribution systems and with standard engines. They are also known as synfuels. The 

intermediate products include clean syngas (CO+H2), bio-oil (pyrolysis or hydrothermal 

product), and gases rich in methane or hydrogen. These intermediates can further be 

synthesized to gasoline, diesel, alcohols, ethers, synthetic natural gas etc. and also 

high purity hydrogen, which can be used as fuels in electric power generation. 

Gasification at higher temperatures of 1200oC – 1600oC leads to few hydrocarbons in 

the product gas and a higher proportion of CO & H2.  

 

 

Fig. 1. 8 Main conversion options for biomass and end applications (adopted Faaij, 2006[13]). 

 

If the ratio of H2 to CO is 2:1 then Fischer-Tropsch synthesis is an option to convert 

syngas into high quality synthetic biofuels which are compatible with conventional fossil 

fuel engines. Pyrolysis is the thermal de-polymerization of biomass at modest 

temperatures in the absence of added oxygen. The products of fast pyrolysis include 

gases, bio-oil, and char which depend on the process temperature, pressure, and 

residence time of the liberated pyrolysis vapors. The production of bio-products is 

maximized by fast pyrolysis, typically performed at temperatures (~450-500oC) at 

atmospheric pressure, high heating rates (i.e., 500oC/sec) and short residence times 

(1-2 sec). Slow pyrolysis reaction occurs at 300 - 500oC and the heating rates are slow 

i.e. around 20 - 30oC/sec and the residence time allowed is more. In this case, the yield 
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of gaseous product and solid residue is more as compared to fast pyrolysis. But the 

quality of liquid product is better [13, 27-30]. 

 

1.7.2 Bio-Chemical Conversion Process 

The bio-chemical conversion process deals with agricultural residues, energy crops 

and to some extent paper & pulp mill residues. It is a combination of pretreatment, 

enzymatic hydrolysis, and fermentation [27, 31, 32]. 

 

1.8 Bottlenecks of renewable biomass conversion technologies 

The biomass thermo-chemical conversion processes are endothermic, and heat is 

required during the operation of the process. Biomass conversion has a variety of 

process heating needs 

depending on the conversion 

route adopted (fig.1. 9 ). 

Drying of biomass can put a 

heavy heat load on the 

process. For example, the 

external heating needs are 

about 3000–4000 kJ/kg of 

water removed. The electrical 

(or mechanical) energy needs 

of the process are for 

conveying, grinding, and 

pumping. In total, 20–27% of the energy content of biomass is required simply to run 

the process (e.g gasification, pyrolysis). The generation of heat by combustion of 

biomass releases harmful carbon dioxide [33]. In addition, pure oxygen and hydrogen 

are required for oxidation and hydrodeoxygenation of bio-oil and biocrude, and for 

conditioning of syngas to produce chemicals and fuels [34]. The source of hydrogen is 

also under debate to decide whether the process is renewable or not. If pure oxygen is 

used instead of air, the input costs are high.  

 In order to claim biomass conversion technologies are renewable and zero carbon 

foot-print, one should address the source of heating, pure oxygen and hydrogen 

required for the process. These bottlenecks will be serious issues in the next 20 -30 

years. Burning of biomass via gasification and pyrolysis to get the C1-C20 molecules 

Fig. 1. 9 Thermal energy needs for biofuel production 
processes. 
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increases the complexity of the process [29]. To address such issues, we believe that 

use of direct sun energy in different forms will be the ultimate solution to answer all 

these issues. Sun energy is tremendous and readily available at all places in different 

forms. The challenge is to convert unlimited sun energy into required applications. 

 

1.9 Renewable energy from Sun 

The unlimited Sun energy has tremendous effect on this creation. The sun energy in 

the form of solar radiation reaches the Earth about 174 × 1012 KW[35], in which 30% of 

energy is reflected back. The total solar energy absorbed by clouds, oceans and land 

masses is approximately 3.85× 1024 joules per year [36]. The advantage of this energy 

is ‘spread throughout the world’ (available in all countries). The disadvantage of this 

energy is ‘in the diffused form’ 

(not concentrated as in coal 

mine or petroleum well).  In 

general words, one hour 

utilization of this energy is more 

than sufficient to our world's 

energy needs in one year[1]. 

Fig. 1. 10 shows a small  part of 

Sahara desert that would be 

enough to provide sufficient 

energy to the world with 10% 

conversion efficiency 

according to the consumption 

of a European citizen (5 kW power per person) [37]. Unfortunately, no technology was 

developed to convert the solar radiation directly into other energy form. But this solar 

radiation is helpful to harvest different types of energies such as sunlight, wind, 

hydrothermal, planned growth (biomass), tides, geothermal heat [38]. Sunlight 

absorbed by the oceans and land masses keeps the surface at an average 

temperature of 14 °C[39]. By photosynthesis green plants convert sunlight into 

chemical energy, which produces food, wood and the biomass from which fossil fuels 

were derived million years ago. Photosynthesis captures approximately 3,000 EJ per 

year in biomass. The plant material uses less than 0.1% of total sun energy received 

by earth.  

Fig. 1. 10. Small desert area (11 40000 km
2
) is sufficient 

to lift 6.4 billion people to EU energy standard with respect 
to the use of primary energy. (Schüth, 2010) [1]. 
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Almost any conversion of energy from one form into another involves a chemical 

transformation. And understanding the fundamental nature of these reactions is a key 

for the development of new materials and energy transformation pathways. Chemistry 

plays a pivotal role in most technological options. Fig.1. 12 illustrate schematically the 

conversion pathways of solar radiation to chemical storage molecules or to electrical 

energy[40]. All renewable resources are based on solar radiation to produce electricity, 

but in our opinion, it could not serve the problem completely. Because current chemical 

industrial technology is mainly based on “carbon” related molecules and it is not 

possible to get carbon directly from electricity.  

Therefore, it is clear that biomass is the only renewable resource to get “carbon” based 

molecules. New technologies are required to transform “carbon” in the biomass to 

substituted molecules derived from petroleum. 

 

Fig. 1. 12 Schematic and simplified network of different pathways to capture solar radiation 
(Schüth, 2010 [34]). 
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1.10 Concept of biorefineries based on chemical conversion 

A biorefinery is a facility that integrates biomass conversion processes and equipment 

to produce fuels, power, heat, and value-added chemicals from biomass [34]. The 

biorefinery concept is analogous to today's petroleum refinery, which produce multiple 

fuels and products from petroleum. In the process of selective chemical transformation 

in a biorefinery, HMF should be originated from  abundant renewable carbohydrates in 

high yield with low process energy consumption [41]. Current processes to produce 

HMF involve the use of acid catalysts and are mainly limited to fructose as a feed [42-

44]. A drawback with acid catalysts is that they cause various side reactions, 

significantly increasing the cost of product purification. For example, in water under 

acidic conditions, HMF decomposes to levulinic acid and formic acid. Levulinic acid is 

particularly difficult to separate from HMF. Substituting glucose as a feed substantially 

reduces HMF yields and produces additional byproducts. Therefore we selected very 

promising route to convert cheap carbohydrate-derived sugars into high-value 

chemicals and fuels by simple hydration, dehydration, oxidation, and hydrogenation 

and are aldol condensation reactions. Fig. 1. 13 shows the possible chemical 

conversion of cellulosic biomass into various chemicals and fuel type molecules. The 

proposed concept will be viable only when the source of external elements likes heat, 

oxygen and hydrogen are generated from renewable sources. 

In order to face the future energy challenge, we propose a new and innovative idea to 

produce sustainable chemicals and fuels from biomass using renewable free electrons 

from the sun. Finding the way to integrate renewable electricity directly with renewable 

biomass conversion is the main subject of this PhD thesis. To achieve this goal we 

adapted electrochemical catalysis to get required hydrogen or oxygen by simply using 

a small amount of electrons from wind, solar and hydropower (to electrify the surface of 

the catalyst) at mild reaction conditions [45]. 

The idea is illustrated in the fig. 1. 14. Therefore, the aim is to use the free electrons 

from sun to convert sun-derived biomass into required chemicals and fuels. The 

challenge for scientists/researchers is to capture this energy in an efficient way to 

reduce our dependency on fossil resources. We need a catalyst with structural and 

electronic modifiers, which can be used acrobatically to produce chemicals by 

combining plant biomass and electrons from renewable resources. Then we can see 

sustainable future of chemical industry with renewable raw material to produce 

chemicals, transportation fuels and polymers.    
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Fig. 1. 13 Concept of biorefinery to produce high-value chemicals and fuels based on selective chemical conversion. 
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Fig. 1. 14 Utilization of Sun-derive biomass and free electrons to produce sustainable chemicals. 

 

1.11 Aim and objectives of PhD thesis 

The aim of this PhD thesis is a comparative study of the electrocatalytic and heterogeneous 

catalytic conversion of biomass derived oxygenated compounds into useful commodity 

chemicals. In particular, we investigate the dehydration, oxidative and reduction reactions of 

sugar-based biomass compounds into chemical/fuel type molecules under heterogeneously 

catalyzed and electrochemically catalyzed conditions. The simplified reaction pathway was 

shown in the fig. 1. 15 . 

 

Fig. 1. 15 Selected reaction pathway for Ph.D thesis research.  

Heterogeneous catalysis 

Electrocatalysis 
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The work packages of this thesis include: 

 

1. Synthesis of a novel solid acid catalyst for the heterogeneous catalytic dehydration of 

fructose. Investigating the effect of different operating conditions (temperature, solvent, 

support material, etc.) on catalyst activity in terms of conversion and selectivity. 

Comparative studies between self prepared and commercial solid acid catalysts. 

2. Synthesis and characterization of a supported metal catalyst and testing for HMF 

oxidation in liquid-phase at mild conditions. Insights into HMF oxidative pathways under 

different reaction conditions along with mechanistic details. Comparing the catalytic 

activities of different supported heterogeneous catalysts. Optimization of important 

operating parameters to increase process viability. 

3. Testing of different metal catalysts for hydrogenation reactions. Selection of suitable 

reaction conditions and effect of different solvents on catalytic activity. 

4. Understanding of electrochemical characteristics of HMF and its oxidative/ 

hydrogenative derivatives on different metal electrodes under different conditions. 

Investigating the anodic oxidation and cathodic reduction powers of electrodes for HMF 

conversion with qualitative and qualitative analytics. Exploring the influence of different 

parameters (temperature, pH, current densities, etc) on catalytic activities of electrodes 

for HMF conversion into valuable chemicals. 

5. Finally, comparing electrochemical catalysis and heterogeneous catalysis for HMF 

conversion in terms of conversion, yield and selectivity to explore unifying or contrasting 

principles. 

1.12 References 

1. Morton, Oliver, Solar Energy: A New Day Dawning?: Silicon Valley Sunrise. Nature, 2006. 

443(7107): p. 19-22. 

2. Diercks, R., Arndt, J. D., Freyer, S., Geier, R., Machhammer, O., Schwartze, J., and Volland, M., 

Raw Material Changes in the Chemical Industry. Chemical Engineering & Technology, 2008. 

31(5): p. 631-637. 

3. Kamm, B., Production of Platform Chemicals and Synthesis Gas from Biomass. Angewandte 

Chemie International Edition, 2007. 46(27): p. 5056-5058. 

4. Binder, Joseph B. and Raines, Ronald T., Simple Chemical Transformation of Lignocellulosic 

Biomass into Furans for Fuels and Chemicals. Journal of the American Chemical Society, 2009. 

131(5): p. 1979-1985. 

5. Shakun, Jeremy D., Clark, Peter U., He, Feng, Marcott, Shaun A., Mix, Alan C., Liu, Zhengyu, 

Otto-Bliesner, Bette, Schmittner, Andreas, and Bard, Edouard, Global Warming Preceded by 



1. Introduction and aim of research 

 

17 
 

Increasing Carbon Dioxide Concentrations During the Last Deglaciation. Nature, 2012. 

484(7392): p. 49-54. 

6.  www.eia.doe.gov. 

7. BP statistical review of world energy, 2010. 

8. Behr, A., Westfechtel, A. and Pérez Gomes, J., Catalytic Processes for the Technical Use of 

Natural Fats and Oils. Chemical Engineering & Technology, 2008. 31(5): p. 700-714. 

9. Meyers, Robert, Handbook of Petroleum Refining Processes 2003. 

10. Groenendaal, B.J. and Gielen, D.J., The Future of the Petrochemical Industry 1999. 

11. Witze, Alexandra, Energy: That's Oil, Folks. Nature, 2007. 445(7123): p. 14-17. 

12. Vogel, G. H., Change in Raw Material Base in the Chemical Industry. Chemical Engineering & 

Technology, 2008. 31(5): p. 730-735. 

13. Diercks, R., Arndt, J.-D., Freyer, S., Geier, R., Machhammer, O., Schwartze, J., & Volland, M. , 

Raw Material Changes in the Chemical Industry. Chemical Engineering & Technology, 31(5), 

631–637. Doi:10.1002/Ceat.200800061. 2008. 

14. Statistical Review of World Energy 2012, www.bp.com/statisticalreview.    

15. Sokolov, A.P., Probabilistic Forecast for 21st Century Climate Based on Uncertainties in 

Emissions (without Policy) and Climate Parameters. 2009. 

16. Meehl, Gerald A., Washington, Warren M., Collins, William D., Arblaster, Julie M., Hu, Aixue, 

Buja, Lawrence E., Strand, Warren G., and Teng, Haiyan, How Much More Global Warming and 

Sea Level Rise Science, 2005. 307(5716): p. 1769-1772. 

17. Http://Www.Telegraph.Co.Uk/Science/Science-News/3302874/Global-Warming-Forecast-

Predicts-Rise-in-2014.Html 

18. Weaver, Andrew J. and Hillaire-Marcel, Claude, Global Warming and the Next Ice Age. Science, 

2004. 304(5669): p. 400-402. 

19. http://data.giss.nasa.gov/gistemp/ and http://www.epa.gov/climatechange/basics/. 

20. Group, Igbp Terrestrial Carbon Working, The Terrestrial Carbon Cycle: Implications for the Kyoto 

Protocol. Science, 1998. 280(5368): p. 1393-1394. 

21. Faaij, Andr. P. C., Bio-Energy in Europe: Changing Technology Choices. Energy Policy, 2006. 

34(3): p. 322-342. 

22. Birol, F. , World Energy Outlook 2010, International Energy Agency, Paris, France 2010. 

23. Blaschek, H. P., & Ezeji, T. C., Science of Alternative Feedstocks Introduction, 112–128. 2010. 

24. Arndt, J. D., Freyer, S., Geier, R., Machhammer, O., Schwartze, J., Volland, M., and Diercks, R., 

Rohstoffwandel in Der Chemischen Industrie. Chemie Ingenieur Technik, 2007. 79(5): p. 521-

528. 

25. Röper, Harald, Renewable Raw Materials in Europe — Industrial Utilisation of Starch and Sugar 

[1]. Starch - Stärke, 2002. 54(3-4): p. 89-99. 

26. Muffler, K. and Ulber, R., Use of Renewable Raw Materials in the Chemical Industry – Beyond 

Sugar and Starch. Chemical Engineering & Technology, 2008. 31(5): p. 638-646. 

27. Demirbas, M. F., Current Technologies for Biomass Conversion into Chemicals and Fuels. 

Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 28(13), 1181–1188. 

Doi:10.1080/00908310500434556. 2006. 

28. Palkovits, Regina, von Malotki, Christian, Baumgarten, Martin, Müllen, Klaus, Baltes, Christian, 

Antonietti, Markus, Kuhn, Pierre, Weber, Jens, Thomas, Arne, and Schüth, Ferdi, Development 

of Molecular and Solid Catalysts for the Direct Low-Temperature Oxidation of Methane to 

Methanol. ChemSusChem. 3(2): p. 277-282. 

29. Yaman, S., Pyrolysis of Biomass to Produce Fuels and Chemical Feedstocks. Energy 

Conversion and Management, 45(5), 651–671. Doi:10.1016/S0196-8904(03)00177-8. 2004. 

30. Meine, Niklas, Rinaldi, Roberto and Schüth, Ferdi, Solvent-Free Catalytic Depolymerization of 

Cellulose to Water-Soluble Oligosaccharides. ChemSusChem. 5(8): p. 1449-1454. 

http://www.eia.doe.gov/
http://www.bp.com/Statisticalreview
http://www.telegraph.co.uk/Science/Science-News/3302874/Global-Warming-Forecast-Predicts-Rise-in-2014.Html
http://www.telegraph.co.uk/Science/Science-News/3302874/Global-Warming-Forecast-Predicts-Rise-in-2014.Html
http://data.giss.nasa.gov/Gistemp/
http://www.epa.gov/Climatechange/Basics/


1. Introduction and aim of research 

 

18 
 

31. Sánchez, O. J., & Cardona, C. , Trends in Biotechnological Production of Fuel Ethanol from 

Different  Feedstocks. Bioresource Technology, 99(13), 5270–95. 

Doi:10.1016/J.Biortech.2007.11.013. 2008. 

32. Rinaldi, Roberto, Engel, Philip, Büchs, Jochen, Spiess, Antje C. and Schüth, Ferdi, An Integrated 

Catalytic Approach to Fermentable Sugars from Cellulose. ChemSusChem. 3(10): p. 1151-1153. 

33. Barth, T. and Kleinert, M., Motor Fuels from Biomass Pyrolysis. Chemical Engineering & 

Technology, 2008. 31(5): p. 773-781. 

34. Goyal, G. C., Tan, Z., Yin, C., Marsolan, N., & Amidon, T., Biorefinery – an Overview. 

35. Smil, V., General Energetics Energy in the Biosphere and Civilization. 1991: John Wiley, New 

York. 

36. Smil, V., Transforming the Twentieth Century: Technical Innovations and Their Consequences. . 

2006. : Oxford University Press, New York. 

37. Schüth, Ferdi, Guest Editorial: Paving the Way to New Energy Systems: The Key Role of the 

Chemical Sciences. ChemSusChem, 2010. 3(1): p. 6-8. 

38. Iea Renewable Energy Working Party (2002). 

39. Somerville, Richard. , "Historical Overview of Climate Change Science". Intergovernmental 

Panel on Climate Change. http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-

chapter1.pdf. 

40. Schüth, Ferdi, Chemistry Paves the Road to Novel Energy Systems. ChemSusChem, 2008. 1(1-

2): p. 155-156. 

41. Holladay, J. E., White, J. F., Bozell, J. J., & Johnson, Biorefinery Lignin. Evaluation, II(October). 

Top Value-Added Chemicals from Biomass Volume Ii — Results of Screening for Potential 

Candidates from Biorefinery Lignin. Evaluation, (October). 2007. 

42. Roman-Leshkov, Yuriy, Chheda, Juben N. and Dumesic, James A., Phase Modifiers Promote 

Efficient Production of Hydroxymethylfurfural from Fructose. Science, 2006. 312(5782): p. 1933-

1937. 

43. Tyrlik, Stanisaw K., Szersze„, Dorota, Olejnik, Marian and Danikiewicz, Witold, Selective 

Dehydration of Glucose to Hydroxymethylfurfural and a One-Pot Synthesis of a 4-

Acetylbutyrolactone from Glucose and Trioxane in Solutions of Aluminium Salts. Carbohydrate 

Research, 1999. 315(34): p. 268-272. 

44. Watanabe, Masaru, Aizawa, Yuichi, Iida, Toru, Aida, Taku M., Levy, Caroline, Sue, Kiwamu, and 

Inomata, Hiroshi, Glucose Reactions with Acid and Base Catalysts in Hot Compressed Water at 

473K. Carbohydrate Research, 2005. 340(12): p. 1925-1930. 

45. Lyko, H., Deerberg, G., & Weidner, E. (2009). Coupled Production in Biorefineries--Combined 

Use of Biomass as a Source of Energy, Fuels and Materials. Journal of Biotechnology, 142(1), 

78–86. Doi:10.1016/J.Jbiotec.2009.03.016. 2009. 

 
 
 
 
 

http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter1.pdf
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter1.pdf


 

19 
 

Chapter 2 

 

 

Experimental Details and Materials 

  

2.1 Chemicals and materials 

The chemicals (reagent grade) and materials were procured from different sources as 

follows. 

Chemicals from sigma aldrich:  

Furan, 99+%,  d-fructose,  d-glucose anhydrous,  d-gluconic acid, 49-53 wt.%,  d-

glutamic acid,  5-(hydroxymethyl)furfural, 99+%,  2,5-furandicarboxylic acid,  levulinic 

acid,  2-methylfuran, 99%,  2,5-dimethylfuran, 99%,  tetrahydrofuran, anhydrous, 

>=99.9%,  2-furaldehyde, >=98%, furfuryl alcohol, >=98%, 5-acetoxymethyl-2-

furaldehyde, 99%,  dimethyl succinate, 98%,  tetrabutylammonium perchlorate,  sodium 

acetate anhydrous,  sodium bicarbonate,  sodium phosphate dibasic: anhydrous,  

sodium phosphate 96%,  sodium phosphate monobasic monohydrate,  titanium 

dioxide,  mangan(iv)-oxid,  chrom(vi)-oxid,  4-methyl-2-pentanon>=98,5%,  blei(iv)-

acetat 95%,  pyridin wasserfrei  99.8%,  kaliumdichromat 99 +%,  sodium hypochlorite 

solution,  wasserstoffperoxid 30%,  zirconium(iv) hydroxide, 97%,  furan-2-

carbonsaeure 98%,  5-methylfurfural 99%,  2-acetylfuran 99%,  natriumdeuteroxid 40% 

in D2O,  indium tin oxide coated glass slide,  natronlauge 1 mol/l,  a-cellulose,  lignin 

alkali,  niederer sulfon-gehalt,  staerke loeslich nach zulkowsky aus,  

chlorsulfonsaeure,  4-chlorbenzolsulfonsaeure techn. 90%,  montmorillonit k 10, pulver,  

chrom(iii)-chlorid hexahydrat,  (3-mercaptopropyl)-trimethoxysilan 95%,  silica,  

zirconium(iv) oxide, powder, <5 micron,  p-toluenesulfonic acid, polymer-bound, m,  

schwefelkohlenstoff 99.9%, 4-(brommethyl)-benzolsulfonsaeurechlorid,  3-

bromopropanesulfonic acid sodium,  copper, foil, 0.25mm thick, 99.98% metal,  nickel, 

folie 0,125 mm 99,9 +%,  nickel, foil, 0.5mm thick, 99.98% metals,  gold(III) chloride 

trihydrate, 99.9+%,  polyvinylalkohol, 99+% hydrolysiert,  d-(+)-glucose monohydrate,  

polyvinylpyrrolidone mol.wt. 40,000,  natriumborhydrid,  gold folie, 0,1 mm 99.99%,  

2,5-dimethyltetrahydrofuran 96%, 1,2,6-hexanetriol 96%.  

Chemicals from alfa aesar:   

N-dimethylacetamide  99%, furfuryl alcohol  98%, 4-methyl-2-pentanone  99%, 5-

hydroxymethyl-2-furaldehyde  98+%, furan  99%  stab. with ca 250ppm bht, n-
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dimethylformamide  99%, sodium 2-chloroethanesulfonate hydrate  98+% (dry wt.)  

water <10%, p-toluenesulfonic acid  polymer-supported  1.0-2.0 mmol/g on 

polystyrene, platinum foil  0.1mm (0.004in) thick  99.99% (metals basis), palladium foil  

0.1mm (0.004in) thick  99.9% (metals basis), palladium  5% on gamma alumina 

powder  reduced, platinum  1% on gamma alumina powder  reduced, gold wire  1.0mm 

(0.04in) dia  99.95% (metals basis), nickel on silica-alumina  catalyst, 2-furaldehyde  

acs  98% min, ethyl acetate  acs  99.5+%, acetaldehyde  98.5%, sodium hydroxide  

0.01n standardized solution, sodium hydroxide  1.0n standardized solution, dihydrogen 

hexachloroplatinate(iv) hexahydrate  acs   99.95% (metals basis)  Pt 37.5% min, d-

sorbitol  98%, glassy carbon plate  1mm (0.04in) thick  type 1, diethyl ether  hplc grade  

99%  stab. with ethanol, nickel wire  1.0mm (0.04in) dia  hard  99.5% (metals basis), 

platinum wire  1.0mm (0.04in) dia  annealed  99.95% (metals basis), nickel wire  

0.5mm (0.02in) dia  puratronic®  99.999% (metals basis), zirconium oxide  catalyst 

support, cerium(iv) oxide  99.9% (metals basis), aluminum oxide  gamma-phase  

catalyst support  high surface area  bimodal, titanium(iv) oxide  catalyst support, silicon 

oxide  catalyst support  high surface area, nickel foil  2.0mm (0.08in) thick  99.5% 

(metals basis), copper based methanol synthesis catalyst, zinc oxide  99.99% (metals 

basis), amberlyst-15 ion exchange resin. 

Sulfuric acid (98%), dichlormethan (99,5%), n-hexan (99%)  were received from ROTH. 

Zinc chloride (anhydrous, 98 %) was stored in a glove box and used as received from 

ABCR GmbH. 2,5-furandicarbaldehyde (TCI GmbH, 98%), 5-hydroxymethyl-2-

furancarboxylic acid (Interchim), 5-formyl-2-furancarboxylic acid (Chemos GmbH), 

20wt.% and 46.8wt.% Pt/ Vulcan were received from research unit, BASF. 1wt.% 

Au/TiO2, 5wt.% Ru/C, 5wt.% Rh/C and 5wt.% Pd/C from strem chemical Ltd.  

 

2.2  Equipment details 

2.2.1 Semi-batch reactor (Autoclave) 

Heterogeneous catalysts were tested in semi-batch 

reactor.  Premex autoclave reactor was custom made 

with hastelloy C-22 material, which contains pitched 

blade stirrer (0-2000rpm), temperature controller, 

pressure controller (Maas flow controller), provision for 

sample in/out and pressure release valve as shown in 

Fig. 2. 1 Schematic view of 
semi-batch reactor. 
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fig. 2. 1. The maximum operating temperature and pressure are 240oC and 40 bar 

respectively. Hastelloy material shows good resistance against acid or base corrosion. 

The reactor vessel was made with stainless steel with the thicker wall and it can 

withstand the 40 bar pressure. The reactor was inserted with a special custom made 

Teflon liner, which was mixed with carbon to avoid the temperature gradients as shown 

in the fig. 2. 2a. The reactor was heated or cooled with an external source using Huber 

thermostat as shown in the fig. 2. 2c. and the dramatic view of inside the reactor and 

head of the reactor was shown in fig.2. 2b and fig.2. 2c respectively. 

 

Fig. 2. 2 Different components of semi-batch reactor. a) reactor vessel and Teflon liner; b) 
schematic view of reactor inside with stirrer, temperature sensor, gas inlet, sample in/out 
provision, pressure release provision; c) thermostat with oil circulation; d) schematic view of 
head part of reactor. 

 

The reactor was completely closed with leak proof fitting (o-ring) during the time of 

reaction. The reactor was controlled and operated by computer using a custom 

software from Ordino CS 350 from Pro-Control Ltd as shown in the fig. 2. 3. The 

Control panel provides the window to see the stirrer speed, to set the desired 

temperature and pressure (set point, SP) along with present value (PV). This software 

automatically provides the MFC calibration for hydrogen oxygen or hydrogen gases. 

User-defined reaction temperature profile can be created before the start of the 

reaction as a function of time. This software also shows the profiles of different 

operating parameters such as temperature, pressure, flow of oxygen, stirring speed 

with respect to reaction time. 
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Fig. 2. 3 Control panel to operate semi-batch reactor. 
 

2.2.2  Reflux condenser reactor setup 

Fig. 2. 4  shows schematic view of reflux condenser reactor 

setup. The reactor contains katydid controller, magnetic stirrer 

controller, oil bath, round bottom flask with three provisions for 

condenser, temperature sensor, nitrogen gas from balloon. 

The reactants were added to the reactor, when it is heated to 

the desired temperature. The condenser was connected to 

water circulation to cool the vapors of reaction mixture. The 

temperature of the reaction was controlled with 

auto-cut of heating. The samples were collected at 

regular intervals of time using syringe with 120mm needle.  

2.2.3 Electrocatalytic cell setup 

Electrocatalytic studies were conducted in two types of electrochemical cell setup. 

2.2.3.1 Batch-type cell with three electrodes  

Liquid phase electrochemical reactions were conducted in a batch type three electrode 

electrochemical cell. The cell was made up of glass with water circulation jacket and a 

closed head with five provisions as shown in fig. 2. 5 : 1) lugging capillary for reference 

electrode, 2) working electrode, 3) counter electrode, 4) gas bubbling and 5) gas outlet 

or blanketing or sampling. The electrolyte was stirred using controllable magnetic 

stirrer. The whole setup was kept on magnetic stirrer assembly. Fig. 2. 5  shows hot 

water circulation pump to the water jacket of the cell to heat the electrolyte at a desire 

temperature. Gamry reference  potentiostat 600 series has been used for variation of 

potential and current during electrochemical reaction as shown in fig. 2. 5 . The working 

Fig. 2. 4 Schematic view of reflux 
condenser reactor setup. 
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electrode, reference electrode and counter electrodes are properly connected to 

potentiostat to regulate current density or voltage. The data was recorded using Gamry 

framework and analyzed by Gamry Echem Analyst software.  

 

 

Fig. 2. 5 Three electrode electrochemical cell setup; a) Gamry reference potentiostat 600 series; 
b) electrochemical cell with five provisions on magnetic stirrer; c) hot water circulation for 
heating the cell. 
 
 

2.2.3.2 Continues flow-type cell with two electrodes. 

Fig. 2. 6a shows continuous flow-type cell with liquid pump, gamry potentiostat and 

electrode assembly. The setup contains anode, cathode sandwiched with catalyst 

coated membrane. The electrolyte was pumped through micro-channels of the anode 

and collected at the exit side. Constant current was applied using gamry potentiostat to 

maintain the potential at catalyst interface. The cell was under leak proof conditions. 

 

Fig. 2. 6 Continues flow-type cell; a) cell setup with pump and potentiostat;  b) anode side flow 
channel; c) catalyst coated membrane; c) cathode side flow channel. 
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2.2.4  NMR 

NMR spectra were recorded on a Bruker AC 500 (1H, 500 MHz; 13C, 125 MHz). NMR 

samples were prepared by dissolving solid compounds (e.g. 5mM HMF) into D2O, 

CDCl3 and 1M NaOD solvents. The required pH was obtained by mixing NaOD in D2O. 

For in-situ NMR studies, the sample was purged with N2 gas about 10 min and sealed. 

Throughout (kinetic) the measurement, the sample probe was maintained at 50oC. 

NMR scanning was recorded for every 1 hour over 10 hours.  

 
2.2.5  HPLC-MS 
High pressure liquid 

chromatography–mass 

spectrometry (LC-MS) was 

brought from Agilent technologies 

6120 series. The equipment 

contains 1) degasser  2) binary 

pump 3) auto-sampler 4) 

thermostat 5) UV detector 6) RI 

detector 7) MS detector 8) 

chemstation software interface. 

Aglent‟s (1200 series) HPLC has 

been used to pump the solvent 

and to inject the sample using an auto-sampler. The separation of compounds was 

achieved by using an „Organic Acid‟ column (8mm x 300mm) from Klaus Zeimer GmbH 

(part# 7.528 980 30), solvent (0.1% formic acid in millipore water), flow rate 1 ml/min 

using isocratic pump and column temperature is 60oC. The calibration chart was 

prepared using pure chemicals. The Agilent‟s single quadrupole mass spectrometer 

(6120 series) was equipped with multimode ionization (electrospray ionization (ESI) + 

atmospheric pressure chemical ionization (APCI)) source. The following operating 

conditions were used. Drying gas flow: 12l/min; nebulizer pressure 40 psig; drying gas 

temperature 350oC; vaporizer temperature 250oC; capillary voltage + 1000V & -2500V; 

corona current +2 A & -4 A; charging voltage +2000V & -2000V. The organic 

molecules are ionized in multimode source and mass (m/z) of the species scanned 

from 50 to 800 in both positive and negative polarity to identify the specific molecule. 

Fig. 2. 7 HPLC coupled with MS (LC-MS). 
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2.2.6  GC 

Samples were periodically withdrawn from the 

reaction mixture to analyze the concentrations 

product distribution. Quantitative analysis of the 

reaction species was carried out by the gas 

chromatography (GC) on Shimadzu 2010 plus 

instrument equipped with a HP-5 (30m, 0.25 mm, 

1 m) column using helium as the carrier gas, with 

the ame ionization detector set at 250oC and 

injector set at 250oC. The oven temperature was 

maintained at 60oC for 5 min to start with and then 

ramped to 120oC at 10oC min-1 and finally to 250oC 

at 20oC min-1 where it was held for 10 min.  

2.2.7 XRD 

XRD profiles were measured with a D8 

Advanced X-ray diffractometer (Bruker AXS) 

equipped with a position sensitive LynxEye 

detector (PSD) and a Cu Kα source, operated at 

40 kV / 40 mA. The following scan parameters 

were used: 2  = 15o–80o, step size = 0.01o, 

holding time per step = 10s, variable 

divergence slit = 4 mm, PSD Iris = 13 and 

sample rotation = 15 rpm. The crystal phase Rietveld quantification and crystallite size 

were established with TOPAS (Bruker AXS, Version 4-2). 

2.2.8  TEM 

The morphology of Pt/C was observed through the transmission electron microscopy 

(TEM), FEI TECNAI G² 20 S-TWIN equipped with energy dispersive X-ray 

spectroscopy (EDS) and GATAN MS794 P CCD-Camera. TEM was operated by the 

accelerating voltage of 200 kV. The optimal resolution of this microscopy is 0.24 nm in 

Bright field. An aliquot of catalyst in ethanol was pipette on a Cu grid with holey carbon 

film (PLANO, Germany) and dried in air. The analysis of the TEM images was carried 

out with imageJ software to determine the particle size distribution by counting more 

than 200 particles of carbon supported platinum nanoparticles. 

Fig. 2. 8 Gas chromatography (GC) 
equipped with auto-sampler. 

Fig. 2. 9 XRD. 
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2.2.9  BET 

The surface areas of different supported metal catalyst were determined by nitrogen 

adsorption and desorption measurements at liquid nitrogen temperature using 

Quantachrome Autosorb-1-C. Prior to adsorption, the samples were degassed in 

vacuum at 200oC for 4h. Specific surface areas were calculated from the 

Brunauer_Emmett_Teller (BET) method.  

 

2.3  Synthesis of heterogeneous catalyst 

2.3.1  Solid acid catalyst (SAC) using chlorosulfuric acid 

In order to attach the SO3H-group covalently to the surface, an excess of chlorosulfuric 

acid was added (mole ratio 4:1) to hydroxysilane (4.542 ml/g Si-OH), hydroxy titanium 

(3.32 ml/g Ti-OH) and zirconium hydroxide (1.69 ml /g Zr(OH)4) independently. The 

suspension was stirred at room temperature for about 8 hours. Milli-Q water was added 

to the suspension to stop the reaction. The suspension was filtered and washed 

thoroughly with the Milli-Q water and dried in a freeze dryer (Labconco) [1]. 

 

Fig. 2. 10 Sulfonation using chloro-sulfonic acid. 
 

2.3.2  SAC using 4-chlorobenzenesulfuric acid 

4-Chlorobenzenesulfuric acid is solid at room temperature. 4-chlorobenzenesulfuric 

acid was melted at 115oC in order to react with solid support. 6.4 g, 4.85 g and 4.89 g 

of 4-chlorobenzenesulfuric acid were added to 1g SiH3-OH (molar ratio 2:1), 1 g Ti-OH 

(molar ratio 2:1) and 1g Zr(OH)4  (molar ratio 4:1) respectively. They were stirred for 

about 8 hours at 115 °C. Then suspension was washed thoroughly with Milli-Q water 

and dried with a freeze dryer.  

 

Fig. 2. 11 Preparation of chlorobenzenesulfuric acid functionalized catalyst. M= Si-OH, Ti-OH,  
Zr(OH)4.   
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Fig. 2. 12 Preparation of MPTMS-SBA-15. 

2.3.3  SAC using 3-mercaptopropyl)trimethoxysilane (MPTMS) 

The suspension of silicondioxide (5 g), titaniumdioxide (5 g) and zirconiate-trahydroxide 

(5 g) are prepared using dry Toluene (320 ml). 0.47 ml of MPTMS was added to the 

suspension and stirred with magnetic stirrer.  It was heated to 110 °C under reflux for 

18 hours. The last 30 minutes of the suspension was heated to 120 °C.  The 

suspension was filtered and washed with 30 ml toluene and dried over night at 110 °C. 

H2O2 (30%, 25 ml) and one drop of a solution of H2SO4 in 25 ml Methanol were added 

to the dried powder. The suspension was stirred at room temperature for another 12 

hours. After that it was filtered and washed three times with Milli-Q water  (50 ml). The 

solid was dissolved in a 10 wt% 

H2SO4 solution (30 ml) for 4 hours. 

The solid was filtered and dried at 

120 °C over night [2]. 

A second batch was 

prepared using MPTMS 

(1,86 ml) and 

Zirconiatetrahydroxide (5 g) in dry Toluene (150 ml) at similar conditions. For the 

oxidation H2O2 (30%, 43 ml) was used and for the protonation two drops of of H2SO4 in 

Methanol (15 ml). After the preparation the catalyst was washed successively with 

toluene (5 ml), acetone (5 ml), ethanol (5 ml), ethanol/water (1:1,v/v) (5 ml), water 

(5 ml), ethanol (5 ml), acetone (5 ml) and pentane (5 ml) [3]. The reaction proceeds 

similar for Zr(OH)4 and TiO2. 

 

2.3.4  TESAS-SBA-15 

Pluronic P123 (2.00 g) was dissolved in a mixture of distilled water (30 g) and a 2 M 

aqueous HCl (60 g) with continuous stirring and heated to 35 °C. After P123 was fully 

dissolved, a freshly prepared 1 wt % aqueous poly(vinyl alcohol) (PVA; Mav = 130 000) 

was added in different amounts. To this solution tetraethoxysilane (1.05 g) was added 

and the resulting mixture was kept at 35 °C for 24 h, subsequently poured into a 

Teflon-lined autoclave, and aged at 80-150 °C for another 24 h. After 30 min, NaCl 

(425 mg, 7.33 mmol) was added to the reaction mixture, to produce a 0.10 M solution. 

After 1 h, solid NaTESAS (700 mg, 2.06 mmol) was added in 44 mg increments every 

15 min for 4 h. Twenty hours later, the reaction mixture was divided equally among 

three Parr bombs (30 mL) fitted with Teflon liners. Each was heated at 100 °C for 24 h. 
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The resulting suspensions were filtered, washed with water, and air-dried. The 

surfactant was removed by refluxing TESAS-SBA-15 (1.30 g) in slightly acidified 

ethanol (500 ml) for 15 h. The solid was recovered by vacuum filtration and washed 

with ethanol (200 ml). The extraction process was performed once more on the filtrate. 

The resulting solid was washed with water and suspended in HCl (2M,100 ml). After 3 

h, the solid was collected and washed with water until the pH of the water was neutral. 

The solid was dried at 60 °C in air overnight, then at 150 °C under vacuum (0.1 mTorr) 

for 12 h. 

 

Fig. 2. 13 Preparation of TESAS-SBA15. 

 

2.3.5  Synthesis of Covalent Triazine Frameworks (CTFs) 

The respective monomer and the metal salt were transferred into a quartz ampoule 

(3x12cm) under an inert atmosphere. The ampoules were evacuated, sealed and 

heated to 400°C for 20h (CTF-1) while 400°C & 600°C for 20h & 20h (CTF-HSA). The 

ampoule was then cooled down to room temperature and opened. The reaction mixture 

was subsequently grounded and then washed thoroughly with water to remove most of 

the ZnCl2. Further stirring in diluted HCl for 15 h was carried out to remove the residual 

salt. After this purification step, the resulting black powder was filtered, washed 

successively with water and THF and dried in vacuum at 150 °C.  

The sulfonation of the CTF (0.3 g) was carried out in a Teflon container set in a Teflon-

lined autoclave where the powders were contacted with the vapor from 4 ml 60% 

SO3/H2SO4 at 333 K for 24 h. The sulfonated samples were stirred and filtered 2 times 

with hot distilled water (>353 K), then with HCl (1N) and finally washed with water and 

dried at 373 K overnight in air. 

 

Fig. 2. 14 Sulfonation of the CTFs. 
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2.4  Electrodes preparation 

2.4.1   Metal foil electrode 

The working electrode is made-up of pure Pt, Pd, Ni, Cu foil (4.5 cm2)geo and connected 

by pure Pt, Pd, Ni, Cu metal wire respectively. The working electrode is cleaned after 

each experiment by staying few seconds at over potential (2.5 V/RHE) to oxidize the 

adsorbed organic species. After that the working electrode is cleaned using nitric acid, 

acetone, ethanol under ultrasonification and rinsed with milli-Q water after each 

cleaning step [4, 5].  

2.4.2  High surface area electrode 

Measured catalyst powder (46.7% Pt/vulcan) between 0.1–0.15g was added to 0.5ml 

DI water to avoid catalyst burning. The slurry was mixed with iso-propanol (10–15 min 

refrigeration), the amount is 33 vol.% (in L) of the catalyst weight. The solution is stirred 

continuously for 15 min with a magnetic stirrer. Thereafter the solution is sonicated for 

1 h, followed by addition of 33 wt% Nafion (5 wt%, DE 521) with further sonication of 1 

h.  An ethyele tetrafluroethylene (ETFE) film of size 33 33 was used to coat the ink. 

About 10 ml of ink is poured in a straight line, and the mayer rod is dragged through the 

ink with a gentle vertical pressure quickly without letting the ink dry. This coating was 

allowed for 15 min to dry in the air. After drying, required amount of electrode was 

carefully cut off with sharp blade. Anode an cathode were prepared separately by 

sandwich assembly with the ink coating film, gylcon pads, krpton films and nafion 

membrane. This assembly was arranged in between aluminum plates abd pressed ay 

145oC with 5000lb load for 4min. After that system was cooled to room temperature 

and collected anode or cathode on nafion membrane to test for their electrocatalytic 

activity.  

2.4.3  Reference and counter electrodes 

The reference electrode used in electrochemical experiments is Reversible hydrogen 

electrode (RHE). It is a commercial one. It was brought from Gaskatel GmbH 

(HydroFlex, http://www.gaskatel.de/). The US patent number is 5407555. This 

reference electrode (RHE) is constructed by using small sheet of Pt mesh, PTFE 

(Polytetrafluoroethylene) tube with diameter of approx. 8 mm and hydrogen cartridge. 

This is liquid free electrode and hydrogen gas is always circulated on Pt mesh. There is 

no fluid electrolyte inside reference electrode. We can use it without an additional 

electrolyte bridge. Counter electrode is pure Pt gaze (100 mesh) connected by pure Pt 
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wire. Counter electrode is also cleaned after each experiment using nitric acid, 

acetone, ethanol and subsequent rinsing with water. 

2.5 Preparation of active metal catalyst 

Heterogeneous catalyst has been used in order to study the HMF oxidation and 

hydrogenation. Supported metal catalysts were synthesized by adding metal precursor 

into weighted amount of commercial support (activated carbon, vulcan, etc. Slurry is 

made with the support powder and metal precursor mixture. The mixture is then freeze-

dried and annealed.   For the synthesis of supported catalysts, the precursor for Pt is 

dihydrogen hexachloroplatinate(IV) hydrate (H2PtCl6.6H2O, 99.999%), Ru is 

RuCl3.3H2O, Ni is Ni(NO3)2.6H2O, Pd is N2O6Pd.2H2O , Rh is Rh2(OOCCH3)4. 

2.5.1  Synthesis Methodology 

The required amount of metal precursor combined in 20 ml isopropanol vials. 5 ml of 

de-ionized water is then pipetted into the vials. The 

mixture is sonicated for 5 min to produce thick and 

shiny slurry. The slurry is frozen by partially 

submerging the vials into a cryo-tray of liquid 

nitrogen for at least 15 min. After at least 5 min and 

when the liquid nitrogen has stopped bubbling 

vigorously (liquid nitrogen in contact with the vial 

walls will boil-off upon submerging the vials due to 

the great disparity of temperature between the vials 

and liquid nitrogen), the cryo-tray is brought to the 

freeze-drier (LABCONCO). The vials are then 

transferred into the Bulk Tray Drier. A thermostat is 

put in contact with one of the vials so that the 

temperature of the vials can be monitored over the 

period of the freezedrying process. The Bulk Tray 

Drier‟s door is then sealed and the freeze-drier is 

evacuated to 50 mTorr. The set-up is left overnight 

for the slow freeze-drying to complete. The 

process is completed when the temperature 

of the vials have reached room temperature 

again. When the freeze-drying process is complete, the samples look like cakes of 

black powder that crumbles on contact. The samples are transferred into the individual 

Fig.  2. 15 Synthesis procedure for 
supported metal catalyst. 



2. Experimental Details and Materials 

 

31 
 

rectangular alumina boats and covered partially with an alumina lid, leaving about 5 – 

10% opening for gas flow, before being inserted into the quartz tube of the flow 

furnace. The annealing protocol is then set up on the temperature control console. The 

“Start” button is then clicked to start the protocol. Regardless of the annealing 

conditions, the hydrogen gas (6% hydrogen and Argon mix, laboratory certified grade, 

from Matheson Tri-gas) flowed at room temperature in the first hour is to de-aerate the 

quartz tube of oxygen. The presence of oxygen will result in the burning off of the 

carbon support. After the first hour, the temperature is increased to 250⁰C at a rate of 

10⁰C/min and held at the high temperature for 2 hours. This is to decompose the 

anions that are present in the metal precursor or other impurities contamination of the 

samples. After the 2 hours temperature hold at 250⁰C, the temperature is raised again 

to the respective annealing temperature (450⁰C or 600⁰C) for the required amount of 

time 6 h. During this period, the samples are annealed at the chosen conditions. 

 Depending on the temperature and duration of the annealing process, the particle size 

distributions, final catalyst compositions (dependent on how complete the alloying 

process is) and catalytic activities are fixed. When the annealing process ends, the 

furnace is left to cool down to the room temperature via natural convection. Once the 

furnace reaches room temperature, the gas flow is stopped and the quartz tube is 

opened to allow air to enter. The catalysts are left in the quartz tube, exposed to air for 

at least half an hour before they were taken out of the quartz tube and transferred into 

glass vials where they will be stored under desiccated environment. Fine platinum 

particles are very much prone to sparks especially when exposed to friction, heat 

source or sudden contact with oxidizer. The exposure to air inside the quartz tube is to 

allow the catalysts to reach equilibrium in air (20% oxygen) so as to prevent sparks 

from occurring when the catalysts are removed from the furnace. The graphical 

representation of synthesis procedure is as shown in fig. 2. 15. 

2.6  Analytical method development 

Analytical methods were developed to separate different molecules in the reaction 

mixture and to estimate percentage of product distribution. HPLC-MS equipped with 

UV, RI and mass detector have been used for quantification & qualification of product 

distribution.   

2.6.1. Fructose  
Fructose was separated from the reaction mixture by using Organic acid column from 

Klaus Ziemer GmbH [300 8 mm], injection volume is 10 µL, column temperature 60oC, 
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flow rate is 1mL/min and mobile phase is 0.1% formic acid in water. Fructose was the 

detected using refractive index detector.                                                            

2.6.2. HMF, HMFC,FDC,  FFCA, FDCA 
HMF and its oxidative products such as HMFC, FFCA, FDC, FDCA were separated 

and analyzed using ion exchange column from Klaus Ziemer GmbH [300×8 mm], 

injection volume is 10 µL, column temperature 60oC,  flow rate is 1mL/min and mobile 

phase is 0.1 (vol).% formic acid in water. All products were detected at 265nm 

wavelength of UV-Vis. Separation of all products were shown in the fig.2. 16    

 

Fig. 2. 16  HPLC spectrum of HMF oxidative derivatives. 

 

2.6.3. DMF, BHMTHF, BHMF, BHMTHF 
HMF hydrogenation products were separated and analysed using Agilent Zorbax XDB 

C-18 from Agilent technologies. Conditions were injection volume was 10 µL, column 

temperature 40oC, flow rate is 0.8mL/min and mobile phase was 50% (vol) acetonitrile 

in water. The compounds were detected at 221nm wavelength of UV and refractive 

index detector (35oC) as shown fig. 2. 17. GC was also used to confirm the products. 

2.6.4. MS detector 
The Agilent‟s single quadrupole mass spectrometer (6120 series) was equipped with 

the multimode ionization (electrospray ionization (ESI) + Atmospheric pressure 

chemical ionization (APCI)) source. The following operating conditions were used. 

Drying gas flow: 12l/min; nebulizer pressure 40psig; drying gas temperature 350oC; 

vaporizer temperature 250oC; capillary voltage + 1000V & -2500V; Corona current 

+2 A & -4 A; Charging voltage +2000V & -2000V. 
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The organic molecules are ionized in the multimode source and mass (m/z) of the 

species was scanned from 50 to 800 in both positive and negative polarity to identify 

the specific compound. Mass spectrum of some important species are shown in fig. 2. 

16  . 

 

Fig. 2. 17 HMF hydrogenation products separation and detection; a)UV-Vis signals; b)RID 
signals. 

 
 

 

Fig. 2. 18 Qualitative to information of HMF and its derivatives. a) Mass spectrum of HMF; m/z 
=127 (M+H). Where M = molecule; H = proton; b) Mass spectrum of FDCA; m/z =155 (M-H); 
Fragmented ion = loss of CO2 (44) = (m/z)111; c) Mass spectrum of FDC; m/z =125 (M+H); d) 
Mass spectrum of HMFC; m/z =142 (M-H); Fragmented ion = loss of CO2 (44) = (m/z). 
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2.7 Dehydration of fructose 

The dehydration reactions were carried out in a 100 ml two neck glass-reactor with a 

reflux condenser at a range of temperature between 40 °C and 140 °C depending on 

the solvent. The reactor was submerged in stirred silicon oil bath to maintain uniform 

temperature during the reaction. A magnetic stirrer was used at 1000 rpm. The starting 

concentration of fructose was 10, 25 or 50 mM. The condenser was sealed with a N2 

balloon. The reaction time was between 3 and 6 hours, however 4 h results were used 

for comparison. The fructose conversion was calculated as moles of fructose reacted 

per moles of fructose fed. The HMF selectivity was calculated as moles of HMF 

produced per mole of fructose reacted. The reaction mixture was separated using 

organic acid HPLC column and the detected by UV, RID detectors. The calibration 

chart was prepared using pure standards. Unknowns were estimated using the 

prepared calibration chart (see appendix). Conversion of reactant, yield and selectivity 

of product were calculated using equations 2.1, 2.2 and 2.3 [6]. 

. 

 

 

2.8  Heterogeneous catalytic oxidation of HMF  

5mM (0.25mmol) HMF was dissolved in 50ml of aqueous solution. Required amount of 

NaOH was added to 50ml of an aqueous solvent, e.g. pH 13 aqueous solvent contains 

5mmol (0.1M) NaOH.  Then, a calculated amount of supported metal catalyst was 

added to the above aqueous solution. The reactant mixture was charged to semi-batch 

autoclave reactor (see section 2.2).  The reactor was closed and stirred at 1000 rpm to 

mix all the reactants and catalyst. At the same time reactor was pressurized 3 times to 

2 bars with O2 gas and released to provide purely O2 reacting environment, and then 

pressurized to the required pressure. Throughout this paper, pressure is referred as 

gauge pressure. The reactor was heated or cooled to a desired temperature by oil 

circulation using Huber thermostat. After regular intervals of time, the reactor was 

cooled to 30oC to take 50µl of reaction mixture using syringe. The reaction mixture was 

Conversion of  "Bio" % =  
Moles of "Bio" disappeared

Moles of "Bio" initial 
 × 100 ………… . (2.1) 

 

Yield of product 𝑥 % =  
Moles of 𝑥 formed

Moles of "Bio" intial 
 × 100 ………………… . . (2.2) 

 

Selectivity of product  𝑥  % =  
Moles of 𝑥 formed

Moles of "Bio" disappeared
 × 100 … . . (2.3) 
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filtered using micro filters (13 mm HPLC Syringe Filter, PTFE, 0,2μm). 10µl sample 

was injected in LC-MS for quantification and qualification of unknown compounds (see 

appendix). The conversion of reactant (HMF), yield and selectivity of product (FDCA, 

FDC, etc) were calculated using equations 2.1, 2.2 and 2.3.  

 

2.9  Heterogeneous catalytic hydrogenation of HMF 

Hydrogenation of HMF was carried out using semi-batch reactor. 20ml of aqueous or 

organic solvents was used to mix 0.1M HMF with supported metal catalyst. The 

reaction mixture was  stirred at 1000rpm and stated stepwise to 175°C. Different 

hydrogen and pressures were used. Over the reaction time, the sample was cooled to 

the room temperature using water circulation and analyzed using LC-MS or GC. The 

unknowns of reaction mixture were identified using calibration chart of standard 

compounds (see appendix). Conversion of reactant, yield and selectivity of product 

were calculated using equations 2.1, 2.2 and 2.3. 

 

2.10 Electrocatalytic oxidation of HMF 

0.3M NaClO4+0.1mM NaOH (pH10) was chosen as electrolyte where HMF is stable 

and NaClO4 makes the electrolyte more conductive. Working electrode, counter 

electrode and reference electrode were connected to the potentiostat. 5mM HMF was 

added to the electrolyte and stirred with magnetic stirrer. The electrolyte was purged 

with nitrogen gas and then blanketed. Desired potential or current was applied using 

potentostat. Reaction mixture was drawn at regular intervals of time and analyzed. The 

qualitative and quantitative information obtained by analysis of reaction mixture was 

conducted using   Agilent‟s (6120 series) LC-MS equipped with UV/Vis and MS 

detectors. The separation of compounds was achieved by using „Organic Acid‟ column 

(8mm x 300mm) from Klaus Zeimer GmbH, solvent (0.1% formic acid in Millipore 

water),  flow rate 1 ml/min using isocratic pump and column temperature 60oC. The 

calibration chart was prepared using pure standard chemicals (see appendix). 

Conversion of reactant, yield and selectivity of product were calculated using equations 

2.1, 2.2 and 2.3. 

Faradaic efficiency for formation of FDC from HMF oxidation was calculated using 

Faraday's 1st  law of electrolysis (The mass of a substance altered at an electrode 
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during electrolysis is directly proportional to the quantity of electrical charge (coulomb) 

at that electrode) as shown in equation 2.4. 

 

Where I = current in A, t = time in sec. 

 

2.11 Electrocatalytic hydrogenation of HMF 

Biphasic system and contains 50ml of aqueous conducting electrolyte (0.3M 

NaClO4+0.1mM NaOH) and 20ml of 1-butanol. 5mM HMF was added to three 

electrode electrochemical cell and applied constant current of -10mA. Different metal 

foil electrodes were used to test the HMF hydrogenation. Reactions were carried out at 

room temperature under N2 atmosphere. After the reaction, organic phase and 

aqueous phase were separated using separating funnel and analysed separately using 

HPLC. The unknown amount of products in the reaction mixture were estimated using 

standard calibration chart (see appendix). Conversion of reactant, yield and selectivity 

of product were calculated using equations 2.1, 2.2 and 2.3. 

 

2.12 Electrochemical methods 

2.12.1. Cyclic voltammetry  

The electrochemical behavior of a metal can be obtained through a series of steps to 

different potentials by recording current-time curves. Cyclic voltammetry (CV) or 

potentiodynamic cycling is an electrochemical technique in which potential of the 

polarized electrode is scanned between two potential windows and the current 

response of the electrochemical system is measured to obtain different surface 

reactions taking place on the electrode. The relationship between the passage of the 

charge and the applied potentials yields information about the processes occurring as a 

function of the relative free energy changes in the system. Potential sweep technique 

such as CV has been applied to understand the potential at which the process occurs 

with the type of adsorption, state of oxidation of the molecule and degree of purity of 

the system. These preliminary studies are also helpful to choose the oxidation 

potentials of a particular compound.  

)......(2.4  100
t ×I

imentt)HPLC(exper from FDC of Mass
=(%) yield FDCfor  )(F efficiency Faradaic eff
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2.12.2. Chronopotentiometry 

A particular constant current density is applied to the electrode, and the potential 

variation is followed as a function of time. When there is no electrode reaction, the 

entire current is a nonfaradaic charging current.  As shown in fig. 2.20 E vs. t curve is 

represents chronopotentiometry behavior. 

 

Fig. 2. 19 Galvanostatic curves: (1) without a reaction; (2) with a reaction; (3) corrected. 
 
 

When an electrode reaction takes place, the applied current is divided between the 

non-faradaic components and a faradaic component. Because of the latter, there is a 

gradual decrease in surface concentration of the reactant. When the time, t, required 

for diffusion to change from transient to steady is large compared to the transition time 

tlim, the reactant‟s surface concentration will fall to zero within the time tlim Consider the 

shape of the E vs. t relation for the cathodic reaction Ox + ne-→ Red, and assume that 

the initial product concentration Cv=0. Assume further that the share of non-faradcaic 

current is small and that all the applied current can be regarded as faradaic. In 

reversible reactions the electrode potential is determined by the values of Cs, ox and 

Cs,red. Prior to current flow the potential is highly positive since Cs,red=Cv,red=0. When the 

current has been turned on, the changes in surface concentrations are determined by 

equation 2.5 

2/1

lim

v
t

t
-1C  sC            ………………. (2.5) 

Substituting these values into the Nernst equation, we obtain equation (2.6) 

2/1

2/12/1

lim
4/1 ln

t

tt

nF

RT
EE     …………. (2.6) 
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The relation between E and t is S-shaped (curve 2 in fig. 2.20). In the initial part we see 

the non-faradaic charging current. The faradaic process starts when certain values of 

potential are attained, and a typical potential “arrest” arises in the curve. When zero 

reactant concentration is approached, the potential again moves strongly in the 

negative direction (toward potentials where a new electrode reaction will start, e.g., 

cathodic hydrogen evolution). It thus becomes possible to determine the transition time 

tlim precisely. When the non-faradaic current is not small enough, the appropriate 

correction must be included when constructing the curves. At constant current, the 

charge consumed is proportional to time; therefore, we can graphically correct by 

subtracting at each potential the time t spent for charging of the electrode (or actually, 

the charge) from the current value of time t (curve 3). 
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Chapter 3 

 

 

Conversion of Lignocellulosic Biomass into HMF 

3. 1. Introduction 

The era of 1st generation of biomass conversion, datable to 1996-2006, called as gold-

en age of biofuels, when bio-ethanol from the corn and sugarcane, and bio-diesel from 

the lipid biomass were rapidly expended [1-3]. But, within less span of time, public cited 

a wide spectrum of problems like adverse effect on global food supply, collapse of envi-

ronmental credibility and deforestation with bio-energy crops [4-8]. To overcome such 

critics, researchers and technologists focused on alternative biomass source (non-food 

competition). The immediate answer at the hand was woody biomass [1, 9]. This is 

called 2nd generation biomass conversion or advanced biomass conversion technology 

[10]. The uncontroversial woody plants were enormous and are highly attractive for 

both commercial and environmental reasons. Lignocellulosic biomass has a tremen-

dous applications as a renewable resource for the production of fuels and chemicals 

[11-15]. This is very promising because it is inexpensive and readily available from crop 

residues and forests. From the beginning of 2006, there is an immense research atten-

tion towards conversion of lignocellulosic biomass [11-15].  

 

3.1.1 Lignocellulosic biomass 

Lignocellulosic biomass refers to the plant biomass that is mainly composed of cellu-

lose, hemicellulose, and lignin as shown in the fig. 3.1. Lignin (15%–25%) is complex 

aromatic structure with p-hydroxyphenyl-propene building blocks. The average molecu-

lar weight distribution may be less than 10,000 [16, 17]. Lignin binds hemicellulose and 

cellulose together in plant cell walls and shields them from enzymic and chemical deg-

radation. Lignin is an amorphous polymer composed of methoxylated phenylpropane 

structures such as coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol [18, 19]. 

This compound provides plants with strength and structural rigidity as well as a hydro-

phobic vascular system for the transportation of water and solutes [20]. The hemicellu-

lose and cellulose fractions are surrounded by lignin, when desired can be first de-

polymerized by a pretreatment step so that the cellulose and hemicellulose portions 

can be easily accessed for further upgrading [21]. Although lignin can be isolated, it is 
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not readily amenable to upgrading strategies. One option for lignin utilization is to burn 

it directly to produce heat and electricity. Required  heat and power for the process are 

obtained from burning lignin and other residual solids and are sufficient to drive the 

biofuel production process [22, 23]. In addition, lignin can serve as a feedstock in the 

production of phenolic resins [24]. Pyrolysis strategies for lignin have been reported for 

the production of bio-oils and aromatics [25-28].  

 

Fig. 3. 1 Composition of woody biomass and structure of cellulose. 

 

Hemicellulose (23%–32%) is a polymer of 5- & 6-carbon sugars. It is a complex, 

branched and heterogeneous polymeric network, based on pentoses such as xylose 

and arabinose, hexoses such as glucose, mannose and galactose, and sugar acids 

[29].  Xylose is the second most abundant sugar in the biosphere. It has a lower mo-

lecular weight (50,000) than cellulose and its role is to connect lignin and cellulose fi-

bers [17, 30].  If separate processing of cellulose is desired to increase the effective-

ness of the hydrolysis step in the production of glucose, the hemicellulose fraction of 

biomass can be removed during pretreatment. The pretreatment process helps to pre-

serve the xylose obtained from hemicellulose and inhibits the formation of degradation 

and dehydration products [31]. Compared to hydrolysis of crystalline cellulose, hemicel-

lulose extraction/hydrolysis is an easier process and allows for high yields of sugar.  

Cellulose (38%–50%) is most abundant form of carbon in the biosphere and polymer of 

glucose. Its synthesis rate is estimated approx.1010-1011 metric tonnes per annum [32]. 

Cellulose is a linear polymer of high molecular weight (500,000-1,500,000) that is over-
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lapped and aggregated into macroscopic fibers [30]. Cellulose is a polymer composed 

of glucose units linked via β-glycosidic bonds, providing the structure with a rigid 

crystallinity that inhibits hydrolysis [33]. Cellulose is more accessible to hydrolysis in 

untreated biomass before the removal of lignin and hemicellulose [34]. High yields of 

glucose (>90% of theoretical maximum) can be achieved by enzymatic.  

Plants produce carbohydrates such as starch, cellulose, and hemicellulose and fix C, 

H, and O in the form of C5 and C6 sugar molecules. Cellulose, hemicellulose, and lignin 

(lignocelluloses) are constituents of wood and are nonfood materials. Therefore cellu-

lose appears as a valuable feed stock for future biomass conversion technolo-

gies/biorefinaries [35]. 

Table 3.1 Composition of common lignocellulosic raw materials (wt % on dry biomass) [36]. 

Lignocellulosic materials Cellulose(%) Hemicellulose(%) Lignin(%) 

Hardwoods stems 40–55 24–40 18–25 

Softwood stems 45–50 25-35 25–35 

Nut shells 25–30 25–30 30–40 

Corn cobs 45 35 15 

Grasses 25–40 35–50 10–30 

Paper 85–99 0 0–15 

Wheat straw 30 50 15 

Sorted refuse 60 20 20 

Leaves 15–20 80–85 0 

Cotton seed hairs 80–95 5–20 0 

Newspaper 40–55 25–40 18–30 

Waste papers from chemical 
pulps 60–70 10–20 5–10 

Primary wastewater solids 8–15 NA 24–29 

Swine waste 6 28 NA 

Solid cattle manure 1.6–4.7 1.4–3.3 2.7–5.7 

Coastal Bermuda grass 25 35.7 6.4 

Switchgrass 45 31.4 12 

3.1.2 Conversion of cellulosic biomass into sugars 

As shown in the fig. 3.1, hydrogen bonds (dashed) keep all D-glucose together as pol-

ymer within and between cellulose molecules [35, 37, 38]. Breaking of these hydrogen 

bonds can be done by both chemical and biological methods to get sugars[35, 39, 40].  

Depending on the pretreatment process used, lignin and/or hemicelluloses are re-

moved and cellulose crystallinity is disrupted. Cellulose is hydrolyzed using cellulase 
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enzyme to produce sugars needed for fermentation. Due to the high cost of enzyme, 

focus has been on improving cellulases and decreasing the costs associated with the 

enzymatic hydrolysis of cellulose. Hydrolysis of cellulose requires the cooperation of 

three classes of cellulolytic enzymes: (1) cellobiohydrolases, (2) endo-β-1,4-

glucanases, and (3) β-glucosidases. In this process, the pH is adjusted and enzymes 

are added to initiate cellulose hydrolysis to fermentable sugars. If hemicelluloses are 

also present, then additional hemicellulase enzymes are added. Hydrolysis is typically 

performed at pH 5 and 50oC for 24–120 h. The challenges with enzymatic hydrolysis of 

lignocellulose include enzyme cost, product inhibition, loss of enzyme due to binding 

with lignin, and denaturation or degradation. The amount and types of enzymes re-

quired strongly depend on the biomass being hydrolyzed and the type and severity of 

pretreatment used. In this connection, Corma et al. Dumesic and coworkers in 2007, 

have reviewed the possible chemical routes for the transformation of sugars into chem-

icals and fuels [19].  

 

Fig. 3. 2 Value chain of cellulose to produce different platform chemicals [41].  

 

One of the derivative of sugars is 5-hydroxymethylfurfural (HMF). Therefore we 

focused on catalytic chemical transformation of sugars into HMF and its derivatives. 
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3.1.3 HMF as a building block for the sustainable chemicals 

For the sustainable future of the chemical industry requires renewable feedstocks ra-

ther than steadily depleting sources. Glucose and fructose, two abundant six-carbon 

sugar molecules, are potential feedstocks for this purpose, and recent efforts have fo-

cused on converting them to HMF [42]. It is a versatile intermediate between biomass-

based carbohydrate chemistry and petroleum-based industrial organic chemistry [43]. 

HMF and its derivatives could potentially replace voluminously consumed petroleum-

based building blocks, which are currently used to make plastics and fine chemicals. 

Recently, Dumesic and co-workers introduced the idea of using HMF as a key interme-

diate to produce liquid alkanes from renewable biomass resources [44]. It is a good 

starting point for the synthesis of precursors of pharmaceuticals, thermo-resistant pol-

ymers, and macrocyclic compounds, and particularly for the synthesis of di-aldehydes, 

ethers, amino alcohols, and other organic intermediates [41]. These may lead to the 

possibility of numerous chemical products such as solvents, surface-active agents, 

phytosanitary products, and resin [45]. High production cost, purity currently limits the 

availability and use of HMF industrially.  

 

3.1.4 Review of technology for conversion of sugars into HMF  

HMF can be obtained by the acid-catalyzed dehydration of fructose, glucose, sucrose 

and even cellulose [19, 46]. It was first separated with 20% yield from the reaction mix-

ture of fructose and sucrose in the presence of oxalic acid [47]. Recently, a tandem 

process combining an isomerase enzyme and an acid dehydration catalyst was em-

ployed to produce HMF from glucose [48]. For these systems, the dehydration reaction 

is complicated by competing pathways, including reversion, fragmentation and 

polymerization [49]. Mineral acid catalysts such as HCl, H2SO4, and H3PO4 have been 

employed at temperatures ranging from 80 to 350 oC [41] and a variety of chlorides & 

bromides of ionic liquids & metals have been used [50]. Using HCl in water, a typical 

selectivity for HMF from fructose is 50% at 50% conversion [49, 51], but HCl is very 

corrosive and handling is difficult. There are proposed mechanisms involving either 

acyclic or cyclic intermediates, however, isotope-labeling studies suggest that HMF is 

produced via three consecutive losses of water from the cyclic furanose tautomer [52]. 

Temperature and the presence of co-solvents play an important role in the selectivity of 

acid-catalyzed fructose dehydration, due to their effects on the furanose-pyranose tau-

tomer equilibrium [53]. Cottier et al. showed that both aqueous and non-aqueous pro-
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cesses lead to around 37% yield of 5-HMF; they found that the reactions performed in 

the aqueous solution provoke the degradation of 5-HMF and that its polymerization 

occurs in both aqueous and non-aqueous media [54]. Antal et al. proved that 5-HMF 

was formed from hexoses through removing three water molecules in the acid-

catalyzed dehydration reaction [55]. The catalysts used generally for the dehydration 

reactions are classified as, mineral acid, organic acid, solid acid catalysts and metal-

containing catalysts. Zaho et al. studied the effect of different metal chlorides such as 

CrCl2, CrCl3, FeCl2, FeCl3, CuCl, CuCl2, VCl3, MoCl3, PdCl2, PtCl2, PtCl4, RuCl3, RhCl3  

in 1-alkyl-3-methylimidazolium chloride ([AMIM]Cl) solvent and achieved HMF yields 

ranging from 63% to 83% from dehydration of fructose at 80°C [46]. 

It is easy to understand the chemical and mechanistic aspects of fructose dehydration 

using homogeneous liquid acid catalysts. However, there are some hidden drawbacks 

such as difficult to separate the products from reaction mixture, catalyst deactivation, 

difficult to recycle the catalyst, catalyst degradation at higher temperature, not suitable 

for continuous and industrial applications and difficult to control number of active sites 

and their effects (catalyst tuning) [56-58]. 

As per our observations, usage of solid acid catalysts for the fructose dehydration stud-

ies were not well focused [59, 60]. This type of studies are essential to estimate the 

relative performance of new materials as they become developed, which in turn helps 

to gain insight in to future direction. Solid acid catalysts have several advantages over 

metal chlorides, bromides and liquid acid catalysts in terms of handling of catalyst, re-

cycle, operation at high temperatures and shortening the reaction time to avoid HMF 

degradation[60, 61], less humins formation with less reaction time, easy to adjust the 

surface acidity to improve the selectivity, and easy to use as support for as bi-functional 

catalyst synthesis [57, 58, 61-65]. 

Therefore, solid acid catalysts were chosen to understand the dehydration of fructose. 

We also aimed to select suitable support for bi-functional catalyst, which contains both 

acidic sites and metallic sites in order to perform both dehydration of fructose and oxi-

dation/reduction reaction of HMF in a single reactor / process. In order to carry out the-

se studies, variety of novel catalysts were developed and tested. Few commercial cata-

lysts were also tested for comparative purpose. 
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3.1.5 Objective of this chapter 

The primary goal of this chapter is to study the dehydration of fructose into HMF using 

heterogeneous solid acid catalysis. The objectives include finding the suitable solvent 

and operating conditions using homogeneous acid catalyst, synthesis of a novel solid 

acid catalyst by covalently bonded acid groups, optimizing the reaction conditions and 

testing recyclability. Finally, screening and selecting the effective support material for 

the development of bi-functional catalyst to carry both dehydration and oxida-

tion/reduction reactions in a single run.      

 

3. 2. Dehydration reaction of fructose 

Dehydration of fructose reaction is not very new in the literature. First time, in 1986 van 

Dam et al. [66] studied the formation of HMF by fructose dehydration using acid cata-

lyst. The reaction was tested in different operating conditions to improve the product 

selectivity. More research attention was gained in the recent 8 -10 years because of its 

importance [42].  

 

3.2. 1. Mechanism of fructose dehydration 

The mechanism of fructose dehydration to HMF has been studied by several groups 

during the 20th
 century. The debate concerning the mechanism divided chemists into 

two groups, those in favor of an open chain mechanism and those advocating a mech-

anism involving only cyclic species. A study by Antal et al. suggested that HMF is 

formed from dehydration of fructose in its furanose form and occurs through a series of 

cyclic furan intermediates [55]. Others have suggested that HMF is formed through an 

acyclic mechanism proceeding through an enediol pathway [55, 67-69]. The enediol is 

proposed as an intermediate in the isomerization of glucose to fructose. Glucose has 

competing reaction pathways that lead to formation of by-products. In one pathway, 

dehydration forms non-furan cyclic ethers; in another, C-C bond scission occurs 

through reverse aldol condensation [69]. To obtain high HMF yields from glucose, ef-

fective methods for selective in situ isomerization to fructose are required.  

Dehydration reactions are a subset of elimination reactions. Because the hydroxyl 

group (–OH) is a poor leaving group, having a brønsted acid catalyst often helps by 

protonating the hydroxyl group to give the better leaving group, –OH2
+. Fructose is a 6-

http://en.wikipedia.org/wiki/Elimination_reaction
http://en.wikipedia.org/wiki/Hydroxyl
http://en.wikipedia.org/wiki/Leaving_group
http://en.wikipedia.org/wiki/Br%C3%B8nsted_acid
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carbon polyhydroxyketone. It is an isomer of glucose, i.e. both have the same molecu-

lar formula (C6H12O6) but they differ structurally. According to Antal Jr et al., the litera-

ture contains two alternative hypotheses for the mechanism of dehydration of fructose 

to HMF, namely (I) a sequence of reactions commencing with and retaining the 

fructofuranose ring intact, and (2) a succession of reactions proceeding mainly via 

open-chain intermediates. The existing evidence for hypotheses (l) and (2) is reviewed 

and found to favor (1) as shown in fig. 3. 3 [55]. 

 

Fig. 3. 3 Proposed mechanism for fructose dehydration into HMF. 

 

3. 3.  Results and Discussions 

Initially we repeated dehydration reaction in our experimental conditions using liquid 

acid as a catalyst to understand the influence of different operating conditions. After 

that studies were continued with self prepared and commercial solid acid catalyst. 

3. 3.1. Dehydration of fructose with liquid acid catalyst 

The dehydration reaction of fructose into HMF was studied under homogeneous condi-

tions using liquid acids such as CH3COOH, HCHO, H2SO4 and COOH-COOH as a 

catalyst in order to determine better proton donor to accelerate dehydration reaction of 

 

http://en.wikipedia.org/wiki/Isomer
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
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fructose in aqueous solvent at 100°C in stirred batch reactor. Compared to other liquid 

acids, H2SO4 shows better performance for HMF yield. 

 

3.3.1.1. Selection of suitable solvent  

In an aqueous solvent the dehydration reaction was not selective and leads to many 

side reactions, especially formation of colored soluble polymers and insoluble brown to 

black humins by cross polymerization, and further hydrolysis of HMF into levulinic acid. 

On the other hand, non-aqueous solvents allow getting more selective dehydration 

reactions of fructose and suppressing further hydration of formed HMF. 

 

 

Fig. 3. 4 Fructose dehydration using liquid acid catalysts; a) in water; b) effect of solvent on de-
hydration of fructose using the liquid acid catalyst in different solvents. Reaction conditions: 
50mM fructose in 20 ml of different solvents, 5mM H2SO4, 100 °C, magnetic stirrer, N2 atmos-
phere. 

Fig.3. 4 illustrates the effect of solvent on dehydration of fructose. The rate of formation 

of HMF was more in the early reaction time as shown in the fig. 3. 4a. The HMF selec-

tivity decreased with longer (24h) reaction time and this confirms the inadequate nature 

of water for fructose dehydration as noticed in the literature [66, 70, 71]. Water is a bad 

solvent for the dehydration of fructose reaction because of cross polymerization and 

leads to formation of humins. Also, further hydration of HMF leads to formation of 

levulinic acid and formic acid in 1:1 ratio. On the other hand, non-aqueous solvents 

allow to get more selective dehydration reactions of fructose and suppress further hy-

dration of formed HMF [38]. As cited in the literature [72], DMSO showed highest yield 

of HMF than DMA and H2O as shown in the fig.3. 4b. The advantage of using DMSO 
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as solvent is that it avoids the formation of levulinic and humic acids. However, the dis-

advantages of DMSO are: it is difficult to separate product from DMSO and the possi-

bility to form toxic sulfur containing by-products. Another interesting solvent apart from 

DMSO is DMA. Fructose is stable in DMA without self-degradation even at higher tem-

peratures. It is a good solvent for selective dehydration of fructose into HMF [73]. An-

other non-aqueous solvent 2-butanol was also tested [49] [74], but solubility of fructose 

is less.   

Blank reactions (in the absence of acid catalyst) were studied in order to find the stabil-

ity of fructose at given reaction conditions. Fig. 3. 5 demonstrates the formation of HMF 

in a “blank” condition using different solvents. The stability of fructose at 100°C was 

constant (no conversion) in both aqueous solvent (H2O) and non-aqueous solvent 

DMA, where as significant 

amount of HMF is observed in 

blank conditions [72]. DMSO 

alone acted as catalyst and 

without addition H2SO4 and acti 

ve for 35% HMF yield [71]. 

Therefore,  the total yield of HMF 

in fig. 3. 4b was a combine effect 

of H2SO4 acid catalyst and 

DMSO solvent. As our aim is to 

study the effect of solid acid cata-

lyst, DMSO was discarded as sol-

vent for further studies. 

Amarasekara et al. explained the effect of DMSO solvent for dehydration of fructose 

using NMR study and proposed a mechanism as presented in fig. 3. 6 [75]. 

According to Amarasekara et al. [75], at a given temperature, the nucleophile of sulfur 

in DMSO pulls the lone pair of electrons and triggers the dehydration reaction by form-

ing reactive radical species. The DMSO radical further reacts with the hydroxymethyl 

group and forms the unstable intermediates 2 & 3 by removing one H2O molecule and  

then further dehydrates to form the dihydrofuran-2- aldehyde intermediate 4.  Finally 

the compound reacts with another DMSO radical and forms HMF by leaving another 

H2O molecule. 

Fig. 3. 5 Fructose dehydration in “blank” conditions. 
Conditions: 50mM fructose, 50 ml of solven,100 °C, 
magnetic stirring under reflux conditions. 
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The NMR studies indicate that the compounds 2 & 3 are very unstable and difficult to 

analyze by NMR, where as the concentration of 4 increases and decreases with time 

and results in the increase of HMF yield. The total study suggests that DMSO alone 

acts as a catalyst and dehydrates fructose into HMF. The advantage of DMSO as sol-

vent is that it is a dipolar aprotic solvent and prevents the formation of levulinic acid and 

humins [76]. 

 

Fig. 3. 6 Mechanism of fructose dehydration reaction with DMSO. 

Therefore, for all screening experiments, DMA has been chosen as the suitable solvent 

due to its ability to dissolve fructose at room temperature, stability (no reaction with 

reactants or products) at high temperature, not being a catalyst itself for dehydration 

reaction, cheap solvent, higher boiling point than HMF and ease of separation of prod-

ucts. 

3.3.1.2. Effect of acid concentration on fructose dehydration  

The effect of H2SO4 acid concentration was studied for fructose dehydration using dif-

ferent acid concentrations H2SO4 (1mM, 10 mM, and 50 mM) in DMA solvent.  

Fig. 3. 7 explains that increase of acid concentration increases the fructose conversion 

and HMF yield. This indicates that the reaction is more favorable for HMF formation 

under excess acid, which means that the increase of concentration of protons increas-

es the rate of reaction and leads to the formation of more products in less time. It was 
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also observed that formation of undesired soluble & non-soluble colored polymer stuff 

like humins were suppressed. 

 
Fig. 3. 7 Effect of acid concentration in DMA solvent (where ——1mM H2SO4, ——10mM 
H2SO4,  ——50mM H2SO4). Conditions: 50mM fructose, 20 ml of DMA solvent, 100°C, mag-
netic stirring under reflux conditions, N2 atmosphere.  

 

It was realized that the type of solvent and the amount of acidity have influence on de-

hydration of fructose. So, further studies were focused on to study the surface acidity of 

heterogeneous catalyst by synthesizing them from different acid sources. 

 

3.3.2 Dehydration of fructose with solid acid catalyst 

Metal oxides such as SiO2, ZrO4 & TiO2  were sulfonated  with different acid sources 

(see section 2.3) and tested for the fructose dehydration. 

3.3.2.1 Sulfonated SiO2, ZrO4 & TiO2 using chlorosulfonic acid 

From table 3. 2 , sulfonated TiO2 was relatively not active for fructose conversion. 

Whereas sulfonated SiO2 and ZrO4 were active for conversion of fructose. In case of 

sulfonated SiO2 (surface area 30m2/g), the reaction was not very selective for HMF 

formation. We assume that the activities of these catalysts were differed due to differ-

ent amount of hydroxyl groups present on the surface. In case of TiO2, the amount of 

available hydroxyl groups were very less (surface area <10m2/g) to make covalent 

bond with sulfonic acid groups.   
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Table 3. 2 Dehydration of fructose using sulfonated SiO2, ZrO4 & TiO2 in DMA solvent. Reaction 
conditions: 50 mM fructose, 100mg of catalyst, 20 ml DMA as a solvent, 6h, 100°C temperature, 
N2 atmosphere, 600 rpm magnetic stirring under reflex conditions. (C= conversion, Y= yield, S= 
selectivity). 

 

In case of zirconia, the surface area of unfuntionalized Zr(OH)4 is about 160m2/g. Our 

assumption is that more surface area was covered with hydroxyl groups. This means 

Zr(OH)4 has more hydroxyl (–OH) functional groups on its surface to form covalent 

bond  with sulfonic acid group (-SO3H) than TiO2  and SiO2. Therefore, higher –OH on 

the surface leads to a higher acid loading. The Zr(O-SO3H)4 catalyst showed the high-

est  activity and selectivity, which was comparable  to the homogeneous catalysis in 

the range of 10 and 50 mM H2SO4 (fig.3. 7). Qi et al. observed similar type of trend in 

DMSO–acetone (30 : 70 w/w) mixture using ZrO4-SO3H and achieved 72.8% yield of 

HMF and 93% of fructose at 180oC [61]. 

 

Fig. 3. 8  Dehydration of fructose using sulfonated zirconia; a) kinetics of fructose conversion 
and HMF formation, b) HPLC chromatogram for product distribution. Conditions: 50mM fruc-
tose, 100mg of solid acid catalyst, 20 ml of solven,100 °C, magnetic stirring under reflux condi-
tions. 

Fig. 3. 8  shows 38.51% formation of HMF at 6h of reaction time with 100% conversion 

of fructose in less than 1h. Corresponding HPLC chromatogram was shown in the fig 

Catalyst CFructose (%) YHMF (%) SHMF (%) 

SiO2-SO3H 54.40 6.22 11.45 

TiO2-SO3H 

8.50 ≤1 ≤1 

 ZrO4-SO3H 100 38.51 38.51 
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.3. 8  . ZrO4 support was active for conversion of products (HMF) into some other in-

termediates. 

3.3.2.2 Sulfonated SiO2, ZrO4 & TiO2  using chlorobenzenesulfonic acid  

Similar type of sulfonated SiO2, TiO2 and ZrO4 were prepared using 

chlorobenzensulfuric acid and tested. The reactions showed totally different results and 

indicated that the prepared catalysts were not active for dehydration of fructose. Our 

interpretation for insignificant catalytic activity is that the formation of covalent bond 

was not successful or leached during wash. The synthesis procedures need to be im-

proved or modified in order to prepare active catalyst. Therefore, more research focus 

is required to identify the problems associated with these linkers to form covalent bond.  

3.3.2.3  p-Toluenesulfonic acid polymer-bound  

p-Toluenesulfonic acid (fig. 3. 9a b) acid is a commercially available catalyst and tested 

for comparative purpose. It has similar functionality as benzenesufuric acid, but has a 

polymer support. 

 

Fig. 3. 9a Dehydration reaction of fructose using  p-toluenesulfonic acid. Reaction conditions: 
50 mM fructose, 100mg of catalyst, 20 ml DMA as a solvent, 100°C temperature, N2 atmos-
phere, 600 rpm magnetic stirring under reflex conditions.  

Fig. 3. 9a shows activity of p-toluenesulfonic acid for dehydration of fructose into HMF. 

It exhibited higher activity for fructose conversion with 32% of FDC yield. Inspite of its 

catalytic activity for fructose dehydration, it has a disadvantage in terms of its support 

source. It is difficult to use as a support for bi-functional catalyst to impregnate active 

metal surface. Under similar conditions, this material showed better catalytic activity for 
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dehydration of fructose into HMF than sulfonated SiO2 and TiO2. It suggests that the 

proposed materials in section 3.3.2.1 and 3.3.2.2 are possible to use as dehydration 

catalyst, but needed to improve the catalyst synthesis procedure. Therefore, the pro-

posed sulfonated ZrO4  has a strong potential for dehydration reactions as well as to 

use as a support for bi-functional catalyst synthesis. 

3.3.2.4 Nafion membrane  

Nafion is a sulfonated tetrafluoroethylene based fluoropolymer as shown the in fig. 3. 

10b. Nowadays nafion has received a considerable amount of attention as a proton 

conductor (fuel cell application). This material was tested for fructose dehydration to 

understand influence of different supports. 

 

Fig. 3. 10 a) Dehydration of fructose into HMF using nafion; b) chemical structure of nafion. 
Reaction conditions: 50 mM fructose, 20 ml DMA as a solvent, 5 cm

2
 nafion membrane, 100°C 

temperature,N2 atmosphere, 600 rpm magnetic stirring under reflex conditions. 

 The tested nafion membrane is catalytically active for dehydration reaction and con-

verts fructose into HMF. The rate of formation of HMF is more in early reaction till 1h as 

shown in fig. 3. 10a. Nafion membrane was active for fructose dehydration, but the 

disadvantage was its instability to reuse.  At 100°C, nafion was slowly dissolving into 

DMA solvent and it loses its catalytic activity. At the same time, this material was also 

not advisable as a support for development of bi-functional solid acid catalyst. 

3.3.2.5 Covalent triazine frameworks (CTFs) 

CTFs are new class of covalent organic frameworks (COFs) that are formed by the 

trimerization of aromatic nitriles in molten ZnCl2 [77, 78 , 79]. CTFs exhibit very high 

surface areas and high amounts of nitrogen functionalities in the networks [80]. Be-

cause of the fully covalent structure, they possess an increased thermal and chemical 

http://en.wikipedia.org/wiki/Tetrafluoroethylene
http://en.wikipedia.org/wiki/Fluoropolymer
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stability. These are interesting candidates as new catalyst supports for impregnation of 

acid sites and metallic sites  for liquid phase reactions [80]. 

Different types of CTFs have been prepared (see section 2.3) and tested for their cata-

lytic activity. Unfortunately, neither the pure CTF (without sulfonation) nor the 

sulfonated CTFs have showed activity for the dehydration reaction. The fructose con-

version was less than 2 % in all the experiments. This indicates that the sulfonation 

was not successful or this may be because of the basic effect of the superposed by 

nitrogen (incorporated on CTF surface).  

CTF material will be a promising support material for a variety of bi-functional catalyst 

support once its sulfonation step was improved. This material has many attractive 

properties as a novel support material from organic metals, strong chemical and me-

chanical properties. This material is more useful as a new catalyst support material for 

different metals to carry further oxidation and hydrogenation reactions of HMF. More 

research attention is required in order to improve the sulfonation of these materials by 

performing more characterization studies.   

3.3.2.6 SiO2, TiO2, ZrO4 with 3-(mercaptopropyl)trimethoxysilane (MPTMS) linker  

In line to exploring new solid acid materials, another class of linker such as MPTMS 

was selected.  This linker was chemically anchored to high surface area inorganic solid 

carriers to create new organic/inorganic hybrid (interphase) catalyst [81]. The reactive 

centers of these linker were supported on solids and were more flexible similar to ho-

mogeneous catalysts (fig. 3. 11 ). The advantage of this material was recyclability like 

heterogeneous catalysts [63]. Selected metal oxide supports such as SiO2, TiO2 and  

ZrO4 were anchored with MPTMS linker (see section 2.3) .    

 

Fig. 3. 11 Surface modification with MPTMS on SiO2, TiO2 and Zr(OH)4. 

Sulfonation of MPTMS and attachment to functionalized solid support opens the door 

for new applications. Unfortunately, this material shows less catalytic activity for dehy-

dration reactions of fructose.  The main drawback of this synthesis is non-

functionalized support material. We believe that the used materials contain less hy-
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droxyl groups and were difficult to anchor these MPTMS linkers to the support material. 

In summary more functionalized porous materials are required in order to develop a 

successful solid acid material.  

 

3.3.2.7 Sulfonated SBA-15 with TESAS linker 

The TESAS-linker has a similar structure as MPTMS besides its longer chain and the 

thioether group. The structure is designed to ensure accessibility of fructose to the cat-

alytic sites and it is used as advancement to imitate the structure of DMSO on a heter-

ogeneous catalyst. The sulfur atom in the thioether group should promote the same or 

similar type of effect as the sulfur atom in DMSO itself as described by Amarasekara  

et al. [75]. The performance of the catalyst was improved without the problem of the 

separation/diffusion of formed HMF. This catalyst was prepared by the reaction of 3-

((3-(trimethoxysilyl)propyl)thio)-propane-1-sulfonic acid with hydroxyl groups on SBA-

15 (fig. 3.  12). SBA-15 is mesoporous silica materials with high surface area (see sec-

tion 2.3). This is another type of novel supporting material and is useful to prepare bi-

functional catalyst.   

 

Fig. 3. 12 Sulfonated SBA-15 with TESAS (3-((3-(trimethoxysilyl)propyl)thio)-propane-1-sulfonic 
acid) linker. 

3.3.2.7.1 Characterization of SBA-15-TESAS 

The 13C and 29Si NMR spectra of the pure silane TESAS and the catalyst SBA-15-

TESAS are shown in fig. 3. 13a and fig. 3. 13b respectively [75]. In the 13C spectrum of 

the pure TESAS, the signal at 10 ppm shows the carbon which is directly next to the Si 

(-SiCH2). The signals for the CH2CH2SCH2CH2  methylene groups appear at 23.5 ppm 

and the signals for the methylenes next to the thioether CH2SCH2  appear at 31.5 and 

35 ppm. The signal at 49.5 ppm represents both the methoxy groups -OCH3 groups 

from the organosilane and the CH2SO3H groups.  

After the grafting of the TESAS on SBA-15, all the signals of the methylene groups 

remain the same (fig.3. 13b). The relative intensity of signal at 50.5 ppm is lower com-

pared to the signal in the pure TESAS sample which explains the grafting of TESAS 

through the methoxy groups on the SBA-15 surface.  
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The 29Si spectrum (fig.3. 13c) shows peaks at  -92, -100 and -110 which represent the 

two hydroxyl group on silicon atom grafted on the surface, one hydroxyl group on sili-

con and siloxane bond with no OH groups of the silica framework in SBA-15 respec-

tively.  

 

Fig. 3. 13 a) 
13

C-NMR of TESAS, b) 
13

C (
1
H)-NMR of TESAS-SBA15, c) 

29
Si(

1
H)-NMR of SBA-

15, d)
 29

Si(
1
H)-NMR of TESAS-SBA-15. 

 

29Si spectrum (fig. 3. 13d) of the TESAS grafted on SBA-15 shows the decrease in 

amount of the hydroxyl group on silicon groups and increase in amount of the siloxane 

bond with no OH groups compared to bare SBA-15 which indicates the TESAS group 

attached to the surface silanol groups of the SBA-15 material. The signal (at -65 ppm) 

of the silicon which is attached to the surface indicates the complete attachment of the 

silane through all the three methoxy groups to the silanols of the silica framework.  

3.3.2.7.2 Activity of SBA-15-TESAS 

 The SBA-15 itself showed a negligible activity towards HMF but a low conversion of 

the fructose.  
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Table 3.  Comparison of solid acid catalyst supported on SBA-15 for fructose dehydration over 4 
h reaction time. Reaction conditions: 50 mM fructose, 20 ml DMA as a solvent, 100°C tempera-
ture,N2 atmosphere, 600 rpm magnetic stirring under reflex conditions. 

 

Table 3 shows the testing of SBA-15 for fructose dehydration in blank conditions and 

with sulfonated SBA-15 with MPTMS and TESAS linkers. Un-functionalized SBA-15 

performed insignificant activity for HMF formation in blank conditions. Basically SBA-15 

is acidic material, but this acidity is not sufficient to catalyze dehydration reaction. 

MPTMS on SBA-15 exhibited activity for fructose conversion with 28% selectivity of 

HMF.  Unlike other catalysts, TESAS on SBA-15 showed very promising catalytic activ-

ity for dehydration of fructose into HMF reaction with 48.46% fructose conversion, 34% 

HMF yield and 70% of HMF selectivity. This material showed higher selectivity com-

pared to other self prepared solid acid catalysts. These results underline the great in-

fluence of the structure of the linker and its mobility, which confirms that structure is 

more important than the loading of acid.  Therefore, improvement of SBA-15 with 

TESAS linker looks very promising for future dehydration reactions in heterogeneous 

catalysis.  

3.3.2.7.3 Recycling of SBA-15-TESAS 

So far, the most promising catalyst TESAS on SBA-15 was tested for its recyclability, 

which is very important in order to develop an industrial grade catalyst. After each cycle 

the catalyst was filtered and washed four times with fresh DMA (5 ml) and once with 

MiliQ water (10 ml) and then dried over night at 55°C. 

Fig. 3. 14  shows the catalytic activity of TESAS on SBA-15. The activity of the catalyst 

was reproducible over 4 recycle studies with a loss of 10% HMF yield. This selectivity 

was comparable with insignificant amount of loss in fructose conversion. 

 

Catalyst Conversion in % Yield in % Selectivity in % 

SBA-15 (blank) 11.74 1.14  1 

SBA-15-MPTMS 28.14 15.82 56.21 

SBA-15-TESAS 48.46 34.27 70.71 
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Fig. 3. 14 Recyclability of TESAS on SBA-15 for dehydration of fructose. Reaction conditions: 
50 mM fructose, 20 ml DMA as a solvent, 10 h,100°C temperature,N2 atmosphere, 600 rpm 
magnetic stirring under reflex conditions.  

 

3.3.3 Testing with commercial solid acid catalyst 

Amberlyst-15 is an ion-exchange resin or ion-exchange polymer. It is an insoluble ma-

trix normally in the form of small (1–2 mm diameter) beads. The material has highly 

developed pore structure on the surface, which is easily trapped and released ions. 

This material was tested for fructose dehydration. 

3.3.3 1 Amberlyst-15 with different solvents 

Fig.3. 15  present the dehydration of fructose into HMF in different solvents using 

Amberlyst-15 solid acid catalyst. Due to the auto-catalytic activity of DMSO, it showed 

highest yield of HMF followed by DMA. Acetone: water mixture was used because of 

the structural similarities between DMSO and Acetone. Acetone has added advantage 

due to its lower boiling point, which makes products separation process more favoura-

ble.  Qi et Al.  reported positive effects of the addition of acetone on the HMF yields in 

DMSO:acetone mixtures[61].  
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Fig. 3. 15 Effect of solvent for dehydration of fructose into HMF using Amberlyst-15. Reaction 
conditions: 50 mM fructose,100mg of catalyst,  20 ml of solvent, 4 h, 100°C temperature, N2 
atmosphere, 600 rpm magnetic stirring under reflex conditions.  

3.3.3 2 Effect of temperature 

So far, Amberlyst-15 showed better activity for dehydration of fructose into HMF. In 

continuation, the effect of temperature on dehydration of fructose was studied using 

amberlyst-15.  

 

Fig. 3. 16  Effect of temperature on fructose dehydration reaction using Amberlyst-15. Condi-
tions: 50 mM fructose,100mg of catalyst,  20 ml of solvent, 4 h,  N2 atmosphere, 600 rpm mag-
netic stirring under reflex conditions. 
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Fig. 3. 16 shows the effect of temperature on dehydration of fructose into HMF. A sig-

nificant effect of temperature on dehydration reaction was observed under given condi-

tions using amberlyst-15 material. Catalytic activity is higher with increase of tempera-

ture. Higher temperatures are more favorable to increase the rate of the reaction and it 

is less likely to undergo rehydration or polymerization. 

3.4 Conclusion 

The use of sugars such as fructose for the production of multi-functional furan chemi-

cals like HMF is a vital alternative to fossil-based energy resource; such use is of real 

significance in the sustainable chemistry. In this study, we presented the preliminary 

results of heterogeneous solid acid catalyst activity for dehydration of fructose into 

HMF.  

Aqueous solvents are not recommended for dehydration of fructose because of their 

undesired reaction that leads to the formation of soluble or insoluble colored polymer 

(humins) type compounds. Cheap organic solvent, DMA was selected to study the fruc-

tose dehydration because of its selective nature for HMF formation with reduced cross-

polymerization/humins formation. Sulfonated zirconia exhibited relatively higher activity 

for HMF formation than sulfonated silica and titania. Based on our observations, we 

believe that surface functional groups such as hydroxyl groups influence the catalyst 

activity. Therefore, functionalization of material surface is a crucial step to attach sul-

fonic acid groups covalently. 

The acidic centers of MPTMS and TESAS linkers supported on solids have more ad-

vantage in terms of limited mass transfer effects. The sulfonated arms of MPTMS and 

TESAS can move freely during reaction like homogeneous catalysts and at the same 

time these have the advantage of recyclability like heterogeneous catalysts. MPTMS 

and TESAS linkers on SBA-15 appeared as the potential candidates in order to devel-

op a bi-functional novel catalyst. Effect of temperature on dehydration of fructose into 

HMF influenced catalytic activity significantly. 

Outlook 

More efforts are required to achieve the goal of stable solid acid catalyst. Further re-

search is required to carry out characterization of solid acid material in order to use 

them in the continuous process. To find out the exact amount of acid sites on surface 

of solid acid materials, the characterization techniques like ammonia-TPD and CO-TPD 
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need to be performed. These studies help to tune catalyst with required amount of 

acidity. Systematic mechanistic investigations are required in order to understand and 

control the influence of surface acidity and effect of support to maximize the selectivity 

of HMF from fructose. 
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Chapter 4 

 

 

Heterogeneous Catalytic Oxidation of HMF 

4. 1. Introduction 

The low functionality of the petroleum (e.g., -OH, -C=O, -COOH) increases the difficulty 

to produce commodity and fine chemicals directly [1]. Therefore, the concept of 

selective oxidation was developed to increase the functionality of the petroleum to get 

chemicals in the presence of heterogeneous catalyst [2, 3]. In contrast to petroleum, 

biomass-derived carbohydrates contain excess functionality to be used as fuels and 

chemicals, and the challenge in this field is to develop methods to reduce the 

functionality in the final product [4-6]. HMF is one of the promising molecules originated 

from the renewable cellulosic biomass via sugars dehydration (see chapter 3) [7]. In 

the open literature HMF is referred to as “sleeping giant”, because of its diverse 

applications [8-10]. HMF is a valuable platform molecule for  the future chemical 

industry/biorefinery and expected to play a major role in the new generation renewable 

based chemicals [11,12]. HMF and its derivatives could potentially replace or substitute 

petroleum-based building blocks [13], which are currently used to make plastics and 

fine chemicals [14]. Surprisingly, no technical process has been constructed until now, 

even though their potential is very well understood [15, 16]. 

4. 1. 1. Chemicals and polymers from HMF  

The molecular formula of HMF is C6H6O3. The ratio of C:H is 1:1 and C:O is 2:1. In 

order to produce non-flammable or less inflammable chemicals and fire resistant 

polymer, the ratio of C:H should be decreased to a minimum level and C:O ratio need 

to be increased relatively. Apart from the selective oxidation, the powerful functional 

groups of HMF will play an active role in the condensation reactions to produce a wide 

range of products as shown in the fig. 4. 1 .  The success of this new task will require 

an intelligent use of the intrinsic functionality already present in HMF. The 

functionalities of these intermediates are the –OH group, C=O group and the five 

membered heterocyclic aromatic ring system. The alcohols of HMF and carboxylic 

acids of the HMF derivatives are condensed into alkoxylmethylfurfural ethers and 
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esters. These molecules have good oxidation stability [17].  HMF can undergo cross-

condensation with acetone (and other aldehydes and ketones with at least an acidic α-

proton [18-20]. In a similar carbanion reaction with malonic acid, can activate 

methylene compound to form a coupling partner with HMF. It can link HMF by C–C 

bond formation via a Knoevenagel reaction to form more flexible intermediates. This 

increases the –OH functionality to ease the polymerization process.  

The other potential reaction routes for achieving this goal include the benzoin reaction, 

the hetero Diels–Alder reaction, condensation and ketonisation reactions. However, the 

complimentary feedstocks (ethanol, acetone, ethanoic acid, malonic acid etc.) engaged 

in these processes may not be exclusively from renewable sources or they may suffer 

from energy balance limitations inherent in their production methods.  

The need for complimentary feedstocks can be avoided if there are efficient reaction 

routes for the oxidation of HMF through the use of available oxygen.  This can be 

possible by adding molecular oxygen to the HMF by oxidation reactions [21]. Selective 

oxidation of the hydroxymethyl group of HMF is an attractive route to produce 2,5-

furandicarbaldehyde (FDA, C6H4O3) [22]. FDC has potential applications in the 

synthesis of drugs [23], fungicides, various applications as monomer, pharmaceuticals 

and antifungal agents [24]. Hui et. al reported the synthesis of polymeric schiff bases 

bearing furan moieties by condensation of DFF with a number of diamines. These 

compounds exhibited thermal stabilities up to about 260oC and fully conjugated 

polymers displayed semiconductivity after doping with iodine [25].  

Terephthalic acid (PTA) is an important oil-based aromatic dicarboxylic acid for 

producing high purity polyethylene terephthalate (PET) [26-28], a polymer commonly 

used in consumer goods for thousands of applications [29, 30]. The biomass-derived 

2,5-furandicarboxylic acid (FDCA) is a desirable replacement for oil-based terephthalic 

acid for the polyester production[16]. The referred route of FDCA synthesis is the 

catalytic oxidation of HMF, which is derived from fructose, glucose and cellulose 

substrates. FDCA can also be used for the preparation of polyamides and polyurethane 

[11, 31]. Because of the multiple applications, FDCA has been identified as one of the 

twelve biomass derived chemicals by the U.S. department of energy (DOE) [8]. FDCA 

is further converted into polyamides, polyesters, polyurethane, etc. using urea or 

difunctional aromatic diamines. These derivatives have enhanced curative properties 

when used as curatives for hybrid epoxy-urethanes, hybrid urea-urethanes, 
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chainextenders for polyurethane, polyurea elastomers and reaction injection molding 

products [32].  

 

Fig. 4. 1 Chemicals and polymers from HMF. 

 

4. 1. 2. Catalytic Oxidation of HMF 

As outlined in the section 4.1.1, a variety of valuable products are possible from HMF 

oxidation. The type and the purity of the final product totally depends on the depends 

on the process temperature, pH, partial pressure of oxygen, the nature of the solvent 

and more importantly the nature of the reactive surface (catalyst). The HMF oxidation 

reaction can be influenced by the type of oxidant used.  Classical oxidants such as 

BaMnO4,  pyridinium chlorochromate (PCC), NaOCl, and 2,2,6,6-tetramethylpiperidine-

1-oxide (TEMPO) free radicals with co-oxidants has been used for the HMF oxidation 

[33-35]. Reijendam et al. reported that the reaction of HMF with lead tetracetate in 

pyridine gave FDC (37% yield) [36]. The oxidation of HMF has been reported for 

stoichiometric oxidants (e.g. KMnO4) [34] highly polluting metal catalysts (e.g. Pb) [37] 

and homogeneous metal salts comprising transition-metal acetates and a bromide 

source, Co(OAc)2/HBr/Mn(OAc)2, commonly known as the amoco mid-century (MC) 
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catalyst [38]. Cottier et al. performed the oxidation of HMF with DMSO-potassium 

dichromate oxidative complex. 75% FDC was observed with ultrasonic irradiation[39]. 

Cottier et al.  tested a variety of co-oxidants such as calcium hypochlorite, sodium 

hypochlorite-potassium bromide, copper (I) chloride-oxygen pair, p-toluenesulfonic 

acid, iodine in alkaline conditions. Yields varied from 20% to 80% depending on the 

nature of 4-substituent and of the co-oxidant [40]. Saha et al. studied HMF oxidation 

using homogeneous catalyst (Co(OAc)2/Zn(OAc)2/Br) in acetic acid solvent and 

achieved 60% of FDCA yield [41]. But homogenous catalysis suffers due to the 

handling and recycling problems. However, drastic development in the field of green 

chemistry could realize the selective oxidation using the molecular oxygen as a 

powerful oxidant and affording to a more environmentally friendly.  

 Du et. al oxidized HMF into maleic anhydride (52% yield) with the molecular oxygen 

using VO(acac)2 as the catalyst in the liquid phase [42]. Van Bekkum et. al  have 

developed methods of the selective oxidation of a hydroxymethyl group with noble 

metal catalysts such as platinum, palladium or ruthenium, that gave excellent yields 

and selectivities [43]. HMF is highly soluble in water and most of the organic solvents.  

Moureau et al. [7, 8] have reported the HMF oxidation in organic solvents, such as 

toluene, benzene, methyl isobutyl ketone (MIBK) in the range of 75–200oC at 10 bar air 

pressure with heterogeneous catalysts based on different metal oxides 

(Ti/Zr/Cr/V/Nb/Cr). For instance, with V2O5 supported on TiO2 and toluene as a solvent, 

HMF conversion reached 91% with 93% selectivity at 90oC and 10bar after 4h reaction 

time. However, high catalyst-to-substrate ratio (2/1 wt/wt) was necessary for obtaining 

such result. 

Gold is supported on different supports and used for the oxidation with molecular 

oxygen.  Casanova et al. found that HMF was selectively converted into FDCA (99% 

yield) in highly basic conditions under temperature and pressure (65–130oC, 10bar air) 

with Au/CeO2 catalyst [44, 45]. Gorbanev et al. studied the oxidation of HMF to FDCA 

on an Au/TiO2 catalyst and with NaOH as an additive at ambient temperature. A 71% 

yield of FDCA at 100% of HMF conversion was obtained after 18h at 30oC under 20bar 

oxygen pressure [46]. Biosen et al. studied the process integration for FDCA 

production [46]. Taarning et al. reported other applications of HMF conversion like 

oxidative esterification of HMF to furan-2,5-dimethyldicarboxylate, over Au/TiO2 catalyst 

with oxygen as the oxidant using sodium methoxide as a promoter at 130oC under 4 

bar pressure. They obtained 98% selectivity and 60% yield of furan- 2,5-

dimethyldicarboxylate [47]. So far, researchers are exploring different metal options 
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and conditions in laboratory scale to maximize the desired product [39, 46, 48-52]. 

However, for the conversion of HMF into FDCA, high process temperature, pressure, 

and unknown reaction pathway throw challenges to make process viable.  Therefore, 

we focused on understanding of HMF oxidation pathways and the role of 

heterogeneous catalysts for HMF oxidation at mild conditions. 

 

4. 1. 3. Objective of this chapter 

The main objective of this chapter is to study the oxidation of the HMF into valuable 

products (FDC, FDCA) using heterogeneous catalysis in the liquid phase. This includes 

synthesis and characterization of different supported solid metal catalysts and testing 

them for oxidation reactions with quantitative and qualitative product distribution.  

 

4. 2. Catalyst Characterization 

4. 2. 1.  BET  

The BET surface area studies were carried out to know the available surface area of 

given solid catalyst.  The BET surface area is shown in table 4. 1 along its source 

information. 

Table 4. 1 BET Surface area of supported metal catalyst. 

Catalyst type BET surface area 
(m2/gCat.) 

Source 

5% Pt/ activated carbon 1075 Self prepared 

5% Ru/ activated carbon 1125 Strem Chem.Ltd 

5% Rh/ activated carbon 1100 Strem Chem.Ltd 

1% Au/TiO2 50 Strem Chem.Ltd 

20% Pt/vulcan 150 BASF 

5% Ni/vulcan 180 Self prepared 

5% Ru/vulcan 160 Self prepared 

5% Pd/activated carbon 980 Self prepared 

1% Pt/Al2O3 300 Alfa Aesar 

5% Pd/Al2O3 250 Alfa Aesar 

5% Pt/CTF 25 Self prepared 



4. Heterogeneous Catalytic Oxidation of HMF 

 

70 
 

4. 2. 2. XRD 

The XRD patterns were studied to get the information about the phase of the 

respective supported material and crystalline properties. 

Fig. 4. 4a shows XRD patterns of 20% Pt/vulcan. Pt (111), (200) and (220) reflections 

are consistent with a face centered cubic. The crystallite size of Pt was calculated from 

the complete XRD pattern using integral breadth method via TOPAS 4–2 (Bruker AXS). 

The integral breadth method is independent of the distribution in size and shape. The 

average Pt crystallite size is noticed as 2.3 ± 0.6 nm. Similarly XRD patterns of other 

metals are also shown in fig. 4. 4b, c, d, e, f, g and h. 

4. 2. 3. Particle size analysis 

 

Fig. 4. 2 a) TEM of 20% Pt/vulcan b) Particle size distribution of 20% Pt/Vulcan. 

Fig. 4. 2a shows the TEM image of well dispersed Pt nanoparticles on the carbon 

support. Size of about 200 Pt particles were calculated and shown as histogram  in fig. 

4. 2b. The average Pt particle size using TEM was calculated to be 2.6 ±1.3 nm. The 

TEM particle size results are consistent to crystallite size from the XRD data. 

 

 

Fig. 4. 3 Characterization of 1wt.% Au/TiO2 catalyst using. a) TEM; b) particle size distribution. 
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Fig. 4. 4 XRD patterns of selected catalysts a) 20% Pt/vulcan; b) 1% Au/TiO2; c) 5% Pd/Al2O3; 

d) Ni/SiO2; e) 5%Pd/C; f) 5% Ru/C; g) 5% Rh/C; h) 10% Cu/C. 
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In the same way, Au/TiO2, Ru/C, and Rh/C were also characterized. The particle size 

distribution and TEM image of each catalyst are shown below fig. 4. 4, fig. 4. 5and fig. 

4. 6. 

Fig. 4. 4 shows the well dispersed gold nanoparticle on TiO2 support. The average Au 

particle size using TEM was calculated to be 3.25 ±1.6 nm  

 

 

Fig. 4. 5 Characterization of 5wt.% Ru/C catalyst using a) TEM; b) particle size distribution. 

 

Fig. 4. 5a shows the TEM image of carbon supported Ru.  Fig. 4. 5b gives average Ru particle 

size distribution 3.5 ±1.2 nm. 

 

 

Fig. 4. 6 Characterization of 5wt.% Rh/C catalyst using a) TEM; b) particle size distribution. 

 

Fig. 4. 6a shows TEM image and particle size distribution of Rh supported on carbon 

are shown in fig. 4. 6b. The particles are well dispersed. The average Rh particle size 

was calculated to be 3.6 ±1.4 nm using TEM image. 
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4. 3. Results and Discussions 

Alcohol, aldehyde functional groups of HMF and furan ring of HMF are the chemically 

reactive sites. HMF may undergo different reactions and forms different desired and 

undesired products. The distribution of reaction products mainly depends upon the 

catalyst surface and the reaction conditions. So far, no single unambiguous reaction 

mechanism of the HMF oxidation was put forward and proved in previous work. Only 

few researchers proposed a model pathway based on their catalyst surface and 

conditions [44, 45, 48, 49]. Fig. 4.3.1 summarizes the possible HMF oxidative 

derivatives with and without intact furan ring system (side products).   

Partial or complete oxidation of the functional groups of HMF (solid arrows in fig. 4. 7 ) 

occurs on suitable catalyst surfaces and reaction conditions. If C-C bond splitting 

occurs, HMF may also form many undesired products (dotted arrows in fig. 4.7) by 

opening furan ring or losing armed functional groups. Before testing the catalytic 

activity, the stability of HMF functional groups has been tested in the control 

experiments. Reactions are conducted under different pH conditions in the absence of 

di-oxygen and metal catalyst (blank reactions). 

 

 

Fig. 4. 7 The major HMF oxidation products (solid arrows) and side reaction products 

undergoing C-C bond splitting (dotted lines). (Where HMF: 5-hydroxymethyl-2-furfural; FDC: 2,5 

furandicarbaldehye;  HMFC: 5- hydroxymethyl 2-carboxylic acid; FFCA: 5-formyl furan 2-

carboxylic acid; FDCA: 2,5 furandicarboxylic acid; LA: levulinic acid; FA: furfuryl alcohol ; FC: 

furan carbaldehyde). 
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4. 3. 1. Selection of solvent 

Initially oxidations of reactions were conducted in the organic solvent, because fructose 

conversion is effective in organic solvents than aqueous solvents (see chapter 3). Pt, 

Pd and Ni catalysts were tested in the batch reactor for oxidation of HMF in different 

organic solvents as shown in the table 4. 2 

Table  4. 2 Oxidation of HMF in different organic solvents at 25
o
C, 1bar O2, metal/HMF is 0.01, 

8 h reaction time. 

Catalyst Solvent CHMF (%) YFDC (%) YFDCA (%) 

Pt/Al2O3 DMA 45.00 28.45 4.28 

 DMSO 37.85 19.31 10.51 

 THF 15.64 8.73 8.43 

 CH2Cl2 32.14 25.75  1 

Pd/Al2O3 DMA 14.26 10.39 1.84 

 DMSO 12.79 8.91 2.18 

 THF 9.46 4.37  1 

 CH2Cl2 11.95 6.82  1 

Ni/SiO2 DMA 24.81 12.78 6.17 

 DMSO 19.46 5.98 4.81 

 THF 28.16 7.25 7.19 

 CH2Cl2 26.49 9.47 3.7 

 

Table 4. 2 shows the conversion of HMF in different organic solvents and using 

different supported metal catalyst. Overall, less than 50% of HMF conversion was 

observed at 8h of reaction time. The converted HMF was mainly forming intermediates. 

Compared to other metals, Pt/ Al2O3 surface shows more activity for HMF conversion 

followed by Ni/SiO2 and than Pd/ Al2O3. The FDC appears as major product rather than 

FDCA. It is observed that the tested catalysts were active for intermediates formation 

and less active for complete oxidation. We suspect that desorption of FDCA from 

catalyst surface is the rate limiting step in this reaction, because the solubility of FDCA 

is limited in these organic solvents.  

Solubility tests were conducted for FDCA in different solvents and found that aqueous 

solvent under basic conditions is a suitable solvent to study the performance of catalyst 
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activity for the HMF oxidation into FDCA.  Therefore, furthers studies were continued in 

the aqueous solvents. 

4. 3. 2. Blank test for HMF stability under inert atmosphere 

Before testing the catalytic activity of catalyst, “blank” reactions were carried out to 

check the stability/conversion of HMF in the absence of heterogeneous catalyst. HMF 

is added to the aqueous solvent at pH 1 (0.2M H2SO4 in H2O), pH 6 (H2O), pH 10 

(0.1mM NaOH in H2O) and pH 13 (0.1M NaOH in H2O). Blank runs were carried out at 

selected temperatures (25oC, 50oC), under the inert atmosphere (1bar N2) and stirred 

at 1000 rpm. At 50oC, insignificant amount of HMF conversion was observed at pH 1 

and pH 6. About 2% of HMF conversion was noticed at pH 10. Surprisingly, significant 

amount of HMF conversion was observed at pH 13 as shown in the fig. 4. 8. In our 

context, we have defined the meaning of degradation as the change of reactant into 

less-value product (undesired or waste) and conversion is the change of reactant into 

high-value product (desired or value-added).  

 

Fig. 4. 8 shows 80% of HMF degradation at 50oC and 18% of HMF degradation at 25oC 

without any significant desired product (i.e. FDCA) formation over 10h. These 

observations are agreed with Pasini et al. [48]. HMF was degraded into undesired or 

waste products and difficult to identify using HPLC. The color of the reaction mixture 

was turning from colorless to brown and then into dark brown with reaction time as 

shown in the fig.4. 9 

Fig. 4. 8 HMF degradation in absence of catalyst in pH 13 solvent under inert (N2) atmosphere at 

25
o
C, 50

o
C temperature and ambient pressure. 
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Fig. 4. 9 Degradation of HMF into dark brown products (unknown). 

Mass spectroscopy (MS) was used to identify product from dark brown aqueous 

solution, but without success. To probe more insight information about the loss of HMF, 

in-situ 1H NMR (500Hz) kinetic studies were conducted under inert (N2 sealed) 

atmosphere at pH 6 and pH 13 as show in fig. 4. 10 . 

 

Fig. 4. 10 In-situ kinetic study of 5mM HMF using 1H NMR at a) pH 13 (0.1M NaOD), b) in pH  6 

(D2O) at 50
o
C under N2.  Where CHO=9.8ppm; CH=7.93 & 7ppm; D2O=4.94ppm. 
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In 1H NMR, the two protons of furan ring C-H  were shown at 7 ppm and 7.93 ppm, 

proton of CHO  was at 9.8 ppm and proton of CH2OH group is at 5.03 ppm. The proton 

of alcohol was difficult to show in specified NMR equipment. Fig. 4. 10 a shows 1H 

NMR of 5mM HMF at pH 6 for 0h and 10h, where there was no change in any protons 

peak intensity. It indicates that HMF was stable at pH 6 at 50oC conditions. Fig. 4. 10 b 

shows 1H NMR at higher pH 13, the intensity of all protons has decreased slowly along 

with time from 0h to 10h and finally disappeared. The scale of y-axis was zoomed to 

several times to see small peaks at higher reaction times for the new product 

formation, if any. From Fig. 4. 10 b, it is very clear that there are no furan ring 

contained products, which indicates cross polymerization of HMF at C-H by replacing 

protons. The intensity of CH2OH and CHO has also disappeared at 10h of reaction 

time. So we are interpreting that at higher pH (pH 13 or more) HMF is not stable and 

undergoing polymerization by open-up of furan ring. Finally the HMF is turning into dark 

brown colored, insoluble solid compound (humins). This information supports the 

degradation of HMF in fig 4. 8.  

4. 3. 3. Testing of supported metal catalyst for HMF oxidation  

As shown in the section 4.3.1, HMF is not stable at higher pH (≤13) in the absence of a 

catalyst. Surprisingly in the presence of a carbon-supported Pt nanoparticle catalyst 

(Pt/C), a different reaction pathway was observed for the HMF oxidation. HMF was 

added to pH 13 aqueous solvent. The reaction was carried out with Pt/HMF molar ratio 

0.1 at 50oC and 10 bar O2. 

 

Fig. 4. 11 HMF oxidation and product distribution with reaction time. Reaction conditions: 50
o
C, 

pH 13, Pt/HMF molar ratio: 0.1, 10 bar O2 (g).  (Where C = conversion, Y = yield). 
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Fig. 4. 11 shows the kinetic behavior of HMF oxidation reaction, in particular yield (Y), 

conversion (C) of HMF and its oxidized intermediate products. About 95% of HMF is 

converted in less than 30 min of reaction time under pH 13 conditions in the presence 

of Pt/C catalyst, which indicates that HMF adsorption reaction on Pt surface is very 

fast. About 50% of the converted HMF is turned into HMFC. This suggests that CHO 

group reacts relatively faster than the CH2OH group. And also this behavior indicates 

that adsorption/reaction of the -CH2OH group is slow and a rate limiting step for the 

HMF oxidation under the chosen conditions. 20% of FFCA observed in early reaction 

time was converted completely in 8h of the reaction time. Fig.  4. 12 shows the 

sequence of HMF oxidation products.  

 

 

Fig. 4. 12 HMF oxidation reaction pathway at higher pH (pH≥13). 

 

Furthermore, at higher pH (pH≥13), it confirms that the aldehyde moiety of HMF 

underwent a more rapid oxidation into the carboxylic group relative to the alcoholic 

group. Therefore HMF initially converts into HMFC, which agreed with findings of 

Jørgensen et al. for alcohol oxidation [53]. This is also in line with reports that the 

oxidation of HMF alcohol is slow due to stabilizing electron effects of the furan ring and 

formyl group, as claimed by Vinke et al. [54]. FDCA yield increases with time by 

oxidizing both aldehyde and alcohol groups, and 80% FDCA noticed at 8h of reaction 

time.   

4. 3. 4. Effect of pH for HMF oxidation 

Effect of pH on HMF oxidation was conducted under similar conditions (section 4.3.2) 

at pH 1 (0.2M H2SO4),  pH 6 (H2O), pH 10 (0.1mM NaOH) and compared with pH 13 

(0.1M NaOH).   
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Fig. 4. 13 Effect of pH on FDCA yield from HMF oxidation with reaction time. Reaction 

conditions: 50
o
C, Pt/HMF molar ratio: 0.1, 10 bar O2.    

 

The formation of FDCA is significantly reduced at lower pH (pH 1 and pH 6).  With 

increase of pH, the formation of FDCA increases and 17% of FDCA was observed at 

pH 10 in 4h of reaction time. Our interpretation from fig. 4. 13 is that the rate of HMF 

conversion reaction is low and FDCA inhibition is high at lower pH. Results are in 

agreement with Verdeguer et al. [37]. FDCA is not completely soluble in aqueous 

solvent at lower pH (pH10). Solubility of FDCA increases with increase of pH, which 

eventually helps for faster desorption of FDCA from catalyst surface. The product 

distribution for HMF oxidation and its derivatives were shown in table 4. 3 for 4h of the  

reaction time. 

Table 4. 3 HMF oxidation and product distribution after 4h reaction time (see fig. 4. 14). 

Reaction conditions: 50
o
C, Pt/HMF molar ratio: 0.1, 10 bar O2. 

  Time 

(h) 

CHMF 

(%) 

YFDC 

(%) 

SFDC 

(%) 

YHMFC 

(%) 

SHMFC 

(%) 

YFFCA 

(%) 

SFFCA 

(%) 

pH 1 4 50.21 17.68 35.21 1.53 3.04 14.88 29.64 

pH 6 4 56.62 16.25 28.70 2.61 4.60 29.96 52.93 

pH 10 4 85.55 8.24 9.63 2.07 2.42 43.41 50.74 

pH 13 4 100.00 0.00 0.00 22.91 22.91 4.61 4.61 

The rate of HMF conversion increases with an increase in the pH on a Pt metal 

catalyst. Concentration of [OH]- influences the oxidation of alcohol and aldehyde 

functional groups of HMF. The cannizzaro reaction plays an inevitable role to trigger 

the oxidation of HMF at higher pH. Formation of FDC is more favorable than FDCA at 

lower pH.  
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Fig. 4. 14 HMF oxidation reaction pathway at lower pH (pH≤10) 

 

In contrary to higher pH (pH≥13), a different reaction pathway was observed in HMF 

oxidation at lower pH (pH10). In reactions with lower amounts of [OH]- concentration, 

the yield of the intermediate oxidation products was higher than that of FDCA. In 

contrast, conversion of HMF decreases with decrease of pH. This may be due to 

deactivation of Pt by produced carboxylic acid as discussed by Klitgaard et al. [55], 

who observed deactivation of Au due to carboxylic acid for alcohol oxidation in the 

absence of [OH]-. At the same time, precipitation of formed FDCA onto the Pt surface 

may also hinder further oxidation of formed oxidative intermediates due to low solubility 

of FDCA. Therefore, presence of [OH]- is required to achieve faster reaction rates and 

to get more yield of desired products from HMF oxidation. 

4. 3. 5. Effect of oxygen partial pressure  

The influence of oxygen partial pressure on HMF oxidation was studied by varying 

pressure from 1bar, 5bar and 10bar at 50oC. 

Initially the rate of reaction for the FDCA yield was similar from 1 to 10 bar.  After 1h of 

reaction time, the effect of pressure influences the FDCA yield. Higher pressure favors 

higher FDCA yield. This indicates that increased pressure increases the amount of 

available dissolved oxygen for the HMF oxidation reactions. Same type of pressure 

influence is observed by Gorbanev et al. [56], Casanova et al. [44] and Pisani et al. [48] 

for HMF oxidation on supported gold catalyst. 
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Fig. 4. 15 Effect of oxygen pressure on FDCA yield from HMF oxidation with reaction time. 

Reaction conditions: 50
o
C, pH 13, Pt/HMF molar ratio: 0.1 

 

Table  4. 4  Effect of pH on HMF oxidation and product distribution for 4h reaction time (see fig. 

4. 15). Reaction conditions: 50
o
C, pH 13, Pt/HMF molar ratio: 0.1, 10 bar O2. 

Pressure  CHMF (%) YFDC 

(%)  

YHMFC (%)  YFFCA (%)  YFDCA (%) Unknowns (%) 

1 bar O2  100 0.51 33.07 6.8 58.72  1.00 

5  bar O2  100 0.00 29.02 5.12 64.93 1.00 

10 bar O2  100 0.00 22.21 4.61 72.81 1.00 

 

Table  4. 4  shows the effect of pressure for HMF oxidation on Pt surface at similar 

conditions. Effect of pressure is negligible for the HMF conversion. Carbon balance is 

satisfactory for HMF oxidation reaction at the given conditions with insignificant amount 

of unknowns. At low pressure, the amount of dissolved oxygen is less, which causes 

partial oxidation of HMF into intermediates. With increase of pressure, the amount of 

formed intermediates decreases relatively.  

4. 3. 6. Effect of the nature of the metal catalyst 

The influence of the catalytically active metal was studied using different supported 

metal nanoparticle catalysts; in particular Au/TiO2, Ru/C, Rh/C and Pd/C. Their 

performance was compared with Pt/C. Constant metal/HMF molar ratio was maintained 

for all metal catalysts and reactions were carried out at similar reaction conditions. 
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Fig. 4. 16 Effect of catalytically active metal surface on FDCA yield with reaction time. Reaction 

conditions: 50
o
C, pH 13, metal/HMF molar ratio: 0.1, 10 bar O2    

 

From fig. 4. 16 gold catalyst shows superior activity than Pt. Similar effect was 

observed by Davis et al. [31]. HMF is effectively oxidized on Au surface and yields 80% 

of FDCA in 4h reaction time at similar reaction conditions. Ru, Rh and Pd show 

relatively low activity for FDCA formation than Au and Pt surfaces. 

Table 4. 5 Effect of catalytically active metal surface on HMF oxidation and product distribution 

for 4h reaction time. Reaction conditions: 50
o
C, pH 13, metal/HMF molar ratio: 0.1, 10 bar O2. 

 

Table 4. 5 shows the influence of the type of active metal surface for HMF oxidation 

reaction under similar conditions. Pt surface is active for HMF conversion into oxidative 

products such as HMFC, FFCA, and FDCA. The material balance for the reactant and 

products is satisfactory for Pt catalyzed reaction with less than 1% of unknown 

products. Even at pH 13 and 4h reaction time, HMF is not completely converted in the 

case of Pd catalyst. This indicates that the HMF is protected from the degradation. The 

product distribution for Pd catalyzed HMF oxidation reaction with significant amount of 

unknowns suggests a different reaction pathway with less selectivity for the desired 

Supported 

metals 

CHMF 

(%) 

YFDC (%)  YHMFC 

(%)  

YFFCA 

(%)  

YFDCA 

(%) 

Unknowns (%) 

Pt/C 100  1.00 21.91 4.61 72.81 1.00 

Pd/C 54.57 1.00 10.82 1.12 0.40 42.23 

Au/TiO2 100 2.00 17.77 0.13 80.87 1.23 

Ru/C 98.05 7.03 9.93 6.89 6.48 74.75 

Rh/C 81.26 1.00 25.57 33.91 12.62 9.16 



4. Heterogeneous Catalytic Oxidation of HMF 

 

83 
 

products. Au surface shows a superior activity for the HMF oxidative products 

compared to the Pt surface.  In case of Ru catalyzed HMF oxidation reaction, 7% of the 

FDC was observed, which was in contrast to the other metal surfaces at the given 

conditions. Ru also appears to follow a different reaction pathway with relatively less 

amount of oxidative products and significant amount of unknowns. Ru surface 

contrasts with the Pd surface for the HMF conversion. Here, may be a part of HMF has 

undergone degradation reaction into humins due to higher pH rather than converting 

into FDCA. On Rh surface, 81% of HMF is converted into relatively more amount of 

oxidative intermediates (HMFC, FFCA) than FDCA. This indicates that Rh surface was 

deactivated due to formed FDCA or strong adsorption of intermediates. 

 

4. 4. Conclusions  

In this chapter, we successfully demonstrated a process based on low temperature 

liquid-phase heterogeneous catalysis for the production of monomer type molecules for 

the polymer industry. This partly helps to replace the dependency on petroleum. First, 

the oxidation of biomass-derived model molecule HMF was studied under mild 

temperature (50oC) and pressure (max. 10 bar O2) conditions. Aqueous alkaline 

solvents favored complete oxidation of HMF into FDCA. HMF degradation mechanism 

was studied in the absence of metal catalyst using in-situ NMR. It has confirmed the 

loss of HMF at higher pH (≥13) by cross-polymerization via cannizzaro reaction. It is 

also seen that the pH of a reaction has a strong influence on oxidation of alcohol 

moiety of HMF and [OH]- influences the HMF oxidation into FDCA.  Experimental 

analysis suggests that at lower pH (≤7), the alcoholic group of HMF oxidizes faster than 

aldehyde moiety on Pt surface, whereas at higher pH (≥13), oxidation of alcoholic 

group appears as the rate limiting step. Low temperatures and basic pH led to the 

oxidation of both formyl and hydroxyl groups of HMF to FDCA.  Using high surface 

area Pt/C catalysts, 100% of HMF conversion with 80% of FDCA yield was achieved in 

8h reaction time at pH13. Increase of partial pressure of molecular oxygen improved 

FDCA yield slightly. At the given reaction conditions, Au showed better catalytic activity 

than Pt, Ru, Rh and Pd.  
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Chapter 5 

 

 

Heterogeneous Catalytic Hydrogenation of HMF 

5.1 Introduction 

The products produced by hydrogenation of biomass-derived HMF are sustainable 

substitutes to replace petroleum-based building blocks [1, 2]. The efficient production of 

biomass-derived fuels is of technological importance for the transition to a more 

sustainable future [3, 4]. In this respect, HMF has been identified as a key precursor for 

the production of chemicals and fuel type molecules (see chapter 3, 4) [5]. Importantly, 

HMF hydrogenation has a number of attractions as a biofuel. Unlike petroleum derived 

intermediates, HMF has keto and hydroxyl functionalities that can be hydrogenated into 

various products [6]. The selective hydrogenation involves addition of hydrogen to C─O 

of alcoholic group or to C═O of aldehyde group of HMF without changing the furan 

ring. The complete hydrogenation involves addition of hydrogen to C═C of furan ring 

[7]. Selective hydrogenation product of HMF is 2, 5-dimethylfuran (DMF) as shown in 

the fig. 5. 1  DMF has an energy density 40% greater than ethanol, making it 

comparable to gasoline (petrol) [1, 8]. 

 

Fig. 5. 1 Selective hydrogenation of HMF. 

DMF is attractive as a biofuel due to its ideal boiling point (92–94oC), high energy 

density (30 kJ/cm3), and high research octane number (RON=119). Furthermore it is 

immiscible with water and is easier to blend with gasoline than ethanol [1, 2, 5, 9, 10].  



5. Heterogeneous Catalytic Hydrogenation of HMF 

 

88 
 

The total hydrogenation product of HMF is dihydroxymethyltetrahydrofuran (DHMTHF), 

a useful chemical with applications as a solvent, a monomer or precursor to the 

production of other high-value chemicals [11-13]. For example, DHMTHF can be 

converted to 1, 6-hexanediol, a valuable chemical used in polymers and specialty 

chemicals by hydrogenolysis and dehydration reactions as shown in the fig. 5. 2 .  

 

Fig. 5. 2 Total hydrogenation of HMF into DHMTHF and formation of n-alkane and poly-ol by 

subsequent hydrogenation, hydration and dehydration reactions (based on Huber et al.[11]). 

 

Recently, Roman-Leshkov et al. [1] studied selective catalytic route for the production 

of DMF from fructose via two-step process. He combined dehydration and 

hydrogenation reactions to produce DMF in biphasic system. His work is limited to 

copper–ruthenium (CuRu) catalyst. Binder et al. repeated Dumesic’s work in different 

conditions to produce DMF from fructose [14]. His approach involved production of 

HMF from fructose with H2SO4 as a dehydration catalyst and hydrogenation of HMF 
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was taken up in 1-butanol with a Cu–Ru/C catalyst. As a result, 32.5% yield of DMF 

based on d-fructose was obtained. Very recently, Luijkx et al. [12] reported the ether 

formation in the hydrogenolysis of HMF over a palladium catalyst in 1-propanol. In case 

of total hydrogenation, quantitative yields in BHF or BHTHF were obtained over 

conventional hydrogenation catalysts, such as raney nickel with H2O as solvent at high 

temperature and under high hydrogen pressure [13, 15-18]. However, effects of 

different metal catalysts were not well addressed. 

 

5.1.1 Objective of this chapter 

The aim of the chapter is to study the liquid-phase hydrogenation of HMF into fuel type 

DMF molecule.  The objectives include selection of suitable reaction conditions and 

influence of different supported metal catalyst for HMF hydrogenation. To test the 

activity of a catalyst in terms of product selectivity and yield. Later this study will be 

compared with electrocatalytic hydrogenation at low temperature.  

 

5.2  Results and Discussions 

The hydrogenation of HMF was carried out using molecular hydrogen on the surface of 

different supported metal catalysts. The reaction was tested in different solvents to 

understand the pathway of intermediates formation to drive the reaction in the selective 

hydrogenation way to form desired products. Different heterogeneous metal catalysts 

such as Ru, Pt, Pd, Rh, Au, Ni, etc supported on carbon and metal oxides were tested 

for the same reaction. 

 

5.2.1 Selection of Solvent 

Solvents are known to have a significant effect on the rate of catalytic hydrogenation. 

The effect of solvent is attributed to various factors, which include solubility of 

hydrogen, thermodynamic interaction of solvent with reactant and products, competitive 

adsorption of solvent, etc. Ru catalyst has been reported to be active and stable for 

various hydrogenation reactions [1, 14, 18], therefore Ru/C catalyst was used in the 

initial studies. The solvents employed during hydrogenation of HMF were polar 

solvents such as water, dimethylacetamide (DMA), dimethyl sulfoxide (DMSO) and 1-

butanol. The experiments were conducted using 5% Ru/C catalyst.  
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Fig. 5. 3 Effect of solvent on hydrogenation of HMF using Ru/C catalyst. Reaction conditions: 

0.1M HMF; 1-butanol;175
o
C; 10bar H2; 10h; 1000 rpm, metal/HMF molar ratio: 0.05. 

 

Fig. 5. 3 presents the effect of solvent on HMF hydrogenation using Ru catalyst. At the 

given conditions, Ru was active to convert HMF in water, but selectivity was low for 

DMTHF and DMF. The main product was BHMF. Similar type of effect was observed 

by Alamillo using Ru black catalyst [7]. This study indicates that water was not a 

suitable solvent for HMF hydrogenation reactions to get the desired product (DMA). 

Organic solvents such as DMA and DMSO were previously used to produce HMF from 

fructose (see chapter 3), therefore same type of solvents were tested for HMF 

hydrogenation. Ru catalyst was active to produce intermediates as shown in the fig. 5. 

3. In contrary to other solvents, Ru exhibited more activity for DMF formation in 1-

butanol. Therefore, 1-butanol was selected as a suitable solvent to study the effect of 

supported metal catalyst for HMF hydrogenation. 

 

5.2.2 Effect supported metal catalyst 

Studies were conducted to investigate how the selectivity for HMF hydrogenation is 

affected by different catalytically active metal component. All catalysts were studied 

using 1-butanol as a solvent. The results are shown in the fig. 5. 4 .  
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Fig. 5. 4 Hydrogenation of HMF using different catalysts.  Conditions:0.1M HMF; 1-

butanol;175
o
C; 10bar H2; 10h; 1000 rpm, metal/HMF molar ratio: 0.05 . 

Fig. 5.4 shows hydrogenation of HMF on different supported metal heterogeneous 

catalysts. All metals were active for the conversion of HMF into intermediates or 

products. 100% HMF conversion was observed in case of chosen metals. Compared to 

all metals Pt showed highest activity for the formation of DMF followed by Ru, Au, Ni, 

Rh, Cu and Pd. As hydrogenation of HMF involved a wide range of products as shown 

in fig.. 5. 2, combinations of different analytical techniques are required to analyze all 

products. At present we are not able to detect the complete product spectrum due to 

lack of proper analytical methods. Based on our existed HPLC method, spectra of the 

reaction mixture did not reveal significant peaks for unknowns as shown in the fig. 5. 5 , 

This indicates that the undetected molecules are in the form of insoluble polymers. 

These polymers may be formed through the loss of formaldehyde from DHMF, followed 

by furfuryl alcohol polymerization, which is well known from the literature [19, 20 3839 

#37 3839 #37].  

Fig. 5.5 shows complete product spectrum of HMF hydrogenation on different metals. 

Black line shows pure HMF signal in 1-buranol solvent. At 8 min retention time, DMF 

peak was shown. 
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Fig. 5. 5 HPLC spectra for hydrogenation of HMF on different supported metals. Conditions: 

UV221nm, 0.1M HMF; 1-butanol;175
o
C; 10bar H2; 10h; 1000 rpm, metal/HMF molar ratio: 0.05.  

Cu/Al2O3 and Pd/C are relatively inactive for DMF formation, but active for conversion 

of HMF into intermediates (at present unknowns). Whereas Cu/C formed BHMTHF 

along with BHMF and intermediates. So nature of support also has influence on HMF 

dehydration reaction. All other metals were active for DMF formation with some 

percentage of intermediates. 
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5.3 Conclusions   

For the hydrogenation of HMF into DMF the organic synthetic route is superior to the 

water synthetic route. Pt/C showed a highest activity for selective HMF hydrogenation 

with 70% of DMF followed by Ru/C > Ni/SiO2 > Au/TiO2 > Rh/C > Cu/Al2O3 > Pd/C. Un-

identified products in case of Rh, Ni suggested different reaction pathway. Cu/Al2O3 is 

less active than Cu/C (due to support effect). 

  

 

Outlook 

Different analytical methods like GC-MS, NMR, etc are required to analyze complete 

product spectrum. ATR studies will be helpful to understand surface interaction of HMF 

derivatives with catalyst surface. Detailed kinetic studies are suggested to understand 

the process better along with a parametric study. 
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Chapter 6 

 

 

Electrocatalytic Oxidation of HMF 

 

6.1  Introduction 

Electrochemical catalysis is an electron transfer across an electrified heterogeneous 

catalyst interface (electrode), in other words, it is the combination of chemical reaction 

and heterogeneous electron transfer at an electrode [1]. It differs from chemical reac-

tion in the way of formation of reactive intermediates [2]. During the electrochemical 

catalysis, electron transfers at the electrode for oxidation and reduction reactions, 

whereas oxidants or reductants are used for oxidation and reduction reactions in the 

chemical-catalytic processes [3-6]. Electrocatalysis and heterogeneous catalysis are 

involved in well-controlled sequences of elementary bond-breaking and bond-making 

processes and share many common mechanistic principles in the transformation of 

molecules over supported metal and metal oxide catalysts [7-11]. In general, the cur-

rent (or electrode reaction rate) is governed by the rates of processes such as mass 

transfer, electron transfer at the electrode surface, chemical reactions preceding or 

following the electron transfer and other surface reactions, such as adsorption, desorp-

tion as shown in fig. 6. 1. 

 

Fig. 6. 1 Electrocatalytic process (source: Bard et. al[12]). 
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In contrast to heterogeneous catalysis, the driving force of electrochemical reactions is 

not only controlled by concentration, pressure and temperature, but in addition by the 

interfacial potential drop (electrode potential) across the interface between electrocata-

lyst and electrolyte [13].    

Electrochemical catalysis is a powerful technique and gains more research attention in 

recent years in many energy related research areas [14]. In both electrochemical and 

heterogeneous catalysis, the reactants adsorb on solid metal, diffuses to the surface, 

breaking some of the reactant bonds, formation of new bonds to form product mole-

cules, which eventually desorbs from metal surface [15-17]. Under open circuit poten-

tial (OCP), i.e. in the absence of flow of electrons, electrochemical catalysis shows the 

similar effect as heterogeneous catalysis at the given conditions. Since electrochemical 

half cell reactions involve charged species, the interfacial electrode potential affects 

their Gibbs free energy of reaction Gr. If the half cell process involves an adsorbed 

intermediate (chemisorption) the electrode potential affects the Gibbs chemisorption 

energy of that adsorbed intermediates. A change in electrode potential is related to that 

of the Gibbs free energy of a one-electron reaction process according to equation 6.1. 

 

Where Gr = Gibbs free energy of reaction or adsorption; n = number of electrons; F = 

charge on one mole of electrons, 96485 coulombs; E = potential of the electrode; all 

are at unit activity).  

Variations in the chemisorption energies also modify the activation barrier of the ele-

mentary reaction. The near-linear relationship between the activation energy Ea and 

the chemisorption energy of an elementary reaction, Er (which is directly related to the 

Gibbs free energy of chemisorption) is referred to as the Brønsted-Evans-Polanyi rela-

tionship (BEP) [18]. In effect, the interfacial electrode potential affects the rate of all 

electrochemical half-cell reactions and hence it is feasible that electrode potentials may 

be used to manipulate and tune the relative rates of competing electrocatalytic proc-

esses [19]. The rate of an electrochemical process is directly related to the product 

formation rates via Faraday’s law [20, 21]. Thus, a change in interfacial potential or 

current density may be used to selectively control product distributions.  

 

)1.6........(....................electroder EFG 
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6.1.1 Renewable electrons for water oxidation reactions 

Our aim is to use renewable electrons to produce required oxygen for HMF oxidation 

reactions. The oxygen is available from water according to equations 6.4. 

 

Oxidation        2H2O → 4H+ + 4e− + O2       E° = 1.23 V vs. NHE...........................(6.2) 

Reduction       4H+ + 4e− → 2H2                  E° = 0.00 V vs. NHE...........................(6.3) 

Overall           2H2O → 2H2 + O2                 E°cell = +1.23 V; ΔG = 238 kJ/mol .....(6.4) 

 

These oxidation and reduction steps are pH dependent. Water splitting can be done at 

higher pH values as well; however the standard potentials (vs NHE) will vary according 

to the Nernst equation and therefore shift by -59 mV for each pH unit increase. This 

potential, where equilibrium is established to the thermodynamic standards can be re-

lated to Gibbs free energy as shown in equation 6.1.  

Therefore, it takes 238 kJ of energy to make one mole of O2 as calculated by thermo-

dynamics. This energy can be acquired easily from solar or wind electricity. However, 

in reality no process can be this efficient. The activation energy is associated with high 

energy transition states that are reached during the electrochemical process of oxygen 

evolution [3, 4, 22, 23].  

 

6.1.2 Renewable chemicals from HMF oxidation reactions 

Carbohydrates represent a well established alternative to fossil fuels as a renewable 

and economic source of energy and raw materials (see chapter 1). HMF is a versatile 

intermediate and can be synthesized starting from sucrose, fructose or glucose by de-

hydration reaction using acid catalyst (see chapter 3). The derivatives of HMF have 

many applications as starting material for polymer industry and also in macro-cyclic 

chemistry (chapter 4) [21, 24].  Although HMF is known as an important reactant, in-

termediate and platform molecule for many chemicals synthesis, its electrochemical 

properties were scarcely examined. And also, unified principles between heterogene-

ous catalysis and interfacial electrochemistry of HMF were not discussed in the open 

literature till date.  

http://en.wikipedia.org/wiki/Nernst_equation
http://en.wikipedia.org/wiki/Gibbs_free_energy
http://en.wikipedia.org/wiki/Activation_energy
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Much attention is paid to harvest the sun energy into electricity by using wind, solar and 

hydropower to lower the use of fossil fuels in electricity production [25].  None of these 

renewable energy sources can supply carbon atoms to produce organic chemicals to 

lower our dependency on the petroleum for chemicals. Carbon-containing molecules 

are found in the renewable biomass and it appears as a real alternative to petroleum. 

Biomass could potentially serve as a sustainable feedstock for the chemical industry. 

Renewable biomass chemical catalysis and renewable electricity have coexisted inde-

pendently. Here we aimed to use direct renewable electrons from sun to transform  

renewable biomass to develop a sustainable carbon-neutral process in order to pro-

duce fuels and high-value chemicals[26, 27] according to the equation 6.5. 

.............................(6.5) 

FDC has been used in the synthesis of various useful compounds, including intermedi-

ates for pharmaceuticals, antifungal agents, organic conductors, macrocyclic ligands  

and  symmetrical dialdehyde as a monomer in the preparation of new polymeric mate-

rials is a relatively unexplored area [22, 28-30]. 

As per our knowledge very limited literature (2 publications) is available with improper 

information for HMF anodic oxidation into FDC.  Grabowski et al, (1991) published one 

page report on DC-electrolysis of HMF in a divided H-shaped cell. He applied current 

density 16mA/cm2 to oxidize 5mM of HMF for 4 h in 100 ml of 1 M aqueous NaOH us-

ing nickel oxide/hydroxide anode and stainless steel cathode at room temperature. He 

reported 57% FDC yield based on 1H NMR [31]. Skowronski et al, 1996 published 2 

page reported using Pt electrode. A current density of 8mA/cm2 (constant current elec-

trolysis)  is applied to a biphasic system of an aqueous solution of inorganic salt and 

dicholoromethane (organic) in a divided cell at the room temperature. 7% FDC was 

noticed after 3h of reaction time based on 1H NMR [32]. 

To the best of our knowledge, the use of electrochemical catalysis in biomass research 

especially in HMF oxidation has been poorly explored. This is why this chapter focuses 
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on the oxidation reaction of the biomass-derived model molecule HMF using electro-

catalysis. The aim of this study is to investigate and understand the selective conver-

sion of the alcohol and aldehyde functional groups into carboxylic groups by keeping 

furan ring untouched. The influence of important reaction parameters was addressed 

and the behavior of intermediates with time during the reaction was monitored. The 

impact of the nature of electrode metal surfaces on the HMF oxidation reaction and its 

derivatives formation were focused. Apart from the efforts to understand basic mecha-

nisms, the need for an electrochemically active material that understands the complex-

ity associated with biomass derived molecules conversion continues to increase as 

their detection poses a challenge for analytical chemistry and liquid chromatography. 

 

6.1.3  Objective of this chapter 

The objective of our electrochemical study was to check the general feasibility of elec-

trochemical HMF oxidation on the Pt surface and to compare and contrast the hetero-

geneous pathway with the electrocatalytic pathway. The product distribution of electro-

chemical catalytic oxidation and heterogeneous catalytic oxidation is compared only if 

the catalytic activity was observed. We are interested in a deeper understanding of the 

controlling factors of the oxygenating reaction pathways and strive to establish a critical 

comparison of electrocatalytic and heterogeneously catalyzed reaction conditions. Ul-

timately, our goal is the identification of unifying principles between electrocatalysis and 

heterogeneous catalysis. 

 

6.2 Results and Discussions 

Nobel metals such as Pt & Pd and non-noble metal such as Ni were used as electrified 

catalyst surface. Different solvents were screened to get an appropriate electrolyte. 

Inorganic salts were used in order to increase the electrolyte conductivity. We assume 

that these salts have no influence on the conversion reactions. Electrochemical behav-

ior of HMF and derivatives on electrified metal surface were discussed. Anodic oxida-

tion reactions of HMF on different metal surfaces under different potentials were ad-

dressed with qualitative and quantitative information. 
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6. 2. 1  Selection of electrolyte 

As discussed in the chapter 3, organic solvents were better for HMF formation from 

fructose. Therefore, organic solvents were chosen to prepare electrolyte and inorganic 

salts were used to increase the conductivity. Initially we screened 2-butanol, acetoni-

trile (ACN) and dimethyl-acetamide (DMA) as electrolyte with some promising salts 

NaClO4, TBAPF6, NH4F and LiF4 as supporting electrolytes. Our benchmark electrolyte 

is 1M H2SO4 and its conductivity is 24mS/cm. 1M H2SO4 electrolyte has negligible re-

sistance for the flow of ions during electrochemical reactions.  

Table 6. 1 Conductivity of organic electrolytes with different amounts of inorganic salts 

  2-Butanol CAN DMA 

Without 

ionic salt 

pH at 24oC 3.58 4.2 5.77 

Conductivity at 24oC 0.16 µS/cm 0.72 µS/cm 1.73 µS/cm 

NaClO4 0.1g/10mL (0.0816 M) in soluble 7.62 mS/cm 3.92 mS/cm 

0.5g/10mL (0.40 M) in soluble 26 mS/cm 13.18 

mS/cm 

TBAPF6 

 

0.1g/10mL (0.025 M) in soluble 3.41 mS/cm 1.49 mS/cm 

0.5g/10mL (0.129 M) in soluble 12.68 mS/cm 17.66 

mS/cm 

NH4F 0.1g/10mL (0.27 M) in soluble in soluble in soluble 

0.5g/10mL (1.35 M) in soluble NA NA 

LiF4 

 

0.1g/10mL (0.1 M) 206  µS/cm 7.7 mS/cm 5.4 mS/cm 

0.5g/10mL (0.53 M) NA 17.97 mS/cm 14.52 

mS/cm 

 (where NaClO4 = Sodium perchlorate,TBAPF6 = Tetra-n-butylammonium hexafluorophosphate, 
NH4F = Ammonium fluoride,  LiF4 = Lithium tetrafluoroborate, ACN = Acetonitrile, DMA = Dime-
thyl-acetamide) 

 

Table 6. 1 compares the pH and conductivity of different organic electrolytes. The pH of 

the above selected electrolytes was between 3 and 6. Theses electrolytes will give 

weak acidic conditions. The selected salts were not soluble in 2-butanol. Except 

NaClO4, all salts in ACN showed relatively low conductivity. DMA   has also appeared 

as an inadequate electrolyte due to low conductivity. The disadvantages of these or-

ganic electrolytes are poor conductivity, high potentials were required due to internal 

resistance, may participate directly in electrochemical reaction, decomposes at higher 
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applied potentials and difficult to produce required oxygen species in-situ for oxidation 

reactions. Apart from conductivity problem, external oxygen needs to be supply for oxi-

dation reactions. Therefore organic electrolytes were not suitable for electrocatalytic 

oxidation of HMF. Further studies were continued with aqueous electrolytes.  

 

6. 2. 2 Electrocatalytic oxidation of HMF using Pt foil electrode   

Platinum is the first choice to study new electrocatalytic reactions. Platinum is more 

stable against corrosive electrolyte such as strong acidic and basic solutions. So far, Pt 

represents one of the most efficient catalyst materials for the electrocatalytic oxidation 

of small organic molecules (CH3OH, HCOOH, etc) [10]. Pt is also efficient for the oxy-

gen evolution from water. Therefore we selected Pt as suitable electrode to explore the 

HMF conversion reactions. 

6.2.2.1 Electrochemical characterization of Pt foil electrode 

Cyclic voltammetry (CV) of bare Pt surface was studied in the literature for various ap-

plications [33-37]. We repeated CV of our Pt electrode with HMF to characterize its 

electrochemical behavior. In the beginning, CV of a polycrystalline Pt foil was recorded 

in different electrolytes (basic, neutral and acidic) at room temperature to understand 

the electrochemical behavior of HMF.  

 

Fig. 6. 2 CV of Pt foil electrode with & without HMF at pH 13. Conditions: 0.1M NaOH electro-
lyte, scan rate is 50 mV/s, under N2, room temperature, Pt foil (4.5cm

2
)geo. as working electrode 

(WE), Pt gauze (12.5cm
2
) as counter electrode (CE), reversible hydrogen electrode (RHE) as a 

reference electrode (RE).  
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The black curve in the fig. 6. 2 shows the behavior of the bare platinum in the support-

ing electrolyte without HMF [38]. The observed current-potential behavior in aqueous 

electrolyte corresponds to the under-potential deposition of atomic hydrogen and oxy-

gen layers on the electrode surface. Thermodynamically hydrogen evolution occurs at 

0.0V. In the anodic scan direction, the typical hydrogen underpotential deposi-

tion/stripping region  occurs below 0.5V. The current flow between +0.45V and +0.6V in 

anodic direction scan is due to electrolytic double layer charge. Above +0.55V, activa-

tion begins by water discharge and further oxidation takes place after +0.8V. The oxide 

formation on Pt at pH 13 is due to specific adsorption of hydroxide anions from water 

[39, 40]. 

 

Fig. 6. 3 Illustration of oxygen evolution in basic media 

Half-wave potential (E1/2) of Pt-OH in 0.1M NaOH is 0.65 V (equation 6.6). 

Pt-OH + OH ↔ Pt-O + H2O + e-                                           ....................... (6.6) 

 The reversible binding of hydroxide ion coupled to a one electron oxidation is thought 

to precede a turnover-limiting electrochemical step involving the removal of one proton 

and one electron to form a surface oxide species as shown in fig.6. 3 [41, 42]. Thermo-

dynamically oxygen evolution takes place at 1.23V. Above 1.6 V, oxygen evolution 

takes place and even at higher potential, a phase of Pt-O may form with thickness 

more than monolayer.   

As the potential sweep was reversed in cathodic direction, oxygen gas surrounding the 

electrode is reduced at onset potential of +1.0V according to the equation 6.8. 

Pt OHe2H2O-Pt 2  
  .................... (6.8) 

 At lower potential (< +0.45V) in the cathodic direction, water is reduced into Pt-H as 

shown in the equation (6.9). More details of water reduction and hydrogen evaluation 

will be addressed in the chapter 7. 

Pt + H2O + e- ↔ Pt-H + OH-     ..................... (6.9) 

http://en.wikipedia.org/wiki/File:Alkaline_OER.png
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The summary of electrochemical reaction associated on the surface of bare polycrys-

talline Pt electrode were reported in the table 6.1.   

Table 6. 1 Different potential-related reactions on the bare Pt foil surface [15]. 

Potential (V vs RHE) Sweep direction Surface reaction 

0.0 - 0.4 V Anodic Hydrogen desorption 

0.4 – 0.6 V Anodic Double layer 

>0.8 V Anodic Onset of Pt-O formation 

0.8 – 1.1 V Anodic Pt-OH & Pt-O  

monolayer formation 

1.1-1.2 V Anodic Pt-O bulk formation 

>1.23 V Anodic Onset of oxygen evolution 

1.23 – 0.8 V Cathodic Pt-O reduction 

0 – 0.4 V Cathodic Hydrogen adsorption 

≤0.0 V Cathodic Hydrogen evolution 

 

Red line in the fig. 6. 2 shows Pt foil electrode surface in the presence of 5mM HMF at 

pH 13. In the anodic scan direction, under potential desorption of atomic hydrogen (Pt-

Had) peaks disappear compared to the bare Pt foil surface. This behavior was due to 

the lack of Pt active sites for hydrogen adsorption. From this we assume the adsorption 

of HMF on the surface of Pt foil at +0V. Therefore the available Pt surface for the hy-

drogen adsorption reduces as shown in the fig. 6. 4a. As a result no peak appears for 

hydrogen adsorption and desorption. Similar amount of current was used to charge the 

double layer between +0.45V and +0.6V. Interestingly, more faradaic current was ob-

served compared to the bare Pt foil electrode at onset potential +0.6V. CV exhibits two 

shoulders at potential +0.9V and +1.2V and this indicates that there are two reactions 

taking place. This more faradaic current was attributed due to combination of Pt-OH 

formation and oxidation of HMF functional groups such as –CH2OH and –CHO.  

It is reasonable to assume that the increase of Pt foil surface potential (after +0.6V), 

the sitting orientation of HMF on the surface was changed as shown in fig. 6. 4b. In this 

orientation, HMF facilitates the oxidation of its functional groups selectively without 

changing the furan ring. At higher anodic potential (> +1.6V), more faradaic current was 

due to oxygen evaluation and HMF oxidation.  At the same time, we assume that the 
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adsorbed alcoholic group of HMF also oxidizes into aldehyde with the help of reactive 

oxygen as shown in the fig. 6. 4c. 

 

Fig. 6. 4 a) HMF adsorbed on the Pt foil surface at lower potentials (+0V); b) Adsorption of hy-
droxyl and oxygen ions along with alcoholic group of HMF after +0.6V; c) Evolution of oxygen 
and oxidation of alcoholic group of HMF at higher potential after +1.6V 

In the cathodic scan direction, less faradaic current was observed for Pt-O reduction 

compared to the bare Pt foil electrode. This effect is due to strong adsorption of HMF 

oxidative derivatives, which were irreversible type reactions. The early offset potential 

of Pt-O reduction peak suggests that the surface was occupied by other molecules 

than atomic oxygen. This observation also supports the disappeared peaks of atomic 

hydrogen adsorption between the potential +0.4V and +0.2V.  

 

Fig. 6. 5 CV of Pt foil in acidic electrolyte with & without HMF. Conditions: 0.1M H2SO4 ( pH 1.2), 
scan rate is 50 mV/s, under N2, room temperature, WE: Pt foil (4.5cm

2
)geo., CE: Pt gauze 

(12.5cm
2
), RE: RHE. 

 

Fig. 6. 5 Black line shows bare Pt foil electrode surface in the acidic electrolyte at pH 

1.2. The under potential desorption of hydrogen (Hupd) of Pt surface showed relatively 

smaller peaks compared to alkaline conditions as shown in the fig. 6. 2. This behavior 

was due to the orientation of crystals of specific metal surface [33, 36, 43]. Although 

Pt Surface Pt Surface Pt Surface

O2

a) b) C)
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the onset potential of Pt-OH formation is similar in both electrolytes, the faradaic cur-

rent for oxide formation in alkaline media exhibited a characteristic peak shape 

whereas in acidic media current peak was relatively more flat. Half-wave potential 0.1M 

H2SO4 (E1/2) of Pt-OH formation is shifted slightly more positive to 0.75V. Oxygen evolu-

tion mainly depends on the nature of the electrode surface and pH [7, 44, 45]. Under 

acidic conditions water binds to the surface with the irreversible removal of one elec-

tron and one proton to form a platinum hydroxide as shown in the fig. 6. 6 [46]. Oxygen 

evolution was observed after +1.45V at the given conditions. 

 

Fig. 6. 6 Illustration oxygen evolution in acidic media. 

 

In the reverse scan towards cathodic direction, Pt-O reduction peak was observed at 

an onset potential +0.9V similar to Pt foil.  

In the presence of HMF, CV showed the increase of faradaic current flow from +0.7V to 

+1.6V. The more faradaic current flow compared to the bare Pt surface indicates that 

oxidation of HMF alcoholic and aldehyde groups. As a result an intense peak between 

+1.2V and +1.4V was observed as shown in the fig. 6. 5. This peak corresponds to the 

combination of aldehyde group oxidation and formation of Pt-OH. At higher potential 

oxygen evolution and the oxidation of HMF takes place. 

Fig. 6. 7 presents the bare platinum foil CV (black line) in neutral condition. 0.1M 

NaH2PO4 was used to increase the conductivity of electrolyte. In the absence of HMF 

the platinum surface was polarized between 0V to +1.6V. In the anodic scan direction, 

bare Pt foil electrode in the neutral electrolyte exhibited different characteristic peaks 

for Hupd compared to the acidic and alkaline electrolytes between the potentials +0V 

and +0.4V. This observation suggests that effect of electrolyte has an influence on the 

activation of metal surface and its crystal planes. The current between the potentials 

+0.4V and +0.75V was used to charge the double layer. The onset potential for Pt-OH 

and Pt-O formation and for the oxygen evolution were +0.75V and +1.45V respectively. 

In the reverse scan direction, the onset potential for Pt-O reduction was observed at 

http://en.wikipedia.org/wiki/File:Acidic_OER.png
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+0.9V, which is similar to alkaline and acidic electrolytes. In contrary to alkaline and 

acidic electrolytes, more characteristic peaks were observed for the hydrogen adsorp-

tion in neutral electrolyte between the potentials +0.35V and +0V. 

 

Fig. 6. 7 CV of Pt foil  in neutral electrolyte with & without HMF.  Conditions: 0.1M NaH2PO4 
supporting electrolyte, pH 6.4, scan rate is 50 mV/s, under N2, room temperature, WE: Pt foil 
(4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

The red line in the fig. 6. 7 correspond to CV of Pt foil surface in the presence of HMF 

in the electrolyte at neutral conditions. As observed in acidic and alkaline electrolytes, 

Hupd peaks were blocked by HMF adsorption on Pt foil between the potentials +0V and 

+0.4V in anodic scan direction. The early faradaic current peaks compared to bare Pt 

foil for Pt-OH formation and HMF oxidation were observed at onset potential of +0.65V. 

We believe that the characteristic peaks at the potential +0.9V and +1.3V are corre-

sponding to HMF oxidation. Compared to fig. 6. 2, 6. 5 and 6. 7 the intensity of peak 

shoulders were more clear. The oxygen evolution was observed after +1.45V along 

with HMF further oxidation. Compared to acidic conditions, Pt foil surface exhibited 

different behavior for Pt-O reduction in neutral conditions with early onset potential and 

less faradaic current. This behavior indicates that HMF adsorption on Pt foil in the 

acidic electrolyte was relatively weaker than neutral or alkaline electrolytes. The strong 

adsorption of HMF on Pt foil blocked the hydrogen adsorption between the potentials 

+0.35V and +0V. 

Fig. 6. 2, fig. 6. 5 and fig. 6. 7  clearly expressed that Pt surface has a strong affinity to 

adsorb HMF at lower potentials (≈0V). At higher potentials (≥0.6V), the functional group 

of HMF selectively interacts with the platinum surface. The rate of oxidation of particu-

lar functional group of HMF depends on the applied potential.   
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6.2.2.2 CV of HMF functional groups on Pt foil 

In order to elucidate more mechanistic electrode surface insights, different HMF type 

functional groups were characterized using cyclic voltammetry technique. Fig. 6. 8 illus-

trates CVs of Pt foil electrode at pH 13 with different functional groups on the furan 

ring. Furan ring was adsorbed on the Pt electrode surface (Hupd disappeared) and 

showed the characteristic peak shoulders at 1.2 V as shown in the fig. 6. 8a. It was 

also observed that after the potential +1.4V, the faradaic current was exhibited due to 

oxygen evolution without adsorption of furan ring. This observation was supported by 

Pt-O reduction peak at +0.7V. In the presence or in the absence of furan, Pt electrode 

exhibited same faradaic current for Pt-O, which means Pt surface was completely oc-

cupied by atomic oxygen and not by furan. Similarly hydroxymethylfuran (-CH2OH), 

furfural (-CHO) and FDCA (-COOH) were characterised on the Pt foil electrode and 

showed slightly different behavior as shown in the fig. 6. 8b, 6. 8c and 6. 8d respec-

tively.  

 

Fig. 6. 8 CV of Pt foil electrode with different possible HMF derivatives with C-C bond cleavage 
a) furan b) hydroxymethylfuran c) furan d) furandicarboxylic acid. Conditions: at pH13, scan rate 
is 50 mV/s, under N2, room temperature, WE: Pt foil (4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: 

RHE. 

 

The functional groups of these molecules were adsorbed/occupied on Pt foil surface at 

higher potential (> +1.4V) and resulted different Pt-O reduction peaks based on their 

adsorption strength. This observation is also in agreement with fig. 6. 4c.  Fig. 6. 8b 

gives the evidence that alcoholic group oxidises around +0.9V (overlap shoulder) with 
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early onset potential at +0.55V. Whereas, the peak corresponding to the aldehyde 

group may be beneath the furan ring peak at +1.2V as shown in the fig. 6. 8c. It is also 

observed that missing shoulder at +0.9V was due to the absence of -CH2OH functional 

group. Furan ring with acid group (in the absence of alcoholic and aldehyde group) was 

shown in figure 6. 8d. Interestingly, acidic group of furan doesn't have any characteris-

tic peak, but a significant alcoholic group peak was missed at +0.9V. This concludes 

that furan don’t have any characteristic peak except broader peak between +0.7 to 

+1.6V. Therefore cyclic voltammetry technique has limited applications to understand 

the product distribution of HMF derivatives electrochemically. 

From the chapter 4, it was concluded that HMF is unstable in strong basic conditions in 

the absence of metal catalyst surface. So, basic conditions (≥pH13) are not suitable to 

study electrocatalytic oxidation due to self degradation of HMF. At the same time, com-

plete oxidation of HMF is difficult at neutral and lower pH due to the lack of OH- ions. 

Therefore we have chosen weak basic conditions (pH10) in order to study the HMF 

oxidation using electrochemical catalysis. HMF was relatively stable in pH10 electrolyte 

and NaClO4 makes the electrolyte more conductive. 

 

6.2.2.3 Electrocatalytic oxidation of HMF  

Constant current density was applied to the electrode, and the potential variation is 

followed as a function of time. Chronopotentiometry was carried out by applying vari-

ous current densities in electrochemical system (see section 2.10) to HMF at pH10. For 

HMF oxidation, the value of the current was controlled across the electrode and the 

variation of potential with time was registered as shown in fig.6. 9. 

Fig. 6. 9 shows the behavior of the electrode surface potential with the time at applied 

current density under N2 and room temperature. The surface potential increases with 

the increase of the current density. At low current density, the applied electrons were 

used to charge the double layer and to defuse from the surface. 
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Fig. 6. 9 a) Surface potential of Pt electrode at different current densities b)Location of observed 
potentials against giving current density in the CV of  Pt. Conditions: (0.3M NaClO4 + 10mM 
NaOH) supporting electrolyte, pH 10, scan rate is 50 mV/s, under N2, room temperature, mag-
netic stirring, WE: Pt foil (4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

Fig. 6. 9a when there is no electrode reaction, the entire current is a non-faradaic 

charging current. A current step applied to an electrode provokes a change in its poten-

tial. The flux of electrons is used to first charge the double layer, and then for the 

faradaic reactions. Neglecting the capacitive current, the potential at a planar electrode 

is approximately constant until the end of the total consumption of the electro-active 

species in the neighborhood of the electrode. That transition time is negligible if the 

current density is higher. This also keeps the electrode potential higher. With the fur-

ther increase of current density the electrode potential may increase rapidly and de-

stroy the electrode and electrolyte. The higher potential, where electrolyte was decom-

posed is called as limiting potential of specific electrolyte and the corresponding current 

is called as limiting current. Position of observed potential against current density was 

located in CV of Pt foil as shown in fig. 6. 9b. The applied potential (≥2.2V) corre-

sponds to the higher current density in the region of oxygen evolution. In this region 

more oxygen evolution takes place due to water splitting reaction. The potential corre-

sponding to the lower current densities are in the region of Pt-OH, Pt-O formation. 

Fig. 6. 11 shows the effect of applied current density on product distribution of anodic 

oxidation of HMF. At lower applied current density, the surface potential of electrode 

was also relatively low and affects the HMF conversion as shown (green color) in fig. 6. 

11 . From fig. 6. 10, HMF conversion was possible from the potential +0.6V, but the 

conversion is very low and difficult to analyse in HPLC. 
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Fig. 6. 11 Product distribution of HMF anodic oxidation at different surface potentials at 6h. 
Conditions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, 5mM HMF, pH 10, scan rate 
is 50 mV/s, magnetic stirring, under N2, room temperature, WE: Pt foil (4.5cm

2
)geo., CE: Pt gauze 

(12.5cm
2
), RE: RHE. 

 

The HMF conversion is increased with the increase of current density from 3.5% with 

0.0022mA/cm2 to 93.38% with 4.44mA/cm2. Whereas, the yield of FDC is increased 

with the increase of current density till 0.44mA/cm2 and decreased with further increase 

of current density. The selectivity was 

relatively more at low current densities 

but decreased drastically at higher cur-

rent density.  

To find out the efficiency of applied cur-

rent for the conversion of HMF into 

FDC, faradaic efficiency was calculated 

according to the faradays law (see sec-

tion 2.10). Faradaic efficiency is the 

charge altered at the electrode to the 

total charge as per faraday’s law.  

Fig. 6. 12 shows the faradic efficiency for FDC yield with time for a different applied 

current density. At higher current densities (4.44, 1.11 mA/cm2) the faradic efficiency 

was less than 1%, which means that the applied current is used for some other elec-

Fig. 6. 12 Faradaic efficiency for FDC yield. 
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trode reactions. The applied current was used for competing reactions, which are oc-

curring at higher potential for instance oxygen evolution (equation 6.10).  

4 OH-(aq) → O2(g) + 2H2O(l) + 4e−                                           ……………………(6.10) 

At these current densities the  selective oxidation reaction was low or electrolyte itself 

is destroyed. Whereas at lower current densities the faradaic efficiency was higher and 

with less competitive reactions, but it takes longer reaction time to get required amount 

of product.  

Therefore, 0.44mA/cm2 current density was chosen as an optimum current density with 

41% HMF conversion, 10% yield of FDC with 25% selectivity in 6 h of reaction time. 

Using optimized current density the anodic oxidation reaction of HMF was investigated 

further.  

 

Fig. 6. 13 Kinetics of electrocatalytic oxidation of HMF along with blank tests using Pt foil at 
0.44mA/cm

2 
current density, 25

o
C under N2. Conditions: (0.3M NaClO4 + 10mM NaOH) support-

ing electrolyte, pH 10, 5mM HMF, magnetic stirring, under N2, room temperature, WE: Pt foil 
(4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. Where C= Conversion, Y=Yield, S=Selectivity. 

 

Fig.6. 13  shows “blank” tests for HMF stability with similar conditions as that of elec-

trocatalysis at pH 10 using Pt foil (4.5cm2)geo  in the absence of current density (i,e at 

OCP). The electrolyte is stable at 12h of reaction time without loss of HMF. This condi-

tion was similar to heterogeneous catalysis with pure unsupported Pt metal with very 

low surface area (4.5cm2). This data confirms that there is no significant product forma-

tion using low surface area heterogeneous unsupported metal catalyst.  Then 
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chronopotentiometry was carried out by applying 0.44mA/cm2 current densities in elec-

trochemical system to 5mM HMF in pH10 electrolyte. In case of Pt the yield of desired 

oxidative product FDC increases to 18% and conversion of HMF to 70% with reaction 

time of 12h. The selectivity of FDC increased to 29% and then decreased to 20%. 

High surface area electrocatalyst prepared using 46.7% Pt/vulcan (see section 2.4.2) 

was tested  using continuous flow reactor (see section 2.2.3.2) and observed 28% FDC 

with 80% HMF conversion at 2mA applied current (galvanostatic).    

6.2.2.4  Comparison of electro-catalysis with heterogeneous catalysis  

A comparative analysis of heterogeneous catalysis and electrochemical catalysis was 

carried on Platinum surface as shown fig. 6. 14. 

 

Fig. 6. 14 comparison of heterogeneous catalytic and electrocatalytic HMF oxidation on Plati-
num surface. Heterogeneous catalysis conditions: Pt/C (150m

2
/g), 1 bar O2, 25

o
C,4h, pH10, 

Pt/HMF molar ratio: 0.1; Electrocatalytic conditions: Pt foil (4.5cm
2
)geo., magnetic stirring. 

 

Fig. 6. 14 compares high surface area platinum at heterogeneous catalytic conditions 

with low surface area platinum electrode at 0.44mA/cm2 current density.  Electrochemi-

cal catalytic reactions clearly showed superior activity towards HMF oxidation into FDC 

at pH10. 

 

6. 2. 3 Electrocatalytic oxidation of HMF using Pd foil electrode 

Palladium is one of the most important materials due to its unique catalytic activities 

towards various reactions of technological significance. Therefore Pd was chosen to 

test its electrocatalytic activity towards HMF oxidation.  
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6. 2.3. 1. Electrochemical characterization of Pd foil 

 

 

Fig. 6. 15 CV of Pd electrode with and without HMF in pH10 electrolyte. Conditions: scan rate 
50mV/s, (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, pH 10, under N2, room tempera-
ture, WE: Pd foil (4.5cm

2
) geo. CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

Cyclic voltammetry studies were conducted to characterize the electrocatalytic activity 

of Pd foil electrode at pH 10 conditions with and without HMF as shown in fig.  6. 15. In 

the case of bare Pd metal (black line), hydrogen adsorption/desorption was observed 

between +0.1V and +0.3V in the anodic direction. It is also seen that Pd electro-

oxidation commences at +0.75V, while in the cathodic scan the oxides reduction starts 

at +0.85V and with a peak at a potential of +0.7V. The cathodic current observed at E< 

+0.35V is attributed to hydrogen evolution. All these phenomena agree with the docu-

mented literature[3, 47]. Pd was not active when compared with the Pt surface for oxy-

gen evolution at the potential ≥ +1.23V. In the presence of HMF (red line), the Pd foil 

surface exhibited different behavior. The surface of Pd was fully adsorbed/occupied by 

HMF. The faradaic current for Pd-O reduction was relatively low compared to bare Pd 

foil electrode. It also suggests that the adsorption of HMF on the surface of Pd was 

very strong and preventing Pd-O formation. At higher potential insignificant amount of 

faradaic current flow indicates that Pd was not electrochemically active for water oxida-

tion and HMF conversion.  

6. 2.3. 2. Electrocatalytic oxidation of HMF  

Pd electrode was used for electrochemical catalytic oxidation of HMF using pH10 elec-

trolyte at room temperature under nitrogen atmosphere. “Blank” conditions were tested 

in the absence and in the presence of Pd electrode at open circuit potential (OCP). 
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Chronopotentiometry (CP) technique was used to apply optimized current density 

0.44mA/cm² (discussed in section 6.2.2.3 for Pt electrode).  

 

Fig. 6. 16 Time resolved kinetics of HMF oxidation using Pd foil electrode. Conditions: (0.3M 
NaClO4 + 10mM NaOH) supporting electrolyte, 5mM HMF, pH 10, applied current density 0.44 
mA/cm

2
, observed surface potential +1.9V, under N2, room temperature, magnetic stirring, WE: 

Pd foil (4.5cm
2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

Fig. 6. 16 demonstrated HMF conversion in “blank” conditions in the presence and in 

the absence of Pd electrode at OCP. An insignificant amount of HMF conversion was 

noticed at 12h of reaction time at OCP. These results were in agreement with Pt elec-

trode (fig. 6. 13) at OCP conditions. So in the absence of electrified potential surface, 

Pd surface was not active to oxidize HMF. Whereas different results were observed 

when constant current density under similar conditions was applied. Initially, the rate of 

HMF conversion was slow till 4h (black line). The HMF conversion is increased slowly 

with reaction time and 8% was observed at 12h. The FDC yield is increased to 4% at 

12h of reaction time (red line), but the selectivity and faradaic efficiencies of FDC are 

decreased from 25% and 8% to 10% and 4% respectively. 

6. 2.3. 3. Effect of external temperature and O2 on HMF oxidation 

In contrast to Pt, Pd electrode surface was not active for the oxidation of HMF. There-

fore, we studied the effect of external operating parameter such as temperature in or-

der to improve the Pd electrode surface activity. The temperature of electrolyte was 

increased to 50°C. It is also observed (from fig.  6. 15) that the Pd electrode was not 

active for oxygen evolution reaction compared to Pt electrode at a given potential 

(+1.9V). Oxygen evolution was an important consecutive reaction, where required oxy-
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gen molecules for HMF oxidation were generated in-situ. Hence, molecular oxygen gas 

was circulated over the surface of Pd electrode to find out limiting rate of HMF electro-

catalytic oxidation. 

 

Fig. 6. 17 a) CVs of Pd electrode surface;  b) CPs (potential vs time) at applied current density 
(0.44mA/cm² )  for HMF oxidation at 25°C and 50°C under N2 and O2. Conditions: (0.3M NaClO4 
+ 10mM NaOH) supporting electrolyte, pH 10, scan rate is 50 mV/s, magnetic stirring, WE: Pd 
foil (4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

In fig. 6. 17 Oxygen evolution starts after 1.5V RHE. Temperature has an influence on 

electrocatalytic activity of Pd, where the oxygen evaluation peak has shifted to a lower 

potential (0.4V or less) at 50°C. The effect of temperature on electrode potential will be 

discussed in the section 6.2.4.3. Supply of external oxygen showed a negative effect 

for the oxygen evolution rate. More faradaic current was observed during cathodic scan 

due to reduction of external supplied oxygen into H2O. 

 

Fig. 6. 18 Production distribution of HMF oxidation on the Palladium surface at a different tem-
peratures and gas environment. Conditions: (0.3M NaClO4 + 10mM NaOH) supporting electro-
lyte, pH 10, scan rate is 50 mV/s, under N2, room temperature, magnetic stirring, WE: Pd foil 
(4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 



6. Electrocatalytic Oxidation of HMF 

 

116 
 

In case of nitrogen atmosphere, increase in the temperature from 25°C to 50°C de-

creases the HMF conversion slightly as shown in the fig. 6. 18. FDC yields are almost 

comparable. The FDC selectivity has improved significantly (doubled) and this may be 

due to less surface potential. Whereas, faradaic efficiency decreased slightly. Supply of 

external oxygen has not influenced the electrocatalytic HMF oxidation reaction at low 

temperature (25°C). 

In case of oxygen atmosphere, the activity of Pd foil electrode increased for FDC yield 

with the increase of temperature from 25°C to 50°C. Faradaic efficiency improved 

slightly. 

Therefore, bare Pd foil electrode exhibited relatively low electrocatalytic activity for 

HMF oxidation compared to Pt foil electrode. Similar type of results were observed in 

case of heterogeneously catalysed HMF oxidation using 5% Pd/C (see section 4.3.6). 

 

6. 2. 4 Electrocatalytic oxidation of HMF using Ni foil electrode 

A polycrystalline Ni foil electrode (4.5cm2)geo. was used to study the electrocatalytic 

conversion of HMF on Ni surface. Ni foil electrode was electrochemically characterized 

at pH 13 and pH 10 with and without HMF in the electrolyte. HMF oxidation reactions 

were carried out at an optimised current density 0.44mA/cm2 (section 6. 2. 2) to know 

the kinetic behavior. Effects of current density, external temperature and oxygen supply 

on HMF oxidation reactions were studied. 

 

6. 2.4. 1. Electrochemical characterization of Ni foil 

In the fig. 6. 19a, the black line shows CV of bare Ni foil scanned between 0V and 

+1.6V at pH 13. At higher alkaline conditions (pH 13), Ni (0) changed to Ni(II) at +0.06V 

as shown in equation 6.11. The Ni(II) may exist in both α-Ni(OH)2 and β- Ni(OH)2. 

 

In the anodic scan direction, the plateau region from +0.06V to +1.05 V corresponds to 

double layer capacitive behavior. 

1)......(6.1              2e  Ni(OH)  2OH   Ni -

2

- 
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Fig. 6. 19 CV of Ni foil electrode with and without HMF. a) Electrolyte (0.1M NaOH) at pH 13; b) 
Electrolyte (0.3M NaClO4 + 10mM NaOH) at pH 10. Conditions: scan rate is 50 mV/s, under N2, 
room temperature, CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

The peak region from +1.05 to +1.6 V corresponds to the faradaic charge transfer reac-

tion. The redox peaks were due to the proton insertion and de-insertion reaction of Ni 

(II) transformation to Ni (III) as shown in equation 6.12 [48, 49].  This phenomenon was 

well documented in the studies for Ni electrode rechargeable batteries [50, 51]. 

 

 At higher potential values (> +1.4 V), a huge anodic current was observed. This cur-

rent was mainly attributed due to the oxygen evolution as shown in equation 6.13. 

 

It is important to note that the variation of the potential of Ni from its standard value is 

due to the variation of pH.   

In fig. 6. 19a, the red line shows CV of Ni foil in the presence of HMF. Surprisingly, Ni 

(III) was super- active for HMF conversion with huge faradaic current at +1.41V. This 

behavior was in contrast with Pt (fig. 6. 2) surface, where HMF conversion occurs 

mainly in oxygen evolution region. It was also observed that Ni(III) surface dominates 

the Ni(iV) transformation in the presence of HMF. The peak at +1.45V corresponds to 

both HMF oxidation and oxygen evolution reactions. Interestingly, in the reverse scan, 

oxidized HMF was reduced with large faradic current on Ni(III) surface. From this be-

2)......(6.1      e    H      NiOOH      Ni(OH) -

2  

3)......(6.1      2e  4H  O-Ni  2OH   Ni(OH) -

2

-

2  
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havior, we assume that the formation of –CH2OH from CHO is reversible reaction as 

shown in the fig. 6. 20 . 

 

 

 

The electrocatalytic activity of Ni foil was drastically decreased at pH 10 as shown in 

fig.6. 19b. The rate of transformation of Ni (II) to Ni(III) was slow with less faradaic cur-

rent. The corresponding redox peaks were shown between the potential region +0.85V 

and +1.6V. The activity of nickel surface was relatively more due to HMF redox reac-

tions, which was matched  with the observations of fig. 6. 19a and fig. 6. 20 . Therefore, 

it was concluded that the concentration of [OH]- influences the activity of Ni electrode 

for both HMF oxidation and oxygen evolution reactions. The higher pH favours the for-

mation of Ni (III) surface, which was more active for HMF conversion reactions. 

 

6. 2.4. 2. Electrocatalytic oxidation of HMF using Ni foil 

Initially, the optimised current density for FDC yield (on Pt electrode) 0.44mA/cm2 was 

used to study the electrocatalytic activity of Ni foil electrode for HMF oxidation at pH 10. 

Fig. 6. 21 shows time resolved kinetic information for HMF oxidation using Ni foil elec-

trode and blank reactions for HMF stability at pH 10. In the absence of nickel electrode, 

HMF was a stable at 12h under OCP conditions. An insignificant amount of HMF con-

version was observed in the presence of nickel electrode under OCP conditions. As 

observed in case of Pt (fig. 6. 13) and Pd (fig. 6. 16) electoral catalysis, Ni foil electrode 

Fig. 6. 20 Reversible behavior of HMF on Ni surface 
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also exhibited its electrocatalytic activity for HMF oxidation. The rate of HMF conver-

sion is increased with the reaction time and 34% was observed at 12h. 

 

Fig. 6. 21 HMF oxidation on Ni foil electrode against reaction time and blank reactions. Condi-
tions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, pH 10, 5mM HMF, magnetic stir-
ring, under N2, room temperature, WE: Ni foil (4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

Where C= Conversion, Y=Yield, S=Selectivity. 

 

In comparison to HMF conversion, the FDC yield also increased to 16% at 12h of reac-

tion time. In contrast to Pt (fig. 6. 13) and Pd (fig. 6. 16) foil electrodes, Ni foil electrode 

showed highest selectivity for FDC yield (50%) as shown in the fig. 6. 21 (blue line). 

Further oxidation of HMF into derivatives such as FFCA, FDCA were observed. 1.5% 

yield of FFCA with 5% selectivity was observed. ≤ 1% of FDCA yield was detected. The 

super activity of Ni electrode was due to Ni (III). At the applied current density the ob-

served surface potential was +1.95V, where Ni (II) in Ni(OH)2 transformed to Ni (III) in 

NiOOH as per equation 6.12.  Nickel oxyhydroxide (NiOOH) involved in the reaction 

oxidized CH2OH of HMF into CHO of HMF and further oxidized to COOH of HMF.  

 

6. 2.4. 3. Effect of external temperature and O2 on HMF oxidation 

Similar to the section 6.2.3.3, the influence of external temperature on the surface po-

tential and HMF oxidation reaction were studied on nickel electrode. The optimized 

current density for FDC yield (0.44mA/cm2) was applied to Ni electrode. The anodic 

oxidation of 5mM HMF was carried out in an electrochemical cell by varying the tem-
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perature and reaction environment. Fig. 6. 22 shows CV and CP behavior of nickel 

surface at different reaction conditions such as nitrogen & oxygen atmosphere and at 

25°C & 50°C. 

 

Fig. 6. 22 a) CVs of Ni surface for electrocatalytic oxidation of HMF at a different reaction condi-
tions. b) Ni surface potentials with the reaction time at applied for the current density (0 .44 
mA/cm

2
) at different reaction conditions. Conditions: (0.3M NaClO4 + 10mM NaOH) supporting 

electrolyte, pH 10, scan rate is 50 mV/s, under N2, room temperature, WE: Ni foil (4.5cm
2
)geo., 

CE: Pt gauze (12.5cm
2
), RE: RHE. 

 

Fig. 6. 22a shows HMF electrocatalytic oxidation on Ni electrode in pH10 electrolyte. 

With the increase in the temperature from 25°C to 50°C, the surface potential is shifted 

to less positive, where a strong anodic faradaic current was observed. The  faradaic 

current for oxygen evolution was observed at +1.8V and +1.4V at the electrolyte tem-

perature 25°C and 50°C respectively as shown in figure Fig.6. 22b. The shift in the sur-

face potential could be explained with the help of Nernst equation (6.14) 

 

From the equation 6.14, standard electrode potential decreases with the increase in the 

temperature. 

In the case of external oxygen circulation over Ni electrode, potential shift to left side 

was observed with the increase of temperature. With the increase of temperature from 

25°C to 50°C the electrode potential was shifted from  +1.75V to +1.6V. 
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Fig. 6. 23 Product distribution of HMF oxidation on Ni surface at different reaction conditions 
over 12h of reaction time at pH 10 electrolyte. Conditions: (0.3M NaClO4 + 10mM NaOH) sup-
porting electrolyte, pH 10, magnetic stirring, under N2, room temperature, WE: Ni foil 
(4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

Fig. 6. 23  shows the electrocatalytic activity of Ni surface for HMF oxidation at different 

reaction conditions. In case of nitrogen atmosphere the HMF conversion was de-

creased with increase of temperature from 25°C to 50°C. This  is due to the decrease 

of +0.4V surface potential. The yield of FDC was also decreased with the decrease of 

potential. Interestingly the formation of the intermediate FFCA was increased with the 

decrease of potential at 50°C. The increase of temperature favours the formation of 

intermediates or further oxidation. In the case of oxygen atmosphere, similar trend was 

observed. The supply of external oxygen was not influenced by the product distribution. 

Therefore the required oxygen generated in-situ by electrocatalysis of water was suffi-

cient to oxidize HMF using electrified surface. 

6. 2.4. 4. Effect of current density on HMF oxidation 

Fig. 6. 24 shows the influence of different current densities for HMF oxidation on the Ni 

surface. With the increase of surface potential from +1.75V to +2V, HMF conversion 

increases from 9% to 63% along with the increase of FDC yield from 6% to 24%. In 

contrary to platinum surface, Ni electrode showed different behavior with the increase 

of surface potential. And also it was noticed that with the increase of potential, further 

oxidative intermediates were shown up. When nickel surface was compared to the 

platinum surface, nickel appears as a promising electrocatalytic for the oxidation of 

HMF. 
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Fig. 6. 24 Influence of different current density (corresponding potential) on the nickel surface 
for HMF oxidation in pH10 electrolyte under nitrogen atmosphere and room temperature. Condi-
tions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, 5mM HMF, 6h, pH 10, magnetic 
stirring, under N2, room temperature, WE: Ni foil (4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

Where C=Conversion; Y=Yield; S=Selectivity; feff=faradaic efficiency. 

 

6. 2. 5 Comparison of Pt, Pd and Ni electrodes activity for HMF oxidation 

 

Fig. 6. 25 Comparison of electrocatalytic activity of Pt, Pd and Ni for FDC formation from HMF.  
Conditions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, pH 10, magnetic stirring, un-
der N2, room temperature, WE: metal foil (4.5cm

2
)geo., CE: Pt gauze (12.5cm

2
), RE: RHE. 

Fig. 6. 25 comparatively Ni surface appeared as the promising electro catalyst for HMF 

oxidation into FDC. Unlike Pt and Pd foil electrodes,  significant electrocatalytic activity 

for HMF oxidation was showed Ni foil electrode. 
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6.3 Conclusions   

Electrocatalytic oxidation was successfully demonstrated for biomass-derived HMF 

under mild conditions. It is promising and appears as potential technology for the future 

in order to produce variety of chemicals and polymers and to reduce the dependency 

on petroleum-based derivatives. For the first time in the open literature, we systemati-

cally studied different options of HMF oxidation using different electrocatalytic surfaces. 

The conditions used in this process are environmentally friendly and hazardous free.  

Noble metals such as platinum, palladium and non noble metals such as nickel are 

selected to study the electrochemical electrocatalytic behavior of HMF oxidation reac-

tions. Organic electrolytes were not selected for HMF oxidation due to the low conduc-

tivity. HMF alone was not stable at a higher pH (basic conditions), so not suitable to 

use as a electrolyte for slow electrochemical reactions 

Anodic oxidation of HMF was studied on different metal foil electrodes by applying 

chronopotentiometric techniques. Noble metals such as platinum, palladium and non 

noble metals such as nickel were selected to study the electrochemical electrocatalytic 

HMF oxidation reactions. HMF alone was not stable at a higher pH (basic conditions). 

Platinum electrode was examined extensively at different pHs and reaction conditions 

to know electrocatalytic activity for HMF oxidation. Product distribution was qualified 

and quantified using LC-MS. A mapping of different current densities/operating poten-

tials on platinum surface in terms of FDC yield and selectivity was addressed in detail.  

The current density was optimized to 0.44mA/cm2 to get higher FDC yield from HMF 

oxidation.  

Interestingly, Ni electrode showed higher activity for FDC selectivity compared to Pt 

and Pd. Use of external temperature reduced the standard potential of electrode. 

 

Outlook 

DFT calculations are required to get total energy changes during the oxidation reac-

tions. Developing a continuous process by combining heterogeneous and electro-

chemical catalysis for biomass derived sugars into valuable chemicals would be ad-

vised. 
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Chapter 7 

 

 

Electrocatalytic Reduction of HMF 

 

7.1  Introduction 

Industrial hydrogenation reactions of petroleum related-compounds are usually per-

formed at higher pressure of hydrogen (e.g. 50 – 200 bars) and high temperatures [1, 

2]. In general, high-temperatures (> 250oC) are required in order to hydrogenate the 

C=C bond of petroleum platform molecules [3]. The supply of energy for high tempera-

ture and hydrogen for high pressure are generally considered as  main barriers for the 

success of future biomass conversion technologies [4, 5]. Also, huge demand for hy-

drogen is anticipated in the future to convert carbon dioxide into chemicals [6-9]. There-

fore it is desirable to perform hydrogenation reactions under relatively moderate tem-

perature conditions  and without employment of molecular hydrogen [10]. In our current 

proposed concept, the required hydrogen is produced in-situ from the cathodic hydro-

gen evolution half cell reaction (HER) of the water electrolysis and hence saves the 

energy to make, store and deliver hydrogen to the reactor. 

 The hydrogen evolution reaction (HER) is perhaps the most studied electrochemical 

reaction and is of importance for applications ranging from electro-deposition and cor-

rosion of metals to energy storage via H2 production [11-14]. The hydrogen evolution 

reaction is a reaction where two protons and two electrons combine to form hydrogen. 

The reaction in acidic electrolyte is given by: 

2H+ + 2e- ↔ H2                                     ………………… (7.1) 

While the process in alkaline environments is given by 

H2O + 2e- ↔ H2 + 2 OH-                             …………………………..… (7.2) 

Different reaction paths have been proposed, the initial reaction where a proton and an 

electron react to form an adsorbed hydrogen atom is called the Volmer reaction: 

H+ + e− ↔ Had                                    ………………….. (7.3) 
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This reaction step can then be followed by the Tafel reaction [15], where two adsorbed 

H atoms react associatively followed by desorption of molecular hydrogen and desorbs 

continuation 

2Had ↔ H2                                   ……………………….. (7.4) 

or the Heyrovsky reaction which is an Eley-Reidel type reaction, where a proton and an 

electron react directly with an adsorbed atomic H atom to form hydrogen [15]. 

Had + H+ + e− ↔ H2                         ……………………..(7.5) 

The exact reaction path is not always simple to deduce and it has for instance been 

found that the same material can exhibit different HER reaction paths. Pt is known as 

the most active catalyst for the HER and is commonly used in fuel cell for the catalysis, 

both of hydrogen oxidation and oxygen reduction [16]. Interestingly, Pt is the most well-

known catalyst for methanol oxidation.  However, there is no evidence that HMF is hy-

drogenated to BHMF or BHMTHF under electrochemical conditions at the room tem-

perature. The general hydrogenation mechanism mentioned in the heterogeneous ca-

talysis literature is that the adsorbed hydrogen on active Pt or Ru under high H2 pres-

sure hydrogenates the C=O bond stabilizing HMF ring to its hydrogenated alcohol 

form, i.e. BHMF. The inactivity of Pt and Ru during electrocatalytic hydrogenation might 

be due to the kinetics of hydrogen evolution (Eq. 7.4 or 7.5).  

Compared to traditional heterogeneous catalytic hydrogenation processes, the 

electrocatalytic processes are performed under mild conditions (ambient temperature 

and pressure), avoiding the use of molecular H2 [1, 17].  Due to the co-production of 

hydrogen, careful selection of the electrocatalyst as well as the applied poten-

tial/current is important in order to obtain high yield and selectivity towards BHMF. The 

over potential for water reduction and the adsorption of HMF depend strongly on the 

nature of the catalyst interface.  

 

Fig. 7.  1 Reaction pathway of the electrocatalytic hydrogenation of HMF  
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Till date, the electrocatalytic HMF hydrogenation to BHMF or DMF has not been re-

ported in the literature (fig.7.  1). A fundamental understanding of the reactions relation 

between electrocatalyst structure and electrocatalytic reduction activity is largely ab-

sent. Detailed work regarding the selective HMF electroreduction voltammetry has 

probably not been reported due to existing technical limitations regarding the online 

analysis of products.  

 

An important difference between the heterogeneous chemical catalytic and electro cat-

alytic reduction process is the way how atomic hydrogen is supplied [18]. Heterogene-

ous catalytic process requires externally supplied hydrogen gas and splits molecular 

hydrogen into atomic hydrogen by  surface adsorption [13, 19, 20], while  

electrocatalytic hydrogenation reduces water or hydronium ions to form atomic hydro-

gen in-situ on the catalytic cathode surface using external electrons [21]. Electrochemi-

cal hydrogenation of C=C (e.g C=C of HMF = A) compounds (A + 2H↔ AH2) in general 

can occur via three types of mechanisms [22, 23]. 

Direct electron transfer (decoupled electron and proton transfer) 

 A + e- ↔ A- + 2H+ + e- ↔ AH2                        .................... (7.6) 

Catalytic hydrogenation  

A + 2Hads ↔ AH2                                           ………………. (7.7)  

Electrocatalytic hydrogenation (coupled proton and electron transfer) 

A + 2H+ + 2 e- ↔AH2                           …….………….. (7.8)  

The direct electron transfer mechanism (Equation 7.6) is generally believed to occur 

over materials with high HER overpotentials, such as Hg, Bi, Sn and Cd [24]. These 

materials have very low surface coverage of hydrogen. So reduction of unsaturated 

compounds occurs via the production of a radical cation intermediate, which is subse-

quently reacted to form the saturated organic compound [25, 26]. 

The catalytic and electrocatalytic hydrogenation mechanisms involve the reaction of 

adsorbed unsaturated compounds with either adsorbed hydrogen atoms (Equation 7.7) 

or protons (Equation 7.8), respectively. One difference between these two reaction 

pathways is the effect that the electron transfer in Equation 7.9 has on the characteris-
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tic rate equation [26]. The catalytic hydrogenation rate expression involves the surface 

coverage of the HMF ( HMF) and hydrogen ( H
+) reactants [27]. 

b

H

a

HMFkRate     
                                 ……………… (7.8) 

The rate expression for the direct and electrocatalytic pathway incorporates an expo-

nential term (Butler Volmer) to account for the potential dependence of the electron 

transfer [5].  

)exp(  
RT

FV
kRate

b

H

a

HMF


 

             …….………….. (7.9) 

where V is the applied potential, k is the reaction rate constant, and a and b are the 

orders of reaction. The implication from the electrochemical pathway is that an applied 

potential will have the effect of increasing the reaction rate [22, 27]. Nevertheless, the 

chemisorption of the organic and hydrogen reactants may also depend on the applied 

potential, which will likewise affect the rate [23, 28, 29].  

HMF is fairly soluble in all types of solvents such as aqueous, organic and ionic liquids. 

Whereas electrocatalytic reduction derivatives of HMF such as BHMF, DMF are fuel 

type molecules and are not soluble in many of organic solvents. The desired product 

DMF is not miscible with the water, which makes this molecule more attractive for fuel. 

 

7. 1. 1. Objective of the chapter  

This chapter aims to explore novel electrocatalytic approaches to convert abundant, 

inexpensive lignocellulosic biomass-derived HMF into liquid biofuels (electrobiofuels) 

type molecule in electrocatalytic cell reactors. Our current focus is to study 

electrocatalytic hydrogenation of HMF on different electrified metal surfaces and com-

pare their activity and selectivity towards reduced reaction products qualitatively and 

quantitatively.  

 

7.2  Results and Discussions 

Electrocatalysts such as platinum, palladium, copper and nickel were selected to carry 

out electrocatalytic reduction of HMF. Before going to test their electrocatalytic activity 
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for HMF reduction, the characterization studies were conducted using cyclic voltamme-

try. 

7.2.1. Cyclic voltammetry of electrocatalyst surface 

Copper and nickel were not stable in acidic conditions (1M H2SO4). Copper forms cop-

per sulphate and nickel forms nickel sulphate. HMF was not stable in strongly basic 

conditions. Therefore pH 10 electrolyte (as used in the chapter 6) was chosen to un-

derstand the electrochemical characteristics of each metal electrocatalytic hydrogena-

tion reactions. Selected metals were stable at pH 10 conditions. 

Fig. 7. 2 shows the voltammograms of different foils in a cathodic potential window in 

the absence of HMF (so called “blank” solution). The metals showed characteristic dif-

ferences in their onset potential and activity towards the hydrogen evolution reaction. 

No other surface electrochemical process could be discerned on any of the metal elec-

trodes. The increase of cathodic current observed in the blank experiment is attributed 

to the evolution of H2. Here all catalysts in fig. 7. 2 show different onset potential for H2 

evolution in the absence of HMF. The results clearly indicate that the formation of 

chemisorbed hydrogen and molecular H2 is strongly dependent on the surface adsorp-

tion properties of the catalyst. 

 

Fig. 7. 2 CV of bare Pt, Pd, Cu and Ni foils at negative potentials for cathodic reactions. Condi-
tions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, pH 10, in the absence of HMF, scan 
rate is 100 mV/s, under N2, room temperature, WE: metal foil (4.5cm

2
)geo., CE: Pt gauze 

(12.5cm
2
), RE: RHE. 

 

Copper clearly showed less activity towards hydrogen evolution and hence required 

more cathodic potentials. Pt and Pd showed a similar activity for the hydrogen evolu-
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tion reactions. Compared to other metals nickel showed higher electrochemical activity 

for the production of hydrogen from water at lower potential. Therefore at given condi-

tions nickel electrode appears as a promising electrode for HMF reduction reactions 

and will generate required hydrogen by splitting water.  

All these metals were then tested in the presence of HMF to understand their electro-

chemical behavior. All metals exhibited similar type of CVs without any characteristic 

peak relating to HMF reduction reaction. So HMF appeared to be not electrochemically 

active at negative electrode potentials. We assumed from section 6.2.2.1 that HMF ring 

(C=C) and functional groups (CH2OH and CHO) adsorb on the metal surface at lower 

potential (≈0V) and participate in the hydrogenation reactions by using in-situ generat-

ed hydrogen. Therefore, negative potentials were applied to all metals in order to study 

the electrocatalytic reduction of HMF. The product distribution was analyzed using 

HPLC. 

 

7.2.2. Electrocatalytic reduction of HMF 

Electrocatalytic hydrogenation of HMF was carried out in a biphasic system, which con-

tains conducting aqueous electrolyte and organic solvent to trap products. Constant 

current density was applied to different metal surfaces under similar conditions and 

product distribution was monitored. 

 

Fig. 7.  3 Chronopotentiometry profiles (E vs. t) of different metal surfaces under applied current 
density -2.22mA/cm

2
 for HMF electrocatalytic hydrogenation. Conditions: (0.3M NaClO4 + 

10mM NaOH) supporting electrolyte, pH 10, 1-butanol organic phase, 5mM HMF, magnetic 
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stirring, under N2, room temperature, WE: metal foil (4.5cm
2
)geo., CE: Pt gauze (12.5cm

2
), RE: 

RHE. 

Fig. 7.  3 Presents the interfacial electrode potential of each metal foil for an applied 

constant current density to hydrogenate HMF. Pt, Au, Pd exhibited comparable elec-

trode potentials for a given current density, whereas Cu exhibited a somewhat higher 

cathodic over potential. Ni electrode surface potential was in between Cu and Pd. This 

observation was consistent with the relative hydrogen evolution reactivity. Pt and Pd 

were able to meet the current condition at a less cathodic over potential. 

 

 

Fig. 7. 4 Electrocatalytic hydrogenation of HMF over 12h of reaction time on different metal sur-
faces; reaction conditions: biphasic system ((50ml of 0.3NaClO4+10mM NaOH in H2O) + 20ml 
1-butanol)), pH10, -2.22mA/cm

2
 current density applied; N2 atmosphere; magnetic stirring; Pt 

gaze counter electrode, RHE reference electrode (where C= conversion, Y= yield, S= selectivi-
ty). 

 

Fig. 7. 4 Demonstrates the product distribution of HMF electrocatalytic hydrogenation 

at 12h of reaction time at applied current density -2.22mA/cm2. Cu surface was more 

active for HMF conversion followed by Pd, Pt, Au and Ni. The formation of BHMF was 

higher on Pt, Pd, Au surfaces compared to the Cu. Effect of each metal electrode on 

HMF electrocatalytic hydrogenation will be discussed separately in the next sections 

with the help of the supporting information fig. 7. 7. Reactants, products and unknown 
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molecules were detected using UV as shown in the fig. 7. 7a-e. Both products and un-

knowns were not active for refractive index detector.  

7.2.3. Cu  foil electrode surface 

 

Fig. 7. 5 CV of Cu surface in pH 10 electrolyte a) bare Cu surface without HMF b) Cu surface 
with and without HMF. Conditions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, pH 10, 
scan rate is 100 mV/s, under N2, room temperature, CE: Pt gauze (12.5cm

2
), RE: RHE. 

 

Fig. 7. 5a Shows the current potential behavior of Cu metal electrode between +0.2V 

and +0.7V. An anodic electrochemical redox wave possibly associated with the oxida-

tion of Cu0 to higher oxidation states was detected at +0.6V in the anodic scan and 

reduced to Cu0 during cathodic scan. Therefore, it is reasonable to assume that Cu 

surface remained in the oxidation state Cu0 during HMF electrocatalytic hydrogenation 

reactions below ≤+0.2V. Fig. 7. 5b indicates a significant change in the faradaic current 

flow in the presence of HMF than in blank HMF free electrolyte. This was likely due to 

HMF adsorption on the Cu surface. Compared to Pt and Ni electrodes (fig. 7. 6 , Cu 

exhibited more faradaic current in the presence of HMF. From this observation, we can 

conclude that the presence of HMF inhibits hydrogen evolution, presumably by adsorb-

ing onto the electrode surface. Fig. 7. 4 suggests that at the given current density Cu 

exhibited higher electrocatalytic activity for HMF conversion, but with a low selectivity 

for BHMF compared to other electrodes. This is mainly due to the formation of other 

byproducts. Fig. 7. 7a  supports same conclusions that there was a  formation of some 

unknown compounds and unable to detect with existed analytical methods. 
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7.2.4. Pt & Ni foil electrodes 

 

Fig. 7. 6 CV of Pt and Ni foil electrode with & without HMF. Conditions: (0.3M NaClO4 + 10mM 
NaOH) supporting electrolyte, pH 10, scan rate is 100 mV/s, under N2, room temperature, CE: 
Pt gauze (12.5cm

2
), RE: RHE. 

 

 

 

Fig. 7. 7 HPLC chromatograms of HMF electrocatalytic hydrogenation on different metal surfac-
es; a), b), c), d), e) UV spectrum of product distribution on Cu, Ni, Pt, Pd, Au respectively and f) 
RI spectrum. Reaction conditions: 5mM HMF; pH10 (0.3M NaClO4+10mMNaOH in 50ml H2O) 
as aqueous phase; 20ml of 1-butanol. As organic phase; 2.22mA/cm

2 
current density; room 

temperature; N2 atmosphere; magnetic stirring. 1-HMF, 2-BHMF, 3-unknown, 4-unknown, 5-
BHMTHF, 6-DMF, 7-solvent (1-butanol).   

 

In contrast to the other metals, the onset potential for hydrogen evolution reaction on 

platinum group metals is less negative (close to -0.1 V) as shown in fig. 7. 6 . Similar to 
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Cu electrode (fig. 7. 5), more faradaic current was observed in the presence of HMF 

than bare Pt electrode. Fig. 7. 4 shows electrocatalytic activity of Pt for HMF hydro-

genation, where Pt exhibited highest selectivity for BHMF. Insignificant amount of the 

total hydrogenation product (BHMTHF) was observed. Like Ni electrode Pt also pro-

duced similar type of unknown-3 as shown in fig. 7. 7c.  

Fig. 7. 6 b shows that the cathodic current on Ni increases from ca. -0.2 V in the ab-

sence of HMF. In contrast to all metals, more negative (-0.6V) onset potential was ob-

served in case of Ni in the presence of HMF, which indicates that HMF was possibly 

adsorbed on the surface of the Ni foil and hence delayed the reduction of hydrogen. 

Fig. 7. 4 presents electrocatalytic activity of nickel for HMF hydrogenation. Unlike other 

metal electrodes, Ni exhibited a stark catalytic activity towards the production of 

BHMTHF (a valuable biomass derived fuel-additive). A different type of unknown-4 

product was observed as shown in the fig. 7. 7b. Although Raney-typed Ni catalysts 

are widely applied for heterogeneous hydrogenation reactions in industry, previous 

reports emphasize that Ni shows hardly any electrocatalytic activity for glucose reduc-

tion to s-orbitol [12, 30]. However, at the applied current (10 mA/ cm2) or potential (< -1 

V vs. RHE) in these works will yield 25% BHMF and 5% BHMTHF.  

 

7.2.5. Pd & Au foil electrodes 

Similarly, Pd and Au metal electrodes were tested for the electrocatalytic activity for 

HMF hydrogenation under similar conditions. Pt and Au showed comparable 

electrocatalytic activity for the production of BHMF as shown in the fig.7. 4. Pd was not 

active compared to Pt and Ni for the oxidation of HMF (see chapter 6), but the same Pd 

exhibited more catalytic activity than Ni electrode. Interestingly, a weak signal was ob-

served for the formation of most wanted product, DMF (a potential biomass derived 

fuel) as shown in fig. 7. 7d. Au is also electrocatalytically active for the hydrogenation of 

HMF into BHMF as shown in the fig. 7. 4 and fig. 7. 7e. 

 

7.3 Conclusions 

Electrocatalytic hydrogenation of HMF was accomplished using an electrochemical cell 

at a constant current. This study demonstrates the viability and significance of the hy-

pothesis in this thesis of using renewable electrons for renewable biomass conversion 
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at low temperature and ambient pressure without using external hydrogen. The main 

barrier of hydrogen for future chemical industry can be overcome by using electro ca-

talysis of water and required chemicals and fuels can be generated from renewable 

lignocellulosic biomass. This study opens door for new research directions. 

Electrocatalytic activity of different metal foil electrodes were tested for hydrogenation 

of HMF. The activity of metal electrodes was discussed in detail qualitatively and quali-

tatively using CV. Cu electrode was active for HMF conversion, but exhibited lowest 

selectivity than other metals for desirable products. Au and Pt showed comparable ac-

tivity for the formation of BHMF. Ni and Pd exhibited more activity towards formation of 

further hydrogenated products. 5% of BHTHF was observed on the Ni foil electrode. 

Interestingly, an activity was showed for the formation of DMF. Apart from other prod-

ucts and unknowns, the electrocatalytic activity for the formation of BHMF by different 

metal electrodes is Pt > Pd > Au > Ni > Cu. 

 

Outlook 

Detailed investigations are required in order to get more insights of electrode surface in 

terms of selectivity and conversion. Design, synthesis, and characterization of metallic 

nanostructures with controlled size, shape, composition, structure, and morphology as 

efficient electrocatalysts are critical for electrocatalytic processing of biomass derived 

HMF to increase the selectivity. Designing of continuous process will increase the 

productivity and reduce the cost. 
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Chapter 8 

 

 

Conclusions and Outlook 

This thesis addressed chemical transformation of biomass derived model molecules 

using heterogeneous catalysis and electrochemical catalysis. In chapter 3, cellulosic 

derived fructose was converted into the valuable platform molecule HMF via dehydra-

tion reaction. Initially, dehydration reactions were repeated as per literature using liquid 

acid catalyst and different solvents were screened to select favorable reaction condi-

tions. Cross polymerization of fructose into humins was observed in the aqueous sol-

vents as cited in the literature. To minimize the formation of humins, organic solvents 

were used for fructose dehydration into HMF. The DMSO solvent showed catalytic ac-

tivity in (absence of acid catalyst) “blank” runs for fructose dehydration. DMA appeared 

as a suitable solvent for fructose dehydration with negligible amount of humins for-

mation; it is economically cheaper to use in industry as well. Different solid acid cata-

lysts such as sulfonated zirconia, sulfonated silica, sulfated titania, sulfonated SBA-15 

were synthesized using different sulfonic acid group linkers such as cholosulfonic acid, 

benzenesulfonic acid, (3-Mercaptopropyl)trimethoxysilane (MPTMS) and (3-((3-

(trimethoxysilyl)-propyl)thio)-propane-1-sulfonic acid) (TESAS). These catalysts were 

tested for fructose dehydration into HMF and compared with the commercially available 

solid acid catalysts such as amberlyst-15, p-toluenesulfonic acid. 38% HMF selectivity 

and 100% fructose conversion was achieved using sulfonated zirconia. Sulfonated zir-

conia has appeared as a potential support for bi-functional catalyst to impregnate both 

acid groups and active metals to run dehydration and oxidation reactions in one pot. 

Hydroxyl groups on the surface of the support influence the covalent attachment of acid 

groups and subsequently play a role in the dehydration reactions. The reactive centers 

of MPTMS and TESAS linkers supported on SBA-15 have flexibility to move sulfonic 

acid group freely during the reaction similar to the homogeneous catalysts. At the same 

time these have the advantage of recyclability like heterogeneous catalysts. 70% HMF 

selectivity was noticed in case of TESAS on SBA-15 and exhibited catalytic activity up 

to 4 recycles. Temperature has a strong influence on fructose dehydration into HMF. 

Chapter 4 focused on the heterogeneous chemical catalytic oxidation of HMF. Reac-

tions were carried out in the temperature and pressure controlled autoclave reactor 

using molecular oxygen as oxidant. in-situ NMR study on HMF degradation mechanism 
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at higher pH (pH≥13)  in the absence of a metal catalyst confirmed the loss of HMF due 

to cross-polymerization of HMF (humins) via cannizzaro reaction. Reaction pathways 

were proposed based on different reaction conditions. It is also seen that the pH of a 

reaction has a strong influence on oxidation of alcohol moiety of HMF. Concentration of 

[OH]- influences the HMF oxidation into FDCA.  Using high surface area (150m2/g) Pt/C 

catalyst, 100% of HMF conversion with 80% of FDCA yield was achieved in 8h at mild 

temperature (50oC). Influence of pH was addressed with quantitative and qualitative 

information of reaction products as shown in the fig. 8.1. 

 

Fig. 8. 1 Influence of pH on HMF reaction pathway. 

 

HMF was converted into FDCA at a higher pH (pH≥13) with less amounts of intermedi-

ates and converted into FDC at a lower pH (pH≤10). Experimental analysis suggests 

that at lower pH (≤7), the alcoholic group of HMF oxidizes faster than aldehyde moiety 

on Pt surface, whereas at higher pH (≥13), oxidation of alcoholic group appears as the 

rate limiting step. Low temperatures and basic pH led to the oxidation of both formyl 

and hydroxyl groups of HMF to FDCA. Effect of different metal surfaces was addressed 

on HMF oxidation into FDCA at pH 13. An order of reactivity was observed following: 

Au/TiO2 > Pt/C > Ru/C > Rh/C > Pd/C. In case of Ru and Rh, more intermediates such 

as HMFC and FFCA were observed. Pd was inactive for HMF oxidation and followed a 

different reaction pathway with unknown products. 

Chapter 5 focused on HMF hydrogenation using heterogeneous catalyst. HMF hydro-

genation reactions were carried out using molecular hydrogen. Different solvents were 

tested for HMF hydrogenation on Ru surface. Total hydrogenation of HMF into 
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dimethyltetrahydrofuran (DMTHF) was observed in aqueous solvents. Selective hydro-

genation of HMF into DMF was achieved using 1-butanol as a solvent. Effect of differ-

ent metal surfaces was studied under selected conditions. Under similar conditions, 

Pt/C showed highest activity with 75% of DMF yield followed by Ru/C > Ni/SiO2 > 

Au/TiO2 > Rh/C > Cu/Al2O3 > Pd/C. 

In the chapter 6, electrocatalytic oxidation of HMF was addressed for the first time in 

detail with quantitative and qualitative results. Electrocatalytic reactions have an added 

advantage over heterogeneous catalytic reactions in terms of additional operating pa-

rameters like interfacial potential. The required oxygen for oxidation reactions was 

generated in-situ by electrocatalytic water splitting. Initial understanding of electro-

chemical behavior of different HMF derivatives was characterized in different solvents 

such as acidic, basic, neutral and organic using cyclic voltammetry. Organic electro-

lytes are not suitable for HMF oxidation due to less conductivity.  Anodic oxidation of 

HMF was studied using different metal foil electrodes. Chronopotentiometric tech-

niques were used to change the electrode surface potential by applying constant cur-

rent density. Noble metals such as platinum, palladium and non noble metals such as 

nickel were selected to study the electrochemical electrocatalytic HMF oxidation reac-

tions. HMF alone was not stable at a higher pH (basic conditions). Platinum electrode 

was examined extensively at different pHs and reaction conditions to know 

electrocatalytic activity for HMF oxidation. A mapping of different current densi-

ties/operating potentials on platinum surface and its associated FDC yield & selectivity 

were performed.  The current density was optimized to 0.44mA/cm2 to get optimal FDC 

yield from HMF oxidation. A comparative analysis of heterogeneous catalysis and elec-

trochemical catalysis was carried, for instance on Pt surface is shown fig. 8.2. 

Fig.8.2 compares high surface area platinum at heterogeneous catalytic conditions with 

low surface area platinum electrode at 0.44mA/cm2 current density.  Electrochemical 

catalytic reactions clearly showed superior activity towards HMF oxidation into FDC in 

terms of higher yield and selectivity at pH10. 
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Fig. 8. 2 comparison of heterogeneous catalytic and electrocatalytic HMF oxidation on Platinum 
surface. Heterogeneous catalysis conditions: Pt/C (150m

2
/g), 1 bar O2, 25

o
C,4h, pH10, Pt/HMF 

molar ratio: 0.1. Electrocatalytic conditions: Pt foil (4.5cm2)geo. surface area, 1 bar N2 , 
25

o
C,4h, pH 10, 0.44mA/cm

2
 current density. (Where C= Conversion, Y=Yield, S=Selectivity). 

 

In contrary to Pt electrode, relatively low electrocatalytic activity towards HMF oxidation 

was observed on Pd electrode surface. Increase in the electrolyte temperature helped 

to improve the electrocatalytic activity of palladium for HMF oxidation. Not much influ-

ence was observed by circulating oxygen in order to influence its activity. Interestingly, 

Ni appeared as a promising electrocatalyst with higher activity for HMF oxidation into 

FDC comparison with Pt and Pd as shown in fig.8.3.  

 

Fig. 8. 3 Comparison of electrocatalytic activity of Pt, Pd and Ni for FDC formation from HMF.  
Conditions: (0.3M NaClO4 + 10mM NaOH) supporting electrolyte, pH 10, scan rate is 50 mV/s, 
under N2, room temperature, CE: Pt gauze (12.5cm

2
), RE: RHE. 
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Increase in the current density (>0.44mA/cm2) on Pt electrode resulted less FDC for-

mation, whereas higher FDC formation along with FFCA and FDCA was observed on 

Ni electrode. 

Chapter 7 focused on electrocatalytic hydrogenation of HMF at negative potentials. 

Electrocatalytic hydrogenation of HMF was studied on different metal electrode surfac-

es using a biphasic solvent. The activity of metal electrodes was discussed in detail 

qualitatively and quantitatively using CV.  38% of BHMF was observed from HMF hy-

drogenation using Pt surface at 2.22mA/cm2 current density. Ni and Pd exhibited more 

activity towards formation of further hydrogenated products. The electrocatalytic activity 

for the formation of BHMF by different metal electrodes is Pt > Pd > Au > Ni > Cu. 

 

 

Fig. 8. 4 Comparison of heterogeneous catalysis and Electrocatalysis for hydrogenation of 
HMF. a) Conditions: a) Heterogeneous catalysis: Pt/C (150m

2
/g),0.1M HMF; water; 175

o
C; 

10bar H2; 10h; 1000 rpm, Metal/HMF molar ratio: 0.05; b) Electrochemical catalysis: Pt foil 
(4.5cm

2
)geo. , (50ml of 0.3NaClO4+10mM NaOH in H2O), pH10, -2.22mA/cm

2
 current density 

applied; N2 atmosphere; magnetic stirring; Pt gaze counter electrode, RHE reference electrode. 

a) 

b) 
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Fig. 8.4 shows superior activity of electrocatalysis for hydrogenation of HMF over het-

erogeneous catalysis. HMF is converted completely in electrocatalysis than heteroge-

neous catalysis. Formation of BMBF is also higher using electrocatalysis. 

 

Outlook 

The rapidly growing field of HMF synthesis from carbohydrates holds a great promise 

for the future. The field, however, is still immature and a number of issues need to be 

investigated in detail in the continuous search for realistic large-scale processes. Fu-

ture research should target an economic analysis of the potential processes. 

In case of fructose dehydration, intense investigations are required to control leaching 

of acid groups from solid surface. More sophisticated characterization studies were 

required to find out the amount of surface acidity and surface structure.  

In case of heterogeneous catalytic oxidation and hydrogenation reactions of HMF, de-

velopment of mixed metal catalysts are required in order to mix non-noble metals to 

reduce the cost of the catalyst. Detailed kinetic investigations are required along with 

modeling of reactions in order to scale up. Continuous processes are required to opti-

mize the production cost of polymer based chemicals (e.g FDCA) and fuel type mole-

cules (e.g. DMF). 

In case of electrocatalytic oxidation and hydrogenation reactions, more investigations 

are required to understand adsorption mechanism of HMF conversion on the potential 

surface of electrode using sophisticated spectroscopic techniques such as ATR, etc. 

DFT calculations are required to get total energy changes during the oxidation and hy-

drogenation reactions. Developing a continuous process by combining heterogeneous 

and electrochemical catalysis for biomass derived sugars into valuable chemicals 

would be advised. 

Finally our experimental results may aid to develop a process to get valuable chemicals 

and fuels from lignocellulosic biomass as shown in fig. 8.5. 
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Fig. 8. 5 Proposed flow sheet for selective chemical conversion of lignocellulosic biomass into high-value chemicals and fuels type molecules. 
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Appendix 

 

1. Instrument: LC-MS (liquid chromatography in combination with mass spectrometry) from 

Agilent 1200 series  

Major components of LC: 

Agilent 1200 Series LC with  

Name Part No S.No 

Variable Wavelength Detector 
 

G1314B  DE71365676 

Refractive Index Detector 
 

G1362A DE00960016 

Binary Pump 
 

G1312A DE63061986 

Thermostatted Column 
Compartment (TCC) 

G1316A DE90377551 

Standard Autosamplers (ALS) 
 

G1329A DE64774893 

Micro Vacuum Degasser 
 

G1379B JP82012248 

 

2. Major components of MS:  
Multimode source. ESI (electrospray ionization), APCI (atmospheric-pressure chemical ionization) 

3. Frequent maintenance required: 

Binary pump: Pump A & Pump B, some internal parts of pump, inlet & outlet valves, tubes 

Auto sampler:  Needle, needle seat, switching valve, UV lamp after 1-2 years depending 

on usage , Multimode source cleaning daily, weekly, Nebulizer needle, Cleaning of 

conductive capillary, Change of inlet filter of MSD, Change of switching valve of 

MSD 

4. Column used for separating the compounds 

Organic acid column from Klaus Ziemer GmbH, Agilent Zorbax XDB C-18 from 

Agilent 

5. Qualification of pure compounds: (direct to MSD) 
HMF (positive polarity) 

6. Quantification of compounds  

Retention time of particular compound depends on method conditions like Flow rate 

Temperature of column,  Size of the column, And sensitivity of a compound depends 

on UV wavelength & size of the column. 

7. Method development for Ion exchange column. 



Appendix 

 

149 
 

Size: 8mm dia & 300mm length. It mainly consists of organic acid column consists of 

a highly crosslinked, sulfonated polystyrene-divinylbenzene gel in the hydrogen 

form. 

Currently optimized method conditionds: 

Method name: MSD&UV265.M 

Column: Ion Exchange (Organic Acid) Column [300*8 mm] 

Injection Volume: 10 µL, Flow rate: 1mL/min, Mobile phase: 0.1%  formic acid in 

water (Isocratic), Temp: 60 C, Pressure:141 barg,  Detectors: VWD (265nm) & MSD-

ESI 

 

Spary Chamber settings: 

Drying gas flow rate: 12L/min 

Nebulizer Press. : 40psig 

Drying gas temp. : 350 C 

Vaporizer temp: 250 C 

 

                                         pos.          neg. 

Capillary Voltage:         1000 V     2500 V 

Corona              :             2              4 

Charging Voltage:         2000 V     2000 V 

Fragmentor                     60V          60V 

Gain                                  1              1 

Dwell                                 76           76 

 

8. Calibration for HMF 
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9. FDC UV at 265nm 

 

 

 

10.  FDCA  
 

 

11. LA UV 265nm 
 

 

 

 

Mass spectrum of FFCA; m/z =139 (M-H); 

Fragmented ion = loss of CO2 (44) = 95 

(m/z) 
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