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Abstract

Concerns over dwindling fossil fuel reserves, and the impact of CO, emissions on
climate change, is driving the quest for alternative feedstocks to reduce dependence on
non-renewable sources of fuels and chemicals. Biomass offers the only renewable
source of organic molecules for the manufacture of bulk, fine and speciality chemicals
necessary to secure the future needs of society. In this regard, conversion of biomass
derived C¢ sugars to 5-hydroxymethylfurfural (HMF), the latter a potential, bio-derived
platform chemical, is of significant current interest. However, commercial
implementation of HMF as a chemical intermediate is impeded by high production
costs. A heterogeneously catalysed route to directly convert glucose into HMF in

aqueous media thus remains highly sought after.

In this thesis, the telescopic conversion of glucose to fructose and then HMF has been
explored over a family of bifunctional sulfated zirconia catalysts possessing tuneable
acid—base properties. Characterisation by acid-base titration, XPS, XRD and Raman
reveal that sub-monolayer SO, coverages offer the ideal balance of basic and Lewis—
Bronsted acid sites required to respectively isomerise glucose to fructose, and
subsequently dehydrate fructose to HMF. Here we demonstrate that systematic control
over the Lewis—Brensted acid and base properties of SZ enables one-pot conversion of
glucose to HMF in aqueous media, employing a single bi-functional heterogeneous

catalyst.

Further improvements in catalytic performance have been achieved through the
synthesis of monolayer grafted ZrO,/SBA-15 catalysts in which conformal layers of
ZrO, are grown from Zr propoxide. Analysis reveals 1-3ML can be achieved;
subsequent sulfation yields a catalyst with 1.25 to 2 times the activity of bulk SZ. These
catalysts also exhibit remarkable water tolerance with retention of pore structure upon
hydrothermal treatment at 170 °C for 6 h. All catalysts find application in esterification,

with optimum activity for samples treated with 0.1 M H,SOs,.
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1.1 Introduction

Bioresources are one of the major parts of renewable resources. Transition from fossil
fuel based energy carriers to renewable alternatives in order to meet the increasing
demand for energy, fuel and chemicals is a significant challenge facing sustainable
industrial development. Figure 1.1 illustrates the world energy consumption since 90’s
and the forecasts for energy demand in future decades. Today, the development of
sustainable biomass feedstocks for energy/biofuel and biochemical production is at the
centre of attention around the world; with extensive effort being made to convert

academic and scientific advances into commercial reality.'
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Figure 1.1: World energy consumption, 1990-2040 (quadrillion Btu)®

The term biofuel here refers to any liquid fuel that is made from plant material, residues
and wastes that can replace the petroleum based fuels. Biofuels are increasingly being
considered as an alternative for petroleum base fuels for transport to help with the
problems associated with fossil fuels." The growing trend in energy consumption over
the past decades and predictions for increase in energy demand in future along with
limited sources of fossil fuels has caused a great deriving force for researchers and

industries to move towards sustainable sources of energy.

Climate change and environmental concerns are another motivation for researchers
within academia and industry to search for a green and renewable source of energy. The
so called greenhouse gas effect is known as the main reason for the global warming
phenomenon. The expression of “greenhouse gas” is attributed to those gaseous

constituents of the atmosphere both natural and anthropogenic that absorb and emit



radiation at specific wavelengths within the spectrum of thermal infrared radiation
emitted by the earth’s surface, the atmosphere itself, and by clouds. The major
greenhouse gasses in the Earth’s atmosphere include water vapor (H,O), carbon dioxide
(CO,), nitrous oxide (N,0), methane (CH,) and ozone (Os).” Atmospheric radiation is
emitted to all directions, including downward to the Earth’s surface. Thus greenhouse

gases trap heat within the surface-troposphere system. This is called the greenhouse

effect.®’

Undeniable evidence from in situ measurements and ice core data shows that the
atmospheric concentrations of important greenhouse gases such as carbon dioxide
(CO3), methane (CHy4), and nitrous oxide (N,O) have increased over the last few

centuries, resulting in a global temperature increase.’

Observed globally averaged combined land and ocean
surface temperature anomaly 1850-2012
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Figure 1.2: Observed global mean combined land and ocean surface temperature anomalies, from 1850
to 2012 from three data sets. Top panel: annual mean values. Bottom panel: decadal mean values
including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean of

1961-1990.°



Arctic summer sea ice extent
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Figure 1.3: Multiple observed indicators of a changing global climate: (a) extent of Arctic July-August-
September (summer) average sea ice; (b) global mean sea level relative to the 1900-1905 mean of the
longest running dataset, and with all datasets aligned to have the same value in 1993, the first year of
satellite altimetry data. All time-series (coloured lines indicating different data sets) show annual values,
and where assessed, uncertainties are indicated by coloured shading. See Technical Summary

Supplementary Material for a listing of the datasets.’
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Figure 1.4: Multiple observed indicators of a changing global carbon cycle: atmospheric concentrations
of carbon dioxide (CO,) from Mauna Loa (19°32°N, 155°34°W — red) and South Pole (89°59°S, 24°48°W
— black) since 1958.°



Although, scientists are not clear about the true extent of the human effect on climate
change and global warming, there is no doubt about the evidence that shows our planet
has warmed over the last century and human activities have intensified the global
warming.” Reduction in greenhouse gas emissions and temperature increases require a
radical change in the energy sources utilised by industry shifting from an over-reliance
on fossil fuels to renewable and green motifs. Current reports by the International
Energy Agency highlight that 69% of all CO, emissions, and 60% of all greenhouse gas

emissions, are energy-related.®

Extensive combustion of these fossil fuels, to produce sufficient energy for a growing
world population, has also led to rising atmospheric levels of the greenhouse gas
carbon dioxide (the main source of greenhouse gas pollution). Aside from the obvious
environmental benefits associated with their use, the development of renewable
transport fuels may also promote energy security for some crude oil consumers.
Currently, the Middle East, with 48.4% % of the world’s proved oil reserves, is
the major exporter of crude oil.” In 2012 Saudi Arabia alone sold around one fifth of
the total world exports and Saudi Arabia, Iran, Iraq, UAE and Kuwait together supplied
almost 30% of total crude oil exports.'® 66.5% of the total oil consumption was centred
on light distillates (consists of aviation and motor gasolines and light distillate
feedstock) and middle distillates (consists of jet and heating kerosenes, and gas and
diesel oils). However this number for the European Union members is 74%.° The top 5
importers in 2012 were the USA, China, Japan, India and South Korea while Germany,
France, Spain, Italy and the Netherlands are the biggest European oil importers.'' In the
current global political climate however, importing oil from the politically unstable
countries in Middle East and also Russia which had many political conflicts with its
neighbour countries and west, could become problematic'? and producing alternative

and sustainable fuels from locally owned resources could be a viable solution to this.



Table 1.1: Top 10 world oil producers'® (2012 data)

Producers Mtoe % of world total
Saudi Arabia 544 13.1
Russia 520 12.6
[N 387 9.3
China 206 5
Iran 186 4.5
Canada 182 4.4
UAE 163 3.9
Venezuela 162 3.9
Kuwait 152 3.7
Iraq 148 3.6
Rest of the world 1492 36
World 4142 100

The second generation of biofuels include biofuels that are products of biological
processes and also fuels made by thermochemical processes, which represent two
completely different approaches. The successful commercial development of second
generation biofuels requires major progress in feedstock selection, its optimization
through genetic, crop breeding as well as crop husbandry and production practices.
Technology improvements are essential for biofuel production either that is via a
biochemical pathway or by converting biomass. One of the greatest privileges of
thermochemical processing over biological processing is greater feedstock flexibility
but it requires a larger scale relative to biological processing to be an economically
viable process. Worldwide efforts are ongoing to commercialise second generation

biofuels derived from both routes. '

1.1.1 History of biofuel production

Biofuels in the solid form has been in use ever since man discovered fire. Wood was the
first form of biofuel that was used even by the ancient people for cooking and heating.
Discovery of electricity resulted in exploring a new way for utilizing the biofuel. Use of
biofuel as a fuel for transport has a history as old as the history of internal engines. In
19" century, Nicholas Otto ran his first spark-ignition engines on ethanol, and Rudolph
Diesel, who invented the engine that bears his name, used peanut oil in his prototype
compression-ignition engines. However, just as automobiles were becoming popular at

the beginning of the 1900s and subsequent development of cheap and readily available

6



petroleum-derived fuels, there became little incentive for research into new biofuel-

derived technologies to produce more sustainable transport fuels."

During the World War I and II bioethanol received a lot of attention in Europe, the US
and Brazil due to shortage in petroleum supplies. However, biofuel had virtually
disappeared from fuel market soon after the Second World War, when liquid fuels
became easily available."? The oil crisis in the 1970s and political instability in oil-rich
Middle East countries prompted oil importer countries again to seek alternatives to
Middle East oil. For instance, in October 1973 Arab members of OPEC announced an
embargo on oil exports to selected countries viewed as supporting Israel, which was
followed by significant cutbacks in OPEC’s total oil production. Production from Arab
members of OPEC in November was down 4.4 mb/d from production values quoted
September previous, a shortfall corresponding to 7.5% of global output. There are many
other examples where the oil market has been massively influenced by a political move
or military action in that region."* The 2009 Russia-Ukraine gas dispute is one of the
newest examples of this type, causing widespread disruption to many European

nations."”

1.1.2 Environmental concerns

More recently, environmental standards have become important drivers for biofuel
markets. In the US, the Environmental Protection Agency (EPA) began requiring cities
with high ozone levels to blend gasoline with fuel oxygenates, including ethanol. When
state governments learned in the late 1990s and early 2000s that the most common
oxygenate, methyl tertiary-butyl ether (MTBE), was a possible carcinogen that was
seeping into groundwater, 20 states passed laws to phase it out, creating a surge in

demand for US ethanol in the early 2000s.

In the European Union, the world’s largest biodiesel producer, biofuel consumption is
mostly driven by blending mandates. External incentives are required to achieve the
biofuel targets set by national administrations. Production is unprofitable (Brazil being
the only exception) and it needs to be promoted via tax exemptions, subsidies or other

forms of financial incentives.



1.1.2.1 USA

In July 2010 the updated Renewable Fuel Standard (RFS2) went into effect, finalizing
proposals made with the Energy Independence and Security Act of 2007. According to
RFS2, the volume of renewable fuel required to be blended into transportation fuel must
be increased from 9 billion gallons in 2008 to 36 billion gallons by 2022; Also from
2015 onwards, the volume of conventional biofuels (e.g. corn ethanol) should be 15
million gallons. Lignocellulose-derived biofuels are expected to amount to 16 billion

gallons in 2022, while the total contribution of advanced biofuels should not fall below

21 billion gallons line by 2022."°

1.1.2.2 Europe

In April 2009 the parliament of the European Union endorsed a minimum binding target
of 10% for biofuels in transport by 2020 as part of the EU Directive 2009/28/EC on
renewable energy. The directive also specified a minimum 35% reduction in GHG
emissions to be achieved by biofuels during their life cycle and No bio-feedstock shall
originate from primary forests, highly bio-diverse grassland, protected territories and
carbon-rich areas. In several countries tax reductions or exemptions have been

implemented in order to support production or consumption.'®

1.1.2.3 UK

UK has the same goal as the European Union to achieve the target of Renewable Energy
Directive (RED) by providing 10% of energy demand in transport sector from

renewable energy.'’

1.1.3 Renewable transport fuels

Road transport is a significant source of greenhouse gas emissions as the department of
energy and climate change in UK reported that in 2013, carbon dioxide emissions from
the transport sector were about a quarter of all carbon dioxide emissions.'® On the other
hand, in addition to renewability and sustainability of biofuels compared to their
conventional petroleum-based competitors, biofuels are also biodegradable, non-toxic
and can considerably prevent carbon emission compared to fossil fuel. Biofuel
biodegradability prevents soil and underground water pollution if spilt, making them

less of an environmental risk than non-renewable fuels.!” Biofuels can be used in all

8



vehicles from buses to boats and aeroplanes, requiring minor or no modification in
engine or fuel distribution infrastructure. Moreover, their use can lead to a significant
cut in carbon dioxide emissions of 50-80% compared with fossil fuels.”” Biofuels come
in the form of liquid and gas. Liquid biofuels can be substituted for the existing fossil

petrol or diesel.

1.14 Classification of biofuels

Biofuels are categorized into two major classes. The “primary biofuels” are mostly the
traditional and unprocessed form of using biomass for heating, cooking and electricity
power generation by means of direct combustion of the natural material. This class of
biofuels includes fuel-wood, wood chips and pellets, etc. Low efficiency, environmental
risks and toxic emissions associated with this type of biofuels make them an undesired
source of energy for large scale processes.”’ The other class of biofuels known as
“secondary biofuels” are obtained by biomass processing and come in solid (charcoal),
liquid (ethanol, biodiesel, etc.) or gas (biogas) forms and can be used as fuels for
transport or various other industrial processes. The secondary biofuels themselves are
further categorized into three main groups based on their feedstock and processing

technology that are known as first, second and third generation biofuels.”

1.14.1 First generation biofuels
The term “first generation biofuels” generally refers to those biofuels that are produced

. 13, 2125
from sugars, starch or oil rich food crops. ™

This type of renewable fuels mainly
includes alcohols (bioethanol) and oils (biodiesel).

The technology required for the production of these biofuels is well understood and has
been subject to substantial process development. Therefore, first generation biofuels are
relatively easy to produce on a commercial scale. Although first generation biofuels are
very well developed and highly commercialised, the main challenge in their research is
the optimization of processes intended to reduce cost so that the products can compete

with their traditional non-renewable rivals.?*

The most important drawback associated with the first generation biofuels is the
competition between food and fuel production from edible crops.’® *’ This so called

“food-versus-fuel dilemma” has caused considerable rises in food prices in many



biofuel-producing countries and has been the major criticism for first generation
biofuels.”® ** Apart from land use competition between fuel and food, deforestation is
another major concern regarding the 1G biofuels. For instance, in Indonesia vast tracts
of rainforest and peat land are being cleared in favour of palm oil plantation.*
Moreover, disagreement about the final GHG-emissions and energy balance and the
suspicious social sustainability, make the first generation biofuels less interesting source

of energy.ZZ, 23,25,31,32

1.1.4.2 Second generation biofuels

Various concerns about first generation biofuels have aroused great interest for
developing the next generation of biofuels produced from non-food feedstocks.** **
Second generation biofuels, also known as Biofuels 2.0 or Biofuels 2G, usually refers to
biofuels produced from non-edible cellulosic materials like purpose-grown vegetative
grasses, short rotation forests and other energy crops such as miscanthus and SRC
willow, agricultural forestry residues or co-products such as wheat straw and woody
biomass.” ** * Since the feedstock for second generation biofuels does not require
usage of agricultural land, the food versus fuel issue becomes moot.** *” Because the

main component of biomass feedstock for this type of biofuels is cellulose, they are also

known as cellulosic fuels.’’

One of the main advantages of the 2™ generation biofuels over the first generation is the
potential to process readily available, lower cost and more abundant feedstocks. More
importantly, 2nd generation biofuels can process a wider range of feedstocks than the 1%
generation biofuels. It is also claimed that these 2nd generation biofuels may offer even
greater benefits in terms of environmental performance, efficiency, and getting
integrated into the existing fuel supply and distribution system, compared with 1%
generation biofuels.”® Additionally, to obtain the same amount of biomass Biofuels 2G
requires less farmland, because in contrast with 1% generation biofuels, the whole plant
can be used instead of just the grain or oil. Also a mixture of crops can be grown, which

generally requires less fertiliser and has less impact on biodiversity.

10



1.14.3 Third generation biofuels

Third-generation biofuels are directly produced from CO, and sunlight via
photosynthesis process and usually refers to renewable fuels derived from algae, which

37, 39, 40 .
7.3, However, it shouldn’t

are either unicellular or multicellular autrophic organisms.
be understood that algae is the only feedstock for third generation biofuels production.
Other third generation biofuels include biodiesel produced from yeast and fungus® and

bioethanol produced via direct cellulose fermentation (consolidated bioprocessing).*!

Unlike Biofuels 2G that increase land use change and requires pretreatment and
complicated process and production equipment, more investment per unit of production
and larger-scale facilities to confine and curtail capital cost, which has resulted in
preventing it from being fully commercialized*> *, Biofuels 3G production do not need
to occupy farmland or use sophisticated production processes, and also requires less
energy than other feedstock during conversion process. Obviously it doesn’t compete
with food crops and additionally, it produces considerably greater amounts of biomass
and lipids than Biofuels 1G and 2G.** They capture CO, which can be utilized from
power plants emissions and moreover, algae remove N and P from wastewater thus
reducing the potential for pollution.*” ** ** Algal biomass offer the opportunity to
choose from various processes such as liquefaction, pyrolysis, gasification, extraction
and transesterification, fermentation, and aneorobic digestion to convert biomass to

different fuels.**>!

1.1.5 The biorefinery concept

The production of ond generation biofuels from biomass residues are yet to be fully
commercialized. But if necessary investments on R&D and infrastructure are achieved,
it could enter the energy market within 10-15 years. In this respect, coproduction of
valuable biofuels and chemicals as well as electricity and heat is crucial for economic

viability of o generation biofuels. Here is where the concept of biorefinery comes in.”

By definition, ‘‘Biorefining is the sustainable processing of biomass into a spectrum of
marketable products and energy”.> So in biorefinery concept a wide range of
technologies and processes come together to break biomass feedstocks (wood, grasses,

corn...) into their building blocks (carbohydrates, proteins, triglycerides...) and convert
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those to value added products, biofuels and chemicals. This is very similar to the
concept of today’s petroleum refinery which produces variety of fuels and co-products
from crude oil. However the main challenge in biorefinery development appears to be
efficient and cost effective production of transportation fuels and this could be achieved
by co-production of bio-chemicals. This is beneficial economically and environmentally
to production of both biofuels and biochemical,™ since currently most existing biofuels
and biochemicals are produced in separate production units where feedstock is in
competition with the food industry and therefore their exploitation is limited, thus

ensuring relatively high production costs.”> **

However, it is important to minimize the
consumption of non-renewable fuels and resources in the biorefinery processing while
complete and efficient biomass use should be maximized, otherwise it would be self-

defeating.

Unlike oil refineries which are large, dedicated plants, centred strategically in special
locations, biorefineries are expected to be dispersed complexes with a different range of
sizes making them able to revitalize rural areas. In this context, several bio-industries
can combine their material flows in order to reach a complete utilization of all biomass
components: the residue from one bio-industry (e.g. lignin from a lignocellulosic
ethanol production plant) becomes an input for other industries, giving rise to integrated
bio-industrial systems. In addition, biomass resources are locally available in many

countries and their use, may contribute to reduce dependency on fossil fuels.”

1.1.6 Biomass conversion technologies

There are a variety of ways to convert biomass to energy carriers and useful chemicals.
Scheme 1.1 illustrates the main conversion routes that are used or under development

for production of transport fuels and chemicals.
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Scheme 1.1: Main thermo-chemical and biochemical routes for conversion of lignocellulosic biomass to

fuels and chemicals

1.1.6.1 Thermo-chemical conversion

1.1.6.1.1 Combustion

Apart from the classic application of biomass for heat production in domestic
applications, it is also used on an industrial scale for electricity, heat and process steam
utilization worldwide. Co-combustion of biomass, in particular in coal-fired power
plants, is the single largest growing conversion route for biomass in many EU countries

(e.g. Spain, Germany, and the Netherlands to name a few).?

1.1.6.1.2 Gasification

The partial combustion of biomass at high temperatures which results in production of
combustible gases consisting of carbon monoxide (CO), hydrogen (H,) and traces of
methane (CHy), is known as “Gasification”.”® The mixture of these gases 1s called a
“producer gas”. Producer gas has a variety of applications predominantly in the
operation of internal combustion engines, substitution for furnace oil in direct heat

applications and the production of methanol in an economically viable way.>® It also
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could be subjected to Fischer-Tropsch processes (after purification) to produce liquid

hydrocarbons.>

1.1.6.1.3 Pyrolysis

Pyrolysis is the decomposition of biomass by heating in an oxygen-free or oxygen-
limited environment to liquid (known as bio-oil or bio-crude), solid and gaseous
fractions at temperatures ranging from 350 to 700 °C.> Residence time is a key factor
for determining the reaction products of pyrolysis. As a general rule, for the production
of liquid bio-oils short residence times (seconds) are required. Longer reaction times
mainly lead to production of solid coke (slow pyrolysis) that can be used to generate
energy by combustion.”* *° Catalytic fast pyrolysis has recently been developed as a
means for producing aromatic compounds, rather than bio-oil, from direct pyrolysis of
lignocellulosic biomass, and yields of 20-30% aromatics have been reported when

pyrolysis takes place in the presence of HZSM-5.%*

However crude bio-oils are a promising source for renewable energy, it has multiple
shortcomings, such as low heating value (16-19 MJ kg'; less than half that of
petroleum-derived fuels), strong corrosiveness (pH of 2-3), high viscosity (35-1000 cP
at 40 °C), and poor chemical stability (viscosity and phase change with time). Despite
these deficiencies, bio-oils can be transformed into transportation fuels, chemicals or
even hydrogen by downstream upgrading. There are several routes available for bio-oils
upgrading, including hydrotreating, zeolite upgrading, bio-oil mixtures, and steam

reforming.’® >’

1.1.5.1.4 Liquefaction

58, 59

Liquefaction is a process that is carried out in a solvent (mostly water) and liquid is

obtained by thermo-chemical conversion at low temperature (300-400 °C) and high

60,61 iy presence of hydrogen. One of the biggest

pressure (120—200 atm) using a catalyst
advantages of liquefaction is that wet biomass can directly be introduced to the process
without any pre-drying.*> Moreover, the oxygen content of bio-oils produced through
liquefaction is lower than that of produced by fast pyrolysis. This yields more favorable
C/H ratio, water-insoluble bio-oils than those generated via fast pyrolysis. On the other
hand, liquefaction requires higher capital investment than pyrolysis because of high

. ... 63
pressure of reaction condition.
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1.1.6.2 Biochemical conversion

1.1.6.2.1 Hydrolysis

Hydrolysis is alternative route to convert lignocellulosic biomass when selective
production of chemical intermediates or targeted hydrocarbons for transportation fuels
is required.”* Isolation of sugar monomers is a prerequisite for such selective
transformations which is a complex and costly step. But once sugar monomers are
liberated, they can be used to produce second generation ethanol fuel through
fermentation routes. Alternatively, it is possible to convert them into numerous platform
chemicals and liquid fuels at relatively mild conditions by a wide range of catalytic
technologies. The key advantage of this route, in comparison with BTL and pyrolysis-
upgrading approaches, is derived from the mild reaction conditions used, allowing for
better control of conversion selectivity. However, costly pretreatment and hydrolysis
steps are required to hydrolyze solid lignocellulose to soluble sugar feeds, and the lignin

fraction, once isolated, is typically combusted to provide heat and power.”’

1.1.6.2.2 Anaerobic digestion

Anaerobic digestion (AD) is a natural process where biomass is broken down by micro-
organisms in the absence of air.®* Various forms of biomass can be fed into an AD plant
ranging from aquatic biomass to food waste, slurry and manure, to crops and crop
residues. AD of lignocellulosic materials lately received more attention because of their
abundant availability and the increased needs for bioenergy. Biodegradability of
lignocellulosic biomass during AD is, however, impeded by the recalcitrant nature
attributed to the lignin shield around carbohydrates (cellulose and hemicelluloses) and
the highly crystalline cellulose.*® Some of the benefits of AD process include ability
to process biomass with high water content, overall efficiency and the environmental
friendly valorization of the produced biogas (consisting of ca. 65% CHy, 35% CO; and
trace gases such as H,S, H, and N;). Also, the application of nitrogen-rich digestates as
fertilizer and/or organic amendments can be noted.”” Moreover, it is not only

economically viable in large scale, but also can be applied in small scale.”

1.1.6.2.3 Fermentation
Fermentation of sugar and starch crops is a well-known process and has been used

commercially on a large scale in many countries to produce ethanol. In this process, the
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biomass is ground down and the starch converted by enzymes to sugars, with yeast then
converting the sugars to ethanol. In contrast, the conversion of lignocellulosic biomass
is more complex, due to the presence of longer-chain polysaccharide molecules and
requires acid or enzymatic hydrolysis before the resulting sugars can be fermented to
ethanol. Recently Solid State Fermentation (SSF) has gained significant attention for the
development of industrial bioprocesses due to its low energy requirement along with

high product yields.”"

1.1.7 Green chemistry and the role of catalysis

Employment of clean processes in industrial production of fine and commodity
chemicals is becoming increasingly essential. In addition to that, poor resource
management could escalate the energy and raw materials demand and consequently
increase the cost of produced chemical.”> ™ Thus the concept of “green chemistry” is

becoming more important.

In 1998 Anastas and Warner developed the 12 principles of green chemistry.”* 7> These
principles address specific criteria that must be developed in order to attain a clean,
sustainable industry whilst continuing to meet with the chemical demands of a growing
population.” In this respect, catalysis is playing a key role to make chemical industries

sustainable.”®

In 1894 Ostwald defined a catalyst as a substance that accelerates the rate of chemical

reaction without itself being consumed.”” ®

But increasing the rate of reaction is not the
only influence of catalysts. A catalyst can also change the distribution of the products.”
Traditionally catalysts are classified as homogeneous, heterogeneous and biocatalysts
(enzymatic catalysts). In homogeneous catalysis the reactants, products and the catalyst
are in the same phase (either liquid or gas) whilst in heterogeneous catalysis reactants
and catalyst are in different phases. In most cases, heterogeneous catalysis refers to
systems where reactants are in liquid or gas phase and the catalyst is solid.** The main
advantage of heterogeneous catalysts is that because they are solid, they can be easily
separated and recycled from the reactants and products that are in gas or liquid form.®'

Moreover, heterogeneous catalysts are stable even in severe reaction environments (e.g.

high temperature and pressure).* Furthermore, unlike homogeneous catalysts (such as
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sulphuric acid) that are corrosive and need to be stored in corrosion-proof facilities,
heterogeneous catalysts are non-corrosive.
Typically a heterogeneous catalyst is a porous material that possesses high surface area
(e.g., 101000 m? g "). The reaction takes place at the surface of catalysts. Therefore, it
is desirable to maximise the accessibility of active sites to reactants by increasing the
surface area.
In a heterogeneous catalytic reaction, reactants and products undergo 7 steps as below:

1- Diffusion of reactants from bulk of fluid to the catalyst.

2- Diffusion of reactants through the catalyst intraparticle pores.

3- Adsorption of reactants on the active sites.

4- Reaction between the reactions at the surface of catalyst.

5- Desorption of products from surface of the catalyst.

6- Diffusion of products through intraparticle pores.

7- Diffusion of products from catalyst to the bulk of fluid.
Any of these steps can limit the rate of catalytic reaction depending on the catalysts

design, reaction setup and the reaction conditions.® **

There are four factors that distinguish a successful catalyst from a poor performing
catalyst. Firstly, a good catalyst should exhibit high selectivity for the desired products
and low selectivity for potential by-products. A good catalyst also demonstrates
adequate reaction rate under reaction conditions and moreover, the successful catalyst
must be stable at those conditions which means catalytic activity should not decline
quickly. Furthermore, the catalyst should have good accessibility of reactants and
products to the active sites so that high rates can be achieved per reactor volume. This
factor is greatly affected by porosity or pore shape of the catalyst.*® An ideal catalyst
functions catalytically under its inherent reaction conditions, but deactivation
phenomena, where activity and selectivity decline with time, are common. This
phenomenon is caused by different reasons including poisoning, fouling, degrading,
sintering, active phase leaching, attrition, and crushing.* However a good catalyst can
be easily regenerated, for example in case of coke deposition on catalyst in cracking of

hydrocarbons, the catalyst can be regenerated by oxidation of the coke.™
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1.1.8 Production of fine chemicals and fuels from

lignocellulosic biomass

Production of biomass-derived chemicals is not a new process nor is it an historic
artefact. Currently the total amount of bio-based chemicals and polymers excluding
biofuels, is estimated to be 50 million tonnes per annum.®” Among the bio-chemicals,
there is one class of intermediate products which has attracted great attention. They are
known as the furan compounds and they are potentially suitable for production of

chemicals and fuels.

In 2004, the US DoE identified a range of sugar-derived platform chemicals obtainable
via chemical or biochemical transformation of lignocellulosic biomass®™, subsequently
revisited by Bozell and Petersen in 2010*, where furan molecules such as 5-
hydroxymethyl-furfural (HMF), furfural, and 2,5-furandicarboxylic acid are mentioned
in the “Top 10 +4” as additions to the original DOE list. Furan compounds such as
furfural (2-furaldehyde) and HMF (5-hydroxymethylfurfural) can be obtained by
dehydration of Cs and C¢ sugars in presence of a mineral acid such as HCI or H,SO4 at
mild temperatures (e.g. 150 °C). The production of these intermediate furan compounds
is of great interest as they have applications in production of industrials solvents, bio-

polymers, fuel additives and bio-fuels.

Production of furfural from Cs sugars, such as xylose, is a well-developed industrial
process.” In contrast, HMF production from Cg sugars is faced with many challenges
such as utilization of glucose as a sugar feedstock, and therefore yet to be
commercialized. Thus, production of HMF from glucose suffers from low yield and
with current technologies an additional isomerization step to fructose is necessary for
better selectivity towards HMF and higher rates.”" °* Another challenge that must be
overcome is control over the undesired side reactions involving the reactants,
intermediates and the final HMF product. It is particularly important to prevent HMF
degradation in the aqueous phase, as employing a biphasic system where HMF is
continuously extracted into an organic solvent has shown promise.”” Furans, such as
HMF and furfural, can be used as precursors to liquid hydrocarbon fuels for the
production of linear alkanes in the molecular weight range appropriate for diesel or jet

fuel’* *° as shown in Figure 1.5. The first step of this process is the acid-catalysed
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depolymerisation of polysaccharides (e.g., starch, cellulose or hemicellulose) to produce
Cs and Cg sugar monomers. Subsequently, the sugars are dehydrated (in presence of
acid catalyst) to form furfural and HMF. Furthermore, furfural and HMF can go through
aldol condensation reactions in polar solvents like water and in presence of base
catalysts such as NaOH and Mg/Al oxides.” ®” The products of aldol condensation
reactions are large molecules with unsaturated C=C and C=0 bonds (i.e aldol-adduct)
which precipitate in aqueous solutions. By allowing adducts to undergo another aldol
condensation reaction with the initial furan compound, it is possible to increase the
molecular weight of the final alkane product. Moreover, the unsaturated C=C and C=0
bonds in the aldol adducts can be hydrogenated over metal catalysts such as Pd in order
to obtain greatly water-soluble polyol compounds. This process can be simplified by
using a bifunctional (metal/basic) water-stable catalyst such as Pd/MgO-ZrO,, so that
both reactions can take place in one single step.”® As a final step, the oxygen atoms
must be removed completely to produce liquid alkanes through aqueous-phase
dehydration/hydrogenation (APD/H) reactions.”” The oxygen removal process takes

place in the presence of a bifunctional metal-acid catalyst where oxygen is removed by

. . : 94,100
cycles of dehydration and hydrogenation reactions.”
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Figure 1.5: Reaction pathways for the conversion of biomass-derived glucose into liquid alkanes via

HMF. Adapted from ref. 94
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1.1.8.1 HMF

In this project the focus is the production of HMF, particularly from the dehydration of
hexoses. HMF stands out among the platform chemicals for a number of reasons; it has
the same number of carbon atoms to those of hexose feedstocks. Moreover, the
selectivity towards HMF is reportedly higher than other platform chemicals such as

levulinic acid or bioethanol, especially when fructose is used as the starting material.

HO/\<\i/7/§O

Scheme 1.2: 5-Hydroxymethylfurfural (HMF)

Diill ' and Kiermayer ' were the pioneer researchers who reported the synthesis of
HMEF for the first time in 1895. Since then, the interests in furanic derivatives which are
important compounds in food and chemical industries have progressively grown.
Especially the past few years have seen an enormous increase in the number of
publications on HMF chemistry, as described in Figure 1.6. Table 1.2 provides an

overview of the physical and chemical properties of HMF.
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Figure 1.6: Number of publications on HMF per year, as registered by Web of Science
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Table 1.2: Chemical and physical properties of HMF

CAS registry number 67-47-0
IUPAC name 5-(hydroxymethyl)-2-furaldehyde
Synonyms 5-HMF, HMF, 5-(hydroxymethyl)-2-furancarbonal, 5-(hydroxymethyl)-2-

Molecular formula

Molecular weight

furfural, 5-hydroxymethyl-2-formylfuran, 5-oxymethylfurfurole,
hydroxymethyl furfuraldehyde

CeHeO5

126.11

Description Faint yellow to yellow-tan powder or liquid;'® odour of chamomile
flowers'™

Boiling point 110 °C at 0.02 mmHg,'*114-116 °C at 1 hPa'®

Melting point 31.5°C,'" 28-34 °C'®

Solubility freely soluble in water, methanol, ethanol, acetone, ethyl acetate,

dimethylformamide; soluble in ether, benzene, chloroform; less soluble in
carbon tetrachloride; sparingly soluble in petroleum ether'**

Density 1.243 at 25 °C'*”

1.5627 at 18 °C'*

79 °C, closed cup'®

Refractive index
Flash point

UV absorption maximum 283 nm

1.1.9 Glucose transformation to HMF
1.1.9.1

Several mechanisms for direct formation of HMF from by dehydration of hexoses in

Mechanism of glucose to HMF conversion

acid catalysed reactions have been proposed in the literature.

In 1944, Haworth and Jones published the first mechanism for fructose dehydration to
HMF.'®” Later Dam et al.106, Kusterm, and Antal ef al.'® assumed that the dehydration
of hexoses either goes through the transformation of ring structure (known as cyclic

pathway), or through the acyclic intermediates. (Figure 1.7)

In general, the mechanism of hexoses dehydration to HMF is composed of
isomerization, dehydration, fragmentation, reversion and condensation steps. A group of
researchers suggest that hexoses go through open-chain 1, 2-enediol mechanism or

through fructofuranosyl intermediate.'®'"2
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On the other hand, Antal et al. and Newth suggest that d-fructose is transformed to
HMF via cyclic intermediates.''> ' The evidences for this proposal was facile
conversion of 2,5-anhydro-D-mannose (an intermediate enol in cyclic mechanism) to
HMF as well as facile formation of HMF from d-fructose but difficult from glucose
which can be concluded from the dehydration of sucrose. The other evidence is lack of

carbon-deuterium bond formation in HMF due to ketoenol tautomerism in the open-

115

chain mechanism when the reaction was carried out in D,O solvent. ~ Furthermore,

Amarasekara et al.'' identified two key intermediates as (4R, 5R)-4-hydroxy-5-
hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde in the reaction based on the data of 'H
and °C NMR spectra.

CHOH CHO CHO
L oH —oH o
HO—t—H —H H
H————OH —_— H—————OH —_— | H
H——"1——OH H————OH H OH
CH,OH CH,0H CH,OH \
Isomeric O
compound HO \ / \O

HMF
HOHzC\ CH,0H HOH,C CHOH HOH,C CHO
Q< O

HO HO HO

Figure 1.7: Acyclic (top) and cyclic (bottom) mechanism for the dehydration of hexoses.

Glucose is the other hexose which has been reported as substrate for formation of HMF
and it has been studied to a vast extent due to greater interest on it because of its cheaper

price and abundance in the nature in the form of lignocellulosic biomass.

Typically, HMF yield from fructose is much greater than reactions starting from
glucose. Kuster explains that glucose shows much lower selectivity for HMF formation
because of its more stable ring structure, which hinders its ability to form the acyclic
enediol intermediate.'®” The cyclic mechanism requires glucose to isomerize to fructose

prior to dehydration to HMF.

Reaction temperature and the solvent can also affect the reaction pathway by changing

distribution of the tautomers of different sugars. Glucose only exists in the form of
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pyranose (6-ring) at room temperature in water, while two pyranose forms are prevelant
when fructose is dissolved in water at room temperature. However, furanose forms are
also present in considerable amounts.''® In connection with solvent effects on tautomers
distribution, there has been many more research carried out on solvents other than
water. However, NMR studies show that under reaction conditions the tautomerisation

. . 1117, 118
of fructose is very rapid.''”

When tautomerisation proceeds at a significantly higher
rate than dehydration this is not expected to be an important factor in improving the
selectivity of HMF formation. Moreover, several studies on glucose decomposition in
high temperature liquid water (in the absence of catalyst) report the formation of

119-121
fructose.

In conclusion, conversion of fructose to HMF is much more facile compared to glucose
to HMF transformation. This is confirmed by experimental works which show an
efficient isomerization catalyst is essential for reaching high HMF yields from glucose.
This information favours the cyclic dehydration mechanism rather than acyclic
dehydration mechanism from an intermediate enediol, as the latter does not explains the
significant difference in reactivity and selectivity between glucose and fructose to HMF,

since enediol would be a common intermediate.

1.1.9.2 Glucose dehydration in single-phase systems

In this section, the glucose dehydration in traditional single phase systems will be
reviewed, along with more recent progress in this area using sub- and supercritical
conditions. Publications on HMF synthesis in aqueous systems will be discussed first,
followed by a review of the research on reactions in organic solvents and

aqueous/organic single-phase mixtures.

1.1.9.2.1 Glucose dehydration in aqueous solutions

Early research on glucose transformation to HMF focussed on single phase systems
using either water or an organic liquid as solvent. However, glucose dehydration in pure
water is non-selective and HMF yields are typically very low. For example, glucose
dehydration in hot water at high temperatures (above 200 °C) results in the formation of
HMF as well as formic acid and acetic acid side-products. These acids act as catalysts

for further transformation of glucose to HMF. Based around this, Lopes de Souza et al.

23



reported HMF production in an autocatalytic system using a 1 wt% glucose solution at a
temperature range of 150-250 °C. A maximum HMF yield of 25% was achieved, where
69% of glucose was converted at 220 °C.'** In another study, Chareonlimkun reported a
10% HMF yield following conversion of a 9 wt% glucose solution at 250 °C, after only
5 minutes.'” Non-catalytic degradation of glucose was also reported by Jing and Lu in
an aqueous system at 180-220 °C and 100 bar, with a 30% HMF yield obtained when
70% of glucose (1 wt% solution) was converted after 30 min heating at 220 °C."** Aida
and co-workers studied the effect of increased pressure on glucose dehydration in water
at 350-400 °C at pressures of 40, 70 and 80 MPa, using short reaction times (t < 2s).
These resulted in less than 10% HMF yield, however furfural yields as high as 12%
were obtained.'”> Overall it can be summarised that non-catalytic/autocatalytic
conversion of glucose is inefficient for HMF production. The formation of by-products
such as formic acid and levulinic acid, which take place through decomposition of
HMF, as well as the utilisation of high pressures, prevent the process from industrial

implementation.'%°

Table 1.2: Glucose dehydration to HMF in aqueous systems in the absence of catalyst

Glucose conc. Temperature Reaction time Conversion Yield Selectivity = Ref
Wt% °C % % %

1 180 120 min 47 17 37 127

9 200 10 min 31 7 23 128
2 200" 3 min 15 3 23 129
9 200 5 min 21 3 15 130

1 220 2h 69 25 36 122

1 220 30 min 71 32 45 124

9 250 5 min 21 10c 51 123
0.9 3507 0.7 s" 72 20t 3 125
0.9 350° 0.8 s 83 48 5 125
0.9 350° 1.6 84 78 8 125

*Heating by microwave irradiation,.b Continuous flow process,” Furfural formation was observed, AL

400 bar, © At 800 bar, * 14% fructose yield, ¢ 7-8.5% fructose yield

a) Homogeneously catalysed processes
In 1962, Mednick examined various acids, ammonium salts and combinations of liquid
acids and a base (pyridine) for conversion of 20 wt% aqueous solution of glucose at

160-190 °C or a 1 : 1 water—dioxane mixture of glucose at 200-250 °C."*! In pure
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water, HMF yields varied between 3 and 23%. The highest yield of HMF was obtained
when a combination of phosphoric acid and diammonium phosphate was used at an
initial pH of approximately 4. In another study, Smith and co-workers patented
ammonium sulfate-catalysed aldose dehydration using a 10% glucose mixture at pH
1.65 and 150—155 °C, which yielded an HMF yield of 31.5% after 50 min. '** HMF
production from glucose dehydration in a 10 wt% sulphuric acid solution was reported
by Li et al. under microwave heating, at 400 W for 1 min, where 49% HMF was
yielded."*?

The use of metal halide salts was investigated by Seri et al. who employed
lanthanide(IIT) chlorides for the dehydration of glucose in water at 140 °C. After 1 h
reaction, the yield of HMF was between 3 and 8%, with a small amount of levulinic
acid generated, along with a significant amount of insoluble humins."** '*> ZnCl, and
ZnBr; have also been explored as catalysts for glucose conversion at 120 °C, however a
high loading of 63 wt% ZnCl, aqueous solution was required to achieve total
conversion of glucose, with only a 16% HMF yield obtained after 35 min. Similarly a
76 wt% ZnBr; solution converted 82% glucose and resulting in 29% HMF yield."*® A
variety of metal salts were also tested by Tyrlik and co-workers for glucose dehydration
in aqueous systems under reflux who reported the highest HMF yield of 9% was

achieved with 15 wt% glucose in a 5 M MgCl, system.13 7139

b) Heterogeneously catalysed processes

The use of solid acids has been explored by Lourvanij using Y-zeolite as catalyst for
glucose decomposition in water. In this work, while a 33% fructose yield was found
after 2 min at 160 °C,"** HMF was only formed at relatively low yields (<10%). This

may be a reflection of the poor hydrothermal stability of zeolites under such conditions.

Metal oxides such as TiO, and ZrO, exhibit greater hydrothermal stability and are more
suitable for such applications; hence Watanabe et al. explored the use of TiO; in
glucose dehydration in aqueous solution at 200 °C. A HMF yield of 20% at 81%
conversion was obtained after 5 min in presence of anatase, TiO,. It was discovered that
rutile TiO, is catalytically inactive for this reaction, as it presented identical results to a
non-catalysed reaction (6.6% HMF yield at 20% conversion after 10 min). In the same

report and under similar conditions, ZrO, was tested yielding 13% fructose and only
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5.2% HMF at 47% glucose conversion. The same group later reported microwave
heating could produce a 64% conversion and 19% HMF yield after 5 min, for the
dehydration of a 2 wt% aqueous solution glucose by anatase TiO,. Using ZrO, as
catalyst likewise resulted in increased yields with 10 % HMF formed under the same

reaction conditions, 2513

Dutta and co-workers showed that the use of mesoporous TiO, nanoparticles could
further enhance HMF yields under microwave heating of a Swt% glucose solution at
120 °C with a 26% HMF yield observed ."*! The performance of high surface area
titanate nanotubes for glucose dehydration in water was investigated by Hara and co-
workers. In this study, protonated titanate nanotubes with high surface area (~400 m*
g ") were used in a system of 1 wt% glucose in aqueous media with an equal weight of
catalyst, and a reaction temperature of 120 °C with reaction time of 3 h. An HMF yield
of 14% was achieved with titanate nanotubes, whereas only 2% was observed with

conventional TiO,.'*?

Chareonlimkun and co-workers compared performance of TiO, and ZrO, catalysts in
glucose dehydration,'” and studied the effect of catalyst calcination temperature (500 —
700 °C) as well as metal precursor such as nitrates and chlorides. TiO, formed from its
chloride precursor that had subsequently been calcined at 500 °C was found to exhibit
the highest HMF yield (27%) following reaction in hot compressed water at 250 °C.
Calcination of the catalyst at 600 and 700 °C resulted in decreased HMF yield of 25 and
20% respectively, with the trend attributed to a transition from the anatase phase at
500°C, to the rutile phase at higher temperature. This is in agreement with Watanabe’s
findings, with regard to anatase and rutile phase TiO; catalysts, in which rutile TiO, was
not very active. Regardless of calcination temperature, HMF yields obtained with titania
from its nitrate precursor were around 5% lower than those from titania prepared from
its chloride precursor, which may be due to higher acid site density of TiO, from TiCl4
than TiO, from TiO(NOs), as a result of higher acid site content. Similar studies of
71O, showed the same trends with regard to precursor and calcination temperature as
for TiO,, with the highest HMF yield, around 17% reported when 500 °C calcined ZrO,
was used as catalyst. TPD results showed a lower acid site density for ZrO, than for
TiO0,;. A TiO,—ZrO, mixed oxide catalyst was found to give a superior HMF yield of

30% under similar conditions, suggesting there is a synergy between the two
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components potentially attributed to higher surface area and increased acid and base site

density.'*

Other mixed oxides were explored by Zeng et al. who studied aluminium and zirconium
mixed oxides for glucose dehydration in aqueous solution (4g glucose in 400 ml
water).'”” Here, the variation in Al/Zr ratio significantly affected the acid-base
properties demonstrating decay of acid and base sites quantity as well as their strength
by going from pure Al,O3 to pure ZrO, sample. The highest glucose conversion (97%)
was achieved over the sample which contained equal moles of Al and Zr, while the
maximum yield of HMF (17%) obtained in absence of catalyst where 47% of glucose

was converted.

Another report from the same group shows niobic acid, Nb,Os-nH,O, as a
heterogeneous water-tolerant Lewis acid.'** A HMF yield of 12% was obtained using
this catalyst with reaction temperature of 120 °C and reaction time of 3 h. When
Nb,Os-nH,O was used together with H;PO4, an improved HMF vyield of 52% was
found. Asghari and Yoshida explored glucose dehydration catalysed by a heterogeneous
crystalline zirconium phosphate catalyst.'* They used 1 wt% glucose in water solution
and a 1:1 (w/w) catalyst/substrate ratio at 240 °C and 33.5 bar. The result was 23.5%
HMF yield (72% conversion) at a residence time of 240 s.

Table 1.3 and Table 1.4 show an overview of results published on glucose dehydration
to HMF under aqueous conditions. HMF yields in processes catalyzed by heterogeneous
metal oxides are generally somewhat higher than those obtained in homogeneous
systems. A bifunctional type of catalyst with basic sites for isomerization and acid sites
for dehydration showed the most promise. Results from Chareonlimkun and Watanabe
indicated that ZrO, functioned mainly as an isomerization catalyst to form fructose,
whereas anatase TiO, functioned as an acidic catalyst for dehydration to HMF. A
7Zr0,—TiO, mixed oxide catalyst appeared to combine these functions to achieve a

relatively high HMF yield of 30% under aqueous conditions.
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Table 1.3: Glucose dehydration to HMF in aqueous systems catalysed by homogeneous catalysts

Glucose concentration Catalyst Catalyst loading Temperature Reaction time Conversion Yield Selectivity Ref
wt% °C % % %
10 HCl pH1 170 45 min 20 2.2 11 91
20 (NH,4),HPO, 0.07M 172-182° 20 min 11 131
20 (NH,4),HPO4/H5PO, 0.07M/0.05M 174-180° 20 min 23 131
20 H;PO, 0.15M 173-187 20 min 5 131
5 AlCl; 50 mol % 120° 20 min 40 146
8 DyCl; 0.7 mol % 140 1h 17 7 41 134
8 DyCl; 0.7 mol % 140 2h 30 12 40 134
2 H,SO, 50 wt % 200" 3 min 11 2 23 129
9 H,S0, 1 mM 200 5 min 32 2¢ 8 128
2 NaOH 50 wt% 200" 3 min 47 5 11 129
10 H,S0,.(NH4),SO4 pH 1.65 150-155 50 min 32 132
13 MgCl, 593 mol % Reflux 3h 9° 138
1 H;PO4/Nb,Os 1000 wt% 120 3h 92 52 57 144
2 ZnCl, 3150 wt% 120 35 min 100 16 16 136
2 ZnBr, 3800 wt% 120 82 29 35 136

? Heating by microwave irradiation, ° Warm up time of 0.5 h or more, © 26% yield of humins reported, ¢ 3% fructose yield reported,




Table 1.4: Glucose dehydration to HMF in aqueous systems catalysed by heterogeneous catalysts

Glucose concentration Catalyst Catalyst loading Temperature Reaction time Conversion Yield Selectivity Ref
wt% wt% °C min % % %
12 HY-zeolite 50 160 3 83 8 10 140
5 meso-TiO, 100 120 5 25 141
1 Titanate nanotubes 100 120 180 14 142
9 TiO, 100 250 5 39 27¢ 71 123
9 TiO; (A) 100 200 5 81 20° 25 128
2 TiO; (A) 50 200" 5 64 19 29 129
9 TiO, - ZrO, 100 250 5 44 29¢ 67 143
9 Zr0O, 100 250 5 38 17° 46 123
9 ZrO, 100 200 5 48 5° 11 128
2 ZrO, 50 200° 3 57 10 18 129
1 Zr0O, 75 180 120 89 13 14 127
1 Al 05/Z1r0O, 75 180 120 97 12 12 127
1 Al O; 75 180 120 94 12 13 127
1 Nb,Os 10 120 180 100 12 12 144
1 Nb,Os (pretreated with H3POy, 10 120 180 92 48 52 144
1 ZrP 100 240 4 72 24 33 145

? Heating by microwave irradiation, ° 13% fructose yield reported, © 2-2.5% fructose yield reported




1.1.8.2.2 Glucose dehydration in organic solvents

The experiments of Mednick>' on glucose dehydration suggest that lowering the
amount of water in the reaction media, improves the yield of HMF, whilst suppressing
some undesirable parallel reactions and the rehydration of HMF.”** '*” For this reason,
glucose dehydration in organic solvents drew the attention of many research groups
since then. Yan et al. looked at the dehydration of glucose in DMSO in absence of
catalyst and in presence of low surface area (7 to 66 m* g') SO4*/ZrO, and SO4*
/Zr0,/AL,O5 catalysts.'* In a typical reaction they used 7.6 wt % glucose in DMSO
solution and heated to 130 °C. In the absence of catalyst, 94% of glucose converted but
only 4.3% HMF yield was obtained after 4 h. Using 20 wt% SO4*/ZrO, catalyst
(relative to glucose) resulted in a considerable improvement in HMF production, as the
yield increased to 19.2% and 95.2% glucose conversion. Among the SO42'/Zr02/A1203
catalysts, the highest HMF yield of 48% was obtained after 4 h, when 20 wt% catalyst
having an Al-Zr molar ratio of 1:1 was used. Interestingly, extending the reaction time
to 6 h and 15 h did not influence HMF yield, showing the stability of HMF under these

reaction conditions.

The performance of LaCl; in glucose dehydration in DMSO at 120 °C was found to
produce a HMF yield of 9.8%,'* while the use of 10 mol% SnCl, as catalyst and 9 wt%
glucose as substrate at 100 °C yields 44% HMF at 96% conversion."”* Similar studies
on rare earth metals in DMA as the solvent, report much higher HMF yields of up to

30% from glucose.""

Ebitani’s group investigated the potential for a combined isomerization and dehydration
catalytic system for glucose conversion in DMF.'>* For this purpose they used 3 wt%
glucose in DMF solution and carried out the reaction at 80 °C. Adding 200 wt%
(relative to glucose) hydrotalcite as catalyst for isomerization of glucose to fructose led
to a 40% yield of fructose at 47% glucose conversion after 3 h. When a physical
mixture of hydrotalcite and Amberlyst 15 was used HMF formation was observed, with
the highest HMF yield of 42% at 73% glucose conversion obtained. No HMF formation
was reported when either catalyst was tested separately under similar conditions. A
number of other solvents such as DMA, DMSO, acetonitrile, and water were also tested
with the same Hydrotalcite/Amberlyst system at 100 °C. With DMSO at 80 °C an HMF

yield of 25% at 41% conversion was obtained.'’> The results of the other solvents are
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described in Table 1.5. The highest yields of HMF were obtained when DMF was used
as the reaction media while in water only glucose isomerization took place and giving
23% fructose yield and no HMF. This was explained by the loss of activity of
Amberlyst-15 in water. Addition of a small amount of water (3 vol%) to DMF however
resulted in almost 30% decrease in glucose conversion but it was beneficial to HMF
selectivity. Later the same group reported comparable work'>® in which Amberlyst-15
catalyzed dehydration of glucose in DMF resulting only in 1,6-anhydroglucose
formation, with yields of up to 70% were obtained. Higher temperatures favoured the

formation of 1,6-anhydroglucose relative to the formation of HMEF."?% 154

Binder and Raines reported high HMF yields from glucose dehydration in homogeneous
DMA/LiBr/CrX, systems (X = Br or CI)."*>'°® Using 10 % LiBr in DMA and 6 % CrX,
at 100 °C an HMF yield of 80% at 100% glucose conversion was obtained within 4—6 h.
Using either CrCl,, CrCls, or CrBrs did not massively change the yield and conversion.
These HMF yields are by far the highest reported from glucose in systems without ionic
liquids.

In another report, Chen and Lin applied a mixture of LiCl in caprolactam as solvent in
combination with a number of catalysts that are known to facilitate the
isomerization/dehydration of glucose to HMF."”’ Using 10 wt% glucose in 3:1
(mole:mole) caprolactam/LiCl solution, HMF yield of around 60% at >90% conversion
were obtained in presence of CrCl,, SnCly and SnCl, with 6 mol % catalyst at 100°C for
3 h. Yasuda et al. used acetonitrile as solvent and a composite of MgCl, with silica gel
as acid catalyst for HMF production from glucose, obtaining a 70% HMF yield at 140
°C under dry conditions. 10% and 32% yields of HMF were obtained from mannose and

galactose, respectively.'>®

In a mixture of water and ethanol Yang et al. obtained a combined yield of HMF and
EMF of 57% with AICl; as the catalyst.'” Tyrlik et al also carried out glucose
dehydration in water/ethanol mixture in addition to what they had done in pure
water,"*® 1** The highest combined yield of HMF and HMF alkyl ether of 22% was
obtained in a system in which saturated Al,(SO4); in water was combined with ethanol

(>30 M).
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Dumesic explored HMF production using heterogeneous catalysts in biomass derived
solvents such as y-octalactones (GOL), y-hexalactone (GHL), tetrahydrofuran (THF),
methyltetrahydrofuran (MTHF) and y-valerolactone (GVL).'®® A combination of Sn-p
as Lewis acid catalyst for isomerization step and Amberlyst 70 as Bronsted acid catalyst
for dehydration step were used to convert the glucose in 2 wt% solution at 130 °C. In
GVL, 40% HMF yield was obtained at 92% conversion after 20 min when 1.5g of
glucose solution and 0.05g of each catalyst was used. At the same reaction condition,
using GHL as solvent resulted in 55% HMF yield at 93% conversion. Using THF as
solvent yielded 63% HMF at 90% conversion in 30 min. They also tested a monophasic
system made of 10 wt% and 90wt% mixture of MTHF : THF (1:1 weight ratio). At this
condition, 90% HMF yield was obtained at 91% conversion after 40 min. The authors
claim that water in low concentrations can be beneficial to HMF selectivity which is in

agreement with Ebitani’s findings.'>* '

Table 1.5 and Table 1.6 give an overview of the highest reported HMF yields from
glucose in organic solvents. When comparing these results with those in water, it is
clear that the yields are generally significantly higher in organic solvents. Especially
when dehydration catalysts are combined with isomerization catalysts in aprotic polar
solvents good yields of almost 50% are reported. Use of chromium halides as

isomerization catalyst in HCI/DMA even resulted in yields of around 80% HMEF.
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Table 1.5: Glucose dehydration to HMF in organic systems catalysed by homogeneous catalysts

Glucose concentration Solvent Catalyst  Catalyst loading Temperature Reaction time Conversion Yield Selectivity Ref
wt% mol% °C h % % %
5 DMSO AlCIL; 50 140 0.08 52 146
9 DMSO CrCl; 7 100 3 79 28 35 161
5 DMSO GeCly 10 100 1.25 85 37 43 162
9 DMSO H;BO; 80 120 3 35 13 37 163
3.6 DMSO LaCl; 5 120 2 10 149
9 DMSO SnCly 10 100 3 96 44 45 150
9 DMF H;BO; 80 120 3 64 7 11 163
5 DMF GeCly 10 100 1.25 85 34 40 162
10 DMA LnCl; 10 145 2 100 34 34 151
10 DMA (10 wt % LiBr) CrBr; 6 100 6 80 155
10 DMA (10 wt % LiBr) CrCl, 6 100 4 76 155
10 DMA (10 wt % LiBr) CrCl; 6 100 6 79 155
10 caprolactam/LiCL 3:1 CrCl, 6 100 3 94 59 62 157
(mole/mole)
10 caprolactam/LiCL 3:1 SnCl, 6 100 3 94 55 59 157
(mole/mole)
10 coprolactan/LiC1 3:1 SnCly 6 100 3 98 65 66 157
(mole/mole)
6 water/ethanol Aly(SOy); 100 reflux 144 22° 139
0.05 water/ethanol AlCl; 40 160 0.25 24° 159

* Combined yield of HMF and EMF, " 33% EMF yield was obseverd
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Table 1.6: Glucose dehydration to HMF in organic systems catalysed by heterogeneous catalysts

Glucose concentration Solvent Catalyst Catalyst loading Temperature Reaction time Conversion Yield Selectivity Ref
wt% wt% °C h % % %
3 DMA Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 3 97 14 14 152
3 DMF Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 80 9 73 42 58 152
3 DMF Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 3 72 41° 57 152
3 DMF Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 4.5° 61 45 73 152
3 DMF + 3 vol% water Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 3 45 29 64 152
3 DMSO Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 80 3 41 25 61 152
3 DMSO Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 3 94 12° 13 152
7.6 DMSO SO4*/Zr0,AL 05 (Zr/Al = 1:1 n/n) 20 130 4 97 48 49 148
7.6 DMSO SO,>/Zr0ALO; (Zr/Al = 1:1 n/n) 20 130 6 100 48 48 148
7.6 DMSO SO4*/Zr0ALO; (Zr/Al = 1:1 n/n) 20 130 15 100 48 48 148
3.5 DMSO/water (4:1 v/v) SO4>/Zr04ALO; (Zr/Al = 3:7 n/n) 19 150 4 56 164
3 MeCN Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 3 88 10¢ 12 152
3 MeCN + 3 vol% water Hydrotalcite/ Amberlyst 15 (2:1 w/w) 300 100 3 91 28 31 152
2 GVL Sn-B/Amberlyst 70 (1:1 w/w) 333 130 0.33 92 59 64 160
2 GHL Sn-B/Amberlyst 70 (1:1 w/w) 333 130 0.33 93 55 59 160
2 THF Sn-B/Amberlyst 70 (1:1 w/w) 333 130 0.5 90 63 70 160
2 MTHEF : THF (1:1 w/w) Sn-B/Amberlyst 70 (1:1 w/w) 333 130 0.67 91 60 66 160

¥ 4% fructose yield and 10% AHG yield, ® Amberlyst 15 was added 2.5 h after the started, © 6% fructose yield, * 12% AHG yield.
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1.1.9.3 Glucose dehydration in biphasic systems

Rehydration of HMF to levulinic acid is one of the known factors that can have a
negative effect on HMF yield. Moreover, reaction of HMF with sugars and other
intermediate compounds to form so-called humins is another possibility for decreased
HMF yield. A solution to this problem is in situ extraction of HMF from the aqueous
reaction media by an organic solvent. Therefore HMF is produced in an aqueous phase,
but will spontaneously be transferred to an organic phase (i.e. HMF is extracted). By
doing this, the undesired side reactions can be suppressed to a large extent and thus

HMF yield and selectivity will be enhanced.'®* '

Peniston is known to be the inventor of such extraction system for HMF synthesis from

carbohydrates who patented his idea in 1956.'%

A biphasic system for HMF production
from glucose was first patented by Cope in 1957, in which a 50 wt% aqueous glucose
solution was reacted at 160 °C for 9 h in presence of 20 volumetric equivalents of
MIBK to produce a 21-25% isolated yield of HMF.'®® Rigal and Gaset further explored
catalytic aldose dehydration in water/MIBK system using an acidic ion exchange resin
to obtain HMF yield ~10% at 78 °C.'"®” Without using any catalyst Dumesic’s group
claimed to produce a 30% HMF yield at 62% conversion from 10 wt% glucose in
water/DMSO (3:7 w/w) in presence of dichloromethane at 140 °C after 4.5 h. They also
reported a 24% HMF yield at 50% glucose conversion in water/DMSO (1:1 w/w) using
HCI as catalyst (pH 1) in presence of 2 weight eq MIBK/2-butanol (7:3 w/w) at 170 °C
after 17 min.”’ Dumesic et al. also applied a number of solvents derived from lignin as

extracting phase. The highest HMF yield (~61%) was obtained with 2-sec-butylphenol
(SBP) from 5 wt% glucose at 170 °C.'™

In a more recent work, combinations of AICI; and HCI have been used as a bifunctional
catalyst system to obtain 62% HMF vyield."”' Yang e al. achieved almost the same

172 The claim to

results in a biphasic water-NaCl/THF system with AICl; as catalyst.
have a Lewis acid in this work is quite confusing however as AICl; will react violently
with water to form AlI(OH); and HCI hence the mechanism is at odds with text book

inorganic chemistry.
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A biphasic system composed of aqueous substrate and organic extraction solvent were
used by McNeff and co-workers to dehydrate a number of carbohydrate feedstocks at
160-200 °C." '"* The reaction carried out in presence of TiO, catalyst and n-butanol
and MIBK as extraction solvent. The effect of variations in organic/aqueous were
investigated and the maximum HMF yield (25-30%) were obtained at 180 °C with
MIBK as extraction solvent (organic/aqueous 10:1) and with aqueous feed containing
23 or 50 wt % glucose. Using n-butanol as extraction solvent typically resulted in yields
between 6 and 13% from glucose.'” The authors explain the lower HMF vyield in
presence of n-butanol as organic phase can be attributed to high solubility of water in n-
butanol under the reaction conditions. Moreover, the effect of addition of homogeneous
acid catalysts such as HCI (0.005-0.15 M) and H3;POy4 (0.1 M) to the system at 180 °C
was studied.'” Applying 0.15 M HCI as the only catalyst in the system yielded 13%
HMF from glucose. Combination of TiO, with 0.15 M HCI gave the highest HMF yield

around 37%.

Hansen et al. reported very low HMF yield from glucose dehydration using boric acid
as catalyst.'”” They obtained an HMF vyield of 14% from 30 wt% glucose at conversion
level of 41% at 150 °C after 5 h in presence of boric acid and NaCl as catalyst and
MIBK as extraction solvent (organic/aqueous: 4/1 v/v). Yang and co-workers reported
high HMF yield and selectivity in a biphasic system.'’® From a 6 wt% aqueous glucose
solution, in presence of 8 wt% phosphated niobia and 1.5 eq (v/v) 2-butanol, a 49%
HMF yield was obtained at 72% conversion at 160 °C for 110 min. Additionally, using
phosphated tantalum hydroxide as catalyst resulted in 58% HMF yield at 70%

conversion after 140 min.!”’

The application of Ag;PW,04 as catalyst for glucose dehydration in a biphasic system
was studied by Fan et al.'™ A 23 wt % aqueous mixture with a 2.25 volume ratio of
MIBK as extracting solvent was reacted at 130 °C in presence of 13 wt% catalyst to

obtain 76% HMF yield at 90% conversion after 4 h.
A bifunctional catalytic system was used by Nikolla et al. for glucose dehydration.

After 70 min reaction at 180 °C, they managed to obtain 57% HMF yield at 79%

conversion from a 10 wt% glucose solution in 26 wt% NaCl in presence of HCI (pH
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l)and 0.5 wt% Sn-f and 3 eq. (v/v) of THF as extraction solvent. Using Ti-f} as catalyst
in the same reaction condition led to 53% yield at 76% conversion after 105 min.'”’

The application of H,O-DMSO/2-BuOH-MIBK solvent systems were studied by a
number of research groups and HMF yields as high as 35% and selectivities up to 70%
were reported. More recently, some research have been carried out on glucose

dehydration in aqueous/organic biphasic solvents systems with acid catalysts.'*'*?

Mascal and Nikitin looked at water—1,2-dichloroethane system for HCIl catalyzed
carbohydrate conversion to 5-chloromethylfurfural (CMF)."™ When LiCl was used as
homogeneous catalyst, after 30 h reaction at 65 °C, three types of furanic compounds
were isolated with combined vyield of 85%: 71% CMF yield, 7% 2-(2-
hydroxyacetyl)furan (HAF) yield and 8% HMF yield. Reportedly, CMF can be easily
converted to HMF, 5-methylfurfural (MF), 5-ethoxymethylfurfural (EMF), and 2,5-

dimethylfuran,'® 1%

Modifying this system by application of a closed system in which
1,2-dichloroethane could be refreshed every hour led to improved results. For reaction
at 100 °C for 3 h, 81% CMF was yielded from a 1 wt% glucose solution.'® Similar
research was carried out by Brasholz ef al. in which a 2 wt% glucose solution reacted in
32 wt% HClyg at 120 °C with a residence time of 5 min."® 58% CMF was yielded
when equal flow of reaction mixture and 1,2-dichloroethane as extraction solvent were

used.

Table 1.7 summarises the production of HMF from glucose dehydration reactions using
biphasic solvent systems. Making a fair comparison between the data on glucose
dehydration in aqueous solutions and biphasic systems is very difficult because of the
small number of experiments that were carried out at comparable reaction conditions.
However, it is clear that the use of an extracting solvent can improve HMF yield and the
application of a bifunctional catalyst is necessary to obtain high yields of HMF from

glucose.
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Table 1.7: Glucose dehydration to HMF in biphasic systems (continued on next page)

Organic/Aqueous Catalyst
Glucose conc. Reaction solvent Extraction solvent Catalyst Temperature  Reaction time Conversion Yield Selectivity Ref
ratio loading
wt% (v/v) °C % % %
10 Water/DMSO (3:7 w/w) DCM 1 (w/w) None 140 45h 62 30 48 91
23 Water MIBK 2.25 AgiPW 204 13 wt% 130 4h 90 76 85 178
9 Water Toluene 23 Al-TUD-1 67 wt% 170 6h 76 18 23 187
5 Water MIBK 2 AlCl; 50 mol% 130° 5 min 430 146
30 Water (0.87 M NaCl) MIBK 4 H3;BOs 85 mol% 150 5h 41 14 34 175
10 Water/DMSO (1:1 w/w) MIBK/2 BuOH (7:3 w/w) 2 (wiw) HCl (pH 1) 170 17 min 50 24 47 91
Nb,Os (pretreated
6 Water 2-BuOH 1.5 . 8 wt% 160 110 min 72 49 68 176
with H3PO4)
Ta,O5 (pretreated
6 Water 2-BuOH 1.5 . 8 wt% 160 140 58 70 83 177
with H3P 04)
SBA-15-
10 Water/DMSO (2:8 w/w) MIBK/2 BuOH (7:3 w/w) 1 8 wt% 150 3h 50 35 70 188
[PMIm]CV/CrCl,
0.5 mol%
10 Water n-BuOH 3 Sn-B/HCI (pH 1) s 160 90 min 77 20 26 179
n
0.5 mol%
10 Water (26 wt% NaCl) n-BuOH 3 Sn-p/HCI (pH 1) S 160 90 min 75 41 55 179
n
0.5 mol%
10 Water (26 wt% NaCl) THF 3 Sn-p/HCI (pH 1) s 180 70 min 79 57 72 179
n
10 Water (26 wt% NaCl) THF 3 Ti-p/HClL (pH 1) 0.5 mol% Ti 180 105 min 76 53 70 179
23 Water MIBK 10 TiO, Fixed bed 180 2 min® 29 173
50 Water MIBK 10 TiO, Fixed bed 180 2 min® 26 173
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Table 1.7: Glucose dehydration to HMF in biphasic systems (Continued from previous page)

50

23

23

4.5

6.5

6.5

Water (1.5 M HCI)
Water
Water

Water

Water (saturated with
NaCl)

Water (NaCl 35 wt%)
Water

Water

MIBK
n-BuOH
MIBK

MIBK

SBP

THF
MIBK

MIBK

* Microwave irradiation, ® Isolated yield, ¢ Continuous flow.

10

1

TiO/HCl
TiO,
Zr02

Meso-TiO,
AICIy/HCI (pH 2.5)

AlCl3
ZrPO

ZrPO/Si

Fixed bed
Fixed bed
Fixed bed

50 wt%

1.5 mol%
Al

40 mol%
20 wt%

20 wt%

180

200

180

130

170

160

165

165

2 min®
3 min®
2 min®

5 min

40 min

10 min
360 min

400 min

91

99

60

40

37
13
21
26

62

61
24
21

68

60

40

52

173
173
173
141

171

172
189
189
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1.1.94 Glucose dehydration in ionic liquids

Ionic liquids (IL)s are salts that consist of organic cations and either inorganic or
organic anions and they exhibit exceptional behaviour compared to conventional
molecular solvents.'” ILs usually have low melting point (below 100 °C), and relatively
low viscosity and extremely low vapour pressure.'”’ They possess a high thermal and

chemical stability as well as high ionic conductivity and recyclability.'** '*?

As the comprising parts of the IL (the anion and cation) can be varied, the IL can be
designed and adjusted to suit a particular process and exhibit a particular set or
properties. Therefor sometimes are refered to as “designer solvents”.'”® These
outstanding properties make ILs suitable candidates as reaction media, and are
promising in addressing the difficulties associated with the solubility of cellulosic

materials. '

Most of early ionic liquids suffer from sensitivity to air and moisture which
significantly limit their applications. But in 1992, Wilkes’ group made a breakthrough
by reporting the development of a series of air and moisture stable imidazolium type
ILs.”™ ' The most common ionic liquids are N,N'-dialkylimidazolium, N-

alkylpyridinium, alkylamonium and alkylphosphonium based.

The application of ILs as solvents and co-catalysts for HMF production from biomass
derived sugars have been in the center of attentions since Zhao et al. made a
breakthrough in 2007."° They reported 68% HMF yield at 94% conversion from 9 wt
% glucose in [EMIm]CI with 1 mol % CrCl, at 100 °C after 3 h. Later Sievers et al.
studied the effect of Brensted acid addition (H,SO4) into [BMIm]CI for conversion of
glucose to HMF."” A low HMF yield of 12% was achieved in this work, considerably
lower than the result reported by Zhao. Thus suggesting that under these conditions a

Lewis acid (e.g. CrCly) is more efficient for glucose transformation.

Li et al. found out that microwave irradiation can play a significant role in controlling
HMF selectivity when using ILs.'** They reported 91% HMF yield in [C4mim]C] and
CrClj as catalyst under microwave irradiation at 100 °C for 1 min. When a conventional

oil-bath heating method was used for comparison, at similar conversion levels, only
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17% HMF was yielded. Qi and co-workers observed similar effect from microwave
irradiation heating method. They obtained 71% HMF yield in [BMIm]CI in presence of
10 mol% CrCl; catalyst after 30 sec heating at 140 °C. For the similar reaction
condition but using oil bath heating, the yield was 23% smaller."”® In another study, Hu
et al. investigated the application of commonly used Lewis acid in IL instead of
effective CrCly (x = 2,3). They used SnCls as catalyst in [BMIm]BF4 for glucose
conversion and after 3 h reaction at 100 °C they obtained 61% HMF yield."”® The
toxicity of chromium and tin persuaded Zhang and co-workers to examine the use of
GeCly as Lewis acid for glucose dehydration. In this study, 5 wt% glucose dissolved in
[BMIm]CI and then heated at 120 °C for 30 min. Under these conditions moderate HMF
yield of 48% was achieved.'®> Khokhlova ef al. explored B,O; as an environmentally
friendly metal free promoter for conversion of carbohydrates in ILs.'”” Effective
transformation of glucose to HMF in ILs was also reported by Liu et al. In this case,
Al(OiPr); and AlEt; were used as catalysts and after 6 h heating at 120 °C in [EMIm]CI,
HMF vyield of 49 and 51% was obtained respectively.’”” Chen et al. looked at the
performance of Cr’ nanoparticles as catalyst for glucose dehydration to HMF in
[BMIm]CI. Carrying out the reaction for 6 h at 120 °C resulted in 49% HMF yield from

a 23 wt% glucose solution.”'

Zhang et al. reported an HMF yield of 40% at 78% conversion from 5 wt% glucose in
[BMIm]CI by employing 60 wt% hydroxyapatite supported chromium chloride (Cr-
HAP) as catalyst at 150 °C for 2.5 min by means of microwave irradiation.””> These
studies proved that in order to obtain a high yield of HMF, an optimised combination of
ILs having appropriate hydrophilic/hydrophobic properties as well as effective Bronsted

or Lewis acids catalysts are essential.

Table 1.8 summarises some of the outstanding studies on glucose dehydration in ionic
liquids. It is possible to conclude from multiple publications that chromium plays an
important role in obtaining high HMF yields from glucose. However, differences in
activity between CrCl, and CrCls are not significant. Moreover, using ILs as reaction
media for glucose transformation to HMF, the cost of ILs should be considered and its
stability against the presence of air and moisture should be examined under the reaction

conditions.
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Table 1.8: Glucose dehydration to HMF in ionic liquid systems (Continued on next page)

Glucose Solvent Catalyst Catalyst loading Temperature Reaction time Conversion Yield Selectivity  Ref
concentration
wt% °C % % %

8 [BMIm]Cl CF;COOH 1 mol% 120 3h 58 44 75 203

8 [BMIm]Cl CF;SO;H 1 mol% 120 3h 87 40 46 203

8 [BMIm]Cl CH;SO;H 1 mol% 120 3h 73 42 58 203

9 [BMIm]C1 Cr(NO;);3 7 mol% 100 3h 82 37 45 161

9 [EMIm]CI CrCl, 6 mol% 100 3h 93 62 67 204

9 [EMIm]CI CrCl, 6 mol% 100 3h 94 68 72 196
40 ChoCl CrCl, 10 mol% 110 lh 45 205
22M NBu,Cl CrCl, 10 mol% 110 4h 54 206
10 [BMIm]Cl CrCly/NHC 9 mol% 100 6h 81 207

5 [BMIm]Cl CrCl; 20 mol% 90° lh 51 40 80 198

9 [BMIm]Cl CrCl; 3.6 wt% 100 lh 17 133

5 [BMIm]C1 CrCl; 20 mol% 100* 30 min 77 56 73 198

5 [BMIm]C1 CrCl; 20 mol% 100* l1h 85 67 78 198

9 [BMIm]C1 CrCl; 7 mol% 100 3h 79 35 45 198

9 [EMIm]CI CrCl; 6 mol% 100 3h 72 44 62 196
40 Cho(Cl CrCl; 10 mol% 110 lh 31 205
5 [BMIm]Cl CrCl; 20 mol% 120° 10 min 94 69 73 198
23 [BMIm]Cl CrCl; 20 mol% 120* 10 min 97 55 56 198

5 [BMIm]Cl CrCl; 10 mol% 120* 10 min 88 66 75 198

9 [BMIm]CI° CrCl; 6 mol% 120 4h 91 91 100 208
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Table 1.8: Glucose dehydration to HMF in ionic liquid systems (Continued from previous page)

(o B e e e e e o = e Y, IV, B e e =N RN Y Y Y

[BMIm]HSO,
[EMIm]CI
[HexylIMIm]Cl
[BMIm]CI
[BMIm]CI
[EMIm]CI
[BenzylMIm]C1
[BMIm]C1
Net,Cl
[BMIm]C1
[BMIm]CI*
[BMIm]CI
[BMIm]CI
[BMIm]C1
[BMIm]C1
[BMIm]C1
[EMIm]CI
[EMIm]CI
[HexylIMIm]Cl
[HMIm]CI
[OctylMIm]CI
[BMIm]C1
[BMIm]C1

CrCl,
CrCl;
CrCl;
CrCl;
CrCl;
CrCl;.6H,0
CrCl;.6H,0
CrCl;.6H,0
CrCl;.6H,0
GeCly
GeCly
GeCly
H,S0,
H,S0O,
H;BO;
H;BO;
H;BO;
H;BO;
H;BO;
H;BO;
H;BO;
H3PMo;,04
H;PW,040

20 mol%
20 mol%
20 mol%
20 mol%
3.6 wt%
6 mol%
25 mol%
25 mol%
10 mol%
10 mol%
10 mol%
10 mol%
1 mol%
10 wt%
100 mol%
80 mol%
100 mol%
80 mol%
80 mol%
80 mol%
80 mol%
1 mol%

1 mol%

120°
120°
1207
140°
unknown®
100
120
120
130
100
100
120
120
unknown”
120
120
120
120
120
120
120
120
120

10 min
10 min
10 min
0.5 min
1 min
3h
1h
1h
10 min
75 min
75 min
30 min
3h
1 min
3h
3h
3h
3h
3h
3h
3h
3h
3h

86
97
94
96

97

93
93
99
93

68
47
87
95
68
95
63
71
82

72
63
71
91
72
65
67
71
38
48
48
61
49
22
14
40
41
32
19
26
63
66

74
67
74

74

42
52
48
66

32
30
46
43
47
20
41
89
81

198
198
198
198
133
157
209
209
210
162
162
162
203
133
163
163
163
163
163
163
163
203
203
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Table 1.8: Glucose dehydration to HMF in ionic liquid systems (Continued from previous page)

8 [BMIm]CI
5 [BMIm]CI

[BMIm]CI
[BMIm]CI
[BMIm]CI
[BMIm]CI
[BMIm]CI
M [BMIm]CI
[EMIm]BF,
[BMIm]CI
[EMIm]CI
[HexylIMIm]Cl/H,O
(1:1 w/w)
[BMIm]CI
10 DMSO/[BMIm]CI

<
N
© © © ® WV vV vV v ©

[\S]

HNO;
Hydroxyapatite with 4.6
wt% Cr(III)
NHC/(CrCly),
NHC/CrCl,
NHC/CrCl,
NHC/CrCl;
NHC/CrCl;
H-ZSM-5
SnCl,
Yb(OTH);
Yb(OTH);

ZrO b

B,0;

Lignin derived solid acid

1 mol%

60 wt%

9 mol%
9 mol%
9 mol%
9 mol%
9 mol%
198 wt%
10 mol%
10 mol%
10 mol%

40 wt%

50 wt%

120

unknown®

100
100
100
100
100
110
100
140
140

200

120
160

3h

2.5 min

6h
6h
6h
6h
6h
8h
3h
6h
6h

10 min

5h

50 min

56

78

97
65
63

92

99

13

40

81
81
80
78
78
45
53
24
10

53

60
68

77

52

55
37
16

56

69

203

202

207
207
207
207
207
206
150
211
211

212

199
213

* Heating by mixrowave irradiation, ° 2.3 volume equivalent of MIBK as extraction solvent, ¢ Molecular sieves used for water adsorption
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1.2 Thesis aims

As outlined earlier in this report, the need for clean, renewable and sustainable energy
has driven research into the development of alternative heterogeneous catalysts. A
heterogeneous catalytic approach offers many advantages. The primary advantage is
that they are in the solid phase and the ease of separation from the liquid phase (and or
gas) and products without involving quenching steps. So, fewer waste streams are
generated and efficient recyclability can be achieved. As can be seen from the literature
survey, there is a vast body of work under a range of conditions making it difficult to
gain a fundamental understanding of the key requirements for designing improved
catalysts for glucose conversion. The work of Ebitani, nicely demonstrates there is a
need for a bifunctional base-acid catalyst to achieve one-pot conversion of glucose to

HMEF. However, it would be desirable to achieve this with a single catalyst.

To address this, this project aims to develop a systematic series of bifunctional catalysts
with tuneable acid and basic character for the direct production of 5-HMF from glucose.
For this purpose, sulphated zirconia catalysts were synthesised using a commercial ZrO,
support. Acid and base properties were carefully tailored through the variation of
surface sulphur loading. Furthermore, the efficiency of this process as well as the
physical properties of the catalyst was improved through the use of nano-templated
material as a support. Finally, the catalytic performance of each prepared solid acid
catalyst was examined in the esterification reaction of free fatty acids - a key reaction

for the production of biodiesel.
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Chapter 2

Experimental



2.1 Catalyst preparation
2.1.1 Sulphated zirconia

A series of sulphated zirconia (SZ) catalysts with different SO, loadings were prepared
by impregnation of 50 g Zr(OH)s with 500 ml H>SO4q) of molarity 0.01-0.5 M. The
slurry was stirred for 5 h at ambient temperature, filtered and dried at 80 °C overnight,
and then calcined at 550 °C for 3 h. Catalysts were stored in air and used without

pretreatment.

2.1.2 SBA-15 supported sulphated zirconia
2.1.2.1 Preparation of SBA-15 support

Pure silica mesoporous SBA-15 was synthesised by Dr Gabriel Morales following the
procedure of Zhao et al.' The structure directing agent, Pluronic P123 (100 g) was
dissolved in an aqueous solution of 1.9M HCI (3125 ml) with stirring at 40 °C. Then,
191.75 g tetraethyl orthosilicate (TEOS) was added and left for 20 h with agitation at 40
°C. The resulting gel was hydrothermally treated under sealed conditions for 24 h at 100
°C under static condition. The materials were finally recovered by filtration and air-

dried overnight. Surfactant was removed by calcination at 550 °C (5 h in static air).

2.1.2.2 Incorporation of zirconia on SBA-15

The primary goal of this preparation method was synthesis of uniformly coated
ZrO,/SBA-15 materials exhibiting high dispersion and accessibility of zirconium using
a layerwise deposition method to minimize growth of large crystallites. Upon
preparation of SBA-15 (Section 2.1.2.1), 10 g was dried at 300 °C for 4 h in order to
remove physisorbed moisture on the surface of the material. Following this, the dried
SBA-15 and 58.5 g of zirconium precursor (70% zirconium propoxide in propanol,
Sigma-Aldrich) were added to 300 ml of anhydrous hexane in a 500 ml round bottom
flask. The amount of zirconium precursor is based on the number of hydroxyl groups of
SBA-15 calculated according to thermal gravimetric analysis. This was to allow
individual hydroxyl groups to react with zirconium propoxide and a uniform layer to
form on the surface of the parent SBA-15. The mixture was refluxed at 69 °C overnight
and then filtered and washed 3 times with hexane in order to remove any unreacted

precursor. The material was subsequently rehydrated by addition to 300 ml deionized
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water with stirring for 4 h to fully hydrolyse any residual propoxide groups. Finally, the
catalyst was filtered and dried at 80 °C overnight. To form additional monolayers, the
identical procedure was repeated two more times. A subsequent step of sulfation with
H,SO4 was made by adding the ZrO,/SBA-15 catalysts to a 0.075 M aqueous sulphuric
acid solution (10 ml acid H,SO4 solution per gram sample) for 5 h, after which the
sample was filtered and dried at 80 °C overnight. As a final step of the preparation,
synthesised materials were calcined at 550 °C for 3 h. These materials were named xML
SZ/SBA-15 where xML represents the nominal number of zirconia monolayers (ML)

grafted on the surface of SBA-15.

Subsequently, the zirconia grafted SBA-15 (2 grafting cycles) was chosen to study the
effect of sulphur content on the characteristics and catalytic performance of ZrO,/SBA-
15. Similar to sulfation of bulk zirconia, each gram of ZrO,/SBA-15 was added to 10 ml
aqueous H,SO, solution with concentrations ranging from 0.01 to 0.25 M and kept
under vigorous stirring at ambient temperature for 5 h. Then, it was filtered and dried at

80 °C overnight and finally calcined at 550 °C for 3 h.

2.2 Catalyst characterization

2.2.1 Scanning Electron Microscopy / Energy-Dispersive X-

ray spectroscopy

In Scanning Electron Microscopy a beam of electrons is discharged from an electron
gun that is located at the top of the microscope. The electron beam gets focused when it
passes through a series of condenser lenses and electromagnetic coils and directed to the
sample surface. The interaction of Primary Electrons (PE) with the surface of specimen
generates three main signals; Secondary Electrons (SE) through inelastic scattering,
high energy Backscattered Electrons (BSE) and X-ray radiations. The difference
between these signals originates from the difference in volume of the specimen that the
primary electrons interacted with according to the energy of the primary electrons
(typically between 200 eV and 30 keV). For instance, SE come from a small layer on
the surface and yields the best resolution, which can be realized with a scanning
electron microscope and can give information relating to the topography of samples;

Although, the BSE come from deeper regions of the investigated material thus giving a
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lower resolution. A schematic of different type electron and x-ray beams that are
generated in a SEM is depicted in Scheme 2.1. In addition to imaging by SEM,
information about the chemical composition of the material can be acquired by

detection of characteristic X-ray radiations from the sample.’

PE
BSE

X-rays

. 5

Scheme 2.1: Schematic of primary, secondary and backscattered electron as well as x-ray beam generated
in SEM’

In this thesis, chemical compositions of the bulk of sulphated zirconia series and 1, 2, 3
ML SZ/SBA-15 catalysts were investigated by analysis of the generated X-rays on an
energy dispersive X-ray (EDX) system attached to a Carl Zeiss EVO-40 electronic
microscope at Cardiff University. Samples were mounted on aluminium stubs using
adhesive carbon tape. In addition to that, the SZ/SBA-15 samples with different sulphur
loadings were analysed on a PHILIPS XL 30 ESEM by Dr Gabriel Morales in Rey Juan
Carlos University in Madrid.

2.2.2 Transmission electron microscopy

In transmission electron microscopy (TEM), the wavelength of electrons (~ 12.3 pm at
10 kV decreasing to 2.5 pm at 200 kV) is significantly shorter than both visible and x-
ray radiation, enhancing microscope resolution to an atomic level under high resolution
TEM/STEM conditions.* An electron beam is focused, through a series of
electromagnetic lens, onto the sample with interaction occurring in multiple ways.

Bright field images are formed when a beam of electrons, generated by an electron gun
at the top of the instrument, is directed at the sample after passing through one or more
condenser lenses. The transmitted, un-deviated beam is focussed and magnified by the
objective lens and an image is formed on a phosphorescent screen and digital images are

generated by a charge-coupled device.’
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Standard sample preparation for microscopy was used for the materials. Samples were
prepared by dispersion in methanol and drop casting onto a copper grid coated with a
holey carbon support film prior to analysis by transmission electron microscopy (TEM)
on a PHILIPS TECNAI-20T electronic microscope operating at 200kV at Rey Juan

Carlos University.

2.2.3 Inductively Coupled Plasma — Optical Emission

Spectrometry

One of the techniques that was employed to analyse the in-bulk composition of the
SZ/SBA-15 catalyst was Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) with a VARIAN VISTA AX apparatus at University of Rey Juan Carlos in
Madrid, Spain. Moreover, in order to measure the amount of zirconium dissolved into
the solution during the impregnation of Zr/SBA-15 materials by H,;SO4, upon the
completion of the impregnation of SZ/SBA-15 0.05M and SZ/SBA-15 0.25M, the
catalysts were filtered off and the remaining solutions were sent off to MEDAC Ltd for

liquid ICP analysis.

In this technique, plasma (typically argon) is created through electromagnetic induction
into which the aqueous sample is injected. The atoms in the sample will emit radiation
of characteristic wavelength upon ionisation in the plasma, which can be quantitatively
assessed for elemental analysis. For further information on this technique refer to

reference 6.

2.24 N, porosimetry

Surface area and pore size analysis was performed by N, physisorption on a Quantasorb
Nova 4000 instrument at 77 K, after outgassing approximately 50 mg of catalyst which
was accurately weighed into the sample tube, at 120 °C for at least 2 h. Subsequently,
the data was processed using NOVAWin software version 2.2. Surface areas were
calculated using the Brunauer—-Emmet-Teller (BET). BET is an extended version of the
Langmuir model. Langmuir assumed that energy of absorption for the first monolayer is
generally considerably larger than that of the second and higher layers, thus forming
multilayer is only possible at much higher pressures than the pressure required for

formation of the first monolayer.” According to BET model, the molecules in the first
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layer were assumed to act as sites for the second-layer molecules, and so on to infinite
layers. It is also assumed that the adsorption behaviour of all layers above the first
monolayer is the same.® Moreover, assuming that the multilayer has an infinite
thickness at p/p” = 1, Brunauer, Emmet and Teller were able to derive their famous

BET equation, which is usually expressed in the following linear form’:

P _ 1 c-1 p .
= Equation 2.1

= X
n(p®-p) nnC nyC p

Where 7 is total adsorbed amount of molecules, #,, is the monolayer capacity and C is
an empirical constant that is assumed to be exponentially related to the net heat of
adsorption (energy of adsorption by the first monolayer minus the energy of adsorption

by the subsequent layers) as the following simplified equation:

C =~ EXP (%) Equation 2.2
Using the BET method over the range P/P’ = 0.03-0.18, where a linear relationship was

maintained, surface areas were calculated based on the following equation’:
aggr = NyLo Equation 2.3

Where BET surface area is related to n through the effective molecular cross-sectional
area, o, which is equal to 0.162 nm? for N, at 77 K and L is Avogadro’s number.
Pore size distributions were calculated using the Barrett—Joyner—Halenda (BJH) model

applied to the desorption branch of the isotherm.

Calculation of the meso-pore distribution of the material can be determined by analysis
of the profile of the Type IV adsorption isotherm. As the relative pressure is increased
beyond 0.2, a rapid rise in N, adsorption is observed as the mesopores saturate by
capillary condensation. The pressure required for saturation is dependent on the pore
diameter and the radius of curvature of the resulting meniscus formed by the condensed
N.. The quantitative expression of this phenomenon is given by Kelvin’s equation'®

relating the radius of curvature of the meniscus to P/P”:
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T = — % cos 6 ln(l%) Equation 2.4

Where 7, is Kelvis radius which represents the radius of curvature of a hemispherical
meniscus, y is surface tension of condensed phase at temperature 7, v; is the molar
volume of the liquid and 0 is contact angle of liquid with pore wall which is often
considered zero assuming perfect wetting.

In particular case when the pore is cylindrical shape, it would be fair to assume that the
condensate has a hemispherical meniscus with radius of r,. But because there has been
already some physisorption taken place, r will not be equal to pore radius, r,. Therefore
considering that the multilayer has a thickness of ¢ and assuming the contact angle is

zero (0=0), 1, can be calculated from the following equation:
m, =1, +t Equation 2.5

Applying this modification to Kelvin equation based on a cylindrical pore model
(Equation 2.4) has been a basis for many methods applied for mesopore analysis,
including the Barrett-Joyner—Halenda (BJH) method, which is the simplest and by far

the most frequently used.’

The volume of micropores has been calculated using method developed by Lippens and
de Boer which is mostly known as t-plot. In this method, using the surface area
calculated from the BET, the amount of adsorbed gas » is plotted versus multilayer
thickness ¢, i.e. the standard multilayer thickness on the reference non-porous material.
In other words, the experimental test isotherm is redrawn as a t-curve, i.e. a plot of the
volume of gas adsorbed as a function of ¢, at corresponding p/p”. The slope of the linear
part of the t-plot, before capillary condensation occurs, equates to the external surface
area, and is compared with a standard reference which is a non-porous solid having
the same surface structure. In this case p/p” over the range 0.2-0.5 was used for t-plot
micropore analysis. Deviation from the reference is indicative of micropore filling.
Multilayer adsorption will not occur in micropores, thus the micropore volume can be
calculated from subtracting the external surface area from the total surface area obtained

from the BET method.'’
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2.2.5 Thermal Gravimetric Analysis (TGA)

TGA involves the use of microbalance to monitor sample weight loss during thermal
processing under an inert gas flow (N, or He). When performed in conjunction with
differential scanning calorimetry (DSC) detailed information regarding the
thermodynamics of sample decomposition and phase changes can be obtained. DSC
measurements are typically performed by monitoring the heat flow to/from the sample
with reference to an empty sample holder. In this thesis, a Stanton Redcroft STA-780
series of thermal gravimetric instrument was used to monitor the changes to the mass of
SBA-15 when temperature rose to 1100 °C with heating rate of 10 °C/min under 20

ml/min flow of nitrogen.

2.2.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a technique that provides qualitative and
quantitative information about various components in the external surface layers (2 to
10 nm) of catalyst and is able to provide information about the chemical environment of
the studied sample. Furthermore, it can reveal the degree of oxidation or electronic state
of the various elements. Using this method all elements can be detected with the
exception of hydrogen and helium. In XPS analysis, the sample to be studied is exposed
to an X-ray photon beam. Usually, the Ko emission of Al (hv = 1486.6 eV) or Mg (hv =
1253.6 eV) are used.'' As a result of this impact, a photoelectron is ejected leaving

behind a core hole (see Scheme 2.2).

@ photoclectron
hv

\ ia.cuum

\K)nduction band
\

H
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2s Ly
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Scheme 2.2: Schematic diagram of the XPS process, showing photoionization of an atom by the ejection

of a 1s electron
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This creates an excited ionic state, which then relaxes into the final ground state as outer
electrons fill the core holes.'* The kinetic energy of ejected photoelectron is detected in
XPS. The measured kinetic energy Ej, is directly related to the electron binding energy,
Ep, of the various orbitals involved as shown in Equation 2.6 and it can be used to
identify the elements. The binding energy of a core electron is affected by chemical
bonding and changes in oxidation state of the atom which results in a chemical shift in
the detected photoelectron kinetic energy. In other words, if the positive charge on the
atom 1is increased through electron withdrawing species bound to the surface or

increased oxidation state, the binding energy of the core electron is also increased."

E, =hv— Ej Equation 2.6

hv is the energy of the incoming photon, Ep the initial binding energy. Once a
photoelectron has been emitted, the ionized atom must relax in some way. Relaxation of
the excited ionic state to fill the core hole can lead to two final states due to spin-orbit

coupling shown in Equation 2.7.

j=1l+s Equation 2.7

For one unpaired electron, s = +% and the orbital angular momentum 1 = 0, 1, 2, 3...
corresponding to s, p, d, f... orbitals. Hence for a state where 1 > 0 and there is one
unpaired electron, a doublet peak will be observed. For example, analysis of the Zr 3d

state will result in doublet peaks corresponding to 3ds,, and 3ds); states.

XPS is also a powerful tool for probing information about the film thickness of a
material. Here the relative angle between the emitted electrons and the analyser can play
a major role. As demonstrated by Figure 2.1, two spectra of an oxidised silicon wafer
are recorded at normal and grazing emission. Recording the spectra at normal emission,
keeps the analysis at its least surface sensitivity and probes the furthest into the bulk of
the sample. In this scenario, if the film is sufficiently thin, the signal will be aroused
from both sub-surface and surface Si atoms. Surface sensitivity can be enhanced by

recording spectra at greater grazing emission, therefore the emitted electrons from sub-
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surface Si have to travel a longer distance in order to emerge and thus the signal from

sub-surface Si atoms attenuated.'

e SIOQ;’ .............. Normal emission
—— 60° emission

(] Sampling depth

Si 2p Intensity

108 106 104 102 100 98
Binding energy / eV

Figure 2.1: Angular resolved XP spectra of an oxidised silicon wafer'

Calculation of thickness requires knowledge of film density, a parameter that may not
be constant across the film depth and may not be equal to known bulk values.
Moreover, the situation is complicated by the fact that not all electrons emitted by the
sample escape to be detected, but some can be inelastically scattered within the sample.
Thus, the probability of detecting an electron originating from a specific depth in the
sample falls off exponentially with depth."

The attenuation of the underlying silicon components could give an estimation of the

oxide film thickness (d) calculated from the following equation:

—-d
I; = Iyexp (Acose) Equation 2.8

where /; is the intensity of the underlying substrate signal, /, is the intensity of the clean
surface, 4 is the inelastic mean free path (IMFP) of the photoelectron and 0 is the angle

between the analyser and the surface normal, where 6 = 90° is normal to the surface.'*
15

Throughout this study XPS measurements were performed using a Kratos Axis HSi
photoelectron spectrometer equipped with a charge neutralizer and a Mg Ka X-ray
source (hv = 1253.6 eV) and monochromated Al Ka (kv = 1486.6 e¢V). Using Mg

source, high resolution spectra were recorded with analyser pass energy of 20 eV and
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and 80 eV for survey scans while for the monochromated Al source analyser pass
energy of 40 eV for high resolution and 160 eV for survey scans were employed. Also

X-ray power of 225 W was used.

2.2.7 Powder X-Ray Diffraction (XRD)

Powder X-Ray diffraction (XRD) is a rapid analytical technique primarily used for
phase identification of a crystalline material and can provide information on unit cell
dimensions. This technique is based on the fact that when x-rays interact with a
crystalline substance, a diffraction pattern can be obtained because of similarity in the
distance between atoms and X-ray wavelengths. According to Bragg’s law, the angle at
which the x-ray is diffracted is dependent on the wavelength of the x-ray beam and the
distance between lattice planes. This is mathematically explained by Bragg’s equation

(Equation 2.9)'°:
A = 2dsin6 Equation 2.9
Where 4 is the wavelength of the x-ray source, 0 is the diffraction angle and d is the

glancing angle between the incident X-ray and the lattice plane. A simple schematic of

the experimental setup for powder XRD is shown in Scheme 2.3.
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Scheme 2.3: Schematic setup of X-Ray Diffraction instrument'’

Because of complexity of XRD patterns, having it obtained, it should be compared with

a reference sample or database in order to identify the crystal phase. The volume-
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averaged sizes of the crystalline particles in a solid material can also be determined
for the most intense peaks in the patterns using the Scherrer formula (Equation
2.10)."% ¥ In this equation the width of an individual X-ray reflection is inversely

related to the size of the crystallites.

KA .
L= m Equatlon 2.10

Where L= crystallite size in A, K is a dimensionless shape factor, A= incident
wavelength in A, 6 = position of peak maximum in degrees and B(26) = peak full width
at half maximum (FWHM) in radians. Moreover, the Bragg’s law can be used to obtain

the lattice spacing of a particular cubic system through the following relation:

A (h2+k2+1?)
25in6

d= Equation 2.11

Where d is layer spacing, A is Wavelength of Cu K, radiation (0.1541nm), 4, k and [/ are
Miller indices and @ is diffraction angle. Upon calculation of layer spacing, the unit cell

size (or pore spacing) could be calculated using the following equation

__ 2d(100) .
a=—5 Equation 2.12

Furthermore, as it is illustrated in Scheme 2.4, if the pore diameter is measured (for
example, by means of N, porosimetry) the wall thickness could be calculated by

subtracting pore diameter from unit cell size.

Scheme 2.4: Schematic representation of cross sectional SBA-15 pore channels, layer spacing and unit
cell®

68



In this thesis, XRD patterns were recorded on a Panalytical X pert-Pro diffractometer
fitted with an X’celerator detector or Bruker d8 advance fitted with LYNXEYE multi-
channel detector; using Cu Ka (1.54 A) sources with a nickel filter, calibrated against Si
standards. The patterns were obtained by measuring the diffracted X-ray beam intensity
as a function of angle. Low angle patterns were recorded over a range of 26 = 0.45-8°
(step size 0.01°, time per step 0.6 s) and wide angle patterns over a range of 20 = 10-

80° (step size 0.02°, time per step 1 s).

2.2.8 Vibrational spectroscopy

2.2.8.1 Diffuse Reflection Infrared Fourier Transform

Spectroscopy (DRIFTS) and in situ pyridine chemisorption

Diffuse reflectance infra-red Fourier transform spectroscopy (DRIFTS) is a surface
sensitive infra-red spectroscopic technique. In DRIFTS, the infrared beam is focussed
onto the sample where it can interact with the material in several different ways. The
beam can be scattered or reflected from neighbouring particles in the sample, or
transmitted through particles, after which the beam can be scattered or reflected once
more. The absorption of infra-red radiation excites the vibrational modes of bonding
moieties in molecular species. IR radiation that is not absorbed by the sample reaches a

detector, and the functionalities in the sample can be identified.*’

Titration of the surface of catalyst with probe molecules is a powerful technique for
quantitative analysis of surface acidity (and basicity) of solid catalysts. NH3, pyridine,
CH;CN, NO or CO are the most well-known probe molecules for characterization of
nature of acid sites by DRIFTS. Among these probe molecules, pyridine has been
preferred as an IR probe molecule of finely divided metal oxide surfaces since it is (i)
more selective and stable than NHj; (i) much more strongly adsorbed than CO and

CH;CN; and (iii) relatively more sensitive to the strength of Lewis acid sites than NO.**
23

DRIFT spectra were obtained using a Nicolet Avatar 370 MCT with Smart Collector
accessory, mid/near infrared source and mercury cadmium telluride (MCT-A) photon
detector at -196 °C (liquid N;). Samples were diluted with KBr powder (10 wt% in

KBr) for analysis then loaded into an environmental cell and subjected to additional
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drying under vacuum at 110 °C for 10 min prior to measurements to remove moisture
physisorbed during air exposure. Samples were scanned between 4000 and 650 cm™ in
vacuo at a resolution of 4 cm™. In situ pyridine adsorption was performed by exposure
of samples to pyridine vapour in a desiccator overnight. Excess physisorbed pyridine
was removed in a vacuum oven prior to sample loading in the environmental cell, with

spectra recorded at 25 °C in vacuo.

2.2.8.2 Raman spectroscopy

On a similar basis to DRIFTS, Raman spectroscopy provides a means of
crystallography. In Raman spectroscopy, an electron is excited to a virtual state by the
incident photon, and relaxes to a vibrationally excited state, resulting in an overall
process equivalent to direct excitation to the final state via IR.® In the present work,
Raman spectra were obtained on a Renishaw Ramascope fitted with a 785 and 514 nm
lasers. The spectra were recorded in the range of 0—1350 cm ' using 514 nm source, 5x

lens, 2 second exposure time, 100 accumulation and 100 % laser power.

2.2.9 Measurement of acidity and basicity by

microcalorimetry and TPD

Many techniques have been reported for the measurement of acid-base properties;
adsorption microcalorimetry is particularly valued for giving an explicit description of
the strength, number and distribution of sites and by selection of the adsorbing gas,

. g - - 24,25
acidic or basic properties can be measured.”

In this work, measurements of enthalpy of adsorption and acid and base sites content of
SZ/SBA-15 materials and also enthalpy of adsorption and acid site loading of bulk SZ
catalysts were carried out by Dr Marta Granollers at the University of Huddersfield via
flow adsorption calorimetry of NH; followed by Temperature Programmed Desorption
(TPD) on a Setaram DSC111 system connected to gas flow and switching systems.
However, for studying the basicity of SBA-15 supported sulphated zirconia catalysts,
SO, was used as probe molecule. Samples were outgassed at 450 °C under flowing N,
(10 ml min™") for 2 h prior to pulse titration at 150 °C. Gas flow rates were controlled
by automated mass flow controllers. The sample (15-25 mg) was held on a glass frit in a

vertical silica glass sample tube in the calorimeter. A steady 10 ml min" flow of N, was
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maintained across the sample for 3 h at 150 °C to effect activation. A sequence of 10
probe gas pulses (1% of probe gas in N,) were delivered to the carrier gas stream from a
2 ml sample loop for NHj using a two position Valco valve with an automated micro-
electric actuator. Heat output associated with interaction between the probe gas and the
sample was detected by DSC, and the concentration of the probe molecules in the gas
flow downstream of the DSC was measured with a HPR 20 Hiden MS gas analyzer via
a heated capillary at 175 °C. A pulse delay of 90 min for NH3; was employed to allow
reversibly adsorbed probe gas to desorb back into the pure N, stream and/or redistribute
on the sample, and for baselines to stabilize. To complement the calorimetry data, after
adsorption of ammonia/SO,, temperature programmed desorption (TPD) was carried
out. TPD consisted in increasing the temperature from 150 °C to 400 °C at 5 °C min™'
followed by a hold of 1 h at 400 °C. The amount of ammonia/SO, desorbed from the
samples was then determined by comparing MS signal of the TPD experiment with a
signal recorded during a control experiment by passing a calibrated pulse through a

blank sample tube.

Base site titration of bulk sulphated zirconia samples (SZ) was performed on a
Quantachrome Chembet 3000 and analysis using TPRWin software by outgassing
approximately 50 mg of the sample at 100 °C for 2 h followed by pulsing 50 uL doses
of carbon dioxide onto the sample at 40 °C until achieving total saturation of the
available basic sites. Complete base-site titration was determined by monitoring the
carbon dioxide level in the gas stream after passing through the sample until the size of
three consecutive pulses were the same, indicating the surface of sample is saturated
with CO; and no more carbon dioxide was being chemisorbed. TPD of the carbon
dioxide saturated samples was subsequently performed on the same instrument by
heating the titrated samples under flowing helium gas at 5 °C/min to the required
temperature. On heating the sample, carbon dioxide adsorbed on the surface desorbs and
flows to the detector. The temperature at which desorption occurs is related to the

strength of carbon dioxide adsorption and, therefore, surface base site strength.
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2.3 Catalytic testing
2.3.1 Dehydration of saccharides

Initial kinetic studies of glucose, fructose and xylose conversion were conducted on a
Radleys Starfish carousel under stirred batch conditions at 100 °C to facilitate detailed
reaction profiling and minimise side reactions. Reactions were performed using 0.1 g
reactant, 0.1 g catalyst, and 20 ml deionised water. Samples were withdrawn
periodically and filtered prior to analysis on an Agilent 1200 series HPLC equipped
with RI and diode array detectors and a Hi-Plex H column for analysis. A 5 mM
aqueous solution of sulphuric acid was used as the eluent phase, with a flow rate of 0.6
ml min" and 65 °C column temperature. Product yields were calculated from response
factors determined from multi-point calibration curves. List of compounds that the
HPLC was calibrated for and their response factors are given in Table 2.1 and 2.2. Also
a representation of typical HPLC chromatograms from glucose and fructose dehydration

are demonstrated in Figure 2.2 and the calibration curves are shown on Figure 2.3.

Table 2.1: List of compounds detected by refractive index detector on HPLC

Compound Detector Retention time Response factor
min M (nRIU.s)"
Cellobiose RI 9.1 3.537E-08
Glucose (Low concentration) RI 10.9 6.765E-08
Glucose (High concentration) RI 10.9 6.739E-08
Xylose RI 11.5 8.323E-08
Fructose RI 11.6 7.006E-08
Xylulose RI 12.0 7.011E-08
Lyxose RI 12.0 8.675E-08
AHG RI 14.1 8.503E-08
Formic acid RI 15.9 7.157E-07
Acetic acid RI 17.4 4.485E-07
Dimethyl sulfoxide RI 30.0 -
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Table 2.2: List of compounds detected by diode array detector on HPLC

Compound Detector Retention time Response factor
min M (mAU.s)"
Xylulose DA 11.8 1.598E-04
Levulinic acid DA 18.3 1.821E-04
HMF DA 34.8 1.333E-07
Furfural DA 52.9 1.705E-07
e Glucose
- t=10.9 min
- DMSO
r2500-| t =30 min
=c::. | Fructose }
: {t=11.6 min \l
m | I
o —t] A =
‘ |
o 7 25 2 ‘: HMFm i =
| |‘1| t=34.8min
|
\
30 | |
\
| |
= | Furfural
| j t=52.9 min

Figure 2.2: A sample of typical HPLC chromatograms dehydration of glucoée in water fro;;l (top) RI
detector and (bottom) DA detector

Furthermore, yields and selectivity were calculated on a carbon basis as below:

Yield [0/ ] moles of carbon in product
0 =

x 100 Equation 2.13

moles of carbon inreactant at t=0

yield

Selectivity [%] = %X 100 Equation 2.14

reactant conversion

Carbon balance is calculated based on moles of carbon in the identified products,

relative to moles of carbon atoms in the glucose converted.

Cout [%] _ Y(Moles of C in products and remaining reactant )

x 100 Equation 2.15

Cin Moles of Cinreactant at t=0

73



0.025

0.02 y =3.537E-08x
s R =9.999E-01
E0015
E
|
3 001
=
(=3
9]
0.005
0
0 200000 400000 600000
Area / nRIU.s
Cellobiose
0.025
y = 8.503E-08x
0.02 R® = 1.000E+00
=
50015 -
£
=
3 001
=]
=]
o]
0.005
0
0 100000 200000 300000
Area / nRIU.s
Anhydroglucose (AHG)

0.025

S
=y
5

0.015

Concentration / M
)
S

2
=3
S
b

y =6.765E-08x
R2=1.000E+00

100000 200000
Area / nRIU.s

300000

Glucose (Low concentration)

0.03

0.025

e
=y
5

0.015

Concentration / M

0.01

0.005

Figure 2.3: Calibration of reactants and potential products detected by Refractive Index detector on HPLC

y=T7.157E-07x
R?=9.999E-01

10000 20000 30000
Area/nRIU.s

40000

Formic acid

S
2N

4
@

y = 6.739E-08x
R? = 9.998E-01

o
=

Concentration / M
s o
[

S

0 2000000 4000000 6000000 8000000

Area /nRIU.s

Glucose (high concentration)

0.025
0.02 y =4.485E-07x
R2=9.999E-01
=
<
_§ 0.015
E
=
S o001
=
i=}
&}
0.005
0
0 20000 40000 60000
Area / nRIU.s

Acetic acid

e =4 =4
=3 =3 >
E S x

=4
S
53

Concentration / M
)
>
3

0.01

0.009
0.008
0.007

Z 0.006

=

-2 0.005

E

5 0.004
 0.003

]

0.002
0.001

y =8.323E-08x
R2=1.000E+00

200000 400000
Area /nRIU.s

Xylose

600000

y=7.011E-08x
R? = 1.000E+00

40000 80000
Area /nRIU.s

Xylulose

120000

Concentration / M
)
2

0.012

0.01

0.008

0.006

Concentration / M

=
=3
S
T

0.002

y =7.006E-08x
R?=1.000E+00

200000 400000 600000 800000
Area / nRIU.s
Fructose
y = 8.675E-08x
R? = 1.000E+00
40000 80000 120000

Area/nRIU.s

Lyxose

74



Rate of reactions were determined from the initial linear portion of the profile of
conversion (t < 3 h). Turnover frequency (TOF) was obtained by normalizing the rate of
reaction with the mass of catalyst as well as the acid site concentration determined from
NH; TPD. Similarly rate of formation of HMF was measured. However, usually TOF is
defined as reactant molecules converted per active site per unit time, HMF TOF is a
representation of HMF formation rate normalized with mass of catalyst and acid site

concentration.

2.3.1.1 Leaching test

Leaching tests on the samples were performed in a stirred Radley’s batch reactor in
order to determine the extent of homogeneous reaction occurring during the dehydration
of fructose. The reactors (glass round bottom flasks) were charged with 0.1 g fructose
and 20 ml deionized water and then heated to 100 °C. Subsequently, 0.1 g of catalyst
was added to the mixture and stirring was started. After 1 h the solutions were filtered
hot and the leachate was returned to a clean reactor and non-catalytic reaction was
continued for 5 h under stirring at 100 °C. Samples of the reaction mixture were taken at
time zero (at room temperature and before adding the catalyst), before and after

filtration and also at the end of the test and then analysed on HPLC.

2.3.1.2 Recyclability test

Catalyst recyclability was assessed for 2 consecutive reactions. After 6 h (and 24 h in
case of bulk SZ catalyst) glucose dehydration reaction, the catalyst was recovered by
filtration and then reactivated by calcination at 550 °C for 3 h in static air. The first
reaction was conducted using the standard protocol (0.1 g glucose, 0.1 catalyst and 20
ml water). Due to loss of material during catalyst recovery, the 2" reaction was carried
out on half normal scale using 0.05 g glucose, 0.05 g recovered catalyst and 10 ml

deionized water.

2.3.1.3 Hydrothermal stability test

To examine the hydrothermal stability of SBA-15 and Zr grafted SBA-15 a Parr
compact reactor 5513 model was used. The reactor was charged with 30 ml deionized
water and 0.1 g catalyst. Then, it was sealed and heated to 170 °C and kept under

vigorous stirring for 6 h. Following reaching the set point temperature, ~7 bar self-
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generated pressure was observed on the pressure gauge. Upon the completion of the
test, the reactor was cooled down to the room temperature and the catalyst was
recovered by filtration and then dried at 80 °C overnight and subsequently its textural

properties was analysed by N, porosimetry and XRD.

2.3.2 Esterification of free fatty acids
2.3.2.1 Studying the effect of FFA alkyl chain length and alcohol
type

Esterification reactions were performed using a Radleys Carousel Reactor Station at
atmospheric pressure. 6.25 cm’ alcohol (methanol, ethanol, 1-propanol or 1-butanol), 5
mmol of propionic (C;), hexanoic (Cg), lauric (Cj,) or palmitic (Cj6) acid, and 1.25
mmol of dihexylether (as an internal standard) were added to a sealed glass reactor tube
under stirring at 60 °C. 0.025 g of catalyst was subsequently introduced, and aliquots of
the reaction mixture periodically withdrawn and filtered and diluted with
dichloromethane for analysis on a GC. C; and Cg acid esterification was monitored
using a Varian 450-GC equipped with a Phenomenex ZB-5HT Inferno 15 m x 0.32 mm
x 0.10 wm while analysis of reaction products from lauric and palmitic acid
esterification employed a 1079 programmable, direct on-column injector and
Phenomenex ZB-1HT Inferno 15 m X 0.53 mm X 0.15 pm capillary column. All
catalytic profiles are an average of 3 injections per sample. Throughout this thesis, when
talking about esterification reaction, conversion refers to conversion of the free fatty
acid and not the alcohol. Initial rates were calculated over the first three hours of
reaction, wherein conversion profile was linear (Figure 2.4). Turnover frequencies
(TOF) were determined from the initial reaction rate which was normalized to the acid

site concentration determined from NHj titrations.
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Figure 2.4: Linear portion of a reaction profile for esterification of propionic acid with methanol over
SZ/SBA-15 0.25M for the calculation of initial activity

2.3.2.2 Leaching test

To assess the level of homogeneous catalysis contribution due to potential leaching of
sulphur species from bulk SZ and SBA-15 supported materials into reaction mixture,
two separate experiments were conducted. The experiments were started following the
normal esterification reaction protocol (5 mmol propionic acid, 6.25 ml methanol, 25
mg catalyst, 60 °C). After an hour the reaction mixture hot filtered and the reaction was

continued in absence of catalyst for 23 h.
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2.4 List of chemicals

All chemical compounds that were used throughout this project are listed in Table 2.3

along with the purity of them and the name of suppliers.

Table 2.3: List of chemicals, their purity and the suppliers

Compound Purity Supplier
1,6-Anhydro-B-D-glucose 99% Sigma-Aldrich
1-Butanol >99.4% Sigma-Aldrich
1-Propanol >99% Fisher

Acetic acid >99.7% Sigma-Aldrich
D-Cellobiose >98% Sigma-Aldrich
D-Fructose >99% Sigma-Aldrich
D-Glucose >99.5% Sigma-Aldrich
Dichloromethane >99.8% Fisher
Dihexyl ether 97% Sigma-Aldrich
Dimethyl sulfoxide 99.7% Sigma-Aldrich
D-Lyxose >99% Carbosynth
D-Xylose >99% Sigma-Aldrich
D-Xylulose >98% Carbosynth
Ethanol >99.8% Fisher

Formic acid >95% Sigma-Aldrich
Furfural 99% Sigma-Aldrich
HCI 35% in water Scharlau
Hexane (anhydrous) 95% Sigma-Aldrich
Hexane fraction from petroleum Fisher
Hexanoic acid >99.5% Sigma-Aldrich
Hydroxymethylfurfural >99% Sigma-Aldrich
Lauric acid >98% Sigma-Aldrich
Levulinic acid >97% Sigma-Aldrich
Methanol >99.8% Fisher
Palmitic acid >99% Sigma-Aldrich
Poly(ethylene glycol)-block-

poly(propylene glycol)-block- Sigma-Aldrich
poly(ethylene glycol)

Propionic acid >99.5% Sigma-Aldrich
Sulfuric acid Sigma-Aldrich
Tetraethyl orthosilicate (TEOS) 98% Sigma-Aldrich

Zirconium(I'V) propoxide solution

Zr(OH),

70 wt % in 1-propanol

Sigma-Aldrich
MEL chemicals
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Chapter 3

Bifunctional SO,*/ZrO, catalysts for production
of platform chemicals from biomass-derived

sugars



3.1 Introduction

3.1.1 Sulphated zirconia

Zirconium oxide, ZrO,, is a very interesting material for catalytic applications because
of its thermal and hydrothermal stability and excellent mechanical properties. Moreover,
zirconium oxide is claimed to be the only catalyst whose surface possesses four
chemical properties: acidic, basic, oxidizing and reducing properties.' In the early
eighties, it was discovered that when ZrO, was sulphated with either sulphuric acid or
ammonium sulphate and subsequently calcined, a remarkable increase in the surface
acidity and catalytic activity for carbenium ion reactions occurred.” Since then,
sulphated zirconia (SZ) has been employed in a wide range of industrial processes such
as Friedel-Crafts alkylation, acylation, condensation, esterification, etherification,
isomerization, nitration, cracking, dehydration, oligomerization, etc. The application of
SZ as a catalyst for these reactions is not only industrially important, but is also of
academic interest because the exact functioning of this catalyst is yet to be fully

understood.’

3.1.1.1 Crystallinity

The zirconia crystal structure itself may play an important role in determining the final
reactivity of SZs. Crystalline SZs are highly active, whereas amorphous forms are
essentially inactive, hence controlling the crystallisation process via calcination is an
important step in regulating the catalytic activity. A number of parameters have been
identified as central to the generation of strong acid sites®, specifically that zirconia
should be in tetragonal phase, the sulphate loading should be sufficient to complete a

monolayer, and the calcination temperature should lie between 550 and 700 °C.

It appears that one of the key points related to SZ is the amount of tetragonal-phase
zirconia in the sulphated zirconia™ ®, (Scheme 3.1) as the catalytic activity is higher
when the amount of tetragonal phase is larger.” ® This tetragonal phase appears to be
stabilized by the sulphate groups on the surface which prevent sintering of the zirconia
framework.”® This also results in an increase in surface area of the sulphated material.
The reason for this could be that the tetragonal phase has a higher content of
nonbridging surface hydroxyl groups than the monoclinic phase and this seems to be a

. . . . 9
crucial factor for producing active materials.
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Scheme 3.1: Structure of tetragonal (left) and monoclinic (right) zirconia crystal'

Pure zirconia exhibits a number of polymorphs, crystallising in tetragonal form at 500
°C and transforming to the monoclinic form at higher temperatures, with 100%
transformation at ~900 °C. The strong acid properties of SZ are formed following
sulphate adsorption onto amorphous zirconia, and subsequent calcination in air to
convert them into crystalline forms'', i.e. via the interaction between the oxide surface
and the sulphate ions.'” Sulphate addition retards the tetragonal crystallisation of
amorphous zirconia, and the subsequent tetragonal to monoclinic phase
transformation'> '*: SZ remains purely tetragonal after calcination at 700 °C following
thermal degradation of the sulphate groups whereas zirconia presents a mixture of

tetragonal and monoclinic phases at this temperature.

3.1.12  Acidity

There is much debate over the acid strength of SZ, with some studies using Hammett
indicators revealing materials with Hy values of -16 (c.f. Hy = -12 for 100% H,SOy)
leading to claims they are ‘super-acidic’. However, this finding has been queried by
some researchers who suggest that the Hammett titration method is not suitable for solid

.18 15
acids™

and that theoretical calculations, UV, in situ NMR and H/D exchange
experiments indicate SZ in fact only possesses acidity comparable to sulphuric acid. A
better means of evaluating the strength of solid acids is to study their efficiency in the
isomerization of linear small alkanes (usually n-butane). SZ is remarkable in effecting
the isomerization of n-butane at room temperature, revealing its true superacidic nature.

In general, superacidity of SZ is attributed to the Lewis acid sites which predominate at

high temperatures or under anhydrous/apolar reaction conditions.

83



3.1.1.3 Active phase

The actual nature of the catalytic centres, as well as the mechanism through which the
catalytic centers are produced, is still the subject of debate.'® It is a general consensus
that properly activated sulphated metal oxides contain both Brensted and Lewis acid
sites. Discrepancies can be found regarding the predominant role played by a particular
site or even by the coupled Bronsted plus Lewis sites with respect to the final activity
showed by these materials.” '"** As an example, for models showing the possibilities of
sulphated zirconia acting as a Brensted acid, Lewis acid and Brensted plus Lewis acid®

see Figure 3.1.
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Figure 3.1: Acid sites on sulphated zirconia. (a) Brensted, (b) Lewis and (c) Brensted plus Lewis sites.

The S=0 double bond nature in the sulphate complex is much stronger than that of a
simple metal sulphate; thus, the Lewis acid strength of Zr*" becomes remarkably greater
by the inductive effect of S=O in the complex, as illustrated by arrows. (Figure 3.2) In
the presence of water, the Lewis acid sites are converted to Bronsted acid sites via
proton transfer. By means of CO adsorption, the analogous model was proposed by
Bolis et al., but in their case H,O dissociates on sites involving strongly acidic Zr*"
cations, next to a sulphate group; an interaction gives rise to a bridged OH group and to

a protonated sulphate.’
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A number of other studies attempted to determine the nature of acid sites in the catalyst.

24, 25
Tanabe and co-workers™”

proposed one of the most widely accepted models of the
surface, wherein the sulphate bridges across two zirconium atoms (Figure 3.2). This
model accounts for the formation of Brensted sites as a result of adsorbed water
molecules, acting as weak Lewis base on the Lewis acid site, which is verified by IR

26-28 However, in the Arata and Hino model the

studies and finds widespread support.
formation of Lewis-type sites is solely attributed to the highly covalent character of the

adsorbed sulphate, with the Bronsted sites arising due to residual amounts of water.”’

- Oﬁxsa:»o
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H™ N ,40 O%ZTJF
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Figure 3.2: Model of SZ surface proposed by Tanabe and co-workers**

This model (Figure 3.2), a chelating bidentate, was also proposed by Ward and Ko, but
in this case a hydroxyl group is bonded to a Zr atom adjacent to the Zr chelated with a
sulphate species; thus, the proton is strengthened by the electron inductive effect of two
S=0 bonds in the sulphate group."> Morrow and co-workers showed a structure, in the
experiment of '®O exchange using H,'®O in addition to IR analysis, in which three
oxygens of the sulphate are bonded to Zr elements in a tridentate form, whereas in the
presence of H,O the sulphate species is converted to a bridged bidentate sulphate,
accounting for the Bronsted acidity.”” They also proposed the formation of a
polysulphate structure with a high sulphate loading.*® This polysulphate structure was
supported by Morterra et al. using IR data of adsorbed pyridine. A monodentate
structural model, which contains a bisulphate group, has been proposed by several

222 The bisulphate OH group is hydrogen-bonded to an oxygen atom on the

workers.
surface of zirconia. A similar model was, recently, pointed out for the surface of
sulphated alumina on the basis of NMR studies.”? Another bisulphate structure was
proposed by Riemer et al. using NMR and Raman spectroscopies in which two oxygens
are bonded to Zr atoms in a bridged bidentate state.” The strong Bronsted acidity based

on the OH group originates from the electron withdrawing effect of neighboring Zr
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ions. The same model was also proposed by Lunsford and Clearfield, who suggested

that electrons are withdrawn through S—OH to adjacent Zr.****

A similar scheme to describe Bronsted acid site generation was proposed by Kustov et
al.?, wherein bisulphate anions substitute for terminal ZrOH species thereby enhancing
the acid strength of the remaining bridging ZrOH groups. In both ionic and covalent
models it is evident that Lewis and Brensted acid sites are readily interchangeable

'-3% This is important since the

following the adsorption/desorption of water molecules.
catalytic activity of SZ depends not only on the total acid strength but also on the ratio

of Bronsted: Lewis sites.>’

Models in which SO; species are coordinated with zirconia are also proposed. The
model of Vedrine and co-workers*® suggests coordination of the SO; sulfur with lone
pairs of the zirconia oxygen in addition to one of the SO3; oxygens with a Zr while
White ez al."® showed that two of the SO; oxygens coordinate with surface zirconium
atoms, leaving a single S=O moiety. A species of thionyl tetraoxide with four oxygens
bonded to zirconia together with a single S=O is represented when loaded with a low

sulphate.”’

The addition of water causes the coordination bonds to break and brings about
formation of Brensted acid sites which strengthen Lewis acid sites, as shown in Figure
3.3 as an example.”® Many research groups report the simultaneous existence of
Brensted and Lewis acid sites or the reversible transformation between Brensted and
Lewis acidity upon hydration or dehydration.'* ** 3* Fraenkel suggested that sulphated
zirconia with an effective superacid should contain a critical amount of moisture.*
Several workers suggest that the strong acidity originates from the presence of both

Lewis and Broensted sites.
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Figure 3.3: A mono-sulphate structure proposed by Arata el al.”®
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3.1.2 Application of SZ catalyst in HMF production

The amphoteric properties of zirconia make it an attractive catalytic material to employ
in glucose dehydration to HMF since the presence of a bi-functional catalyst is
essential.** *! Indeed zirconia has been reported as a catalyst for the isomerisation of
glucose to fructose at 200 °C,** while sulphated zirconia (SZ) is also an attractive strong
solid acid catalyst. Initial reports relating to the performance of SZ in aqueous phase
catalysis were somewhat disappointing, because of the instability of SZ under high
temperature hydrothermal conditions. This instability was most likely associated with
dissolution of multilayer sulphate species present at the high S contents employed.** **
The potential for tuning the acid strength in SO4/ZrO, and thereby imparting bi-
functionality at low sulphate contents for glucose conversion has been neglected to date.
Previous works showed that the acid strength of SZ can be readily tuned to direct
selectivity in liquid phase terpene isomerisation.*> Thus it is hypothesised that judicious
control over sulfur loading content may enable predictable tuning of the one-pot
conversion of glucose to HMF, by optimising the relative surface coverage of sulphate
acid and ZrO; base sites arising from the parent support. This chapter demonstrates that
systematic control over the Lewis/Bronsted acid and base properties of SZ enables the
telescopic isomerisation of glucose to fructose, and subsequent fructose dehydration to

HMF in aqueous media by employing a single bi-functional heterogeneous catalyst.

3.2 Results and discussion

3.2.1 Catalyst characterisation

Bifunctional SZ catalysts require surface sulfation of the Zr(OH), precursor within the
monolayer (ML) regime, and concomitant retention of a high accessible surface area.
The impact of surface functionalization with sulphate groups upon the physico-chemical
properties of calcined Zr(OH); has been systematically investigated by means of

different characterization techniques as well as chemical probes.

3.2.1.1 Surface and bulk elemental analysis
The impact of zirconium hydroxide impregnation by 0.01-0.5 M H,SO,4 was probed by
XPS and EDX to determine the SO4 saturation monolayer coverage. Figure 3.4 shows

that increasing the concentration of the impregnating acid solution results in a steep
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initial rise in both surface and bulk S content, which subsequently plateau at ~5 and 3

wt% sulphur respectively.

® Surface S (XPS)
A Bulk S (EDX)

(®,4) Sulfur content / wt%

0 0.1 02 03 04 05
H,SO, concentration/ M

Figure 3.4: Dependence of SZ surface and bulk sulfur content upon [H,SO,]

The transition between these regimes occurs at [HSO4] > 0.25 M, indicative of a
saturated sulphate monolayer. The surface S content is consistently higher than that of
the bulk, confirming localisation of SO, species at the Zr(OH)4 surface. Defining the
sulphate saturated monolayer point as 5 wt% S enables a sulphate calibration scale to be

constructed for all SZ materials as implemented in Table 3.1.

Table 3.1: Calibration of surface sulphate coverage for SZ catalysts

H,S0O, concentration Bulk content® Surface content® SO, coverage®
M wt% wt% ML
Zr (0) S Zr (0] S

Zr(OH), 58.8 41.2 0.0 72.7 27.3 0.0 0.0
0.010 62.3 37.6 0.1 67.6 31.7 0.73 0.1
0.015 60.2 39.5 0.3 63.2 35.8 0.99 0.2
0.020 59.7 39.8 0.4 68.5 29.9 1.53 0.3
0.025 63.1 36.6 0.5 66.3 31.7 2.04 0.4
0.050 61.4 37.5 1.1 65.1 31.6 3.26 0.6
0.075 59.0 39.4 1.7 58.6 38.0 3.43 0.7
0.1 58.5 39.2 2.3 57.7 383 4.05 0.8
0.25 56.5 40.6 2.9 58.0 36.9 5.09 1.0
0.5 55.2 41.2 3.6 58.6 35.9 5.51 1.1

From “EDX; bXPS; “Assuming 1 ML corresponds to 5 wt% surface S content
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3.2.1.2 N, porosimetry

Porosimetry data (Figure 3.5) reveal all samples in the series exhibit a type IV isotherm
with hysteresis loops indicative of bottle-necked mesopores. Corresponding BET
surface areas increase with SO4 coverage up to the monolayer point (Table 3.2), with a
subsequent decrease suggesting some structural collapse for the highest loading, e.g.
formation of amorphous zirconium sulphate. Such surface area enhancements have been
previously reported for SZ materials, wherein sulfation is reported to inhibit bulk
crystallisation of the parent Zr(OH)s during calcination.® A shift in the hysteresis loop
from P/Py = 0.6-0.8 to 0.4-0.6 with increasing S content reflects a decrease in the mean
mesopore diameter in the BJH pore size distribution shown in Figure 3.6 which falls
from 5 nm for the unsulphated calcined Zr(OH)4 to 3.5 nm for samples impregnated
with 0.01-0.025 M H,SO4. This mesoporosity probably arises from interparticle voids
between sulphate-functionalised ZrO, crystallites. Higher acid loadings induce
additional microporosity, which is attributed to contraction of these interparticle voids
as a result of more uniform crystallite packing as supported by XRD (see section
3.2.1.5), with [H,SO4] > 0.5M eliminating this microporosity and suppressing

mesoporosity, consistent with bulk sulfation.
SO, surface densities were calculated for comparison with literature, and are in good
agreement with those of Morterra*®, who determined a monolayer coverage of ~4 SOy

per nm?. (Table 3.2)

Table 3.2: Physical properties of SZ as a function of SO, coverage

SO, coverage® Surface area” SO, density"

ML m’g’ nm™
0.0 93 0

0.1 143 0.10
0.2 142 0.35
0.3 169 0.40
0.4 175 0.55
0.6 189 1.10
0.7 175 1.79
0.8 203 2.09
1.0 194 2.83
1.1 118 5.66

*Assuming 1 ML corresponds to 5 wt% surface S content; From "BET; “using S content from EDX
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Figure 3.6: BJH pore size distributions for the calcined SZ catalyst series prepared from impregnation of

Zr(OH)4 with 0.01-0.5M H,SO, as a function of surface sulphur content

3.2.1.3 X-Ray Photoelectron Spectroscopy

The nature of the surface environment within the sulphated zirconia series of catalysts
were explored by XPS. Figure 3.7 shows a regular Zr 3d poorly resolved doublet with
binding energies (181.9, 184.3 eV) in agreement with literature data for Zr IV in
7r0,.*" *® Sulphation resulted in a slight Zr peak shift up to 0.7 eV to higher binding
energy, suggesting the direct coordination of zirconium atoms to strongly electron-

withdrawing SOy centres.*’

Figure 3.8 shows that the oxygen 1s spectrum for calcined, unsulphated zirconia
comprises a single dominant peak at ~529.6 eV consistent with literature.*® *
Sulphation resulted in the gradual attenuation of this principal zirconia state and
concomitant growth of a new high-binding-energy feature at ~532.2 eV. The separation
of these oxygen states (~1.7 eV) is independent of sulphur loading, indicating the
formation of a common (higher sulphoxy’) surface species for all materials. These
observations are supported by the sulphur 2p spectra (Figure 3.9), which exhibit a
single broad state between 168-172 eV for all SZ samples, consistent with a unique SO4
environment™” °! In the low coverage regime (6SO4 < 0.5 ML), this sulphate species
shifts from 168.5 to 169 eV and broadens with increasing surface sulfation. These
concomitant changes indicate the genesis of multiple, co-existing SOy species as surface

sulfation progresses, probably associated with a change in coordination geometry from
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bidentate to monodentate® and diminishing charge withdrawal from the zirconia due to

lateral interactions.
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SO, /ML
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Figure 3.7: Zr 3d XP spectra of sulphated Zr(OH), as a function of SO, coverage
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Figure 3.8: O 1s XP spectra of sulphated Zr(OH), as a function of SO, coverage
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Figure 3.9: S 2p XP spectra of sulphated Zr(OH), as a function of SO4 coverage
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3.2.14 In situ Diffuse Reflectance Infrared Fourier Transform

The presence of multiple SO4>~ species is supported by DRIFTS measurements shown
in Figure 3.10, which show the progressive evolution of surface sulphoxy modes with
increasing acid site loading. Vibrational bands are observed attributable to v, (S—-O) at
1010, v, (S—0) at 1130, v, (S=0) at 1260 and v (S=0) at 1362 cm ', consistent with
bidentate or tridentate SO4*,**>* which grow monotonically with sulphate coverage up
to 0.5 ML. The high v, (S=0) frequency indicates a highly covalent sulphate species,
as reported by Morterra ef al. for dehydrated samples measured in vacuo.*® *° Peak
broadening and poorer spectral resolution at higher coverage is attributable to the
presence of multiple sulphate species as the monolayer is saturated.”* °* °" The

transition between isolated and polynuclear sulphate species is in good agreement with

that reported by Bensitel’® and Morterra* at SO4 loadings >1.5 nm .

MAB C D SO/ML
M\\ﬂ/\ 1.1
’\/\,\s\/\‘/\-/\ 0.8
8 /\“’M\\/ 0.7
§ /NN\/»/“\“’“\/ 0.6
£
§ j/j\f/\m\“m 0.4
= N
W(\/’\%ﬁ 02
N /M%“\M“\ 0.1
\\ ;

1700 1500 1300 1100 900 700
Wavenumber/ cm!

Figure 3.10: DRIFTS spectra of impregnated sulphated zirconia as a function of bulk S content (spectra

recorded in situ at 200°C in vacuo).
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3.2.1.5 Powder X-ray Diffraction

The formation of crystalline species in calcined SZ samples was explored using powder
XRD, Figure 3.11. The calcined and sulphur-free sample exhibited reflections arising
from both monoclinic>® (20= 24.7°, 28.4°, 31.6°) and ‘[etragonal59 (26= 30.3°, 35.3°,
50.7°, 59.9°, 60.6°and 63.5°) ZrO, phases. The tetragonal phase progressively increases
with surface coverage, becoming the dominant phase for 0.6 ML SO,*". A loss of
crystallinity observed at higher S contents, is most likely due to the formation of an
amorphous bulk Zr(SO4), species.”’ Based on Scherrer equation (See Chapter 2), the
monoclinic crystallite size in the pure zirconia sample is calculated to be 9.2 nm.
However, due to complexity of the diffraction pattern it is not possible to obtain a
reliable value for tetragonal crystallite size in this sample. The largest tetragonal crystal

size of 6.7 nm was calculated for the SZ sample with 0.6 ML surface sulphate coverage.

SO4/ML

M
M

0.2
0.3

0.4

Intensity

20/°

Figure 3.11: Powder XRD analysis of impregnated sulphated zirconia catalysts showing the evolution of

monoclinic (m) and tetragonal (17) phases as the bulk S content increases

3.2.1.6 Raman spectroscopy

Raman spectroscopy allows the clear discrimination of the monoclinic and tetragonal
phases of ZrO, (Figure 3.12), and is in accordance with the powder XRD. Decreases in
band intensity at 180, 307, 337, 381, 476 and 618 cm ! for ZrO, are assigned to the
monoclinic phase, while bands evolving at 148, 271, 320, 456 and 645 cm ! with
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increasing 0SO, are attributable to the tetragonal phase.®’ High sulphate loadings
degrade spectral resolution, resulting in poorer discrimination between the monoclinic
and tetragonal modes as the monolayer point is reached, reflecting the surface
sensitivity of Raman®”, while new features emerge ~1000 cm ' characteristic of surface
sulphate species (Figure 3.13). At low SO, loadings a single peak at 997 cm ' is
observed, with a second feature emerging at 1029 cm ' which grows continuously
above 0.2 ML to form a broad feature upon completion of the monolayer. This intense
feature is attributed to the symmetric sulphate stretching mode, with peak-splitting
suggesting a change in sulphate geometry. This transition in the Raman spectra occurs
at 6SO4 between 0.2 to 0.4 ML, precisely the point at which the tetragonal phase of
ZrO,; becomes stabilised. Hence, tentatively the 997 cm ! and 1029 cm ! Raman
features are assigned to SO, coordinated to monoclinic and tetragonal surface sites

respectively.

Intensity

0.4
0.3

0.1

ER EEE B H EHE ENR 0

125 225 325 425 525 625 725 825
Raman shift / cm!

Figure 3.12: Raman spectra of impregnated SZ catalysts showing the evolution of monoclinic (M) and

tetragonal (1) phases with bulk S content.
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Figure 3.13: Raman of SZ catalyst series prepared showing evolution of symmetric stretching mode of
sulphate with coverage. Splitting of peaks is attributed to a transition from SO,4 coordinated on

monoclinic and tetragonal phases of ZrO,

3.2.1.7 Acid and base sites measurements

Calculations show that ZrO, exhibits basic properties54; hence CO, titrations were
employed to map the base site density as a function of sulphate loading. Figure 3.14
shows that the calcined parent Zr(OH)4, and submonolayer sulphated zirconia materials,
possess appreciable base site densities, albeit significantly lower than the corresponding
acid site loadings (determined via NHj titration). CO, and NHj titration revealed that
calcined unsulphated zirconia has the same number of acid and base sites however with
the growth of SO4 coverage, the number of base sites declines down to a point where
remaining base sites are inaccessible and the surface is fully covered with sulphur
species. The base site density decreases monotonically with increasing sulphate
coverage, confirming that the balance of SZ acid—base character can be precisely tuned
within the submonolayer regime (0SO4 < 1). NHj titration and calorimetry also
indicated that increasing SO4 coverage enhanced both the acid site loading and strength

up to one monolayer. (Table 3.3)
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Figure 3.14: Titration of acid and base site loadings of SZ catalysts as a function of S content

Table 3.3: Acid and base properties of sulphated zirconia series

SO, coverage Base Loading” Acid loading” -AH, 4 (NH;)¢
ML mmolg™ mmolg™ kJmol™
0.0 0.07 0.07 -
0.1 0.06 0.13 87
0.2 0.04 0.14 -
0.3 0.04 0.17 95
0.4 - 0.17 -
0.6 0.04 0.27 102
0.7 0.01 0.29 115
0.8 0.03 0.30 115
1.0 0.00 0.37 115
1.1 - 0.29 115

CO, titration, "NH; titration; °NH; adsorption calorimetry

3.2.1.8 Pyridine titration

Zirconia is amphoteric, with the potential to exhibit Lewis basicity but also varying
degrees of Lewis or Brensted acidity depending on the crystalline phase, with
monoclinic ZrO, generated via calcination reported to exhibit predominantly Lewis

63-65 The evolution of basic and Lewis—Broensted acidic properties for the SZ

acidity.
materials was also probed by pyridine titration. The inset to Figure 3.15 shows
representative DRIFT spectra for pyridine adsorbed on submonolayer and monolayer
SZ samples which exhibit bands at 1450, 1470, 1610 cm ™ attributed to pyridine bound
to Lewis acid sites, while those at 1490, 1540, 1610 and 1635 cm ' are characteristic of

pyridiniums coordinated to Brensted sites. The unique Brensted—Lewis features at
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1540/1450 cm ' were integrated to quantify the variation in Bronsted : Lewis ratio,
which increases with both acid strength and SO4 coverage (Figure 3.15) and correlates
directly with the variation in tetragonal:monoclinic zirconia ratio (determined by
integrating the latter's fingerprint Raman bands at 270 and 380 cm™ ' respectively from
Figure 3.12).
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Figure 3.15: Correlation between acid strength of SZ catalysts determined from calorimetry and
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These observations confirm that ZrO, morphology and acidity can be readily tuned by
sub-monolayers of surface sulphate, consistent with previous reports that ZrO,

crystallisation is dependent on surface sulphate density.*°

3.2.2 Glucose conversion to HMF

3.2.21 Glucose conversion versus fructose conversion

Glucose conversion to HMF is proposed to initiate via a Lewis acid- or base-catalysed
isomerisation to fructose, followed by a Brensted acid catalysed dehydration as shown
in Figure 3.16. To establish the validity of this hypothesis, the kinetics of glucose
versus fructose conversion to HMF were compared at 100 °C using 0.1 g substrate, 0.1

g catalyst in 20 ml of deionized water as it was explained in more detail in Chapter 2.
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The relatively low reaction temperature was employed in order to minimise competing
degradation of HMF to levulinic acid or formation of humins, and thus permit accurate

rate data to be obtained across the series of SZ materials.

Solid Base

Brgnsted
OH or i
) ) Acid
o Lewis Acid OH ]\
HO ——> HO — + 3H,0
HO [ o)
OH HO OH o OH
OH

Figure 3.16: Conversion of glucose to fructose and HMF

Figure 3.17 shows the resulting variations in glucose conversions after 6 h as a function
of surface sulphate coverage. The first striking observation is glucose conversion shows
a large decrease for coverages above 0.25 ML and then for 6SO4* > 0.6 ML the

conversion remains unchanged at around 7%.

Conversion/ %

0 0.3 0.6 0.9 1.2
SO, coverage / ML

Figure 3.17: Glucose conversion in water after 6 h reaction at 100°C over bulk SZ catalyst as a function

of surface sulphate coverage

Figure 3.18 shows the yield of main products of glucose dehydration reaction, fructose
and HMF. As seen in this figure, similar to glucose conversion, fructose yield reaches a
maximum where almost 25% of zirconia’s surface is covered with sulphate groups,
while HMF yield increases with surface sulphur coverage and reaches its highest value
around 6SO4 = 0.6 ML and then levels off. While it is noticeable that HMF yields are
lower than those obtained in biphasic systems and ionic liquids, where HMF yields as
high as 60—70% are observed from glucose, it must be noted that these typically operate

under higher temperature conditions of 120200 °C and use homogeneous catalysts.*®
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The trends in conversion and product yields can be rationalised in terms of the change
in acid-base character with sulfur loading by comparing the associated product yields.
Moreover, from Figure 3.18 it can be observed that the fructose selectivity of ~80%
remains unchanged regardless of the surface sulphur coverage, while HMF selectivity
considerably increases from 1.7% over pure zirconia to about 17% over 0.6 ML sample
and then plateaus. The initial rise in HMF selectivity is attributable to the increased
number of acid sites. However, when there are fewer base sites available to isomerize
glucose to fructose, less fructose is generated and thus less HMF is produced. As a

result, the selectivity of HMF levels off.
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Figure 3.18: Left) Yields and Right) selectivities of fructose and HMF during SZ catalysed glucose
dehydration after 6 h reaction at 100 °C

Figures 3.19 shows glucose dehydration reactions profiles over the series of SZ
catalysts. The main products of glucose dehydration in water were fructose and HMF
however negligible amounts of 1,6-anhydroglucose, formic acid and acetic acid were
also detected. There were also some humins formed during each reaction as well as

other un-identified soluble compounds.
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From the reaction profiles, the rates of glucose conversion and HMF formation and
consequently glucose and HMF turnover frequencies were calculated. Figure 3.20
shows turnover frequency for glucose conversion and HMF formation normalized to the
number of acid sites. As seen in this figure, glucose TOF drops significantly from 5.9 h°
' over 710, to 0.4 h™! where 68042' = 0.6 ML. Further increases to sulphate coverage
have no impact on glucose TOF. In addition to that, HMF TOF reaches a maximum of
0.07 h™' which corresponds to a SO4* coverage of about 0.3. Beyond this coverage
value, the HMF TOF gradually decreases to about 0.02 h™ for 6SO4 = 1.1 ML. The
decreased glucose and HMF TOF is likely due to loss of base sites as a result of
growing surface sulphate coverage and the corresponding decreased rate of fructose
formation. In other words, as the number of acid sites increases across the series, base
sites gradually disappear and consequently glucose isomerization to fructose reduces

and in turn less HMF can be formed due to lack of fructose in the reaction medium.
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Figure 3.20: (@) glucose and (O) HMF turnover frequency for glucose conversion at 100 °C over SZ

catalysts
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3.2.3 Fructose conversion to HMF

In order to validate the idea of telescopic conversion of glucose to HMF via
isomerization to fructose, it is essential to conduct some experiment in which fructose is
the starting material. Therefore, the catalytic transformation of fructose to HMF over

sulphated zirconia series was studied.

Figure 3.21 demonstrates that fructose conversion with a 10% increase reaches to
25.4% when the sulphate group coverage expands from 0 to 0.8 ML. However, further
increase in sulphate coverage resulted in a drop in fructose conversion. This is

consistent with the sulphated zirconia structure collapse at high sulphuric acid

concentrations.

30

Conversion / %

0 0.3 0.6 0.9 1.2
SO,> coverage / ML

Figure 3.21: Fructose conversion over SZ catalysts as a function of surface coverage by sulphate groups

Furthermore, it was found out that the main products of fructose conversion over
sulphated zirconia catalysts at 100 °C are glucose and HMF. Figure 3.22 shows that
glucose yield drops from ~2.5% to 1% for SO4* > 0.6 ML. Moreover, HMF yield
progressively increases from 1% over pure zirconia and achieves its maximum of 5% at
0S0,* = 0.8 ML. SZs with greater sulphate coverages exhibited a slightly lower HMF
yield compared to 0.8 ML catalysts. Furthermore, as illustrated in Figure 3.22, glucose
selectivity after almost a 10% drop reaches 5% selectivity and remains unchanged.

However, HMF selectivity monotonically increases with surface sulphate coverage.
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(@) Glucose & (0) HMF yield / %

(@) Glucose & (0) HMF selec. / %
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Figure 3.22: Left) Yields and Right) selectivities of glucose and HMF during SZ catalysed fructose
dehydration after 6 h reaction at 100 °C

The profile of fructose conversion and yields of glucose and HMF over the entire series
of SZ catalysts at 100 °C are shown in Figure 3.23. Similar to reactions of glucose, the
rate of fructose conversion and HMF formation was measured based on the values
obtained from the first 3 h of reaction. And consequently, the fructose and HMF TOFs
were calculated by normalizing the rate to both the mass of catalyst and the number of

acid sites.
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As depicted in Figure 3.24, fructose TOF continuously decreases with a modest
gradient from 2.2 over ZrO, to 0.9 where 6SO,* = 1.1. Additionally, constant HMF
TOFs of ~1.2 h™' was obtained at all surface sulphate coverages. Therefore, it can be
concluded that because the glucose yield and selectivity drops with increase in sulphate
groups coverage (Figure 3.22), thus the fall in fructose TOF can be ascribed to
decreased isomerization of fructose to glucose due to disappearance of base sites as the

sulphur content increases.
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Figure 3.24: (@) Fructose and (O) HMF turnover frequency for fructose conversion at 100 °C over SZ

catalysts

In summary, the high glucose conversion and rate of reaction observed for pure ZrO,
and SZ catalysts possessing low SO4 coverages correlates with high fructose yields and
rate of formation, and is thus a reflection of the correspondingly significant Lewis acid—
base properties of these materials comprising predominantly monoclinic zirconia. In
contrast, high SO4 coverages (i.e. Brensted acid site densities) suppress glucose
isomerisation to fructose in favour of HMF production associated with enhanced
dehydration of the fructose intermediate. Hence loss of basicity and Lewis acidity upon
zirconia sulfation switches off glucose <> fructose isomerisation but promotes the
Bronsted acid catalysed fructose — HMF pathway, in perfect agreement with the
proposal in Figure 3.16. The requirement for Brensted acid character to produce HMF

is confirmed by inspecting the yield of products obtained from fructose as a substrate.
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3.24 Effect of reactant concentration

In order to study the impact of the initial glucose concentration on its reactivity and also
to measure the order of the glucose dehydration reaction in respect to glucose
concentration, SZ 0.015M was chosen to carry out the reactivity and kinetic studies at
100 °C. In all cases, the amount of catalyst and water were kept constant at 0.1 g and 20

ml respectively.

Figure 3.25 demonstrates the amount of substrate that is converted to other compounds
as a function of initial glucose concentration. And it shows that for concentrations

below 0.3 M, the amount of converted glucose linearly increases with Cy.

0.8 1

0.4 1 y=2.0929x +0.0871
R2=0.9868

Converted glucose / mmole

0 0.5 1 1.5
Initial glucose concentration / M

Figure 3.25: Amount of converted glucose over 0.1 g SZ 0.015M as a function of initial glucose

concentration

The rates of glucose conversion calculated for the first 3 hours of reaction are plotted
against the concentration of glucose. Referring to Figure 3.26, below 0.3 M, the rates of
conversion increase linearly with initial concentration of glucose and subsequently

plateau, consistent with saturation of active sites.
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Figure 3.26: Rate of glucose conversion and fructose and HMF formation as a function of initial glucose

concentration over SZ 0.015M

According to the definition, rate of glucose conversion is explained by the following

equation:
r = k [glucose]*[catalyst]? Equation 3.1

where r is the rate of glucose conversion, k£ is the rate constant, /[glucose] is the
concentration of glucose, a is the order of reaction with regard to glucose, [catalyst] is
the concentration of catalyst and b is the order of reaction in respect to catalyst. Since
the same amount of catalyst was used in all reactions, thus Equation 3.1 can be

simplified as:
r =k' [glucose]®* Equation 3.2

Where k' = k[catalyst]?. If a linear relationship between the rate of reaction and
concentration of glucose is established (as it is shown in Figure 3.26), then a, the order
of reaction with respect to glucose will be equal to 1. This finding is in complete
agreement with previous reports by many authors including Saeman®’, Heimlich ez al.®®,

McKibbins et al.*’ and Bienkowiski et al.”

3.2.5 Effect of catalyst loading

In order to measure the order of reaction with respect to catalysts loading, the

experiments of glucose conversion in water were conducted at 100 °C using the same
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concentration of glucose (0.05 wt%), whilst varying the different catalyst : reactant
ratios from 0.05 to 0.3. Figure 3.27 demonstrates that glucose conversion increases

linearly with catalyst loading.
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Figure 3.27: Glucose conversion over SZ 0.015M as a function of catalyst to substrate weight ratio

Furthermore, the rate of glucose conversion was calculated and plotted against the
catalyst loading as presented in Figure 3.28. As the catalyst loading is increased,
glucose was converted faster with a linear fashion. This linear increase in the rate of
glucose transformation with catalyst loading suggests that the rate of glucose

consumption is first order, with respect to catalyst loading.
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Figure 3.28: Rate of glucose conversion and fructose and HMF formation as a function of catalyst to

substrate weight ratio
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3.2.6 Leaching test and recyclability

To verify the stability of the catalyst possessing optimal behaviour (SZ 0.1M), a recycle
test was performed following re-calcination of the spent catalyst at 550 °C. This
revealed only a minor decrease in the absolute fructose conversion being observed after

6 and 24 h reaction (Figure 3.29).
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Figure 3.29: Comparison of fructose conversions in water at 100°C for fresh and recycled SZ 0.1M

catalyst (re-calcined at 550°C before reaction)

As such, we can propose a bifunctional catalytic surface mechanism for glucose
conversion to HMF. The first step of this is most likely the Lewis base catalysed

transformation of glucose into an enol intermediate (Scheme 3.2),”" 7

with subsequent
protonation of the resulting C=C bonds yielding either fructose or mannose. We propose
that O> sites on the surface of basic ZrO, (monoclinic phase) initiate this
transformation via proton abstraction to form the enol (akin to that proposed over
sodium aluminate”) which undergoes subsequent hydrogen transfer forming fructose.
Spillover onto neighbouring Brensted acid sulphate moieties then catalyses the stepwise
dehydration of fructose to HMF™* as illustrated in Scheme 3.2. Lewis acid sites also
have the potential to initiate glucose isomerisation via an intramolecular hydride shift.”
However, the extent to which Lewis acid routes are able to participate in aqueous phase
reactions remains contentious due to their likelihood of hydration to their Bronsted

counterparts. Although it has been suggested that Lewis acidity may be retained at

defect sites*® or when hydrophobic supports such as Sn-p are employed’®, wherein a
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Meerwein—Ponndorf-Verley mechanism has been postulated.”” " As Figure 3.16
highlights, careful tuning of the degree of zirconia surface sulfation enables the
successful genesis of bi-functional catalysts possessing dual solid acid—base character
which facilitate the telescopic conversion of glucose to HMF under mild reaction

conditions.

a) Base catalysed isomerisation
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Scheme 3.2: Bi-functional surface catalysed mechanism for a) isomerisation of glucose to fructose over
basic O sites of monoclinic ZrO, (Lewis acidic Zr*" may help stabilise the enolate intermediate) and b)

dehydration of fructose to 5S-HMF over Brensted acid sites present in submonolayer SO4/ZrO, catalysts

3.2.7 Xylose conversion to furfural

Analogous to the glucose transformation to HMF, dehydration of xylose which is the
main precursor to hemicellulose, is of great interest as it will result in the production of
furfural, another platform chemical. Furfural is envisaged as a potential platform
chemical for the biofuel, biochemical and biopolymer industries. In addition, 2-methyl
furan, 2,5-dimethylfuran, 2-methyltetrahydrofuran, S5-methylfurfural (MF), and 5-
(ethoxymethyl)furfural (EMF) have been reported as promising biofuel components and

80
octane boosters.”””

Industrial furfural production is based on biomass hydrolysis and subsequent
dehydration of the obtained pentoses using a homogeneous Brensted acid catalyst in
aqueous media.!’ The first industrial furfural production process was established by
Quaker Oats in 1921.%* In this process, oat hulls were converted into furfural using
concentrated sulphuric acid and high pressure steam to supply heat and strip out

furfural. Presently, most furfural is produced in China using small-scale fixed bed
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reactors.® The current furfural process is not only environmentally harsh but also quite
inefficient, achieving only ~50% of the theoretical furfural yield. This suggests a need
for more efficient processes given the importance of furfural in green chemistry

Pprocesses.

Furfural production systems in the absence of heterogeneous catalysts are
predominately based on homogeneous catalysts processes utilising H,SO4, HCI, maleic
acid, acetic acid and formic acid. Recently the addition of inorganic salts such as NaCl,
KCl, CaCl, and FeCl; to the reaction medium has been reported to enhance furfural
production® at high reaction temperatures (>170 °C).** It has been postulated that
halide ion assists the enolization reaction via proton transfer and dehydration reactions

by stabilizing the transition states leading to intermediates.®

Over the past decade, substantial research has been conducted on the development of a
heterogeneous Bronsted acid catalyst for furfural production from xylose.*® Many
different Bronsted acid catalysts, such as various Zeolites,m'c)O Amberlyst,gl’ 92 Naﬁon,93
and MCM-41 based materials,”” °* have been tested.””™ A key shortcoming in the
Bronsted acid catalyzed xylose dehydration process is a high activation barrier of
~30-32 kcal/mol, requiring high operating temperatures (>150 °C) and long residence
times in aqueous media.”” ' This resulted in a furfural yield of only ~30% being
obtained, mainly as a result of side reactions leading to soluble polymers and humins.
However, in a heterogeneously catalysed system where CrCl;, a Lewis acid, was
employed as co-catalyst in combination with a Brensted acid (HCI), the isomerization
of xylose to xylulose showed that the open-chain isomer form is dominant under these
conditions, and is subsequently dehydrated to furfural. In this case, as Choudhary et al.
reported, the furfural yield increased from 29 to 39% in water and to 76% in

water/toluene when CrCls was added to HCL”

The furfural yield is typically increased using continuous extraction with an organic

solvent in a liquid—liquid biphasic system™ > '*!

, Or using a carrier gas to strip out the
furfural.** ' For instance, a biphasic water/toluene system has been widely used in
conjunction with different mesoporous acid catalysts and furfural yields as high as 82%
have been reported when Arenesulfonic-SBA has been used at 160 °C in a 20 h

reaction.'®?
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Choudhary and co-workers demonstrated that dehydration of xylulose, an isomer of
xylose, results in a much higher furfural yield than xylose dehydration under similar
reaction conditions. They also showed that a Lewis acid catalyst such as CrCl; can
enhance the isomerization of xylose to xylulose and lyxose and thus they proposed two
reaction pathways for xylose to furfural transformation. The first of which xylose is
directly undergoes Breonsted acid catalysed dehydration to form furfural. In the
alternative pathway, xylose is isomerized to xylulose and lyxose over a Lewis acid
catalyst, and subsequently xylulose loses 3 water molecules over a Brensted acid

catalyst with furfural being formed.” (Figure 3.30)

Brensted acid
- 3H,0

Xylose Xylulose % Furfural
- 2

N

Figure 3.30: Xylose dehydration reaction pathway to form furfural proposed by Choudhary et al. ”

Lewis acid

Lyxose

This is in agreement with findings of Weingarten ef al. regarding the dehydration of

xylose over Bronsted acid sites as well as Lewis acids.”

In this thesis, bulk sulphated zirconia catalysts have been applied in xylose dehydration
reactions in aqueous phase, and analogous behaviour of xylose and glucose in which
xylose transforms into its isomer molecule, xylulose, and then the latter converts into

furfural, has been reported.

Figure 3.31 demonstrates the conversion of xylose in a 0.5 wt% aqueous solution after
6 h reaction at 100 °C. From this figure, it can be observed that xylose conversion
reaches its maximum value of 32.6% where 6SO4 = 0.3 ML and then drops down to
21% at 8SO4 = 0.6, remaining unchanged with increasing surface coverage with

sulphate species.
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Figure 3.31: Conversion of xylose in a 0.05 wt% aqueous solution after 6 h reaction at 100 °C

The yields of xylulose and lyxose, the two isomers of xylose, have been plotted as a
function surface sulphate coverage as shown in Figure 3.32. It can be observed that the
yield of both compounds decreases modestly as the surface is covered with more

sulphate groups due to withdrawal of Lewis acid sites.
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Figure 3.32: a) Xylulose and lyxose and b) Furfural yield and selectivity for SZ catalysed xylose dehydration
after 6 h reaction at 100 °C

Moreover, Figure 3.32 shows that furfural yield moderately increases from 0.5% over
pure zirconia to 2.3% at 6SO4= 0.8 ML and then drops to 1.4% as the sulphate coverage
increases. Also, furfural selectivity rises from 1.5 to 10.7% where sulphate coverage
increases from 0 to 0.8 ML and then decreases down to 6.6% when the surface was
oversaturated with sulphate species. The increase in yield and selectivity of furfural
across the SZ series is in accordance with previous studies regarding the increase of
furfural selectivity with Brensted to Lewis acid sites ratio.”® The decrease in furfural

yield and selectivity at high surface sulphate coverages can be ascribed to loss of
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crystallinity and surface area. Also, as it is demonstrated in Figure 3.33, the carbon
balance is improved as the ratio between Brensted and Lewis acid sites increases.
Furthermore, the improvement in carbon balance is attributed to the decrease in number
of Lewis acid sites, which are known to be responsible for catalysing undesired side

reactions to form insoluble polymers and humins.”®
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Figure 3.33: Carbon balance for SZ catalysed xylose dehydration after 6 h reaction at 100 °C

Following the conduction of the experiments (Figure 3.34), the rates of xylose
transformation and furfural formation were measured and subsequently TOFs of xylose
and furfural were calculated by normalizing the rates to the number of acid sites. As
Figure 3.35 illustrates, xylose TOF drops dramatically when surface sulphate coverage
increases from 0 to 0.6 ML and then plateaus. This is due to the higher number of Lewis
acid sites compared to Brensted acid sites at low surface sulphate coverages. Therefore,
when the Lewis acid sites decreaseas a result of the sulfation process, fewer xylose

molecules are converted (either to furfural, intermediates or humins).
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Moreover, as it is demonstrated in Figure 3.35, furfural TOFs decrease monotonically
with 6SO,4. The reason for this also lies in the ratio of Brensted : Lewis acid sites. So, as
the surface sulphate coverage grows, the number of Lewis acid sites decreases, hence
the isomerization of xylose to xylulose and lyxose is switched off. Therefore, xylose
could only transform to furfural via the direct Bronsted acid catalysed pathway, which

is more energy intensive.
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Figure 3.35: (®) Xylose and (O) furfural TOF for xylose conversion at 100 °C over SZ catalysts

In summary, it was proven that in a heterogeneously catalysed xylose transformation to
furfural, the ratio between Brensted and Lewis acid sites is a critical factor in terms of
activity of the catalyst and also selectivity towards furfural. Moreover, it was confirmed
that the xylose could undergo two different pathways to form furfural; one is via Lewis
acid catalysed isomerization to xylulose followed by dehydration of xylulose to produce

furfural. And the other pathway is direct dehydration of xylose over Bronsted acid sites.

3.3 Conclusion

The impact of surface sulfation upon the physico-chemical properties of calcined
Zr(OH)4 has been systematically investigated by bulk and surface spectroscopies and
chemical probes. The preceding comprehensive characterisation enabled the
construction of a model for the SZ system, wherein a coverage-dependent transition
occurs from isolated SO4 species chemisorbed on monoclinic ZrO, — SO, islands on
tetragonal and monoclinic ZrO, — a SO4 monolayer bound to tetragonal ZrO,.

The unsulphated precursor forms predominantly monoclinic zirconia possessing mixed

Lewis acid and base surface sites which is effective for glucose isomerisation to
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fructose but ineffective towards fructose dehydration to 5S-HMF. Dilute sulphuric acid
pre-treatment of Zr(OH)s; and subsequent calcination results exclusively in the
formation of polydentate surface SO4° species, and concomitant stabilisation of
tetragonal ZrO,. Thus, conferring significant Brensted acidity and corresponding
enhanced HMF production from either glucose or fructose. Higher degrees of surface
sulfation (6SO4 > 0.25 ML), and attendant loss of surface basicity from exposed
zirconia, progressively switches off glucose <> fructose isomerisation, while continuing
to promote fructose — HMF. Saturated sulphate monolayers presented a distribution of
mono and polynuclear sulphate species chemisorbed over tetragonal crystalline zirconia
and/or amorphous zirconium sulphate, and the resulting materials (which exhibit almost
entirely Bronsted acid character) are the least efficient for HMF synthesis from glucose.
Sub-monolayer sulphate coverages of approximately 0.3 ML afford the optimal mix of
Lewis base sites arising from accessible ZrO,, and co-existing Brensted acid sites
arising from mono- or bidentate sulphate, required for the tandem isomerisation of
glucose to fructose and the latter's subsequent dehydration to HMF. The design of such
bi-functional catalysts capable of effecting one-pot telescopic syntheses in aqueous
media will become increasingly critical to achieve atom-economical, selective

transformations of bio-derived molecules for sustainable chemicals and fuels.

Moreover, the catalytic activity of sulphated zirconias in xylose transformation to
furfural was explored. Furthermore, it was hypothesized that the reaction can take place
either via isomerization of xylose to xylulose and lyxose and then dehydration of
xylulose to furfural over Lewis acid sites or direct dehydration of xylose to furfural over
Brensted acid sites. Additionally, it was confirmed that by increasing the Brensted :
Lewis acid site ratio the selectivity towards furfural gets improved however the activity
of catalyst decreased due to reduced conversion of xylose to undesired insoluble

polymers and humins over Lewis acid sites.
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Chapter 4

Glucose transformation to HMF over SBA-15
supported sulphated zirconia catalysts: the role

of zirconia film and sulphur content



4.1 Introduction

Chapter 3 has highlighted how tuning acid:base distribution can significantly affect
glucose/fructose conversion and how this in turn can be used to optimise HMF
production. While such crystalline SZ catalysts are promising, they have inherently low
surface areas (typically < 150 m* g"), thus employing techniques to stabilise a highly
porous or dispersed ZrO, phase would be of great benefit to improving catalyst

efficiency.

Direct synthesis of mesoporous ZrO,/SiO, has been reported using two major
techniques. The first one is conventional sol—gel technique using one or both alkoxides"
%, Generally in the sol-gel method, metallic alkoxides undergo hydrolysis and
subsequent condensation in an alcohol solvent, forming a macro-polymeric oxide
network which is usually referred to as an alcogel. After drying and calcining, a sol-gel
synthesized oxide is obtained. In this technique, preparation conditions such as metallic
alkoxide concentration, pH, the type of complexing agent, the amount of hydrolysing
water play key roles in determining the textural properties of the catalyst. The second
common method of preparing zirconia/silica material is co-precipitation® * in which

zirconium and silicon precursors are precipitated simultaneously in a neutral

environment.

A major drawback associated with most of these syntheses is thermal instability of
obtained meso-structured material which results in structural collapse during calcination
at high temperatures used to activate the catalyst.” To overcome this problem, robust
high surface area supports such as nano-structured silica (e.g. SBA-15, KIT-6, MM-
SBA-15) offering process advantages by providing a high surface area and tuneable
porosity are suitable scaffolds over which to disperse the ZrO, phase. However, to
maintain the accessibility of the internal pore network, it is critical that such coatings
are applied in a uniform layer-by-layer morphology without the formation of large 3D

crystallites or significant pore blockage.

Several groups have explored methods to graft ZrO, on SBA-15, using incipient
wetness impregnation”'', urea hydrolysis'? or Vapor Induced Hydrolysis (VIH)> '

methods. Incipient wetness method generally uses zirconium propoxide®'® or acetate'’
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precursor in an anhydrous organic solvent (e.g. dry hexane or 50:50 vol% anhydrous
toluene:ethanol) with the concentration of the precursor varied to obtain materials with
different zirconium loadings, which invariably gives large crystallites (3-4 nm).
Hydrolysis methods generally involve the precursor zirconium oxychloride
(ZrOC1,.8H,0) or zirconyl nitrate’ being dispersed over the support and then
precipitated via the addition of base (urea or NHi/Water) to produce zirconium
hydroxide inside the pores. Few of these studies explore the sulfation of these materials,
although the direct use of Zr(SO,), as precursor instead of zirconyl nitrate has also been

explored and shows loss of catalyst acidity due to leaching of sulphur species."

Therefore, the main objective of this investigation was to prepare high surface area
S04/ZrO,/SBA-15 catalysts with good textural and high accessibility of ZrO, and SO,
species. By studying the effect of surface coverage using a layer by layer approach in

grafting zirconia on SBA-15 a more uniform coating is expected.

4.2 Results and discussion

Here in this thesis, as it was explained in Chapter 2, zirconia was grafted on SBA-15
using anhydrous zirconium propoxide as metal precursor. As represented in Scheme
4.1, the zirconium propoxide attacks the hydroxyl groups of SBA-15 and thus the

zirconium atoms bond to the surface of support.

OR

——Si——O0H + Zr(OR),4 — ——Si—0—Zr—O0R + ROH
OR
OR OH
——Si—0—Zr—OR + 3H0 —*—Si'—O—Zr/—OH + 3RCH
OR \OH

SBA-15
b !

/
ZrO:

Micropores

Scheme 4.1: Reaction schemes for zirconia grafting on SBA-15 and graphical representation of final
Zr/SBA-15
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The concentration of zirconium propoxide used in each cycle was based upon the
amount required for a theoretical monolayer assuming a hydroxyl density of SBA-15 of
0.0125 mole g'. In order to measure the density of OH groups, a sample of the parent
SBA-15 was analysed by TGA from room temperature to 1050 °C and the mass loss at
high temperatures was attributed to liberation of surface OH groups. It is assumed that
each OH group that is eliminated from silica will be replaced by a zirconium propoxide
molecule. So, it is necessary to calculate the number of OH groups in SBA-15. Figure
4.1 shows the changes in mass % of the SBA-15 sample as a function of temperature as
well as the derivative of mass. The sharp drop in range of room temperature and 200 °C
attributed to the loss of physisorbed moisture on SBA-15. It is assumed that the mass
loss above 200 °C is due to elimination of OH groups from silica. The mass change in
this range is 1.61 mg that is equal to 0.179 mmole of OH". Therefore, there was 0.0125
mole OH per gram of SBA-15 sample. In other words, 0.0125 mole Zr(OPr)s can be
grafted on each gram of SBA-15. Since the molecular weight of zirconium propoxide is
327.6 g mole™!, hence 4.1 g zirconium propoxide is required. And because the zirconium
precursor is provided as a 70 wt% solution in propanol, 5.85 g of the solution should be

theoretically enough to graft a uniform monolayer of zirconium on 1 g SBA-15.

100 0.5
—Mass %
95 — Derivative of mass
0.4 o
90 é
w1
S s P03 %
2 =
2 g0 =
= - 0.2 E
75 1 o
Q
r 01 -
70 4
65 0

0 200 400 600 800 1000
Temperature / °C

Figure 4.1: Thermal gravimetric analysis on the parent SBA-15

A rehydration step was applied in the preparation protocol in order to make sure all the
—OR groups are replaced by hydroxyls. This is important because under anhydrous
conditions the grafted alkoxide is relatively inert toward further reaction with
Zr(OPr),. " By the end of this process as illustrated in Scheme 4.1, it is expected that
zirconia fills and or block the micropores of SBA-15 and the mesopores are uniformly

coated with zirconia.
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For grafting the second layer of zirconia, calcination of 1 monolayer zirconia/SBA-15
material was avoided because calcination will result in change in crystalline form of

zirconia layer and could affect the incorporation of the next layers.

4.2.1 Characterization of parent Zr/SBA-15

Initial studies focussed on optimisation of the coating methodology to determine the
morphology of deposited ZrO; films and how this evolved with film thickness. What
follows is a detailed characterisation of these ZrO, grafted SBA-15 materials and their

sulphated analogues following 1-3 grafting cycles and rehydration.

4.2.1.1 Powder X-ray diffraction

Figure 4.2 presents low-angle diffraction patterns which evidence a major diffraction at
20 ~1°, and two less intense signals at 20 ~1.7° and 1.9° for all of the mesostructured
samples. These diffractions can be attributed respectively to the 100, 110 and 200 planar
symmetries typical of a periodic mesoporous framework with a pmm6 hexagonal
ordering.'” '° The X-ray diffraction patterns of the grafted samples were nearly identical
to that of the bare SBA-15, verifying the retention of the pore structure even after
grafting process. The decrease in the intensity of the patterns after the grafting cycles, is

attributable to the incorporation of zirconia on the support.

Zr/SBA-15 IML

Intensity / a.u.

Zr/SBA-15 2ML

L Zt/SBA-15 3ML

0 2 4 6
20

Figure 4.2: Low angle X-Ray powder diffraction patterns of SBA-15 support and Zr/SBA-15 materials as

a function of nominal zirconium monolayer

XRD analysis at wider angles, in the range of 10° to 80°, has been performed in order to

assess the existence of crystalline zirconium oxide domains on the ZrO,/SBA-15
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materials. The absence of the monoclinic and tetragonal crystals is verified since their
characteristic peaks are not observed in the XRD patterns, indicating that the size of
loaded zirconia is in nano-scale and therefore below the detection limit of XRD

instrument. (Figure 4.3)

—Parent SBA-15
—Zr/SBA-15 IML
—Zr/SBA-15 2ML
Zr/SBA-15 3ML
—Zirconia

10 20 30 40 50 60 70 80
20

Figure 4.3: Wide angle X-Ray powder diffraction patterns of the parent SBA-15 support, zirconia grafted

SBA-15 materials and pure zirconia

4.2.1.2 N, porosimetry

One of the deficiencies of zirconia-based catalysts is the low surface area which results
in limited interface and therefore most of zirconia species will not be accessible by the
reactant molecules.’ So designing a zirconia-based catalyst with improved textural
properties by use of high surface area supports is of great interest. Among the high
surface area supports, SBA-15 silica-type offers additional advantages over other
materials, which include a tunable large-sized pore structure together with a high
hydrothermal stability.'” '® As it is demonstrated in Figure 4.4.a, all of the samples
exhibit type IV adsorption isotherms, typical of mesostructure SBA-15. The steep H1
hysteresis loops match with the existence of uniform pores for all of the samples'’,
although their sizes decrease as the zirconium loadings increase suggesting that the
incorporation of Zr species mainly occurs onto the surface of mesopores, thus leading to
the thickening of the mesopores walls as well as reduction of the void volume of the
meso-structured porous system. Table 4.1 summarizes the textural properties of the

parent SBA-15 and ZrO, grafted samples as a function of nominal monolayers of ZrO,.
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Figure 4.4: a) N, adsorption isotherms and b) pore size distribution of parent SBA-15 and Zr/SBA-15

materials

Table 4.1: Surface area, pore diameter, micropore/mesopore and total pore volume of parent SBA-15 and

SZ/SBA-15 samples as a function of nominal ZrO, monolayer.

Surface area® Pore diameter®  Micropore vol® Mesopore vol* Total pore vol°
Sample
mz.g'l nm cm3.g'l cm3.g'l cm3.g'l
SBA-15 647 7.5 0.073 0.574 0.964
IML-Zr/SBA-15 473 7.1 0.055 0.433 0.700
2ML-Zr/SBA-15 402 6.2 0.041 0.332 0.506
3ML-Zr/SBA-15 348 6.2 0.035 0.302 0.485

“N, BET, " BJH desorption branch of isotherm, N, t-plot, ¢ BJH desorption branch of isotherm, © Total pore volume
recorded at P/Py=0.975

4.2.1.3 Calculation of ZrO, film thickness and elemental analysis

by XPS and SEM/EDX

XPS was employed in order to further confirm the growth mode, using attenuation of
the Si 2p signal following each grafting cycle as a measure of film thickness. For this
purpose, the following exponential function was plotted (the dashed-line curve in

Figure 4.5)
_ 1y _ -d .
flad) = /Io = eXp(lsing) Equation 4.1

Using A = 1.26 nm and 6 = 42° and d is the film thickness. The black circles in Figure

4.5 shows the variation in Si substrate intensity after each ZrO, deposition, which
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reveals an exponential decay that fits well to a layer by layer model. The first and
second grafting cycles gives rise to a 35.6 and 51.9% attenuation, corresponding to a
layer of 0.5 and 0.84 nm thick respectively. This is in remarkable agreement with a
(111) oriented layer of monoclinic ZrO, which is 0.42 nm as indicated in Figure 4.5
thus confirming the successful layer-by-layer growth of ZrO, in this synthesis.”* Table
4.2 represents the attenuation of the Si 2p signal as well as calculated and theoretical

values for zirconia film thickness.
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Figure 4.5: Si 2p XP attenuation following 1-3 grafting cycles demonstrating layer-by-layer growth of
~0.42 nm thick ZrO, sheets. Dashed line shows the theoretical fit and associated film thickness to achieve

the observed attenuation;

Table 4.2: attenuation of the Si 2p signal and calculated and theoretical values for zirconia film thickness

Si 2p Si 2p relative Calculated Theoretical
intensity intensity film thickness film thickness”
% nm nm
SBA-15 7320.5 100.0 0 0
IML Zr/SBA-15 47273 64.6 0.5 0.42
2ML Zr/SBA-15 3534.8 48.3 0.84 0.84
3ML Zr/SBA-15 2240.2 30.6 1.37 1.26

* Measured thickness of a (111) oriented monolayer of monoclinic ZrO, (0.42 nm)*

The XP spectra of the zirconia grafted materials are presented in Figure 4.6 wherein we
can clearly observe that Si 2p signal attenuated as more zirconia is grafted on the SBA-

15.
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Figure 4.6: High resolution XPS of zirconium, silicon and oxygen for xML-Zr/SBA-15 series as a
function of ZrO, monolayers.

Furthermore, the surface composition of the zirconia grafted SBA-15 materials was

obtained from XPS analysis and results are presented in Table 4.3.

Table 4.3: Surface and bulk composition of SBA-15 supported ZrO, as a function of nominal zirconia
monolayers.

Surface composition from XPS Bulk composition from EDX
Si O Zr Zr/Si Si o Zr Zr/Si
wt% wt% wt% Atomicratio | wt% wt% wt%  Atomic ratio
SBA-15 389 6l.1 - - 46.3  53.7 - -
IML-Zr/SBA-15 31.1 551 139 0.1 36.8 53.1 10.1 0.1
2ML-Zr/SBA-15 222 50.0 27.8 0.4 333 474 193 0.2
3ML-Zr/SBA-15 18.7 47.8 33.6 0.6 285 50.0 215 0.2
4.2.1.4 Acid site measurements

NH; adsorption calorimetry studies showed that the enthalpy of adsorption for the
zirconia grafted SBA-15 samples is below the physisorption threshold, meaning that the
number of acid sites on these materials is negligible. This is not particularly surprising

as calcined bulk zirconia possesses very few acid sites too. (See Chapter 3)

4.2.2 Characterization of xXML-SZ/SBA-15 catalysts

The zirconia grafted SBA-15 materials were eventually sulphated using 0.075 M
H,SO,. Based on the calculations demonstrated in Chapter 3, impregnation of bulk
zirconia with 0.075 M H,SOy4 results in formation of a sub-monolayer of sulphate
groups. Therefore this concentration was picked in order to stay in SO4*” sub-monolayer

regime.

133



4.2.2.1 Powder X-ray diffraction

Figure 4.7 shows the low angle XRD patterns for SZ/SBA-15 material after calcination.

Similar to non-sulphated samples, XRD patterns exhibit one very intense diffraction

peak and two weak peaks, which are characteristic of a 2D hexagonal (p6mm)

structure.'™ '® Therefore, it can be confirmed that the support has retained its well-

ordered meso-structure after sulfation and calcination steps.

Intensity / a.u.

SBA-15

SZ/SBA-15 IML
j\j%\ SZ/SBA-15 2ML

SZ/SBA-15 3ML
2 4
20

Figure 4.7: Low angle X-Ray powder diffraction patterns of SBA-15 support and SZ/SBA-15 materials

as a function of nominal zirconium monolayer

The wide angle XRD patterns can also confirm that sulfation of the Zr/SBA-15

materials did not result in formation of large crystallites. (Figure 4.8) The wide angle

XRD pattern of a bulk SZ is plotted so that it is possible to see where to expect any

potential peak.

—Parent SBA-15
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Figure 4.8: Wide angle X-Ray powder diffraction patterns of the parent SBA-15 support, sulphated bulk

zirconia and x-ML-SZ/SBA-15 materials
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4.2.2.2 N, porosimetry

Figure 4.9 demonstrates N, isotherms and pore size distribution for parent SBA-15 and
the calcined sulphated zirconia grafted SBA-15 catalysts. From there, it can be observed
that by incorporating sulphate species on ZrO,/SBA-15 materials, the structure of SBA-
15 support remains intact. Additionally, the N, isotherms and pore size distributions are
nearly identical to those of non-sulphated samples, however the surface area of the
sulphated materials are about 30-40 m” g less than those for non-sulphated ones. The
detailed information about textural properties of 1 to 3 ML SZ/SBA-15 samples is given
in Table 4.4.
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Figure 4.9: a) N, adsorption isotherms and b) pore size distribution of parent SBA-15 and xML-SZ/SBA-
15 materials

Table 4.4: Textural properties of parent SBA-15 and SZ/SBA-15 samples as a function of nominal ZrO,
monolayer.

Surface area® Pore diameter®  Micropore vol Mesopore vol’ Total pore vol°
Sample
mz.g'l nm (;m3.g'l cm3.g'l cm3.g'l
SBA-15 647 7.5 0.073 0.574 0.964
IML-SZ/SBA-15 437 7.1 0.061 0.382 0.655
2ML-SZ/SBA-15 367 6.3 0.055 0.292 0.474
3ML-SZ/SBA-15 321 6.4 0.045 0.126 0.449

"N, BET, " BJH desorption branch of isotherm, ° N, t-plot, * BJH desorption branch of isotherm, ° Total pore volume
recorded at P/Py=0.975
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Calculation of the pore wall thickness

Table 4.5 displays the unit cell sizes (ag) calculated for the different materials assuming
a hexagonal array of pores with pmm6 topology. Pore wall thickness has also been
calculated subtracting average pore diameter (calculated from N; porosimetry
experiments, see section 4.2.1.2) from the unit cell size. Incorporating the successive
layers of zirconium dioxide leads to a slight reduction in the unit cell size, probably
because of the constriction of the mesoporous structure caused by the repeating
calcination steps. However, the reduction of the pore size is more intense resulting in
the thickening of the pore wall as the amount of Zr incorporated to the mesostructured
material increases, confirming the preferential incorporation of the metal species onto
the surface of the mesoporous system. Interestingly, the difference between the wall
thickness of SBA-15 and 2ML-SZ/SBA-15 is in good agreement with film thickness

calculations based on XPS analysis.

Table 4.5: Unit cell sizes and pore wall thickness calculated from XRD and N, adsorption-desorption

analyses.
dieo* Unit cell size (a)” Pore size* Pore wall thickness (t,)"
Sample
nm nm nm nm
SBA-15 9.4 10.9 7.5 34
IML-SZ/SBA-15 9.0 10.6 7.1 35
2ML-SZ/SBA-15 9.0 10.5 6.3 42
3ML-SZ/SBA-15 8.8 10.4 6.4 4.0

*Interlayer spacing derived from Bragg’s Law, *Pore spacing, “BJH average pore diameters from desorption

isotherm, “Wall thickness=(2dloo/\/3)—p0re diameter.

4.2.2.3 Surface and bulk elemental analysis

The impact of sulfation on ZrO,/SBA-15 materials was explored by XPS to determine
surface composition of the samples. From high resolution XP spectra (Figure 4.10), the
evolution of Zr and S species in the surface of SBA-15 can be observed, confirming that
as the zirconium content of the materials is increased, SO4> groups are only
incorporated on the zirconia film and not on the surface of silica support. Table 4.6

presents detailed information about surface composition of SZ/SBA-15 catalysts.
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Figure 4.10: High resolution XRD of silicon, oxygen, zirconium and sulphur for xML-SZ/SBA-15 series
as a function of nominal ZrO, monolayers.

Moreover, plots of the surface Zr:Si against bulk Zr:Si show no change on sulfation
(Figure 4.11.a), confirming there is no sintering of the ZrO, overlayer. The surface S:Zr
ratio remains above that of the bulk, again consistent with surface sulfation (Figure
4.11.b). Furthermore, comparison of the Zr:Si atomic ratios determined from XPS and
EDX (Figure 4.11.b) shows these deviate strongly from the 1:1 reference line, as
expected for attenuation of the underlying SiO, substrate by a uniformly deposited thin
SZ film. Note the Zr:Si ratio is unchanged upon sulfation suggesting there is minimal
sintering of the ZrO, film upon impregnation with H,SO, and calcination under these
conditions. In connection to this, Table 4.6 shows the bulk Zr and S content for each
grafting cycle, revealing a steady increase in Zr content from 1-3 ML along with a
decrease in the S:Zr ratio, as expected for thicker ZrO, coverage in which only the

surface layer is sulphated.
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Table 4.6: Surface and bulk composition of SBA-15 and SZ functionalized SBA-15 as a function of
nominal zirconia monolayers.

Surface composition from XPS Bulk composition from EDX

Si O Zr S S/Zr Zr/Si Si O Zr S S/Zr Zr/Si

wt% wt% wt% wt% Atomic ratio Atomic ratio | wt% wt% wt% wt% Atomic ratio Atomic ratio

SBA-15 38.9 6l1.1 - - - - 46.3 53.7
IML-SZ/SBA-15 323 58.0 83 14 0.7 0.1 383 547 60 1.0 0.5 0.1
2ML-SZ/SBA-15 21.0 50.1 26.6 24 0.4 0.4 323 47.0 19.0 2.0 0.3 0.2
3ML-SZ/SBA-15 18.2 47.1 31.7 3.0 0.3 0.5 31.7 463 204 1.7 0.2 0.2
4.2.2.4 Acid and base site measurements

Acid site strength and loading was probed by NHj3 calorimetry (Figure 4.12 and Table
4.7), which shows all samples exhibit a plateau in -AH,q4s ~ 100-120 kJ mol! evidencing
strong Bronsted acid sites, the uptake of which is highest for the 2ML-SZ/SBA-15
sample. It is also interesting to note that the 1 and 2 ML samples exhibit a small
proportion of sites at low NH; coverage with -AH,4s ~ 180-200 kJ mol! which are
attributable to strong Lewis acid sites.”! Additionally, the TPD analysis confirms the
results obtained by NH; adsorption calorimetry (Figure 4.13). A decreased proportion
of Lewis acid sites with each ZrO, grafting cycle is evident from pyridine titration
(Figure 4.14 and Figure 4.15) which shows the Bronsted : Lewis acid site ratio
increases continually across the series. Such an observation would suggest the initial
71O, layers are more defective or electronically perturbed by the underlying SiO,
substrate than the multilayer grafted materials. Figure 4.15 also shows how the

corresponding acid site loading from NH; TPD varies with ZrO, film thickness,
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showing a maximum of 0.40 mol g for the 2 ML sample. This suggests that a complete
surface coverage of acid sites is achieved once the second layer is completed, and the
third grafted layer has no benefit to the acidic properties of the catalyst. The
requirement for 2ML of ZrO, to optimise the acid site loading could be related to the
different speciation of Zr species supported onto the SBA-15 support as the amount of
ZrO; increases. Crystallization of Zr species into the tetragonal structure is necessary to
achieve superacidity,”> and might be expected to require a bi-layer to achieve the correct
structural properties. Indeed the envelope for the Zr 3d XP spectra (Figure 4.10) shows
a shift to lower binding energy with increased layer thickness which would be

consistent with the first layer being electronically perturbed at the SiO; interface.
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Figure 4.12: Titration of acid sites of xML-SZ/SBA-15 materials with ammonia
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Table 4.7: Acid site analysis from NHj; pulse titration/calorimetry and TPD

1ML-SZ/SBA-15 2ML-SZ/SBA-15 3ML-SZ/SBA-15
mmol g'1 - AH, @ mmol g'1 - AH,y ¢ mmol g'1 - AH,q4s
Pulse 1 0.01 190.0 0.02 174.2 0.02 126.9
Pulse 2 0.04 174.0 0.06 122.4 0.07 119.4
Pulse 3 0.07 106.5 0.11 114.6 0.12 110.6
Pulse 4 0.10 97.5 0.16 116.3 0.18 105.2
Pulse 5 0.13 100.9 0.20 114.8 0.23 99.0
Pulse 6 0.16 92.9 0.25 108.8 0.28 97.6
Pulse 7 0.19 92.5 0.30 100.1 0.33 85.9
Pulse 8 0.22 85.8 0.35 98.3 0.38 78.6
Pulse 9 0.24 80.2 0.39 93.5 0.42 72.7
Pulse 10 0.27 78.7 0.43 80.3 0.46 69.9
Total acid site loading
from calorimetry / mmol g 024 043 037
Total acid site loading
0.22 0.40 0.36

from TPD / mmol g
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Figure 4.15: Bronsted : Lewis acid sites ratio from pyridine titration and meq of H' per gram of catalyst
determined by TPD

Furthermore, SO, adsorption calorimetry and TPD was employed to probe the basicity
of SZ/SBA-15 catalysts. The enthalpy of SO, adsorption falls below the physisorption
threshold after the first pulse for all the three SZ/SBA-15 samples (Figure 4.16),

suggesting the presence of very small number of base sites on these catalysts. SO, TPD
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reveals that the IML-SZ/SBA-15 possesses the smallest number of base sites among the
three catalysts. Since the base sites are originated from zirconia, this suggests that the
surface of zirconia film is nearly saturated by the SO4> groups. Based on SO, TPD

analysis (Figure 4.17), the base site density of 1,2 and 3ML SZ/SBA-15 are 0.002,
0.004 and 0.003 mmole g respectively.

160
0 - &~ IML-SZ/SBA-15
140 1 A
- O-2ML-SZ/SBA-15
\
1204 A~ 3ML-SZ/SBA-15
\
= 100 !
7 \
g \
—_ <> \
80 podem-me?
\ \
g \ \
Zo{ v H
\ A \\
40 - -~ O:D
<>~ -
20 - A~ <>LA|= =oTA= S
0 T T T
0.00 0.01 0.02 0.03 0.04

Surface coverage / mmol g!

Figure 4.16: SO, adsorption and calorimetry on 1, 2 and 3ML SZ/SBA-15
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4.2.2.5 Transmission electron microscopy

High resolution TEM image (Figure 4.18) confirms the long range order of the
hexagonal SBA-15 phase is retained, while the pore walls of SBA-15 also remain
uniform upon grafting of ZrO, and sulfation, with no evidence for large crystallite

deposition even after the third cycle.

{oMLszsBA-1s |

200 nm

Figure 4.18: HRTEM of left: SBA-15 with 2 grafted ZrO, layers and right: SBA-15 with 3 grafted ZrO,
layers

The TEM image (Figure 4.19) shows the width of the SBA-15 channels and confirm a
good dispersion of sulphated Zr species on the silica pore surface, and the avoidance of
ZrO, clusters suggesting the formation of a uniform sulphated zirconia layer on the

silica surface after calcination.
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Figure 4.19: TEM image of 2ML-SZ/SBA-15.
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4.2.3 Effect of [H,SO4] molarity on 2ML Zr/SBA-15

Since the 2 monolayer SZ/SBA-15 exhibited the optimum base:acid site ratio, it was
then decided to pick this sample for investigation of S content impact on the physico-
chemical properties and catalytic activity of SZ/SBA-15 in glucose and fructose
dehydration to HMF. This section highlights the characterizations of 2ML SZ/SBA-15
impregnated with aqueous H,SO4 solutions with concentrations ranging from 0 to 0.25

M.

4.2.3.1 Powder X-ray diffraction

Low angle powder XRD was applied to verify successful formation of the P6mm space
group of the SBA-15, and also to confirm that zirconia grafting did not damage the
parent SBA-15. Figure 4.20 shows the small-angle XRD patterns of the parent SBA-15
and the series of SBA-15 supported sulphated zirconia catalysts. The small-angle XRD
pattern of the same calcined SBA-15 material exhibits three well-resolved peaks

characteristic of SBA-15'> 16

, namely, a very intense peak at about 26 = 0.9° and two
distinct weak peaks at 20 = 1.52° and 1.76°. The diffraction peaks are indexed as (1 0
0), (1 1 0) and (2 0 0) reflections corresponding to the pémm hexagonal symmetry™
which can be observed in all patterns, indicating these zirconia grafted mesoporous
silica catalysts retained the ordered structure of SBA-15. Similar to xML-SZ/SBA-15
samples, the decrease in intensity is due to incorporation of zirconia. Furthermore,
grafting zirconia on SBA-15 resulted in slight shift of the diffraction peaks to high—
angle region compared to SBA-15, corresponding to a decrease in cell parameters which
suggests shrinkage of mesoporous framework after the grafting process. This may be
ascribed to the joint of zirconia layer and pore surface, as the hydrous zirconia loses

water at 550°C, the silica framework shrinks in tandem with zirconia to cause a

decrease in interlayer spacing.
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Figure 4.20: Low angle XRD patterns for the parent SBA-15 and SZ/SBA-15 materials

Figure 4.21 exhibits the wide angle XRD patterns of parent SBA-15 and SZ/SBA-15
series. From the high angle XRD, there is no evidence that large zirconia crystallites are

formed during the grafting and calcination process.
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Figure 4.21: High angle XRD patterns SZ/SBA-15 series of catalysts
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4.2.3.2 N, porosimetry

Porosimetry data (Figure 4.22) shows all materials exhibit type IV adsorption
isotherms. The parent SBA-15 with sharp capillary condensation steps at relative
pressure (P/P”) of 0.6-0.8 and an H1 type hysteresis loop."” The shape of the N,
adsorption—desorption isotherm is characteristic of a well-formed SBA-15 material. The
hysteresis loop size continuously decreases as the first and second cycle of zirconia
grafting is accomplished which may account for decrease in the pore volume due to
ZrO, grafted on the walls of SBA-15 and also disruption of extended mesoporous
network.”* Furthermore, sulfation of the material with aqueous sulphuric acid solutions
with concentration range of 0.005-0.1 M has no significant impact on the hysteresis
loop size. However for the samples treated with solutions of 0.1 M <[H,S04] <0.25 M

the loop size was slightly increased.
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Figure 4.22: N, adsorption isotherms of parent SBA-15, ZrO, grafted SBA-15 and SZ/SBA-15 materials
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Surface areas were calculated using BET® method and average pore diameters and
mesopore volume were measured by employing BIH*® method. Furthermore, The

microporosity of the materials were determined using the t-plot*’ method.

These textural properties are summarized in Table 4.8. Conventional mesoporous SBA-
15 has a high specific surface area of 850.1 m’g" and pore volume of 1.26 cm’g™, in
good agreement with the literature.” * ® Table 4.8 shows that by doing the grafting
cycles, the specific surface area and total pore volume of the materials decrease
dramatically demonstrating the filling of inner surfaces of SBA-15. Also, the reduced
pore diameter together with the retention of the uniform pore distribution shows that

there is an even dispersion of zirconium 1-propoxide on the pore surface.

But, it can be observed that the sulfation process has minimal impact on the textural
properties of SZ/SBA-15 materials for the concentrations below and or equal to 0.05 M.
The average pore diameter of the sample treated with 0.1 M sulphuric acid is
considerably smaller although its total pore volume remains in the same range as
previous samples. The two samples that were treated with the highest sulphuric acid
concentrations have got a larger pore diameter compared to the ones that are
impregnated with lower concentration of sulphuric acid. The fact that the pore diameter
of SZ/SBA-15 0.17 and 0.25 M are almost the same as the IML-Zr/SBA-15 and parent
SBA-15 respectively (See Figure 4.23), suggests that the reason for increased pore
diameter could be partial destruction of zirconia film by 0.17 M H,SO4 and complete
removal of zirconia film by 0.25M acid. Additionally, wall thickness calculations
confirm the idea of zirconia film removal at high H,SO4 concentrations since after it gets
thicker up to [H,SO4] = 0.1 M, then the walls become thinner at higher concentrations.
(Table 4.9) Furthermore, Using Bragg’s Law (Equation 2.12) the cell parameters for

all materials have been calculated, shown in Table 4.9.
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Table 4.8: Surface area, pore diameter, micropore/mesopore and total pore volume of SZ/SBA-15
materials.
Surface area  Pore diameter Micropore vol  Mesopore vol  Total pore vol
Sample
mz.g'l nm cm3.g'l cm3.g'l cm3.g'l
SBA-15 850.1 6.76 0.082 1.158 1.26
IML-Zr/SBA-15 650.2 592 0.059 0.807 0.89
2ML-Zr/SBA-15 (no calcination) 607.6 4.85 0.047 0.69 0.75
2ML-Zr/SBA-15 (calcined) 539.6 5.40 0.04 0.698 0.74
SZ/SBA-15 0.005M 549.8 5.58 0.043 0.708 0.75
SZ/SBA-15 0.01M 538.3 5.58 0.047 0.682 0.73
SZ/SBA-15 0.015M 522.9 5.40 0.045 0.652 0.70
SZ/SBA-15 0.025M 505.5 5.28 0.035 0.648 0.68
SZ/SBA-15 0.05M 546.8 5.25 0.043 0.71 0.74
SZ/SBA-15 0.1IM 542.4 4.26 0.044 0.798 0.76
SZ/SBA-15 0.17M 556.8 5.93 0.044 0.803 0.83
SZ/SBA-15 0.25M 483.2 6.33 0.034 0.645 0.70
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Figure 4.23: Pore size distribution of SZ/SBA-15 materials as a function of [H,SO,]
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Table 4.9: Cell parameter, unit cell, pore diameter and wall thickness of SBA-15, Zr/SBA-15 and
SZ/SBA-15 series of catalysts

digo” Unit cell size (a)’ Pore diameter® Wall thickness?
Sample

nm nm nm nm
Parent SBA-15 9.91 11.45 6.8 4.7
IML-Zr/SBA-15 9.91 11.45 5.9 5.5
2ML-Zr/SBA-15 (uncalcined) 9.17 10.59 4.9 5.8
2ML-Zr/SBA-15 (calcined) 9.58 11.06 54 5.7
SZ/SBA 0.005 9.48 10.94 5.6 54
SZ/SBA 0.01 9.48 10.94 5.6 54
SZ/SBA 0.015 9.48 10.94 54 5.5
SZ/SBA 0.025 9.58 11.06 5.3 5.8
SZ/SBA 0.05 9.69 11.19 52 5.9
SZ/SBA 0.1 9.58 11.06 43 6.8
SZ/SBA 0.17 9.58 11.06 5.9 5.1
SZ/SBA 0.25 9.58 11.06 6.3 4.7

“Interlayer spacing derived from Bragg’s Law, "Pore spacing, “BJH average pore diameters from desorption isotherm,

dwall thickness:(Zd100/\/3)-p0re diameter.

4.2.3.3 Surface and bulk elemental analysis

The impact of zirconia grafting on SBA-15 and subsequent impregnation by 0.005-0.25
M H,SO4 was probed by XPS to determine surface composition of the samples. Table
4.10 and Figure 4.24 demonstrate that increasing the concentration of the impregnating
acid solution results in a steep initial rise in the surface S content, which subsequently
reaches a maximum of ~1.4 wt% at [H,SO4] = 0.1 M and drops to 0.7 wt% for the
highest acid concentration. Table 4.10 also shows that the zirconium content of the new
batch of 2ML-Zr/SBA-15 is very similar to that of previously made which were
discussed in Section 4.2.1 with only 1.4% difference in Zr weight percent proving the
reproducibility of the synthesis method. Moreover the samples treated with [H,SO4] <
0.05M retain about the same amount of zirconium as parent Zr/SBA-15. However,
further increase in the concentration of impregnating H,SO,4 results in continuous drop
in zirconium loading of SZ/SBA-15 samples in line with Figure 4.24. The variations of
Zr content in the bulk of the samples measured by SEM/EDX analysis indicating the
same fashion as the surface Zr content. Moreover, ICP analysis on the filtrate of
impregnation with [H,SO4] = 0.05 M and 0.25 M reveals that concentration of Zr ions
in those solutions are 385 and 2761 ppm respectively. This is an indication of greater

dissolution of zirconia film at higher H,SO4 concentrations. This is in good agreement
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with previously discussed N, adsorption results which showed a shift in pore size
distribution towards wider pores for the samples treated with higher concentrations of
H,SO4. These findings strongly suggest that impregnating ZrO,/SBA-15 with [H,SO4] >
0.1 M will cause some dissolution of zirconia into the solution and hence some loss of
the zirconia film on the SBA-15. The fact that surface area and low angle XRD patterns
of these samples remain unchanged suggests this observation is not due to any collapse

of the pore structure.

Table 4.10: XPS surface composition of parent SBA-15, 2ML Zr/SBA-15 and the resulting SZ/SBA-15
series from impregnation with increasing [H,SO4]

O1s Zr 3d S2p Si2p O1s Zr 3d S2p Si2p
Sample

wt% wt% wt% wt% At% At% At% At%
SBA-15 57.5 0.0 0.0 42.5 70.3 0.0 0.0 29.7

IML-Zr/SBA-15
2ML-Zr/SBA-15 (No calcination) 43.1 28.2 0.0 28.7 66.9 7.7 0.0 25.4
2ML-Zr/SBA-15 (Calcined) 45.5 26.6 0.0 28.0 68.9 7.1 0.0 24.1
SZ/SBA-15 0.005M 45.4 25.0 0.1 29.4 68.2 6.6 0.1 252
SZ/SBA-15 0.01M 45.8 26.3 0.2 27.7 69.1 7.0 0.1 23.8
SZ/SBA-15 0.015M 45.6 26.3 0.2 27.9 68.9 7.0 0.1 24.0
SZ/SBA-15 0.025M 44.8 26.9 0.6 27.8 68.3 7.2 0.4 24.1
SZ/SBA-15 0.05M 42.7 27.0 1.2 29.1 66.1 7.3 0.9 25.6
SZ/SBA-15 0.1M 46.3 22.0 14 303 68.0 5.7 1.0 253
SZ/SBA-15 0.17M 48.6 14.0 1.1 36.4 67.2 34 0.8 28.6
SZ/SBA-15 0.25M 52.5 4.7 0.7 42.1 67.6 1.1 0.5 30.9
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Figure 4.24: Zirconium and sulphur content of the SZ/SBA-15 catalysts from XPS as a function of
H,SO, concentration
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Figure 4.25, compares the bulk and surface atomic ratios of S:Zr, Zr:Si and S:Si from
EDX and XPS analysis wherein S:Zr atomic ratio in bulk and on the surface of the
materials steadily increases with concentration of sulphuric acid. Moreover, Zr:Si
atomic ratio from EDX and XPS, stay at constant level of 0.2 and 0.3 respectively up to
[H,SO4] = 0.05 M and then the bulk Zr:Si drops to 0.05 while the surface Zr:Si atomic
ratio is 0.03. Furthermore, the bulk and surface S:Si atomic ratios, reaches a maximum
as the concentration of H,SO4 is equal to 0.1 M. The drop in S:Si ratio could be
explained by the simultaneous zirconia film removal due to high concentration of
H,SO4. Table 4.11 presents detailed elemental analysis data from SEM/EDX on
SZ/SBA-15 materials.
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Figure 4.25: (®) S:Zr, (W) Zr:Si and (A) S:Si atomic ratio from left) EDX and right) XPS.

Table 4.11: Elemental analysis on the bulk of SZ/SBA-15 materials with SEM/EDX

o Zr S Si (0] Zr S Si

Sample
wt% wt% wt% wt% At% At% At% At%
SBA-15 53.7 0.0 0.0 46.3 67.0 0.0 0.0 33.0
IML-Zt/SBA-15 49.0 11.5 0.0 39.5 66.6 2.8 0.0 30.6
2ML-Zr/SBA-15 (No calcination) 46.3 20.0 0.0 33.7 67.1 5.1 0.0 27.8
2ML-Zr/SBA-15 (calcined) 47.2 18.7 0.0 342 67.5 47 0.0 27.9
0.005M SZ/SBA-15 40.5 20.7 0.0 38.8 61.1 55 0.0 33.4
0.01M SZ/SBA-15 43.1 19.9 0.0 37.0 63.7 5.2 0.0 31.1
0.015M SZ/SBA-15 42.8 20.3 0.5 36.4 63.6 5.3 0.4 30.8
0.025M SZ/SBA-15 42.1 20.0 0.6 373 62.7 5.2 0.4 31.7
0.05M SZ/SBA-15 455 18.8 1.3 34.4 65.9 4.8 0.9 28.4
0.1M SZ/SBA-15 44.6 16.5 1.5 37.3 64.2 42 1.1 30.6
0.17M SZ/SBA-15 49.3 11.8 1.5 37.3 67.2 2.8 1.0 29.0
0.25M SZ/SBA-15 47.0 9.5 1.7 41.8 64.0 23 1.2 325
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4.2.3.4 Diffuse Reflectance Infrared Fourier Transform

Spectroscopy

In situ DRIFTS were used to characterize the evolution of sulfate groups with acid
concentration (Figure 4.26). In SBA-15, the bands centered at 1100 and 815 cm ' are
attributed to asymmetric stretching and symmetric stretching of Si—O-Si respectively
and the band at 974 cm ' is related to the characteristic stretching vibration of non-
bridged Si—OH groups. ****’ And the broad transmittance band in the wavenumber range
of 3000-3800 cm ' is associated with the surface silanols.’® From the spectra, it is
apparent that the transmittance band at 974 cm ' was lost and also the intensity of the
sharp peak at 3743 cm™ which is attributed to isolated silanol®' decreased significantly
after coating zirconia layer on the surface of SBA-15, which indicates the association of
Si—OH and Zr-OH groups to Si-O—Zr groups.>> Moreover, the band at 1640 cm™ is

related to bending vibration of adsorbed water.”
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Figure 4.26: DRIFT spectra of Parent SBA-15, Zr/SBA-15 and SZ/SBA-15 series of catalysts recorded in
vacuo at 50°C

In order to have a better understanding about the presence of Zr and different sulphur

species, the transmittance spectrum of pure SBA-15 was subtracted from the rest of
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spectra (Figure 4.27). As a function of [H,SOy4], a clear band is seen to evolve at ~1348
cm’’, which is a characteristic band of SO, asymmetric stretching mode of (0=S=0)
on sulphated metal oxides.’" The accompanying modes observed ~ 950-1000 cm™ are
assigned to the symmetric (O=S=0) SO, vibrational mode. The splitting of spectral
features as a function of SO4 coverage is consistent with multiple SO4 coordination
environments (e.g. mono-bi dentate) coverage as discussed in Chapter 3. It is
interesting to note that the water bending mode at ~1600cm™ is also split suggesting
there is water bound to strong Lewis sites associated with the ZrO, film. Loss of
resolution of spectral features > 0.1 M [H,SO4] may be due to the effect of stronger acid
solutions used during impregnation causing dissolution and re-dispersion of the

sulphated overlayer.
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Figure 4.27: SBA-15 subtracted spectra of SZ/SBA-15 materials
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4.2.3.5 Acid and base sites measurements

71O, exhibits both acidic and basic properties34, hence NH; and SO, titrations were
employed to map the acid and base site densities as a function of S:Zr atomic ratio.
Figure 4.28 shows the enthalpy of adsorption of each ammonia pulse as a function of
acid site loading. The horizontal dashed line at 80 kJ.mol™ represents the threshold of
significant chemisorption. In other words, pulses with enthalpy of adsorption below 80
kJ.mol™ are considered as physisorption. So the number of acid sites can be read from
wherever each curve meets the chemisorption threshold line. The vertical dotted lines
demonstrate the corresponding acid site loading values measured from temperature
programmed desorption. Figure 4.28 demonstrates that the Zr/SBA-15 sample
possesses a smaller number of acid sites compare to the sulphated samples. The number
of acid sites increases continuously with concentration of impregnating solution except
for the sample that was treated with 0.25 M sulphuric acid solution. The drop in number
of acid sites for the last sample correlates with increased pore diameter and decrease in
Zr content, and as discussed before it could be attributed to dissolution of zirconia film
by relatively high concentration of impregnating sulphuric acid solution. Moreover, the
enthalpy of adsorptions increases with H,SO4 concentration indicating formation of
stronger acid sites when treated with more concentrated H,SO4 unless impregnation
causes zirconia film removal from the SBA-15 surface. The acid strength increases
across the series due to a combination of increased SO,” density, coordination
environment change (bi-mono dentate SO4>) and potentially more defective ZrO, film
at 2ML compared to bulk ZrO, allowing for generation of more Lewis acid sites. Also
for bulk systems monoclinic-tetragonal influences Bronsted : Lewis ratio but since it
was not possible to identify the phase of thin films by XRD, therefore this is a
speculation, however Raman analysis could be helpful in this matter. Furthermore, the
reason for drop in enthalpy of adsorption by injecting more ammonia is because in
principle, the stronger active sites are neutralised first and progressively weaker are

neutralised in order.

Figure 4.29 shows the ammonia thermal programmed desorption as a function of time
for the parent Zr/SBA-15 sample as well as the selected samples from SZ/SBA-15
series of materials. Table 4.12 shows the enthalpy of adsorption for each injection, as

well as measured acid site loading from ammonia pulse titration/calorimetry and also
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from TPD. Furthermore, it indicates that the number of acid sites measured by ammonia

pulse titration/calorimetry and TPD are in very good agreement with each other.
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Figure 4.28: Titration of acid sites of Ztr/SBA-15 and SZ/SBA-15 materials with ammonia
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Figure 4.29: Thermal programmed desorption of ammonia for Zr/SBA-15 and SZ/SBA-15 materials
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Table 4.12: Acid site analysis from ammonia pulse titration/calorimetry and thermal programmed desorption

Zr/SBA-15 SZ/SBA-15 0.01M SZ/SBA-15 0.025M SZ/SBA-15 0.05M SZ/SBA-15 0.1M SZ/SBA-15 0.25M
mmol.g'l - AH,qs mmol.g'l - AH,qs mmol. g'l - AH,qs mmol. g'l - AH,qg mmol. g'l - AH,qs mmol.g'l - AH,qgs
Pulse 1 0.02 140.01 0.02 136.60 0.02 148.19 0.02 156.24 0.02 171.82 0.02 140.35
Pulse 2 0.07 129.64 0.07 121.93 0.07 118.94 0.06 137.17 0.08 130.09 0.07 133.47
Pulse 3 0.12 105.95 0.13 112.60 0.12 112.40 0.11 115.54 0.13 117.65 0.12 116.37
Pulse 4 0.17 102.92 0.18 107.27 0.17 112.27 0.15 113.28 0.19 114.02 0.18 119.65
Pulse 5 0.22 84.86 0.23 83.75 0.22 98.95 0.20 109.35 0.25 104.34 0.23 114.62
Pulse 6 0.27 76.71 0.29 75.27 0.27 91.81 0.24 104.96 0.31 107.85 0.28 104.43
Pulse 7 0.31 63.59 0.34 75.84 0.32 73.93 0.29 89.22 0.37 105.31 0.33 85.27
Pulse 8 0.35 59.72 0.38 65.14 0.36 51.74 0.32 83.36 0.42 77.50 0.36 71.09
Pulse 9 0.39 59.32 0.42 61.01 0.40 54.74 0.36 68.58 0.47 60.64 0.40 62.71
Pulse 10 0.43 52.48 0.46 44.22 0.44 52.13 0.39 68.01 0.52 54.26 0.43 57.47
Total acid site loading from
calorimetry 0.25 0.26 0.3 0.33 0.42 0.34
mmol.g”!
Total acid site loading from TPD 0.233 0.275 0.302 0.340 0.397 0.347

mmol.g"
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Base site measurements with SO, pulse titration/calorimetry reveal that the number of
base sites decreases monotonically as the S:Zr atomic ratios increase (Figure 4.30).
Additionally, TPD confirms the calorimetry data (Figure 4.31). Table 4.13 summarizes
SO, pulse titration/calorimetry studies as well as the calculated number of base sites for
the Zr/SBA-15 and SZ/SBA-15 series and Figure 4.32 and Table 4.14 illustrates the
absolute number of acid and base sites and the ratio between them and the acid and base

site density as a function of [H,SO4].
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Figure 4.30: Titration of base sites of Zr/SBA-15 and SZ/SBA-15 materials with SO,
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Figure 4.31: Thermal programmed desorption of SO, for Zr/SBA-15 and SZ/SBA-15 materials
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Table 4.13: Base site analysis from SO, pulse titration/calorimetry and thermal programmed desorption

Zr/SBA-15 SZ/SBA-15 0.01M SZ/SBA-15 0.025M SZ/SBA-15 0.05M SZ/SBA-15 0.1M SZ/SBA-15 0.25M
mmol‘g‘1 - AH,gs mmol.g‘1 - AHaqs mmol.g'1 - AH,gs mmol.g'1 - AH,gs mmol.g‘1 - AHaqs mmol.g'1 - AH,gs
Pulse 1 0.01 176.07 0.01 173.39 0.01 159.02 0.01 137.88 0.00 135.51 0.00 73.78
Pulse 2 0.03 135.99 0.03 115.87 0.02 112.37 0.02 80.28 0.01 73.96 0.01 36.59
Pulse 3 0.05 112.36 0.05 87.05 0.03 86.17 0.03 66.56 0.02 47.10 0.02 24.65
Pulse 4 0.07 92.32 0.07 72.99 0.04 75.55 0.04 63.00 0.03 46.46 0.02 24.39
Pulse 5 0.08 75.08 0.09 57.25 0.05 64.36 0.05 51.78 0.04 44.52 0.03 25.24
Pulse 6 0.10 53.55 0.11 51.50 0.07 58.12 0.06 50.94 0.04 29.94 0.04 21.52
Pulse 7 0.12 42.46 0.13 45.36 0.08 52.92 0.07 47.31 0.05 27.40 0.05 20.53
Total base site loading from
calorimetry 0.06 0.04 0.02 0.01 0.00
mmol.g"
Total base site loading from TPD 0.067 0.039 0017 0.008 0.002

mmol.g”

159



0.5 200
)
s .
g 0.4
g L 150
on
£ —
5 2
03 - >
o Q.
7 - 100 &
v w2
8 g
;0.2 1 =
g g
k=
< L
ki 50
'S 0.1 1
<
|
2

0 - Lo
Zr/SBA-15  SZSBA SZSBA SZSBA SZSBA0.IM  SZSBA
2ML calcined ~ 0.01M 0.025M 0.05M 0.25M

Figure 4.32: Acid and base site loading and the acid to base sites ratio for the series of SZ/SBA-15
materials

Table 4.14: Acid and base site loading and density and acid:base sites ratio for selected samples of
SZ/SBA-15 materials

Acid site loading  Base site loading Acid density Base density Acid:Base ratio
mmole g’ mmole g’ mmole m? mmole m?

Zr/SBA-15 2ML calcined 0.233 0.079 4.3E-04 1.5E-04 29
SZSBA 0.01M 0.275 0.067 5.1E-04 1.2E-04 4.1
SZSBA 0.025M 0.302 0.039 6.0E-04 7.7E-05 7.7
SZSBA 0.05M 0.34 0.017 6.2E-04 3.1E-05 20.0

SZSBA 0.IM 0.397 0.008 7.3E-04 1.5E-05 49.6
SZSBA 0.25M 0.347 0.002 7.2E-04 4.1E-06 173.5

The SZ/SBA-15 materials exhibited the presence of both Lewis and Brensted acid sites
as indicated by DRIFT spectra of the samples recorded after pyridine adsorption
(Figure 4.33). In zirconia-coated SBA-15, the band at 1446 cm™ is attributed to
pyridine coordinatively adsorbed on Lewis sites and the peak at 1545 cm™ is related to
pyridine adsorbed on Bronsted acid sites. The transmittance band centred at 1491 cm™
arises from interaction of pyridine with both Lewis and Brensted sites. In pure SBA-15
there were no peak detected at 1545 cm™ and 1491 cm™ indicating that acid sites are
generated upon zirconia coating on SBA-15 pore walls.” This generation of Brensted
acidity may be due to changes in the electron density around Si nuclei as result of either

differences in the electronegativity or local structure deformation resulting from
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introduction of Zr*' ions, which may weaken Si—-O-Zr—-OH bond®’. These results

confirmed the presence of Si—O—Zr linkages in zirconia-coated SBA-15 samples.

The unique Bronsted—Lewis features at 1545/1446 cm™' were integrated to quantify the
variation in Brensted : Lewis ratio, which increases with increase in Zr loading as well
as sulphur content. Figure 4.34 shows the ratio of Brensted to Lewis acid sites for the

SBA-15 supported sulphated zirconia samples as a function of S:Zr atomic ratio.
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Figure 4.33: DRIFT spectra of the SZ/SBA-15 materials after pyridine adsorption in vacuo at 50 °C
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Figure 4.34: Ratio of Brensted to Lewis acid sites for the SZ/SBA-15-xM series of catalysts.
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4.2.4 Glucose and fructose conversion to HMF over

SZ/SBA-15 catalysts

Glucose and fructose dehydration reaction was subsequently conducted over SZ/SBA-
15 series of catalysts to investigate their performance. Full reaction conditions are
described in Chapter 2. As it was hypothesized and subsequently verified in Chapter
2, the glucose transformation to HMF takes place via isomerization of glucose to
fructose followed by dehydration of fructose to form HMF which the former is Lewis
acid/base catalysed and the latter is an acid catalysed reaction. Here we investigate the

effect of zirconia monolayers followed by studying the effect of sulphur loading.

4.24.1 Effect of zirconia monolayers on glucose conversion

Figure 4.35 depicts the profile of glucose conversion over 1-3ML-SZ/SBA-15
catalysts. The first striking observation is that IML-SZ/SBA-15 is by far the least active
catalysts among three. Moreover, the quantity of glucose converted over 2ML-

SZ/SBA-15 was more than two others however the difference in conversion over 2ML

and 3ML is not remarkable.
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Figure 4.35: Profile of glucose conversion over xML-SZ/SBA-15 catalysts (T=100°C, 0.1 g glucose,

20ml deionized water, substrate : catalyst = 1)

Profiles of glucose conversion as well as yield of fructose and HMF for the 3 catalysts
are shown in Figure 4.36. In all cases the yield of major products (fructose and HMF)
progressively increases over the time. Since all of the catalysts were impregnated with
same sulphuric acid solution ([H,SO4] = 0.075 M), increasing the amount of zirconia

will lead to the formation of more basic/Lewis acidic sites that are responsible for
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isomerization of glucose to fructose. This explains the increase in conversion level of
glucose (mainly to fructose) from 1ML to 2-3ML. Subsequently because there are more

fructose molecules available in the reaction media (over 2-3ML), the yield of HMF gets

increased as well.
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Figure 4.36: Profile of glucose conversion as well as fructose and HMF yield for glucose = HMF
reaction over XML-SZ/SBA-15 catalysts (T=100°C, 0.1 g glucose, 20ml deionized water, substrate :
catalyst = 1)

Conversion plots followed similar order and trends when fructose was used as substrate

(Figure 4.37) however the levels of conversion were significantly higher.
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Figure 4.37: Profile of fructose conversion over xML-SZ/SBA-15 catalysts (T=100°C, 0.1 g fructose,
20ml deionized water, substrate : catalyst = 1)

The main products of the fructose dehydration reaction at 100 °C over SZ grafted SBA-
15 were glucose and HMF, the carbon balance is not as good as the reactions started

with glucose. This is probably due to easier transformation of fructose to unknown side-
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products and humins compared to reaction started with glucose. Profile of fructose

reactions are demonstrated in Figure 4.38.
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Figure 4.38: Profile of fructose conversion as well as glucose and HMF yield for fructose = HMF

reaction over XML-SZ/SBA-15 catalysts (T=100°C, 0.1 g fructose, 20ml deionized water, substrate :
catalyst = 1)

Figure 4.39 compares the yield of major products as well as the TOFs for glucose —
HMF and fructose = HMF reaction over xML-SZ/SBA-15s. While 2ML catalyst gives
the highest fructose and HMF yield with a small margin compared to 3ML, the IML is
the least efficient catalyst among these three. Glucose TOF follows similar trend as it is
0.2 h' for the IML catalyst while the 2 and 3ML samples gives TOFs about 0.5 h
which implicate a change in the nature of active sites from 1ML to 2-3ML, which is
attributed to the presence of more base sites in 2-3ML catalysts compared to 1ML. The
HMF turnover frequency remains at constant level of 0.02 h™' for all catalysts which is
in accordance with the idea of formation of HMF over Brensted acid sites which are
common for all SZ/SBA-15 catalysts. The right side of Figure 4.39 shows the yield of
glucose and HMF along with fructose TOF for fructose dehydration reaction. The
differences between TOFs over 1-3ML catalysts are not remarkable suggesting that
fructose is converted over the same type of active sites (that are Bronsted acid sites) in
all cases. The details of conversions, yield and selectivity of major products, rate of

reactions, TOFs and carbon balance are presented in Tables 4.15 and Table 4.16.
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Figure 4.40 demonstrates that the yield of HMF in reactions starting from glucose and

fructose improves as the acid sites number increases.
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Table 4.15: Conversion, rate of glucose consumption and HMF formation, yield and selectivity of major products following glucose dehydration to HMF over xML-
SZ/SBA-15 at 100 °C. (0.1 g glucose, substrate : catalyst = 1, 20 ml deionized water)

Catalyst Conversion* Initial rate of Initial rate of TOF TOF Yield Selectivity Carbon balance
glucose consumption HMF formation Glucose consumption HMF formation HMF Fructose HMF Fructose Cou/Cin
% pmol.h™! pmol.h™! h! h! % % % % %

Blank 9.9 13.0 0.06 - - 0.1 9.3 0.6 93.6 99.4
SBA-15 44 - - - - 0.1 4.3 1.2 96.6 102.2
IML-SZ/SBA-15 33 2.0 0.2 0.2 0.02 0.5 2.9 13.6 86.4 103.1
2ML-SZ/SBA-15 12.4 10.0 0.5 0.5 0.02 0.9 9.6 9.1 77.3 98.3
3ML-SZ/SBA-15 10.0 8.0 0.4 0.4 0.02 0.8 8.6 8.0 85.8 99.4

* Conversion after 6h

Table 4.16: Conversion, rate of fructose consumption and HMF formation, yield and selectivity of major products following fructose dehydration to HMF over xML-
SZ/SBA-15 at 100 °C. (0.1 g fructose, substrate : catalyst = 1, 20 ml deionized water)

Catalyat Conversion fruc:::;?tl) :.::le n(:;ﬁ(m HI;'/IIE?L : ;::t(i)(fn TOF . TOF . Yield Selectivity Carbon balance
Fructose consumption HMF formation HMF Glucose HMF Glucose Cout/Cin
% pumol.h! pumol.h! h! h! % % % % %
Blank 44 4.7 0.3 - - 0.3 3.1 59 70.3 98.9
SBA-15 3.8 - - - - 0.3 33 7.9 87.7 101.0
IML-SZ/SBA-15 9.5 7.0 0.6 0.6 0.06 1.5 42 15.7 443 96.2
2ML-SZ/SBA-15 21.5 16.0 1.2 0.8 0.06 2.7 3.4 12.6 16.0 85.3
3ML-SZ/SBA-15 17.4 13.0 0.8 0.7 0.05 1.9 2.7 11.1 15.4 87.6
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4.2.4.2 Effect of sulphur loading on glucose conversion

Since 2ML-SZ/SBA-15 material possessed the optimum acid:base ratio, it was selected
for studying the effect of sulphur content on the activity of catalysts and yield of
products. Figure 4.41 represents the levels of glucose conversion as a function of S:Zr
atomic ratio which mirrors the changes in base:acid site ratio very well. The relatively
high level of glucose conversion over unsulphated Zr/SBA-15 correlates with high
fructose yield over this catalyst which can be attributed to higher number of base sites
as well as relatively high Lewis : Bronsted acid ratio compared to the sulphated samples
(Figure 4.42). However, as the loading of SO4* groups increases, glucose conversion
monotonically decreases. This could be explained by the fact that the number of base
sites decreases gradually across the series and also the ratio of Brensted : Lewis acid
sites increases. Consequently, the isomerization of glucose to fructose, which is known
to be limiting step of the telescopic conversion of glucose to HMF, switches off and
thus the fructose yield declines as the S:Zr ratio increases. Although, these variations in
acid:base ratio and Bronsted : Lewis ratio are in favour of fructose dehydration to HMF.

Therefore, HMF yield goes through a maximum (Figure 4.42).
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Figure 4.41: (®) Glucose conversion over SZ/SBA-15 series of catalysts and (#) base:acid site ratio as a
function of S:Zr atomic ratio, 100 °C

Moreover, the fructose selectivity drops from 93% over Zr/SBA-15 catalyst to ~87%
where S:Zr atomic ratio equals to 0.13 and then levels off. In addition to that, HMF
selectivity increases from 7.5% to about 12% over the S:Zr atomic ratio range of 0 to

0.13 and then plateaus.
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Figure 4.42: Left) Yield and Right) selectivity of fructose and HMF as a function of S:Zr atomic ratio
ratio in glucose transformation into HMF after 6 h reaction at 100°C

Furthermore, glucose TOF (normalized to acid sites) drops significantly as the S:Zr
atomic ratio increases before reaching a plateau at S:Zr atomic ratio = 0.2 (Figure 4.43).
The reason for this dramatic drop lies in replacement of surface base sites with acid sites
as a result of incorporation of more SO4~ groups on ZrO, layer. Therefore, rate of
glucose conversion (glucose < fructose isomerization) decreases. Thus the numerator of
TOF formula (rate of reaction) decreases and simultaneously the denominator (mass of
catalysts multiplied by number of acid sites) increases which result in a smaller value
for TOF. For the samples with S:Zr ratio above 0.2, the number of base sites are too
small and negligible that can be assumed the isomerization over these catalysts only
take places non-catalytically, plus that number of acid sites for last two points in Figure
4.43 are fairly close to each other. (see Table 4.17), therefore glucose TOF remains
constant. HMF formation is solely dependent on presence of Brensted acid sites and
availability of fructose in the reaction mixture. So in the regime where fructose is
formed catalytically over base sites, HMF TOF remains constant at 0.04 h™ and then
when there are not much base sites left on the catalyst and isomerization reaction is

taking place homogenously, it drops to about 0.015 and levels off. (Figure 4.43)

Figure 4.44 illustrates glucose conversion as well as fructose and HMF yield profiles

for the glucose to HMF reactions over SZ/SBA-15 catalysts at 100 °C.
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Figure 4.43: Glucose and HMF turnover frequencies as a function of S:Zr atomic ratio for glucose —
HMF reaction over SZ/SBA-15-xM series of catalysts
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Figure 4.44: Profile of reactions for glucose = HMF over SZ/SBA-15 xM catalysts

170



Table 4.17: Conversion, rate of glucose consumption and HMF formation, yield and selectivity of major products following glucose dehydration to HMF over SZ/SBA-15 at
100°C

Catalyst Conversion Initial rate of. Initial rate ?f TOF TOF Yield Selectivity Carbon balance
glucose consumption  HMF formation Glucose consumption HMF formation HMF Fructose HMF Fructose Cou/Cin
% pumol.h! pumol.h! h! h! % % % % %

Blank 10.0 13.0 0.0 - - 0.1 9.2 0.6 91.8 99.2
SBA-15 4.4 - - - - 0.1 43 1.2 96.6 102.2
IML-Zr/SBA-15 15.8 30.0 0.0 - - 0.9 13.0 59 81.9 98.6
2-MLZr/SBA-15 (Uncalcined) 20.9 41.0 1.04 - - 1.1 15.2 5.4 72.7 95.4
2-MLZr/SBA-15 (Calcined) 12.4 24.0 0.95 1.03 0.04 0.9 11.5 7.5 92.5 102.5
SZ/SBA-15 0.005M 14.1 24.0 1.04 - - 1.1 12.2 7.6 86.7 99.4
SZ/SBA-15 0.01M 12.6 21.0 1.01 0.76 0.04 1.1 11.5 9.1 90.9 101.4
SZ/SBA-15 0.015M 13.0 21.3 1.20 - - 1.3 11.7 10.1 89.9 100.6
SZ/SBA-15 0.025M 11.9 17.4 1.16 0.58 0.04 1.3 10.6 11.2 88.8 100.8
SZ/SBA-15 0.05M 9.5 13.1 1.08 0.39 0.03 1.3 8.2 13.5 86.5 101.6
SZ/SBA-15 0.1M 7.8 5.7 0.75 0.14 0.02 0.9 6.9 11.9 88.1 103.0
SZ/SBA-15 0.17M 7.3 8.0 0.63 - - 0.8 6.6 10.5 89.5 100.4
SZ/SBA-15 0.25M 5.1 6.0 0.47 0.17 0.01 0.6 4.5 12.4 87.6 101.4
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4.2.4.3 Effect of sulphur loading on fructose conversion

The performance of SZ/SBA-15 catalysts with different sulphur contents was examined
in fructose dehydration to HMF at 100 °C. As it is shown in Figure 4.45, however it
was expected the activity of catalyst increases with the number of acid sites and
increased Bronsted : Lewis acid sites ratio (analogous to fructose conversion over bulk
SZ, Figure 3.21), fructose conversion does not significantly change. This could be
attributed to in-pore adsorption due to high surface area and a combination of side
reactions that are insensitive to acidity. While apparently it was not possible to
influence the fructose conversion, we could observe a change in the selectivity to HMF

which is dependent on Bronsted acidity.

20T:_‘ ‘..

Fructose conversion / %

0 0.1 0.2 0.3 0.4 0.5
S:Zr atomic ratio

Figure 4.45: Fructose conversion over SZ/SBA-15 series of catalysts as a function of S:Zr atomic ratio
after 6 h reaction at 100°C

As it is depicted in Figure 4.46, HMF yield monotonically increases with S:Zr atomic
ratio from 1.8% over sulphur free SBA-15 supported ZrO, sample to 3.9% at S:Zr =
0.42. This is attributable to increased number of acid site and Brensted acid sites in
particular. In addition to that, selectivity toward HMF follows similar fashion as its
yield, increasing from 8.8% to 17.4% when S:Zr ratio changes from 0 to 0.42. Figure
4.46 also demonstrates that variation in physicochemical properties of the SZ/SBA-15

catalyst has minimal effect on glucose yield and selectivity.
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Figure 4.46: Left) Yield and Right) selectivity of glucose and HMF as a function of S:Zr atomic ratio in
fructose transformation into HMF after 6 h reaction at 100 °C

The profiles of fructose conversion and yield of the major products for fructose
dehydration reaction over SZ/SBA-15 catalysts are given in Figure 4.48. Then, the rate
of HMF formation was calculated based on the data points which were collected in the
first 3 h of the reactions. Following that, TOFs were calculated by normalizing the rates
of HMF formation to mass of catalysts and the number of acid sites per unit of catalyst
mass. As Figure 4.47 demonstrates, HMF TOF remains at constant level of ~0.07 h™
confirming that HMF has been formed over the same type of active sites that are
supposed to be Bronsted acid sites. Table 4.18 summarizes the obtained information

about fructose dehydration reaction over the SZ/SBA-15 series of catalysts.
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Figure 4.48: HMF turnover frequencies as a function of S:Zr atomic ratio for fructose = HMF reaction
over SZ/SBA-15-xM series of catalysts
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Table 4.18: Conversion, rate of fructose consumption and HMF formation, yield and selectivity of major products following fructose dehydration to HMF over SZ/SBA-15

at 100°C

Initial rate of

Initial rate of

Carbon balance

Conversion fructose consumption HMF formation HMF Glucose HMF Glucose Cou/Cin
% pumol.h! pumol.h™! % % % % %

Blank 4.4 4.7 03 03 3.1 5.9 70.3 98.9
SBA-15 3.8 - - 03 33 7.9 87.7 101.0
IML-Zr/SBA-15 20.4 33.1 0.8 1.9 4.7 9.2 22.9 87.5
2ML-Zr/SBA-15 (Uncalcined) 25.6 16.1 0.8 2.1 4.4 8.3 17.1 82.4
2ML-Zr/SBA-15 (Calcined) 214 16.6 0.8 1.8 4.6 8.5 217 86.2
SZ/SBA-15 0.005M 20.2 16.0 0.8 2.0 4.7 9.8 233 87.7
SZ/SBA-15 0.01M 20.1 16.1 0.9 1.9 4.6 9.6 23.1 87.8
SZ/SBA-15 0.015M 21.7 16.0 1.0 2.2 4.3 10.0 19.6 86.0
SZ/SBA-15 0.025M 212 15.6 1.0 2.7 3.8 12.6 17.9 86.4
SZ/SBA-15 0.05M 20.4 15.7 12 2.3 4.2 11.2 20.7 87.3
SZ/SBA-15 0.1M 212 11.4 1.1 2.6 3.7 122 17.5 86.0
SZ/SBA-15 0.17M 19.8 15.5 1.1 2.7 4.8 13.4 243 93.2
SZ/SBA-15 0.25M 223 119 1.8 3.9 4.3 17.4 19.1 86.5
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4.2.5 Comparison between bulk SZ and SBA-15

supported SZ
Chapter 3 highlighted the physical and chemical properties of sulphated zirconia

materials and their catalytic performance in glucose and fructose dehydration into HMF.
Also, previously in this chapter, the impact of grafting sulphated zirconia layers on a
high surface area meso-structure SBA-15 support was studied. This section will provide

a comparison between these two sets of catalysts in glucose transformation into HMF.

In order to have a fair comparison between the activities of the two series of catalysts,
glucose conversion was normalized to Zr content in the bulk of each catalyst. Figure
4.49 shows that all the grafted samples have converted larger amount of glucose per
gram of Zr. For both sets of catalysts, the normalized glucose conversion drops when
[H>SO4] = 0.025 M and then reaches a plateau for concentrations greater than 0.05 M.
This is consistent with decreased number of base and Lewis acid sites which are
responsible for isomerisation of glucose to fructose. It is worth mentioning that the
results for concentrations higher than 0.1 M are not demonstrated since it could be
misleading because of dissolution of ZrO; film and therefore less well defined zirconia
film in the supported materials and also because of loss of crystallinity and structural

collapse in bulk SZ materials.

®Bulk SZ
o O SBA-15 supported

Glucose conversion per g Zr /
mmole g!

0 0.02 0.04 006 0.08 0.1
[H,80,]/M

Figure 4.49: Glucose conversion normalized to Zr wt% for (®) Bulk SZ and (O) SBA-15 supported SZ
catalysts
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Similarly, HMF yield per gram of Zr was calculated and plotted as a function of
sulphuric acid concentration for both series of catalysts (Figure 4.50). While HMF
yield per gram of Zr rises steadily from 194 pmole g to 747 umole g when H,SO,
concentration increased from 0 to 0.25 M over the grafted catalysts, it increases from 34

over pure zirconia to 117 over bulk SZ 0.05M and then levels off.
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Figure 4.50: HMF yield normalized to Zr wt% for (®) Bulk SZ and (O) SBA-15 supported SZ catalysts

In conclusion, a larger amount of glucose is converted per gram of zirconium content of
the supported materials compared to the bulk SZ catalysts. Also more HMF is produced
per gram of Zr on the grafted materials than bulk SZs. So we can confirm that for the
same amount of zirconium in the catalysts, the SBA-15 supported materials exhibit

improved reactivity.

4.2.6 Catalyst stability and recyclability
4.2.6.1 Stability assessment via leaching test

In order to test the solubility of sulphate species, and thus any possible homogeneous
contributions to the observed catalysis, a hot filtration test was instigated for the 2ML-
SZ/SBA-15 samples impregnated with 0.01, 0.05 and 0.1 M sulphuric acid. Fructose
was selected as reactant for this test since the scale of non-catalytic thermal conversion
of fructose is smaller than that of glucose (because glucose thermally converts to

fructose and could be misleading).
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Filtration of the reaction solution at reaction temperature minimises potential re-
adsorption of any dissolved SO, back onto the support. If the reaction is truly
heterogeneous, i.e. no sulphate species leaching occurs, and subsequently the filtered
reaction solution should exhibit almost no activity. Figure 4.51 shows the results of

such a test. Catalyst removal by hot filtration immediately stops further fructose

conversion, confirming a purely heterogeneous reaction pathway.
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Figure 4.51: Hot filtration tests to assess SO, leaching in fructose dehydration over SZ/SBA-15
catalysts impregnated with 0.01, 0.05, 0.1M sulphuric acid. (catalysts were removed after 1 h)

4.2.6.2 Recyclability

For assessing the recyclability of the SZ/SBA-15 materials, the two most active
catalysts in glucose conversion were picked and the catalysts were recovered after 6 h
reaction and then dried and re-calcined in order to get rid of any carbonaceous solid
materials stuck on the pores of the catalysts. Figure 4.52 compares the catalytic activity

of recovered material and the fresh catalysts in glucose dehydration, confirming that the

recovered catalyst has maintained their catalytic properties.
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Figure 4.52: Comparison between catalytic activity of Fresh and recovered SZ/SBA-15 catalysts in
glucose dehydration reaction
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4.2.6.3 Hydrothermal stability test

Ordered mesoporous silicas (OMSs) such as SBA-15 have attractive properties like high
specific surface area, large mesopore volume, adjustable pore diameter, narrow pore
size distribution, and tailorable surface properties. In spite of their rather satisfactory

thermal stability’*>®

, their hydrothermal stability is usually quite poor'>*"3% % both in
steam at high temperatures and in hot water. This deficiency is one of the major factors
that hinder prospective applications of OMSs in chemical processing.*' In this section, it
will be shown that grafting ZrO, on SBA-15 improves hydrothermal stability of SBA-
15. For this purpose, as it was explained in Chapter 2, the hydrothermal stability of

SBA-15 and 2ML-ZrO,/SBA-15 was compared with each other.

As it is shown in Figure 4.53, the N, porosimetry isotherms of fresh SBA-15 and
recovered sample after hydrothermal stability test reveal that the structure of the sample
has been changed under the test conditions. The narrow pore size distribution of SBA-
15 has become considerably broader. Contrary, the zirconia grafted material seems that
has not been significantly affected during the course of the test (Figure 4.53). Using
low angle XRD (Figure 4.54) in combination pore diameter measured by N,
porosimetry, the pore spacing parameter and wall thickness have been calculated. Table
4.19 shows that after the test, the pore diameter of SBA-15 became wider by 24.3%
while its walls got thinner by 39.9%. In similar test conditions, the pore diameter of
zirconia grafted SBA-15 only increased by 6.1% and its wall thickness decreased 5.5%.
Hence it can be concluded that grafting zirconia is beneficial to hydrothermal stability
of the SBA-15 support. The changes in textural properties of SBA-15 could be
attributed to dissolution of silicon atoms into water. Dissolution of amorphous silica has

1244 even at room temperature.” While silicon

been reported by many research groups
was dissolved unevenly from SBA-15 and hence the pores got expanded, the zirconia
film protected the SBA-15 support; therefore, the structure of the support remained

intact.
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Table 4.19: Comparison between physical structures of SBA-15 and ZrO, grafted SBA-15 before and
after a hydrothermal stability test

Sample Pore diameter Pore spacing Wall thickness Change in pore  Change in wall

diameter thickness
nm nm nm % %
Fresh SBA-15 6.76 11.72 4.96
Recycled SBA-15 8.40 11.38 2.98 243 -39.9
Fresh Zt/SBA-15 5.42 11.45 6.03
Recycled Zr/SBA-15 5.75 11.45 5.70 6.1 -5.5
4.2.7 Catalyst deactivation

Humins are known as unwanted products of acid catalysed dehydration of saccharides
which arise by the condensation of sugars with HMF and furfural. These dark brown
solids are insoluble in water and their structures are often vaguely described. They can
polymerize during the reaction and significantly drop the yield and selectivity of HMF.
Moreover, humins strongly stick to the surface of the catalyst and block the pores
gradually and make the active sites less accessible for the reactants.** However, upon

the recovery of catalyst, it could be easily regenerated by burning out the humins.

Other possibility for deactivation of SZ/SBA-15 catalyst could be loss of sulphur
species.”’ In order to investigate the potential decrease in the sulphur content of the
materials, XPS analysis has been conducted on fresh catalysts and also on recovered
and re-calcined catalysts. The data shows no change in the surface composition of the
catalysts after one course of 6 h reaction with glucose in water regardless of the sulphur
content. Reduction of oxidation state of sulphur* could be another origin of sulphated
zirconia-based catalysts. However after one cycle of reaction with glucose in water, the
oxidation state of sulphur in all SZ/SBA-15 remained unchanged confirming the

stability of sulphate groups in the catalysts.
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4.3 Conclusion

A simple route was developed to creating conformal sulphated zirconia monolayers
throughout SBA-15 architecture that confers efficient acid-catalysed one-pot conversion
of glucose HMF. Conformal SZ monolayers with tuneable surface acid strength and
site density can be dispersed over a mesoporous SBA-15 framework through a simple
wet chemical grafting/hydrolysis protocol. A bilayer SZ/SBA-15 material exhibits the
maximum surface acidity and balance of Brensted : Lewis sites, and exhibits good
performance in the one-pot conversion of glucose and fructose to HMF under mild
conditions. Additionally, the impact of impregnating sulphuric acid concentration on
characteristics and reactivity of the catalyst was probed showing similar behaviour to
bulk systems in terms tunability of acid:base ratio with pre-treatment with 0.05 M

H,SO4 giving the optimal acid and base mixture for HMF production.

Comparing the catalytic activity of bulk SZ catalysts with supported SZ, it was found
that a larger amount of reactant converts over the supported materials per gram of Zr
precursor. It was also demonstrated that the hydrothermal stability of such zirconia

grafted SBA-15 is remarkably higher than a bare SBA-15.
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Chapter 5

Biodiesel production via esterification of free
fatty acids over sulphated zirconia based

catalysts



5.1 Introduction

Biodiesel is one of the most promising renewable energy carriers with potential for
substituting fossil fuel diesel with no or minor modification to the vehicle engines
required.”” > Moreover, one of the merits of biodiesel is that compared to petroleum
based diesel fuel, the combustion of biodiesel produces lower amounts of pollutant

materials such as carbon monoxide, sulphur dioxide and unburned hydrocarbons.>*

In chemistry, the term biodiesel refers to a fuel composed of mono-alkyl esters of long
chain fatty acids derived from renewable sources, either vegetable oils (edible) or non-
food plant oils, algal oils and animal fats (non-edible).” A great variety of vegetable oils
such as canola, palm, palm kernel, sunflower and coconut oil have been studied as
feedstock for biodiesel production. However, there are two major concerns regarding
the use of these vegetable oils for biodiesel production; one is the high price of
vegetable oils that makes the final product unable to compete with conventional
petroleum based diesel. Secondly, to be considered sustainable, biomass sourced from
non-edible components of crops, such as stems, leaves and husks or cellulose from
agricultural or forestry waste must be used as feedstock.” A newer generation of
biodiesel is produced from algae oil which can be solely used for fuel production
purposes and also many of the waste-product extracts produced during the processing of

algae for biofuel can be used as a sufficient animal feed.”®

Bio-oil cannot be directly used in an engine due to its high viscosity, large amount of
impurities and high acid content which could damage the engine. Therefore, bio-oil
should be converted to biodiesel beforehand. There are a number of ways for production
and application of biodiesel. Potentially, it could be produced by microemulsion and or
thermal cracking methods; however, biodiesel obtained from microemulsion and
thermal cracking suffers from a low cetane number which means incomplete
combustion of the product.” The most common method for biodiesel production is via
transesterification. Biodiesel production by means of transesterification is rather a
simple process and has been widely studied and is already commercially developed.'® In
the transesterification reaction triglyceride (TAG) molecules present in the bio-oil react

with an alcohol in presence of a catalyst to form esters and glycerol. (Figure 5.1)
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CH,-O—CO—R, CH;-0—CO—R,  CH, OH

Catalyst
CH—0—CO—R, + CH;—OH CH;-0—CO—R, + CH—OH
CH,~0—CO—R; CH;-0—CO—R;  CH,-OH
Triglyceride Methanol Methyl esters  Glycerol

Figure 5.1: Transesterification reaction of triglyceride with methanol

For commercial synthesis of biodiesel, currently Cj4 to Cyy TAGs undergo
transesterification in the presence of a liquid base catalyst and either methanol or
ethanol.'"™"* Transesterification of triglycerides takes place in three consecutive steps.
First a triglyceride molecule reacts with one alcohol molecule to form diglyceride and
methyl ester. Then, diglyceride reacts with alcohol to produce one more methyl ester
and a monoglyceride molecule. Finally monoglyceride will react with alcohol and a
glycerol molecule and methyl ester is produced. Figure 5.2 demonstrates the three steps

of transesterification reaction between triglyceride and methanol.'> '®

CHz_O_CO_RI CHZ_OH
Catalyst
CH—0—CO—R, + CH;—OH CH;-0—CO—R,; + CH—0—CO—R,
CH,-0—CO—R; CH,-0—CO—R;
Triglyceride Methanol Methyl ester Diglyceride
CHQ‘OH CHQ‘OH
Catalyst
CH—0—CO—R, + CH;—OH CH;-0—CO—R, + CH—OH
CH,-0—CO—R; CH,-0—CO—R;
Diglyceride Methanol Methyl ester Monoglyceride
CHQ‘OH CHz_OH
Catalyst
CH—OH + CH;—OH CH;-0—CO—R; + CH—OH
CH,-0—CO—R; CH,-OH
Monoglyceride Methanol Methyl ester  glycerol

Figure 5.2: Transesterification reaction steps

Generally, base catalysts are more active than acids in transesterification, hence are
particularly suitable for high purity oils with low free fatty acid (FFA) content. Use of
solid base catalyst in a continuous flow reactor with a packed bed arrangement would be

beneficial to catalyst separation and co-production of high purity glycerol, by this
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means the production cost will be reduced and enabling catalyst recyclability. Different
types of solid base catalysts are known for such a process including alkali or alkaline
earth oxides, supported alkali metals, basic zeolites and clays such as hydrotalcites and

immobilized organic bases.'’

5.1.1 Esterification

As mentioned previously, biodiesel production from bio-oil sourced from non-edible
crops and wastes has attracted much interest. But there is a major problem associated
with these types of feedstocks which is the high free fatty acid (FFA) content. FFAs can
deactivate base catalysts simply by reacting with them (neutralization reaction).
Therefore, when low-quality feedstocks are used, a FFA removal step is necessary prior
to transesterification.'® '’ This is usually done by means of an esterification reaction to

convert FFAs to fatty acid esters.

Traditionally, esterification is carried out in presence of homogeneous acid catalysts
such as H,SO,4, HF, H3PO4, HCI and p-toluene sulfonic acid.?* ! However, in the
interest of sustainable chemistry, process safety and loss prevention, heterogeneous acid
catalysts are considered as an alternative.”> Numerous solid acids have been studied in
the FFA esterification reaction including zirconium oxide, titanium oxide, tin oxide,
sulfonic ion-exchange resin, sulfonic modified mesostructure silica, sulfonated carbon-
based catalyst and heteropolyacids (HPAs). More recently, the use of aluminosilicates
(mordenita, halloysite, kaolinite) and cation-exchange resins for esterification of FFAs

have also been investigated.”

SathyaSelvabala et al.>* showed that treating H-Mordenite (Al/Si ratio = 19) with
phosphoric acid makes an efficient heterogeneous catalyst for esterification of FFA in
neem oil. The group demonstrated that the amount of FFA reduced from 24.4 to 1.8 mg
KOH/g oil. The optimum reaction parameters were found to be: 6:1 methanol/oil molar
ratio; 1% catalyst loading and 60 °C reaction temperature. In another study, the
performance of halloysite as heterogeneous catalyst for methylic and ethylic
esterification of lauric acid was examined by Zatta ef al.>> Various alcohol:lauric acid
molar ratios and catalyst loadings were studied at 160 °C in 2 h reactions in a

pressurised reactor. The optimal reaction conditions were found to be 12:1
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alcohol:lauric acid molar ratio and 12% catalyst loading where 95% and 87% of lauric

acid was converted in methylic and ethylic esterification reactions respectively.

Cation-exchange resins have shown promise in esterification of FFAs, however their
catalytic activity greatly depends on their swelling properties since the accessibility of
the reactants could be controlled by swelling capacity of the resin and hence the overall
activity could be affected in this way.?® In this respect, Feng ef al.”’ investigated the
catalytic activity of three cation-exchange resins in the esterification of acidified oil
generated from waste frying oils with methanol. The highest FFA conversion of 90%
was obtained over NKC-9 with excellent reusability. This resin was also tested in a
continuous flow fixed bed reactor and high FFA conversion and operational stability
was observed, while loss of sulfonic acid groups from NKC-9 resin into the production
stream during continuous esterification was not detected.” The use of Amberlysts, acid
ion-exchange resins, has also been widely studied on esterification reaction to produce

biodiesel.?%?

Zirconia-based catalysts have also been widely studied for the esterification of FFAs.
The use of tungsten oxide zirconia has been reported for conversion of FFAs in used
vegetable oils with high activity and no leaching.'” ** Among WO3/ZrO, catalysts with
WOj; content ranging from 10 to 30 wt%, 20 wt% is found to be the most active due to
the great strength of its acid sites. Kim et al.**, have also reported the use of a class of
zirconia-supported metal oxide catalysts for biodiesel production from brown grease
(acid value: 178 mg KOH/g). High FAME yields through esterification of FFA were
achieved. In particular, a ZnO/ZrO, catalyst showed a high FAME yield and displayed
high durability. The total acid number measured for the product converted over
Zn0/Zr0O,, was 12 mg KOH/g, representing a FAME yield of 78%. In another study,
methylic esterification of myristic acid in the presence of TAG and sulphated zirconia
catalyst was investigated by Rattanaphra and co-workers.”> The group conducted the
reaction at temperatures ranging from 120 to 170 °C, using a catalyst loading of 3 wt%
and a FFA:methanol molar ratio of 1:20 and ~97% conversion was reported after 20 h
reaction. Despite good catalytic performance of sulphated zirconia catalysts in
esterification reactions, there are a number of problems associated with their use. First is
the leaching of sulphate species and subsequent deactivation of the catalyst. The second

problem is the high cost of zirconia support production, thus its cost is prohibitively
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high for use in biodiesel production, as zirconium is a rare and expensive element.
Therefore, incorporation of zirconia on a low cost support with acceptable physical
properties is highly desirable. A summary of selected papers on solid acid catalysed
esterification reactions is presented in Table 5.1. Excellent reviews on this research

- 36-40
topic can be found elsewhere.

Table 5.1: Solid acid catalysts for esterification reaction

Reaction
Catalyst Feedstock Alcohol  Oil:Alcohol — Catalyst loading ~ Temperature ) Conversion  Ref
time
Molar ratio wt% °C h %

Kaolins Oleic acid MeOH 1:60 160 6 96.8 22
Raw halloysite Lauric acid MeOH 1:12 12 160 2 95.0 25
Raw halloysite Lauric acid EtOH 1:12 12 160 2 87.1 25

WO3/Zr0, Waste acid oil MeOH 1:9 20 150 2 96 33
15:10.5
Zn0/Zr0O, Brown grease MeOH 53 200 2 a 34
w/wW
Rapeseed oil +
SO,* /7102 S MeOH 1:20 3 120 0.33 94.6 35
myristic acid
Ionic exchange  Soybean oil +
MeOH - - 100 2.5 80 29
resin oleic acid®
Soybean oil +
Amberlyst L MeOH 1:6 20 80 2 99.8 30
oleic acid
Continous
Amberlyst oleic acid MeOH 1:1 wiw 5 cm fixed bed 100 " 97.5 32
ow

178% FAME yield reported, ® 10 wt% myristic acid, © 50 wt% FFA, ¢ 2.5 wt% FFA

In conclusion, the esterification reaction is a key step in the process of biodiesel
production and the use of solid acid catalysts for FFA esterification to FAME at mild
temperatures is necessary. In this chapter, esterification of FFAs and alcohols in
presence of bulk sulphated zirconia catalysts as well as SBA-15 supported sulphated
zirconia will be highlighted and the effect of FFA and alcohol chain length will be
studied.
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5.2 Results and discussion

This section will highlight the performance of the series of sulphated zirconia catalysts
as well as SBA-15 supported sulphated zirconias in the esterification of a range of FFAs
with a number of primary alcohols. Chapter 3 and 4 explained the catalytic
performance of these catalysts in the dehydration of glucose and fructose into 5S-HMF.
The detailed characterizations of the catalysts are given in the in Sections 3.2.1 and
4.2.1. In the final section of this chapter a comparison between the catalytic
performances of the two series of catalysts will be made and the possibility of SO4

groups leaching to the reaction media will be examined.

5.2.1 Bulk sulphated zirconia for esterification of FFAs

In this section the catalytic performance of bulk sulphated zirconia catalysts with
different sulphur contents in the esterification reaction will be presented. Also, the
reactivity of four carboxylic acids of different alkyl chain length in esterification with
methanol will be discussed. Moreover, the effect of alcohol type on esterification of

propionic acid will be covered.

5.2.1.2 Effect of carbon chain length on esterification of fatty

acids with methanol

Figure 5.3 shows the reaction profiles for esterification of four free fatty acids of
different alkyl chain length with methanol at 60 °C catalysed by the series of bulk
sulphated zirconia. As shown in this figure, regardless of the size of FFA molecules, the
conversions of the acids increase with [H,SO4] of the impregnating solution. However,
the conversions over SZ 0.5M are slightly lower than that of SZ 0.1M due to a change
in crystalline structure when zirconia is treated with H,SO, of high concentration. Table
5.2 compares the conversion of propionic, hexanoic, lauric and palmitic acid after 24 h

esterification reaction with methanol over bulk SZ series at 60 °C.
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Figure 5.3: Reaction profiles for esterification of C3, C6, C12 and C16 carboxylic acids with methanol

over bulk SZ catalysts at 60 °C

Table 5.2: Conversion of Cs, Cq, Cy, and Cy¢ carboxylic acids in esterification reaction with methanol at

60 °C after 24 h

Conversion / %

Catalyst
Propionic Hexanoic Lauric Palmitic

Zr0O, 9.1 6.6 5.9 5.3
SZ 0.015M 27.1 12.0 11.9 13.7
SZ 0.025M 56.6 29.5 26.8 24.4
SZ 0.05M 91.6 83.0 77.9 74.6
SZ 0.1M 95.4 82.0 68.8 63.2
SZ 0.5M 88.8 67.3 64.2 54.4

Furthermore, the initial rate of reactions and TOFs as a function of surface SO4*

coverage for esterification of FFAs over SZ catalysts are shown in Figure 5.4 and
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Table 5.3, showing that rate of esterification reactions and TOFs reach a maximum
when the reaction was conducted over SZ 0.05M catalyst. This is the loading where
there is a good balance between all physical properties such as surface area, %tetragonal

phase and acid site loading and strength and therefore beyond this point extra S loading

is not active for the esterification.

SO,* coverage / ML

¢) Lauric acid + methanol

SO,* coverage / ML

d) Palmitic acid + methanol
Figure 5.4: Reaction rate and TOF for esterification of methanol with a) propionic acid, b) hexanoic acid,

¢) lauric acid and d) palmitic acid at 60 °C
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Table 5.3: TOFs of C;, Cq, C;, and C,4 carboxylic acids in esterification reaction with methanol at 60 °C

Catalyst TOF /1
Propionic Hexanoic Lauric Palmitic

Zr0O, 28 13 11 10
SZ 0.015M 31 10 14 10
SZ 0.025M 70 21 26 21
SZ 0.05M 100 71 89 62
SZ 0.1M 91 53 62 51
SZ 0.5M 70 36 46 40
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Moreover, Figure 5.5 depicts that the TOF value over the most active catalyst (SZ
0.05M) decreases as the acid alkyl chain gets longer.

120 14
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Figure 5.5: (O) Optimum TOFs across the series of SZ catalysts as a function of FFAs carbon chain
length and (A) the corresponding S coverage that gives the optimum TOF

The observed reactivity trend for carboxylic acids can be explained using the
mechanistic model for esterification proposed by Rattanaphra, et al.*' They used
sulphated zirconia as catalyst for the esterification of myristic acid using methanol. The
mechanism of esterification probably follows the Langmuir-Hinshelwood model.*** In
this mechanism, methanol and myristic acid are preferentially adsorbed on the Bronsted
acid sites of sulphated zirconia during esterification. Then the hydroxyl group of
methanol is protonated by Brensted acid on the catalyst surface while the protonation of
myristic acid on an adjacent site leads to the carbocation. Deprotonation of the methanol
oxygen produces the nucleophile, which attacks the carbocation to generate a tetrahedral

intermediate. As shown in Figure 5.6, the tetrahedral intermediate eliminates water to

form ester.
HO, HO\
\C—R —R
CHs |L- CH | CH.
o) 3 o] 3
B 205 BS o 5_6/ 5 3—6/ g B—G/
| i+ CHZ0H ! 4 1 \H + RCOOH [Pl | \ - | \
—_— - = - H . H
-
—H*
CI)CH H,3. OCHy HO\
C—R #‘R ct—R
” | CH
T i i 1Ll
+ * - H.O B* + B B—O
c=—oH | i Bo e’ 08 +H T

Figure 5.6: Mechanism of esterification reaction over sulphated zirconia**
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Based on the proposed reaction mechanism, the decreased reactivity with increasing
molecular size could be attributed to two factors; an inductive effect and a steric
effect.* The inductive effect is a consequence of the increase in electron-donating
ability of the acid as its alkyl chain gets longer. The inductive effect accelerates the
protonation of the carbonyl oxygen. On the other hand, it also lowers electrophilicity of
the carbonyl carbon, resulting in a more energy-hindered rate limiting nucleophilic

attack by the alcohol.

The steric effect is assumed to play a more significant role than the inductive effect in
carboxylic acid reactivity for acid-catalysed esterification.””*’” Steric hindrance
increases with molecular size, inducing electronic repulsion between non-bonded atoms
of reacting molecules. This repulsive hindrance decreases electron density in the
intermolecular region and disturbs bonding interactions.*’ Hence, as the alkyl chain in

the carboxylic acid become larger, its steric effect intensifies.

However, the size of molecules is not the only factor involved in steric hindrance, but

48,49 This enhances the so-called “conformational

also the preferential conformations.
leveling” effect.”” The similar observed reactivity by hexanoic, lauric and palmitic acid
(Table 5.3 Figure 5.5) can be explained through this model. However, in
heterogeneous catalysis any contribution from conformational leveling seems to be
minimal. Due to the direct adsorption of alkyl groups upon the catalyst surface, the
accessibility of methanol to any protonated (or activated) carboxylic centres is
detrimentally affected upon progression to larger alkyl chain substituents, thus leading
to an observable drop in catalytic activity. For substrates > C¢, we can theorise an
apparent rate limitation due not only to restricted methanol-substrate accessibility, but

also because the process of substrate-adsorption/product-desorption to/from surface is

more laboured.

5.2.1.1 Effect of alcohol type on propionic acid esterification

Propionic acid esterification with four primary alcohols in the presence of bulk
sulphated zirconia catalysts was conducted at 60 °C. Figure 5.6 demonstrates that the

activity of SZ catalysts increases with the surface sulphate coverage and reaches its
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optimum performance when it was impregnated with sulphuric acid of concentration of
0.05 to 0.1 M.

Furthermore, the effect of alcohol type on esterification of propionic acid was studied
using three other alcohols; ethanol, n-propanol and n-butanol. As demonstrated in
Figure 5.6, substituting methanol with ethanol results in significant drop in propionic
acid conversion. Although using ethanol, propanol and butanol, no meaningful
variations were observed in the conversions and the rate of reactions. Additionally, the
conversion and rate values follow the same trend regardless of alcohol type for C; to Cy4

alcohols. Table 5.4 represents a summary of propionic acid conversion in esterification

with different types of alcohols in presence of SZ catalysts.
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¢) Propionic acid + propanol d) Propionic acid + butanol

Figure 5.6: Esterification of propionic acid with a) methanol, b) ethanol, ¢) propanol and d) butanol over
bulk SZ catalysts
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Table 5.4: Esterification of propionic acid with C; to C, linear alcohols at 60 °C after 24 h

Conversion / %

Catalyst
Methanol Ethanol Propanol Butanol

Zr0O, 9.1 9.5 3.7 5.7
SZ 0.015M 27.1 4.9 13.7 8.2
SZ 0.025M 56.6 15.9 21.5 17.2
SZ 0.05M 91.6 60.7 64.8 50.9
Sz 0.1M 95.4 63.2 55.0 51.5
SZ 0.5M 88.8 43.8 41.9 43.7

Figure 5.7 presents propionic acid esterification reaction rates and TOFs (normalized to

number of acid sites) with different alcohols across the series of bulk SZ catalysts. From

this figure, it can be observed that regardless of the alcohol molecular weight,

rate and TOF go through a maximum at 6SO,> = 0.6 (SZ 0.05M)
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Figure 5.7: Reaction rate and TOF for esterification of propionic acid with a) methanol, b) ethanol, c)

propanol and d) butanol
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As illustrated in Figure 5.8, the absolute value of rate and TOF is considerably higher
when the esterification reaction is carried out with methanol and the TOFs of reaction
with ethanol, propanol and butanol are similar. The lower reactivity of alcohols with
longer carbon chains could be explained by their higher boiling temperature®®, which
means for larger alcohols more energy is required to overcome the van der Waals forces
and hydrogen bonds between the alcohol molecules. However, the activation energy of
alcohols are known to decrease with their molecular size’'. Because the experiments
were carried out at constant temperature of 60 °C, the difference between reaction
temperature and the boiling temperature of the alcohol increases as we move from
methanol to butanol. Hence, it becomes more difficult for larger alcohol molecules to
adsorb on the surface of catalyst and react with propionic acid and this results in a
decrease in reactivity as the alcohol molecules become larger. Table 5.5 presents the

boiling temperature and activation energy of methanol, ethanol, 1-propanol and 1-

butanol in esterification with propionic acid.
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Figure 5.8: (O) Optimum TOFs across the series of SZ catalysts as a function of alcohol carbon chain

length and (A) the corresponding S coverage that gives the optimum TOF
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Table 5.5: Boiling temperature and activation energy of C, to C4 alcohols in esterification with propionic

acid®

Alcohol type  Boiling temperature  Activation energy

°C kJ mol”
Methanol 64.7 -
Ethanol 78.4 52.6
1-Propanol 97 49.9
1-Butanol 117 473

As it was explained in Chapter 2, in all cases alcohol was used in great excess however
the molar ratio between propionic acid and alcohols was not kept constant. In order to
ensure that this variation in alcohol:acid ratio did not have a significant effect on the
result, particularly when butanol was used as alcohol, a single test with alcohol:acid
molar ratio similar to methanol:propionic acid molar ratio was carried out. This test
confirms that for esterification of propionic acid with butanol, increasing the

alcohol:acid molar ratio from 14 to 30 has only a minor effect. (Figure 5.9)

100

# Butanol:propionic acid molar ratio = 14

80 -| ® Butanol:propionic acid molar ratio = 30
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Figure 5.9: Effect of variation in excess amount of butanol in esterification with propionic acid at 60 °C

5.2.2 SBA-15 supported sulphated zirconia catalysts for
esterification of FFAs

As it was mentioned in Chapter 4, although sulphated zirconia is an interesting catalyst
with outstanding acidic properties, it suffers from low surface area. Moreover, it was
pointed out earlier in this chapter that zirconium is a rare and expensive element and
using it in the form of bulk sulphated zirconia for biodiesel production is not
economically viable. Therefore, the application of supported sulphated zirconia catalyst

in biodiesel production is of interest. Hence, the catalytic performance of SZ/SBA-15
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catalysts in estertification of propionic and palmitic acid will be discussed in this

section.

5.2.2.1 Esterification of propionic acid with methanol over the

series of SZ/SBA-15 catalysts with different S content

The catalytic performance of the SZ/SBA-15 series with different S content was
explored in the esterification of propionic acid with methanol at 60 °C. Figure 5.10
demonstrates that as the concentration of impregnating H,SO, increases, higher
conversions of propionic acid are obtained. The rise in propionic acid conversion across
this series of catalysts is associated with the growing number of Brensted acid sites as

the concentration of impregnating H,SO, increases. (See Figure 4.34)

——2ML-Z1r/SBA-15 —#-0.01M-SZ/SBA-15
0.025M-SZ/SBA-15 =¢0.05M-SZ/SBA-15
=#=0.1M-SZ/SBA-15 0.25M-SZ/SBA-15
0 |

Conversion / %
Ea N [e2e]
[e) (e} (e}
1

N
(=]

Time /h

Figure 5.10: Conversion profiles of propionic acid in esterification reaction with methanol over SZ/SBA-

15 catalysts at 60 °C

The reaction rates and TOFs follow a similar trend to the conversion levels. It can be
observed from Figure 5.11 that the reaction rates and TOFs increase rapidly when the
S:Zr atomic ratio increases from 0 to ~0.2. Increasing above this ratio has a less
significant effect on rate and TOF. This exactly mirrors the variations in the number of
Bronsted acid sites. Moreover, the increase in TOF is attributable to increased acid

strength at higher S:Zr atomic ratios as discussed in Section 4.2.3.5.
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Figure 5.11: (x) Number of Bransted acid sites of SZ/SBA-15 catalysts, (#) reaction rates and (O) TOFs

for propionic acid esterification with methanol over SZ/SBA-15s at 60 °C

5.2.2.2 Esterification of palmitic acid with methanol over the

series of SZ/SBA-15 catalysts with different S content

Catalytic esterification of palmitic acid with methanol was conducted in order to study
the effect of fatty acid carbon chain length on its reactivity. Comparable to esterification
of propionic acid, palmitic acid conversion increases with the concentration of the
impregnating HySO4 up to [H,SO4] = 0.1 M and then levels off. However, compared to

propionic acid the conversion levels are considerably lower. (Figure 5.12)
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Figure 5.12: Conversion profiles of palmitic acid in esterification reaction with methanol over SZ/SBA-

15 catalysts at 60 °C
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Figure 5.13 demonstrates that increasing the surface S:Zr atomic ratio from 0 to 0.13
will significantly enhance the rate of palmitic acid esterification. However, further

increase in S:Zr ratio has no considerable effect of the reaction rate and TOF.
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Figure 5.13: (#) reaction rates and (O) TOFs for propionic acid esterification with methanol over

SZ/SBA-15s at 60 °C

5.2.3 Comparison between bulk SZ and SBA-15
supported SZ materials in esterification of FFAs with

methanol

In order to compare the catalytic performance of sulphated zirconia catalysts and the
grafted materials in esterification of propionic and palmitic acid with methanol, the
amount of converted acid is plotted as a function of impregnating H,SO,4 concentration.
To ensure a fair comparison, the conversions were normalized to the Zr content as well
as mass of catalysts (Figure 5.14), confirming that by supporting sulphated zirconia on
SBA-15, a larger amount of reactants (either propionic acid or palmitic acid) per unit
mass of zirconium precursor undergo esterification with methanol. Moreover,
normalizing the reaction rate to zirconium content per unit mass of catalysts also
confirms that for the same amount of zirconium, the reactions over the SZ/SBA-15
catalysts are taking place at a faster rate as shown in Figure 5.15. The enhanced
catalytic activity of SZ/SBA-15 catalysts compared to bulk SZ materials could be
attributed to the textural properties of the supported materials, and their high surface

(~500 to 650 m” g') area in particular.
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Figure 5.14: The amount of converted of propionic and palmitic acid in esterification reaction with
methanol over bulk and SBA-15 supported SZ catalysts as a function of impregnating H,SO,

concentration
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Figure 5.15: Normalized rate (to catalyst Zr content) for esterification reaction of propionic and palmitic

acid with methanol over bulk SZ and SBA-15 supported SZs

5.2.4 Leaching test

A leaching test was also carried out on the most active catalysts from bulk and SBA-15
supported sulphated zirconia series as outlined in Chapter 2. Esterification of propionic
acid was performed with methanol at 60 °C over SZ 0.1M and SZ/SBA-15 0.25M. The
catalysts were removed after an hour by means of hot filtration technique and the
reactions were continued for another 23 h in absence of catalysts. A significant drop in
conversion of propionic acid was observed after catalyst removal compared to normal
catalytic reactions confirming that the contribution of homogeneous catalysis from

leaching of active sites is not significant. (Figure 5.16)
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Figure 5.16: Leaching test during esterification of propionic acid with methanol over (Left) SZ 0.1M and
(right) SZ/SBA-15 0.25M (catalyst was removed after 1 h)

5.3 Conclusion

To summarize, the impact of surface sulfation of zirconia on its catalytic activity in
esterification of free fatty acids with alcohols was explored. It was shown that sulfation
of zirconia results in significant enhancement in its activity for esterification reactions.
Particularly, the SZ 0.05M showed the highest activity among the bulk SZ catalysts due
to its optimum number of acid sites and acid strength. Furthermore, the effect of FFA
alkyl chain length on its reactivity in esterification reaction was assessed and it was
demonstrated that the reactivity of carboxylic acids decreases with their alkyl chain
length. Propionic acid exhibited the highest reactivity compared to hexanoic, lauric and
palmitic acids. Moreover, the impact of alcohol type on the esterification of propionic
acid was studied and it was determined that at a constant temperature of 60 °C, the use

of alcohols of smaller molecular size is beneficial to esterification of propionic acid.

Additionally, the application of SBA-15 supported sulphated zirconia catalysts in the
esterification of propionic acid and palmitic acid was explored. The impact of sulphur
loading was determined, confirming that by increasing the sulphur loading, and
consequently the number of Brensted acid sites, the activity of the catalysts improves.
However, impregnation of zirconia grafted SBA-15 with H,SO4 concentration greater
than 0.1 M results in zirconia film dissolution and therefore decreased number of active
sites and a lower catalytic activity. Moreover it was demonstrated that by means of
grafting zirconia onto SBA-15 superior catalytic activity per unit mass of zirconium

could be achieved.
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Chapter 6

Conclusion



6.1 Conclusion

This thesis set out to explore the structure reactivity correlations in sulfated zirconia
catalysts for the conversion of sugars to 5-HMF which is an important platform
chemical. Two approaches were taken utilising a commercial mesoporous zirconium
hydroxide in which the sulfate coverage was tuned, and a coating method in which
preformed mesoporous SBA-15 was used as a scaffold to assemble ultra-thin zirconia
films. The versatility of these materials was also explored through their application in
esterification reactions which is an important reaction for biodiesel synthesis and also

the synthesis of fine and speciality chemicals.

In the first approach a series of bifunctional sulphated zirconia catalysts were shown to
possess acid and basic properties which varied systematically with concentration of
impregnating sulphuric acid solution. This enabled the relationship between the surface
functionalities of these materials and their catalytic activity in dehydration of biomass
derived sugars in aqueous solution to be explored. In this respect, characterization of the
catalysts by chemisorption methods (CO,, NH; and Pyridine) using adsorption
calorimetry, TPD and IR spectroscopy confirmed that monoclinic parent zirconia
exhibits mixed Lewis acid and basicity, making it an effective catalyst for glucose
isomerisation to fructose but poor towards fructose dehydration to HMF. XRD and
Raman spectroscopy were particularly useful in probing the crystalline phase of these
materials and how the contributions of monoclinic and tetragonal phase vary when pre-
treated with dilute sulphuric acid and calcined. The formation of polydentate surface
SO4> species leads to stabilisation of tetragonal ZrO,, conferring significant Bronsted
acidity and enhancing the ability of sulfated zirconia to form HMF from either glucose
or fructose. There is an critical ratio of acid:base sites of 17:4 required to achieve
optimum production of HMF from glucose. Above this ratio, further sulfation of
zirconia surface (6SO4 > 0.25 ML) resulted in disappearance of base sites, making the
catalysts exhibit exclusively Brensted acidity, switching off the isomerization of
glucose to fructose and therefore diminishing HMF yield from glucose. Furthermore,
XRD, Raman and nitrogen porosimetry revealed that an uncontrolled sulphation of
zirconia with high concentrations of sulphuric acid ([H2SO4] > 0.25 M) will result in
structural collapse of the material and loss of crystallinity and therefore significant

reduction in reactivity of the catalyst. So, it was found out that the catalyst with surface
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sulphate coverage of 0.3 ML possesses an optimal mix of base, Lewis acid and

Brensted acid sites, enabling it to maximize HMF yield from glucose.

The conversion of xylose over such series of sulphated zirconia catalyst was also
explored and the reaction pathway proposed by Choudhary et al.' was investigated.
Analogous to glucose conversion to HMF, xylose transformation to furfural could take
place via isomerization of xylose to lyxose and xylulose over Lewis acid sites and then
Brensted acid catalysed conversion of xylulose to furfural. Alternatively, xylose could
directly convert to furfural over Breonsted acid sites however this requires higher
activation energy.2 While, increasing the sulphur content of the catalysts results in
reduction in xylose conversion due to loss of Lewis acid sites as a consequence of more
intense sulfation (analogous to decreased glucose conversion when the Lewis and base
sites were disappeared), furfural yield and selectivity monotonically increased with
[H2SO4] confirming that the telescopic conversion of xylose to furfural is not the only
pathway and xylose could also transforms directly to furfural over Bronsted acid sites.
However, calculations show that the number of furfural molecules produced over each
acid site decreases with sulphur content of the catalysts in agreement with higher
activation energy for the direct conversion route. It also found that the mass balance
worsens with increased Lewis acidity suggesting these are responsible for promoting

undesired side-reactions.

Enhancement of textural properties of these materials was attempted and achieved
through conformal zirconia monolayers deposition on SBA-15 support. Zirconia
monolayers were first grown in a consecutive fashion over SBA-15, via sequential
grafting and hydrolysis cycles employing a zirconium propoxide precursor. The
uniformity of the grafted layers was confirmed by N, porosimetry which reveals a
progressive decrease in pore volume, mean pore size and BET surface area with each
grafting cycle, consistent with a layer-wise growth. Furthermore, a layer-by-layer
growth mode of zirconia film was confirmed based on attenuation of the Si 2p signal
from XPS and also the zirconia film thickness was calculated equating to 0.5, 0.84 and
1.38 nm for the first, second and third grafting cycles respectively which is in excellent
agreement with the thickness of a (111) oriented monolayer of monoclinic ZrO, (0.42
nm), confirming the successful growth of conformal ZrO, monolayers over SBA-15.

Afterwards, the impact of number of zirconia monolayers on reactivity of SZ/SBA-15

211



catalysts in glucose and fructose dehydration was explored suggesting that a 2 ML-
SZ/SBA-15 exhibits much more activity than a 1 ML-SZ/SBA-15 catalyst while having
3 layers of zirconia has no significant advantages. Therefore, 2 ML SBA-15 supported
zirconia was selected to study the impact of sulphur loading on its reactivity in glucose
and fructose conversion to HMF. Similar to bulk sulphated zirconia, the highest
catalytic activity across the series was shown by samples treated with dilute H,SO4 (<
0.025 M), however the optimal mix of base, Lewis and Breonsted acidity was obtained
when the catalyst was treated with 0.05 M sulphuric acid solution. Bulk and surface
elemental analysis in conjunction with nitrogen porosimetry suggested that aqueous
solutions of sulphuric acid with concentrations > 0.1 M dissolve the grafted zirconia
film and has no benefit to the catalysis. Comparing the supported materials with the
bulk sulphated zirconia, it was demonstrated that for the same amount of zirconium
precursor, the supported materials exhibits higher activity which is attributed to high
surface area and therefore enhanced accessibility of active sites. The hydrothermal
stability of pure SBA-15 was compared with zirconia-grafted SBA-15 confirming that
incorporation of zirconia significantly improves the hydrothermal stability of the
support, making it a good candidate for application in harsher reaction environments

such as high pressures and high temperatures.

Finally, the catalytic performance of both series of materials (bulk SZ and SZ/SBA-15)
were examined in biodiesel production via esterification of free fatty acids. The effect of
FFA alkyl chain length on its reactivity in esterification with methanol was studied
confirming that the reactivity of short alkyl chain FFAs (> Cs;) is considerably higher
than larger carboxylic acids due to steric and inductive effect. Moreover, the impact of
alcohol type was investigated showing that their reactivity decreases with increase in the
boiling temperature, meaning that methanol is the most reactive alcohol if the reaction is
conducted at a constant temperature. Again the superiority of supported material over
bulk SZ is proved since higher FFA conversions were obtained per gram of zirconium

for the SZ/SBA-15 materials.
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6.2 Future work

In this thesis, the application of bifunctional sulphated zirconia based catalyst in
production of platform chemicals and biodiesel at constant temperatures and
atmospheric pressure were studied. Therefore, the optimization of temperature and
pressure are yet to be carried out. Moreover, since the SBA-15 supported zirconia
showed promise for high hydrothermal stability, wider applications of such catalysts in
aqueous phase biomass reforming under harsher reaction conditions will be an

advantage.

Exploring other materials for production of HMF from glucose, such as weaker acidic
materials like phosphated metal oxides or NbPOy4 as well as other classes of materials

with acid:base properties® could be interesting.

Also the application of hierarchical macro-mesoporous supports in such reactions could
be of great interest since they offer improved mass transport arising via the
interconnected pore network. This could be particularly advantageous in esterification

of large molecule free fatty acids.

Furthermore, the use of sulphated zirconia based catalysts could be explored in
continuous systems such as Oscillatory Baffled Reactors (OBR) since they are known to
offer possibilities for alternative clean chemical processes employing heterogeneous

catalysts.*
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