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Thesis summary

A range of chromia pillared montmorillonite and tin oxide pillared laponite clay catalysts, as well as new
pillared clay materials such as cerium and europium oxide pillared montmorillonites were synthesised.
Methods included both conventional ion exchange techniques and microwave enhanced methods to
improve performance and/or reduce preparation time. These catalytic materials were characterised in
detail both before and after use in order to study the effect of the preparation parameters (starting
material, preparation method, pillaring species, hydroxyl to metal ratio etc.) and the hydrocracking
procedure on their properties. This led to a better understanding of the nature of their structure and
catalytic operation. These catalysts were evaluated with regards to their performance in hydrocracking
coal derived liquids in a conventional microbomb reactor (carried out at Imperial College). Nearly all
catalysts displayed better conversions when reused.

The chromia pillared montmorillonite CM3 and the tin oxide pillared laponite SL2a showed the best
“conversions”. The intercalation of chromium in the form of chromia (Cr,Os) in the interlayer clearly
increased conversion. This was attributed to the redox activity of the chromia pillar. However, this
increase was not proportional to the increase in chromium content or basal spacing. In the case of tin
oxide pillared laponite, the catalytic activity might have been a result of better access to the acid sites due
to the delaminated nature of laponite, whose activity was promoted by the presence of tin oxide. The
manipulation of the structural properties of the catalysts via pillaring did not seem to have any effect on
the catalysts’ activity. This was probably due to the collapse of the pillars under hydrocracking conditions
as indicated by the similar basal spacing of the catalysts after use. However, the type of the pillaring
species had a significant effect on conversion. Whereas pillaring with chromium and tin oxides increased
the conversion exhibited by the parent clays, pillaring with cerium and europium oxides appeared to have
a detrimental effect. The relatively good performance of the parent clays was attributed to their acid sites,
coupled with their macropores which are able to accommodate the very high molecular mass of coal
derived liquids.

A microwave reactor operating at moderate conditions was modified for hydrocracking coal derived
liquids and tested with the conventional catalyst NiMo on alumina. It was thought that microwave
irradiation could enable conversion to occur at milder conditions than those conventionally used, coupled
with a more effective use of hydrogen. The latter could lead to lower operating costs making the process
cost effective. However, in practice excessive coke deposition took place leading to negative total
conversion. This was probably due to a very low hydrogen pressure, unable to have any hydrocracking
effect even under microwave irradiation.

The decomposition of bio-oil under microwave irradiation was studied, aiming to identify the extent to
which the properties of bio-oil change as a function of time, temperature, mode of heating, presence of
char and catalyst. This information would be helpful not only for upgrading bio-oil to transport fuels, but
also for any potential fuel application. During this study the rate constants of bio-o0il’s decomposition
were calculated assuming first order kinetics.

Keywords: Pillared clays; characterisation; conversion; coal derived liquids; bio-oil.
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1 INTRODUCTION

Interest in direct coal liquefaction has been historically dependent on oil prices, and
therefore it decreased with the return of low oil prices in the 1980s and 1990s.
However, if the current situation of oil prices in the region of 60 US$ per bbl
continues, coal liquefaction could become a strategic alternative in many countries
with significant coal reserves. As coal reserves are overall much larger than those of oil
and gas, coal liquefaction may still be an option when oil and gas become unavailable
or their production difficult or expensive. It could supplement renewable energy

sources to cover energy demand for liquid fuels, particularly transport fuels.

At the same time the use of catalytic hydrocracking to upgrade heavy oil fractions is
becoming more attractive, due to a decline in light oil reserves and production together
with an increase in the reserves of heavy oil discovered. The market for heavy oils such
as fuel oil is decreasing due to substitution by natural gas and tightening of
environmental regulations. In addition, the dramatic recent increase of crude oil prices
has increased the importance of maximising of the value of the crude through upgrading
of the heavier fractions. This price increase has narrowed the cost margin between
petroleum derived and coal derived liquid transport fuels, rendering coal liquefaction

technology more attractive economically [1].

Catalysts currently available for hydrocracking petroleum feedstocks, such as NiMo
and CoMo supported on alumina, were developed for hydrotreating, mainly
hydrodesulfurisation, and they present severe problems of deactivation when dealing
with heavier feedstocks. This has led to the search for better catalysts, which would
enhance the conversion of the high molecular mass fractions into lighter materials. A
chromia pillared montmorillonite and a tin oxide pillared laponite exhibited particularly
good results in hydrocracking of coal derived liquids and petroleum residues in terms of
conversions, molecular mass reduction, polynuclear aromatic ring system reduction,
heteroatom removal and resistance to rapid deactivation, proving to be significantly
more efficient than a presulfided supported NiMo catalyst and a dispersed Mo-based
catalyst precursor [2, 3, 4].
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Pillared clays (PILCs) have been employed in the field of acid-catalysed reactions, such
as cracking and hydrogenation [5 and cited references]. They have high permanent
porosity obtained by separating the clay sheets by a molecular prop or pillaring agent.
They are prepared by exchanging the native cations of the parent clay with partially
hydrated polymeric or oligomeric metal cation complexes which, upon heating,
undergo dehydration /dehydroxylation resulting in thermally stable pillars composed of
metal oxide clusters. An even distribution of pillars leads to a two-dimensional channel
system comparable to that of zeolites and increases the accessibility of reactant
molecules to the interlamellar catalytic sites. Furthermore, particular large pillaring
agents can establish channels in the range of 5 to 20 A, which make pillared clays
suitable catalysts for cracking of large molecules, such as heavy hydrocarbons [5].
Moreover, the pillar can exert a shape-selective effect, which controls diffusion rates of
reactants and products or formation of reaction intermediates [6], and can incorporate a

second functionality in the catalyst apart from its mild acidic properties [7].

This research aimed to further develop the work performed on novel catalysts based on
pillared clays for hydrocracking heavy hydrocarbon liquids [2, 3, 4]. These catalysts
could also find a potential application in the catalytic upgrading of biomass fast
pyrolysis liquids (bio-oil). Like coal derived liquids and petroleum residues, bio-oil
requires high temperatures and pressures in order to be upgraded by hydro-processing
to transport fuel [8] and the conventional catalysts (NiMo or CoMo on alumina)

employed until now are rapidly deactivated and unable to handle high water contents.

1.1 Objectives

The following objectives were addressed in this thesis:

e Synthesis and optimisation of a range of chromia pillared montmorillonite and tin
oxide pillared laponite clay catalysts, as well as new pillared clay materials such
as cerium and europium oxide pillared montmorillonites. Methods included both
conventional ion exchange techniques and microwave enhanced methods to

improve performance and/or reduce preparation time (Section 3.3).

® Characterisation of these materials both before and after use via:

o X-ray powder diffraction to measure their basal spacing (Chapter 4).
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o Thermogravimetric analysis to assess their thermal stability (Chapter 5).

o X-ray photoelectron spectroscopy to identify their composition (Chapter 6).

o Nitrogen sorption to measure their textural properties (Chapter 7).

o Magic angle spinning nuclear magnetic resonance to study their aluminosilicate

framework (Chapter 8).

These methods study the effect of the preparation parameters (starting material,
preparation method, pillaring species, hydroxyl to metal ratio etc.) and the
hydrocracking procedure on the properties of the pillared materials in order to
develop a more fundamental understanding of the nature of their structure and

catalytic operation.

° Evaluation of these catalytic materials with regards to their performance in
hydrocracking coal derived liquids in a conventional microbomb reactor (carried
out at Imperial College). This includes correlation of the catalysts’ performance

with their properties, which were identified via the characterisation route (Section

9.1).

e Modification of a microwave reactor for hydrocracking coal derived liquids and
testing with the conventional catalyst NiMo on alumina. Microwave irradiation
would be expected to preferentially excite the catalytic surface and enhance
reactions at lower bulk material temperatures and pressures and with more

effective use of hydrogen. This could lead to lower operating costs (Section 9.2).

o Investigation of bio-0il’s decomposition under microwave irradiation in order to
provide information on the effect of parameters such as temperature, time, char
content etc. in bio-oil’s properties, which is not only important for upgrading but

also would be useful for any potential fuel application (Chapter 10).

In Chapter 2 the literature and theory providing the background to this research is
presented. In Chapter 3 the experimental work (catalyst preparation and hydrocracking
of coal derived liquids) is described, including references to raw materials and

analytical methods.
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2  LITERATURE & THEORY
2.1 Smectite clay minerals

Clays are earthy, extremely fine-grained sediments composed of micron-size or
colloidal particles, having high plasticity and clay mineral content. Clays may be

classified by use, origin, mineral composition or colour [9].

Clay minerals are hydrous layer silicates of the so-called phyllosilicate family, in which
a tetrahedral sheet of polymerised SiO4 units and an octahedral sheet formed from
oxygen and metal lons are the basic building blocks. Most often the metal ions in the
octahedral sheet are aluminium, and that 1s why clay minerals are loosely described as

aluminosilicates, or magnesium [10].

The layer lattice structure of smectite clays consists of two tetrahedral sheets
sandwiching one octahedral sheet and, in this basis, are classified as 2:1 phyllosilicates.
This structural characteristic differentiates smectite clays from kaolinite clay structures
containing one tetrahedral and one octahedral sheet and from chlorite clay structures
that contain two tetrahedral and two octahedral sheets. Illite clay structures (mica
group) are similar to smectite clay structures, but in illite adjacent tetrahedral sheets are

bounded by K" ions which are not exchangeable [11].

In a half unit cell containing ten oxygen and two hydroxyl ions, there are four
tetrahedral cation sites and three octahedral cation sites. When two-thirds of the
octahedral sites are occupied by trivalent cations, the structures are classified as
dioctahedral, and when all three octahedral sites are occupied by divalent cations the
structures are classified as trioctahedral. Pyrophyllite [Al4SigO,0(OH)4] and talc
[MgsSigO,0(OH)4] are considered as the respective idealised structural types with
electronically neutral layers [7]. However, deviation from these ideal structures occurs
by isomorphous substitution of cations from the tetrahedral and/or octahedral sheet by
alternative cations of similar size and lower valency leading to charge deficiency. In
dioctahedral montmorillonite AI** is substituted by Mg®" in the octahedral sheets,
whereas in dioctahedral beidellite and trioctahedral saponite Si** is substituted by Al**
in the tetrahedral sheet. In trioctahedral hectorite substitution of Li* for Mg®" occurs in

the octahedral sheet. Nontronite 1s an analogue of beidellite that is iron rich. The
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chemical composition of the most common smectite clay minerals as given by Brindley

and Brown is presented in Table 2.1.

Table 2.1 Chemical composition of most common smectite clay minerals [12]

Dioctahedral smectites

Montmorillonite My+ nH,O (Al,yMg,)Si1,0,0(OH),

Beidellite M, nH,;0 Aly(SisAlL)O,0(OH),

Nontronite M, nH,0 Fe,*"(SisAl)O1o(OH),
Trioctahedral smectites

Saponite (Myy" nH,0)(Mgs.,(AlFe),)(SisAlL)O;,OH,
Hectorite (M," nH,0) (Mg, Li,)Si;010(0H),

The layer charge of an octahedrally substituted smectite (e.g. montmorillonite) is
distributed over the complete oxygen framework, whereas tetrahedral substitution (as
e.g. in beidellite) leads to a more localised charge distribution and the latter smectites

tend to have a higher three-dimensional order [13].

The 1dealised structural formula for montmorillonite is Nag 35(Al; 4sMgg 35)Si400(OH)s.
nH,O [14] (Figure 2.1). However, deviations occur from this formula because
montmorillonite is a naturally occurring material, which leads to slight variations from
one deposit to another. Isomorphous substitution of small amounts of AI’" and/or Fe**
in the tetrahedral layer and of Fe** in the octahedral layer 1s commonly encountered.
Carbonaceous deposits and particulate impurities such as quartz are also present in the

unrefined bulk material.

In addition to the naturally occurring clay minerals, there is also a range of synthetic
equivalents in the market place. Laponite is described as a synthetic virtually iron-free
trioctahedral smectite clay, similar to hectorite. All its octahedral sites are occupied by
Mg®* and Li" ions, whereas the tetrahedral layers are composed in the same way as
montmorillonite. Its idealised structural formula is Nag¢7(Mgs33Lig67)(SigO20(OH)4)
[15].
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Hlustration rem oved for copyright restrictions

Figure 2.1 Montmorillonite Clay [16]

2.1.1 Physicochemical properties of smectite clay minerals

The vast range of uses and the scientific interest in the smectite clay minerals derive
from their physicochemical properties, many of which are not displayed by any other
known natural minerals. They are the result of extremely small crystal size (average
size 0.5 um), variations in internal chemical composition, large cation exchange
capacity, large surface area that is chemically active, variations in types of
exchangeable ions and surface charge and interactions with inorganic and organic

liquids.

2.1.1.1 Cation exchange

Perhaps the most unique property of smectite clays, known as cation exchange capacity
(C.E.C), is the presence of cations adsorbed on interlamellar surfaces that can be
exchanged. The most common exchangeable ions are Ca*", Mg®*, Na* and H', although
small amounts of exchangeable K* and Li" occur in some smectites. Significantly more
major commercial smectite clay deposits contain Ca*" and Mg®" than Na* or H" as

exchangeable ions [11].

The C.E.C. of a clay is generally understood to be equal to the layer charge, hence it is
considered to be a material constant for each clay mineral [17]. It is made up of two
components. The predominant portion (~80%) is derived from lattice substitution in
both the octahedral and to a lesser extent the tetrahedral layers. The remaining 20% is
caused by broken bonds around the edges of the clay platelet which cause charge
deficiencies. The cation exchange capacity of relatively pure smectite clays ranges

between 70 and 130 meq/100g.
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However, the measured cation exchange capacity is only equivalent with the layer
charge if all charge compensating cations are accessible for exchange. This does not
occur for illites in which the interlayer cations are not exchangeable, or partially
collapsed smectites, such as potassium montmorillonite after heating or several drying

and wetting cycles resulting in potassium fixation [17].

The exchangeable ions associated with smectite clays are easily and reversibly
replaceable, usually by treatment with ions in aqueous solution. This exchange reaction
is stoichiometric. Many factors influence the rate and degree of cationic exchange in
smectite clays. Divalent ions will readily replace monovalent ions, while the reverse
reaction is not as easily achieved. If ions are of the same valency the size of the
unhydrated ion plays the decisive role. The larger ion will readily replace the smaller
jon. Consequently the following series of increasing replacing power can be derived:

Li* <Na" <K'<Mg” <Ca’ [17].

2.1.1.2 Hydration and swelling

The hydration of interlamellar surfaces is another unique property of smectite clays.
Although it occurs regardless of the type of exchangeable cation present, the degree of
hydration is dependent on the species of exchangeable ion, on the size and charge of the
cations, and on the magnitude and location of the layer charge of the adjacent silicate
sheets [11]. Presently, it is generally accepted that the hydration of the interlamellar
surfaces of smectite clays occurs in a series of steps when these clays are subjected to
increasing relative humidity levels. At high humidity levels between one and four layers
of water molecules may be formed, depending on the cation adsorbed. When only a few

water layers are adsorbed, the water molecules are arranged in a highly ordered manner.

Smectites containing exchangeable Ca®" and Mg even when fully hydrated show only
a small degree of swelling, whereas some smectites containing Na“ and Li" are
particularly susceptible to swelling by water adsorption. In the latter case the clay layers
may be separated by water layers many Angstroms thick, even to the point that

dissociation of the layers may occur [11].

Hydration is principally driven by the electrostatic attraction between the polar water
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molecule and the charge of the exchangeable cation. It is affected more by the nature of
the interlayer cation than by the silicate surface. Despite this, in smectite clays some
water 1s associated with the silicate surface. This is called crystalline water and is
relatively constant. Nevertheless, there is another type of interlayer water found in
highly hydrated smectite clays, free water. Free water is not associated with either the

interlayer cation or the silicate surface, thus it is very labile [12].

2.1.1.3 Colloidal properties

When certain smectite clays are added in very small amounts to water, their chemical
and hydration properties cause the crystals to separate and disperse. In addition, their
electric potential cause the particles to repel each other, and because the crystals are so

small they may remain suspended in the liquid indefinitely resulting in a colloid state

[11].

The same smectite clays when added to water in larger concentrations (5-6%) may
cause the liquid to become highly resistant to flow or viscous, and when the shear stress
on the liquid 1s removed the smectite particles usually develop a rigid gel structure.
Naturally occurring montmorillonite, hectorite and some saponite clays with high
amounts of exchangeable Na* have the unique ability to impart high viscosity and
develop thixotropy. On the contrary Ca*-Mg”" smectites do not give high viscosity
values or display thixotropic behaviour even when the percentage solid is very high.
The viscosity developed by Na'-smectites is believed to be due primarily to small
particle size, large surface area, and high dispersibility, and secondarily to the electrical
forces between the particles. The negatively charged basal surfaces and the positive
charges present on crystal edges attract each other, and so an internal “card house”
structure 1s formed, which results in thixotropy. A thixotropic smectite clay system can

be returned to a viscous system through shear or agitation [11].

2.1.1.4 Dehvdration and rehvydration

In smectite clays the loss of the adsorbed water, most of which is interlayer water,
occurs at low temperatures (100-200°C). The amount of adsorbed water loss depends on
the nature of the adsorbed 1ons, if pre-treatment of the samples is the same, and to a

lesser degree on the structure of the smectite. In Na'-smectites the adsorbed water is
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usually lost in a single stage, but when Ca’" and Mg”" are the predominant cations the

adsorbed water is sometimes lost in two stages.

There are wide variations of the temperature at which loss of OH groups or lattice water
occurs among smectites. These variations in dehydroxylation are primarily related to
crystalline structure, strength of metal hydroxide bonds and chemical composition, as
dehydroxylation involves the breakdown of the silicate structure [12]. Among
dioctahedral smectites, Na-montmorillonites with low substitution of Fe** and Mg®" for
A’ show loss of OH groups at the highest temperature, beginning gradually at 550°C
and ending at about 750°C, with a peak at about 680-700°C. Large replacement of Al
by Fe** or Mg2+ causes a reduction in the temperature of the reaction, and for nontronite
the peak temperature of OH loss is 500-600°C [11]. In Mg rich trioctahedral hectorite,
however, the rapid loss of OH groups may not begin until 700°C, possibly because the
F atoms that replace some of them are more tightly held within the lattice structure than

the OH groups themselves [12].

The rehydration characteristics of smectite clays after heating to various temperatures
are not as well understood as the dehydration characteristics. If all of the adsorbed
water is removed from smectite clays under heating up to 200°C, rehydration will
occur. However, the amount will depend on the relative humidity level and the
properties of the clay. Ca®*" and Mg®" smectites usually rehydrate more rapidly, and at a
lower humidity level, than do Na'-smectite clays, due to the hydration properties of
Ca®** and Mg®" ions [11]. Furthermore, there will be some effects on certain properties
such as swelling and/or dispersion. In most industrial processes adsorbed water content
is rarely reduced below 8% in order to retain primary properties. Smectite clays will
generally rehydrate to some degree, even after heating to temperatures as high as 500-
700°C, in the presence of liquid water. The degree of rehydration depends mainly on

the degree of structural change owing to loss of OH lattice water [11].

2.1.1.5 Organic reactions

There is an almost endless number of organic compounds that interact in a variety of
ways with smectite clays because of the many types of bonding that are possible

between the oxygen surfaces and the organic molecules [11].
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Organic anions are adsorbed at the edges of the clay particles. Organic cations (amine
or quaternary ammonium salts), on the contrary, are adsorbed initially by exchange on
the negative face surfaces of the clay. This fact is evident from the much larger
adsorption capacity of the clay for these cations and also from the increase of the basal

spacing of montmorillonite clays after treatment with organic cations [18].

Many organic compounds containing polar groups, such as alcohols, amines and
ketones are strongly adsorbed on the layer surfaces of a clay displacing the adsorbed
water. Such organo-clay complexes may be prepared either by mixing the water-clay
suspension with the organic liquid or by contacting the dry clay directly with the

organic liquid [18].

There is a growing use of smectite clays for adsorbing various organic and inorganic
contaminants from industrial waste water. In these processes a small amount of clay is
added to the water to adsorb the contaminants. Then other chemicals are added to

flocculate the clay for easy removal from the system [11].

2.2 Pillared clays (PILCs)
2.2.1 Synthesis of PILCs

Pillared clays (PILCs) are prepared by exchanging the native cations of the parent clay
with partially hydrated polymeric or oligomeric metal cation complexes. Upon heating,
these cations undergo dehydration/dehydroxylation, resulting in thermally stable pillars
composed of metal oxide clusters that are “grafted” on the clay layers separating them

permanently (Figure 2.2).

28



Silicate layers

Hydrated Na"

@ “Free” water

Polyoxocation

Pillar

Swelling

Cation exchange

Drying (removal of hydrating water)
Calcination (removal of molecular
water)

halh el Sl

Figure 2.2 Schematic representation of the preparation of a PILC
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Many different pillaring species have been reported in the literature such as organic
compounds (alkyl ammonium, bicyclic amine cations) and organometallic complexes.
However, organic and organometallic pillaring agents decompose at relatively modest
temperatures causing the pillared clay structure to collapse. On the contrary the use of
inorganic hydrated polyoxocations as pillaring agents provides thermally stable pillared
clays with high specific surface areas (200 to 500 mz/g)[13]. Many different
polyoxocations (Al, Ni, Zr, Fe, Cr, Mg, Si, Bi, Be, B, Nb, Ta, Mo, Ti and more recently
Cu and Ga), as well as multimetallic pillars have been reported so far in the open and
patent literature. However, the chemical composition, structure and charge are well
defined only for the Al-polyoxocation, in which the Keggin 1Ion
[A113O4(OH)24(H20)12]7+ is identified [19]. A detailed review on the synthesis of
pillared clay catalysts has been recently published by Kloprogge [13].

The synthesis of chromia pillared clays, as reported by Tzou & Pinnavaia, is presented
herein as an example [20]. According to these authors, pillaring reagent solutions
containing substantial concentrations of large polyoxochromium polymers are

prerequisites for the preparation of chromia pillared clays with high basal spacings.

The preparation of polyoxometal complexes for the pillaring of smectite clays normally
is carried out by hydrolysing metal ion solutions with NaOH as base. High local
concentrations of base can develop depending in part on the concentration of NaOH and
the mode of addition of the solutions, which can lead to premature precipitation of the
metal hydroxide. Tzou and Pinnavaia have used Na;COs; as the source of base to
minimise such problems in the hydrolysis of chromium. Analogous hydrolysis
chemistry can be expected for NaOH and other non-complexing bases, provided that

high local concentrations of the base can be avoided.

When Na,COs was added to a solution of Cr(NO3)3.9H,0 at 25°C the pH of the solution
increased, as expected. However, upon ageing particularly at elevated temperatures, the
pH of the solution decreased. Tzou and Pinnavaia attributed the changes in pH and
spectral properties of the solution, which occur upon ageing, in the relatively slow
process of hydrolysis of chromium to higher polymers. Solutions with carbonate to
chromium ratios of 2.5 or higher were unsuitable for pillaring due to the formation of

extensive amounts of precipitate. For solutions with ratios of 2, hydrolysis was
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essentially complete after a reaction time of 36h at 95°C, compared to the respective

time of months at 25°C.

The Na-montmorillonite suspension and the hydrolysed chromium solution were mixed
while the latter solution was still warm, because the polymers formed at 95°C could
undergo rearrangements or perhaps dissociation to smaller aggregates upon additional
ageing at room temperature. The mixture was then stirred for 1.5 h and repeatedly
centrifuged and washed with de-ionised water until the wash water was colourless. The
resulting material was filtered and air dried, followed by calcination 1n order to be
converted to Cr-PILC. The conversion had to be accomplished in the absence of air to
avoid chromium oxidation and subsequent loss of chromium in the form of volatile

oxides. Cr-PILCs decompose when heated in air above 300°C.

The basal spacings of Cr-PILCs depend on the extent of metal ion hydrolysis, which, in
turn, depends on the ratio of carbonate to chromium, hydrolysis time, and hydrolysis
temperature, and the overall metal/clay ratio used in the pillaring reaction (reaction
stoichiometry). The optimum carbonate to chromium and chromium to clay ratios were

found to be 2 and 50 respectively.

The synthesis of PILCs may be affected by various other factors apart from those
described above in the synthesis of chromia pillared montmorillonites, such as the
nature of the clay. For instance, when highly charged vermiculites are used
((Mg,Ca,K,Fez+)3 (Si,A],Fe3+)4Olo(OH)zO 4H,0), the polyoxocations are not stable and
may hydrolyse almost completely in the interlayer region, while a regular pillar spacing
has been observed for clays in which the charge varies markedly from interlayer to
interlayer, due to the capacity of the oxocations to adopt variable charge through

hydrolysis.

PILCs are not yet available in large quantities, hindering this way their potential
commercial use. The main reason is that the synthesis and the properties of PILCs are
very much dependent on the preparation method as proven from the significant
differences in basal spacings arising among different authors for the same clays and
which are attributed to the formation of different types of pillaring agents. Furthermore

it is common practice to use highly diluted clay slurries during pillaring because of the
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diffusional limitations that control the exchange of the initial cations of the smectites by
the polymeric cation species, which is unsuitable for large scale production [21].
However, Tichit and Figueras have reported that a competitive ion exchange of the
polyhydroxy cations with NH," indices a homogeneous distribution of the pillars and a
well ordered structure independently of the clay particle size and slurry concentration
reducing the diffusional limitations [22]. Sanchez et al. have successfully used
Intermediate aluminium and clay concentrations in the conventional preparation of Al-
PILCs [23]. Furthermore Fetter et al. have prepared AI-PILCs from concentrated clay
suspensions up to 50 wt % under microwave irradiation (see also section 2.3.4) [24].

This is of great interest for the preparation of commercial PILC catalysts.

2.2.2 Properties of PILCs

2.2.2.1 Porous structure

The final properties of PILCs can be modulated by control of experimental variables in
the pillaring solution prior to addition of the clay, during clay addition, and in the
manipulations of the post pillaring reactions. Thus PILCs offer a very powerful and
flexible way to design new catalysts with a desirable predominant pore size i the
approximate range of 5 to 20A. Zeolites have a more restricted range of pore sizes,
varying between 3 to 11 A. It is therefore possible to use PILC catalysts in the reactions
of bulky organic molecules such as coal derived liquids or heavy hydrocarbons whose

dimensions are larger than the pore size of zeolites.

The micropore is defined by the interlayer distance, which is the space between the clay
layers, and the lateral distance, which is the space between the metal oxide pillars
(Figure 2.3). Certain factors have a significant influence on the size of micropores of
the pillared clay such as the dimensions and the charge of the pillaring polyoxocation
which are dependent on the degree of hydrolysis, the orientation of the pillaring cation

between the clay layers, the charge density and distribution of the clay layers [25].

Significant differences in basal spacings, which arise among different authors for the
same types of PILCs, are attributed to the formation of different types of pillaring
agents due to slight variations in the experimental conditions. Several experimental

variables influence the degree of hydrolysis of the metal cation leading to partially
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hydrated polymeric or oligomeric metal cation complexes: i.e. pH, concentration of
reagents (i.e. metal cation and NaOH or Na,COj; as base), temperature and ageing.
Increasing the pH, lowering the concentration, heating or increasing the ageing time of
the solution at any specific temperature, all favour the hydrolysis reaction and therefore
increase the degree of polymerisation of the metal cation [26]. Hydrothermally treated
pillaring solutions (reflux conditions) consist of polymeric metal cation complexes that
yield more thermally stable pillared clays and in most cases with larger interlayer
spacings. Both could be explained partly by the lower charge per metal ion in the
treated solutions as more material is exchanged into the interlayer region of the smectite

[27].

1: Lateral distance
2: Interlayer distance y l

3: Basal spacing

X

Figure 2.3 Schematic structure of a PILC

The porosity of PILCs also depends on the manner of aggregation of the clay layers.
Long-range face-to-face stacking of the silicate layers, which are held apart by regularly
spaced pillars results in microporosity comparable to that of zeolites. Short-range
(typically 3 to 8) face-to-face stacking of the silicate layers and extensive edge-to-edge
and edge-to-face interactions, i.e. a house-of-card structure, lead to the formation of
mesopores (20A  <diameter<500A) and macropores (diameter>500A) which are
characteristic of mixed oxides, aluminas and silicas [28] (Figure 2.4). Those PILCs with

a ‘house-of-card’ structure are known as delaminated clays.
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Figure 2.4 Schematic representation of a lamellar (face-to-face) and a house-of-cards

like aggregation [13]

The manner of aggregation is basically dependent on the nature of the clay. Hectorite
and its synthetic analogue laponite which consist of particles less than ca. 100 nm in
size have been found to facilitate the preparation of delaminated clay catalysts, while
montmorillonites, which comprise relatively large particles, give rise to well-organised

pillared clays with the typical 18 A spacing [28]. However, the type of pores formed
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may be manipulated by the drying method used. A freeze-drying procedure promotes
edge-to-edge or edge-to-face aggregation and consequently macropores are formed,
whereas air-drying promotes only face to face aggregation resulting in formation of

zeolite-like structures [21].

2.2.2.2 Thermal stability

The porous structure of PILCs is, in general, stable up to 400-500°C. Further increase in
the temperature leads to the collapse of the clay layers because of the dehydroxylation
of the pillars followed by dehydroxylation of the clay sheets. Both the nature of the clay
materials and the type of metal oxide pillars affect the thermal stability of the resulting
PILCs. The most stable clay mineral for pillaring is rectorite, the structure of which 1s
consisted of one montmorillonite like layer and one mica like layer. Its improved

thermal stability has been attributed to these mica-like layers [5].

With regards to the metal oxide pillars, two factors appear to control thermal stability:
the density of the pillars and their distribution within the layers. A homogeneous
distribution of pillars improves thermal stability. In addition, intercalating clay layers
by mixed oxide pillars, such as Ga/Al, Ce/Al, Ce/Zr and Nd-Zr also has a beneficial
effect [22, 5].

2.2.2.3 Surface acidity

PILCs possess both Bronsted acid (proton donor) sites and Lewis acid (electron pair
acceptor) sites. It is believed that Bronsted acidity mainly derives from the clay
structural hydroxyl groups, while Lewis acidity is attributed to the metal oxide pillars.
The amount and strength of Bronsted and Lewis acid sites are closely related to the
types of clays and metal oxide pillars, as well as to the calcination process. For
instance, incorporation of aluminium into a chromia pillar increases the surface acidity
of the clay [29]. Bronsted acidity decreases markedly with increasing calcination
temperature, by either dehydroxylation of the surface or by migration of protons from
the interlayer space into the octahedral sheet. Although Lewis acidity is more thermally
stable than Bronsted acidity, upon high calcination temperature both Bronsted and

Lewis sites decrease [13, 5].
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The most common methods to investigate surface acidity in PILCs are by infrared (IR)
spectroscopy of adsorbed ammonia or pyridine and temperature programmed
desorption (TDP) of adsorbed ammonia [S]. The number and strength of the acid sites
can be determined by choosing adsorbed substrates with different basicity. For example
2,6-dimethylpyridine (DMPY) is selectively adsorbed on Bronsted acid sites and hence

it can be used for the determination of Bronsted acidity in clays and PILCs.

2.2.3 Applications of PILCs

PILCs are employed in the field of acid-catalysed reactions, i.e. cracking,
hydroisomerisation, dehydration, dehydrogenation, hydrogenation, aromatisation,
disproportionation, esterification, alkylation and selective catalytic reduction. Other
applications related to porosity include membranes for gas separation, ion-exchange,
adsorption and control release. Detailed reviews of the catalytic applications of PILCs
have been conducted by Figueras [21] and, more recently, Ding et al. [5]. The scope of
this section is limited to those applications of PILCs that are relevant to the objectives

of the research, i.e. cracking, hydrocracking and hydroprocessing.

Sulfided chromia pillared montmorillonites have exhibited high activity and selectivity
in the hydrodesulfurisation of thiophene and the consecutive hydrogenation of butane,
whilst the respective activity of the non-sulfided form was considerably lower. In
addition the sulfided form of the parent clay sodium montmorillonite, did not exhibit
any thiophene conversion. These findings suggest that the finely dispersed and well
distributed chromium sulfide phase in the chromia pillared clay is of primary
importance for a high thiophene conversion. With respect to the selectivity of these
catalysts it was shown that hydrodesulfurisation of thiophene results exclusively in the
formation of butane and butenes. No comparison with conventional catalysts has been

reported [30].

Many researchers have selected cumene as a model compound for their studies of Cr-
PILCs, since the reactions that occur depend on the acid sites of the catalyst. Cumene
cracking mainly occurs on Bronsted acid sites, whereas dehydrogenation takes place on
Lewis acid sites. However, the reported results with regards to chromia pillared

montmorillonite are contradictory. According to Bradley and Kydd, the chromia
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pillared montmorillonite exhibited dehydrogenation activity almost exclusively, as the
sodium montmorillonite did, with very little benzene being formed (very little cracking)
[31]. The increase observed in overall conversion resulted from an increased yield of -

methylstyrene, with no appreciable increase in benzene production.

On the contrary Mishra and Parida [32] have reported that cumene conversion on both
sodium montmorillonite and chromia pillared montmorillonite resulted in cracking as
well as in dehydrogenation products. The total conversion was higher for the PILC in
comparison to that of the parent clay. Mishra and Parida have suggested that the low
cumene conversion on the parent clay may be attributed to the low number of acid sites

and the unavailability of interlayer pores.

Carrado et al. [33] have reported that adding chromium to a bentonite clay, whether
pillared or not, improved the overall behaviour of the catalysts for decane conversion.
They used, among others, a chromium-exchanged (not PILC) and a mixed Al/Cr-PILC,
but not a Cr-PILC. However, it was not clear how chromium influenced the
cracking/dehydrogenation ratio. The PILCs exhibited markedly higher yields of coke.
The authors attributed this to the open two-dimensional structure of PILCs, which
allows easier access for heavier hydrocarbons, and the abundance of Lewis acid sites,
where polycondensation reactions and coke formation typically occur. They suggested
the reduction of coke formation in the presence of chromium might be related to the

acidity.

Gonzalez et al. investigated the effect of the incorporation of cerium in an Al-PILC
with regards to the conversion of n-heptane [34, 35]. It was shown that cerium increases
the total conversion and yields high selectivity for cracking of n-heptane, approaching
results obtained for the reference zeolite. Gonzalez et al. suggested that the reverse of
selectivity towards cracking as opposed to isomerisation in the presence of cerlum
might indicate the increase in the number of the Bronsted acid centers or in the strength
of the acid centers, or both of these factors, since hydroisomerisation requires milder

conditions of temperature and acid strength than hydrocracking,

PILCs have been tested as catalysts in cracking of different gas-oils in comparison to

commercial zeolites. Three examples are presented below [21]:
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e Heavy gas 0il (23.9° API, unspecified sulfur content)

AI-PILC, Zr-PILC, amorphous silica-alumina and commercial zeolites (REY) have
been compared. Catalytic activities were similar for the PILCs (conversion 71 vol %)
and REY (73.5 vol %) and substantially higher than for the amorphous aluminosilicate
(55.5 vol %). Gasoline yields were also analogous for the PILC (51.5 vol %) and REY
(58.0 %). The octane yield of the gasoline produced by the PILCs (90.5%) was higher
than that yielded by the zeolitic catalyst (89%), but the coke formation was higher on
the clay (7.1 wt % compared to 4.3 wt %).

o Light gas oil (27.9° API, 0.59 wt% sulfur)

Al-PILCs have been compared to a commercial zeolite catalyst. The gasoline yield was
lower on the PILCs (52.5%) than on zeolite (56.6%) at the same conversion of 70%.
The coke yield was also higher on the clays (7% on clays versus 3% on zeolites).

e Heavier gas oil (21° API, 2.46 wt% sulfur)

A series of AI-PILCs after steaming at increasing temperatures has been compared to
REY zeolites. The PILC activity observed after steaming at 650°C for 17h (81.7 wt %)
is higher than that obtained on zeolites steamed at 775°C (72.5 wt %), but the selectivity
for gasoline is lower (43.3 compared to 51.3 wt %) and coke formation is higher (15.2
compared to 3.3 wt %). Although steaming caused loss of a large fraction of the surface
area of the PILCs, their activity remained high. This was attributed to the presence of
diffusional limitations in the kinetics. Furthermore, the high activity observed for the
PILCs was probably due to acidity shifting from strong Lewis to strong Bronsted during
steaming. Coking formation was influenced by the gravity of the fuel and the sulfur

content.

Therefore, PILCs exhibit higher activities than zeolites in cracking of heavy gas oils
and slightly lower activities for lighter charges. However, in any case they show
slightly lower selectivity for gasoline, although it has an increased octane number, and

much higher coke formation compared to zeolites.

Some preliminary results for bitumen conversion on a range of large-pore zeotype
catalysts and pillared smectite clays have also been reported [36]. Overall conversions
in bitumen were low (< 0.5%). The highest overall conversions were obtained on the
acidic MCM-41 and its (more highly acidic) Fe-framework analogue. Montmorillonite-

based AI-PILCs and acid-treated clays had little effect on bitumen. However, the
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saponite-based Al-PILC was more active compared to the other clays but less than
acidic MCM-41, although it had a higher selectivity of aromatics versus aliphatics than
MCM-41. Mordenite appeared to hinder bitumen cracking, despite easy accessibility
(6.5 x 7.0A channels).

PILCs with high surface area can also be used as support for hydrogenation metal
catalysts to achieve homogeneous dispersion, increased adsorption area of reactants and
shape selectivity yielding hydrotreating catalysts. However, the results obtained so far
in the field of hydrotreating with metal catalysts supported on PILCs are contradictory.
Occelli and Rennard have reported that pillared clays are ineffective when used as the
cracking component in composite hydrocracking catalysts because of rapid deactivation
due to excessive coke formation [37]. The same authors have obtained an excellent
catalyst for hydrocracking of vacuum gas oil by using PILCs as support for Ni-Mo in a
composite catalyst promoted with 30% zeolite. No excessive coke formation was found,
as the catalytic activity increased with the reaction temperature. This is probably due to
the moderation of the PILC acidity resulting from the addition of hydrogenation metals
like Mo and Ni (moderate acidity favours desorption of high molecular weight
hydrocarbons which otherwise would be retained as coke) and to the open
microstructure resulting from pillaring (which appears to control the cleavage of high
molecular weight hydrocarbons and retards further hydrocracking to lighter fractions).
The coke formation may be suppressed by the interaction of Lewis sites and the

hydrogen carrier gas.

On the contrary Ramos-Galvan et al. have reported that in hydrotreating of residual
atmospheric gas oil (3.7 wt% sulfur, 11 wt% asphaltenes, 21.5 wt% aromatics, 16%wt
polars, 3.5°API) NiMo supported on Ti-PILCs has exhibited superior results compared
to a NiMo/Al,Ojs catalyst [38]. At 400°C NiMo/Ti-PILC lowers the asphaltene fraction
by 77.2 wt%, while aromatics decrease by 53.5 wt% and polar fractions diminishes by
43.8 wt%. This is about 4.5, 9.3 and 22.5 wt% higher than NiMo/Al,O; reference
catalysts. The relative hydrodesulfurisation (HDS) rates for NiMo/Ti-PILC are 40.4,
22.8 and 18% HDS/m’ for sulfur removal in the asphaltene, polar and aromatic
fractions, respectively. In the same sequence NiMo/Al,O; catalysts give 11.4, 1.6 and
19.6% HDS/m?. Moreover, the NiMo on Al- and Ti-PILC catalysts caught vanadium

impurities which remained on the clay flakes even after regeneration by means of
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tetrahydrofuran solvents, refluxing and calcination in air at 380°C, confirming the

remarkable property of clays to trap vanadium. This is potentially interesting for many

catalytic applications, where vanadium is generally a poison and it must be retained

before reaching the other catalytic processes downstream.

Other examples where PILCs are being used as supports for metal catalysts and exhibit

better activities than the respective metal catalysts supported on alumina, are presented

in the following:

Hydrogenation of benzene and bigger molecules, such as xylene and mesitylene
has been studied on Pt- or Pd-loaded AI-PILC and v-Al;O5. For the benzene
hydrogenation the activities were similar for the Pt/Al-PILC and Pt/ Y-AlLOs
catalysts. However for xylene and mesitylene hydrogenation, much higher
activities were observed for the Pt (Pd)/Al-PILC than for the Pt (Pd)/ v-Al,04
catalysts due to larger pore size in the AI-PILC than on y-AlL,O; Furthermore,
anti-poisoning against sulfur was dramatically improved when using bimetallic
loading (Pt-Pd/Al-PILC) [39].

Hydrogenation of benzene as a probe reaction has been used to investigate the
activity of Ni on Al-pillared montmorillonites compared to the respective of a
common Ni catalyst on y-Al;O;. The most active catalyst resulted from AI** ion-
exchange of the pillared montmorillonite and subsequent introduction of 12%
(w/w) Ni [40].

Hydroisomerisation of hexanes has been studied with palladium supported on Al-
pillared montmorillonite, Al-pillared acid-activated montmorillonite and sulfated
Zr-pillared montmorillonite. These catalysts were compared to a conventional
1wt% Pd on -Al,O3. The Pd on Al-pillared acid-activated montmorillonite and

sulphated Zr-pillared sodium montmorillonite were the most active catalysts [41].

Occelli [28] has suggested that delaminated clays in particular could be useful in the

preparation of hydrotreating catalysts for the upgrading of heavy oil for two reasons:

Relatively large size organic molecules, such as aromatic compounds, which are
normally too large to enter the micropores formed by the pillars can penetrate the
macropores of the delaminated clays where the acidity introduced by the metal

oxide clusters causes the conversion to occur.
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e Delaminated clays exhibit higher resistance to coke formation compared to pillared
clays, probably due to the weaker acidity and the macroporosity of the catalyst
which facilitate desorption of aromatics which otherwise would be retained

(occluded) as coke.

Pillared and delaminated clays have been used successfully as hydrocracking catalysts
for coal derived liquids and a petroleum residue (for conversion data see section 2.4.2).
In particular, a tin oxide pillared laponite (delaminated) clay and a chromia pillared
montmorillonite have exhibited superior results compared to a presulfided supported
NiMo/Al,O; catalyst and a dispersed Mo-based catalyst precursor. The pillaring of the
clay substrates was considered to better accommodate the larger molecules of the
feedstocks in the galleries of the catalyst structures, leading to more efficient catalyst
action than interaction with the surface of the alumina catalyst [2, 3]. The activity of
chromia pillared montmorillonite was attributed to the redox activity of the chromia
pillar which promotes reduction of the organic material in the presence of pressurised
hydrogen, coupled with the further increased basal spacing which allows improved
access to the active sites. In the case of the tin oxide pillared laponite the catalytic
activity was credited to better access to active sites due to the macropores formed,
further enhanced by the presence of tin oxide, promoting the activity of these sites,

rather than being caused by any intrinsic activity of tin oxide [4].

2.3  Microwave assisted chemistry
2.3.1 Microwave heating

A microwave is a form of electromagnetic energy that falls in the 300 to about 300,000
MHz frequency range of the electromagnetic spectrum. With microwaves the energy
transfer is not primarily by conduction or convection as in conventional heating, but by
dielectric loss. Thus the tendency of a sample to undergo microwave heating is highly
dependent on its dielectric properties, i.e. dielectric loss, dielectric constant and tangent

delta.

Dielectric loss (¢”) is the amount of input microwave energy that is lost to the sample
by being dissipated as heat. This value best provides the coupling efficiency of a

particular substance. The dielectric constant ('), also known as the relative permittivity
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measures the ability of a substance to store electric charges and is dependent on both
temperature and frequency. Mathematically it is the ratio of the electrical capacity of a
capacitor filled with the substance to the electrical capacity of the evacuated capacitor.
Tangent delta (tan 6) or loss tangent is the dissipation factor of the sample, high values
of which indicate ready susceptibility to microwave energy. It is defined as the ratio of

the dielectric loss to the dielectric constant [42, 43].

Most commercial microwave systems are set to a frequency of 2450 MHz. At this
frequency the dielectric properties are temperature dependent. In general, as the
temperature of a substance increases, its dielectric parameters and consequently its

coupling efficiency decrease [43].

High absorbers like small chain alcohols, dimethyl sulfoxide and nitrobenzene all have
high dielectric losses. As a result they heat very quickly within the microwave chamber
(Table 2.2). Medium absorbers, such as dimethylformamide, acetonitrile, butanols,
ketones and water, require more time to reach desired temperatures. Finally chloroform,
dichloromethane, ethyl acetate, ethers and hydrocarbons, which are very low absorbing
solvents, take much longer to heat up (as liquids) to temperatures above their boiling

points [43].

Materials dissipate microwave energy by two fundamental mechanisms: dipole rotation
and ionic conduction. Dipole rotation refers to the alignment with the electric field
component of the radiation of molecules that have permanent or induced dipoles such
as water. At 2450 MHz, the oscillating field causes agitation of the molecules
generating heat. The second dissipation mechanism, ionic conduction, is the migration
of dissolved ions with the oscillating electric field. Heat generation is due to frictional
losses which depend on the size, charge, and conductivity of the ions, and their
interactions with the solvent. Ionic conduction increases with temperature allowing

1onic solutions to become stronger absorbers as they heat up [43, 44].
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Table 2.2 Boiling point, dielectric constant (¢'), tan & and dielectric loss (™ for

common solvents, measured at room temperature and 2450 MHz [43]

Solvent Normal boiling | Dielectric Dielectric Tan 6
point (°C) loss (¢"") constant (¢")

High absorbers
Ethylene glycol 197 49.95 37.0 1.350
Formic acid 100 42.24 58.5 0.722
Dimethyl sulfoxide 189 37.12 45.0 0.825
Ethanol 78 22.87 24.3 0.941
Methanol 65 21.48 32.6 0.659
Nitrobenzene 202 20.50 34.8 0.589
1-Propanol 97 15.22 20.1 0.757
2-Propanol 82 14.62 18.3 0.799
Medium absorbers
Water 100 9.89 80.4 0.123
1-Butanol 118 9.76 17.1 0.571
NMP 215 8.85 32.2 0.275
Isobutanol 108 8.25 15.8 0.522
Dimethylformamide 153 6.07 37.7 0.161
Acetonitrile 82 2.32 37.5 0.062
Acetone 56 1.12 20.7 0.054
Acetic acid 113 1.08 6.2 0.174
Low absorbers
Chloroform 61 0.44 4.8 0.091
Dichloromethane 40 0.38 9.1 0.042
Ethyl acetate 77 0.35 6.0 0.059
Tetrahydrofuran 66 0.35 7.4 0.047
Chlorobenzene 132 0.26 2.6 0.101
Toluene 111 0.1 2.4 0.040
o-Xylene 144 0.05 2.6 0.018
Hexane 69 0.04 1.9 0.020

2.3.2  Microwave assisted chemistry-Accelerated reaction rates

The 1nitial use of the microwave oven in the early 1980s was limited to rapid sample
preparation in certain sectors of analytical chemistry. Since then interest has grown in
the application of microwave irradiation to reaction chemistry. Several detailed reviews
of microwave assisted chemistry have been published, displaying the huge potential of
microwaves for chemical synthesis [43, 44]. Virtually all types of thermally driven
chemical  reactions  (additions, cycloadditions, substitutions, eliminations,
fragmentations etc.) either in the presence or absence of solvent can be accelerated by

microwaves.
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Organic synthesis in aqueous media can be conducted under microwave irradiation
[43]. Under normal conditions water maintains a very high dielectric constant and
persistent hydrogen bonding. In a contained environment (sealed vessel) as the
temperature of water increases above its boiling point more and more pressure builds up
and water begins to act more like an organic solvent. It changes from a very polar liquid
to an almost non polar one and organic compounds become more soluble. With these
enhanced conditions water has increased acidity, reduced density and a lower dielectric

constant.

Microwave technology can be very useful for chemical processing, because reactants
are heated directly. This means that energy is absorbed solely by the reagents and
catalysts, and is not wasted on heating the reaction vessel, leading to a reduction of the
total processing time, no overheating and degradation of the product, reduced
equipment size, faster response to process heat control and faster start-up, increased
production and elimination of process steps [45]. These benefits of microwave heating
In many cases overcome the higher cost of microwave energy. In addition flow-through

microwave heating will allow continuous chemical processing.

Enhancements in rates of homogeneous reactions through superheating of solvents

under microwave irradiation were first reported by Mingos and Baghurst [46]. They
attributed this to elevated boiling points, 13 to 26°C above the conventional
atmospheric boiling points, exhibited by the majority of organic solvents under
microwave irradiation (Table 2.3). According to Mingos and Baghurst microwave
power is dissipated over the whole volume of the solvent, where nucleation points
necessary for boiling are absent. The loss of the excess of thermal energy by boiling can
therefore only occur at the side of the reactor or at the solvent/air interface. This results
in a reversed temperature profile with a steady average reflux temperature above the
classical boiling point, which is called superheating or superboiling. If superheating is
avoided such that the reaction is conducted at conventional reflux temperatures, then

the rate of the reaction is independent of heating method [46, 45].
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applications [46]

Table 2.3 Boiling points (atmospheric) for common solvents relevant to microwave

Solvent Normal boiling | Elevated boiling AT
point (°C) point (°C)
Water 100 104 4
Acetone 56 81 25
Acetonitrile 82 107 25
Ethanol 78 103 25
Methanol 65 84 19
p-xylene 140 170 30

When a heterogeneous reaction is conducted using a dissipative and/or catalytic solid

phase under microwave heating, the reaction rate increases compared to classical
heating under the same conditions (pressure, temperature and reagents concentration).
The increase in reaction rate corresponds to a virtual difference in reaction temperature
[45, 47]. Since the bulk temperature is equal for both the conventional and microwave
heated systems, there must be an elevated temperature at the local reaction site: the
catalytic surface. This is possible since the heat transfer by microwaves depends on the
specific loss factor of the different materials: the catalyst and the solvent. Many
metallic catalysts are semiconductors and will readily absorb microwave energy
especially at higher temperatures. This selective increase of reaction rates cannot be
achieved by conventional heating since the catalysts and reagents will be both at the

same temperature.

Chemat and Esveld used a continuous flow microwave reactor in two different set ups
to prove the essential combination of microwave and catalyst [45]. In the first
experimental set-up the solid catalyst was submitted to microwave irradiation and the
liquid was heated when it passed through the catalyst, whereas in the second
experiment, only the liquid was heated by microwaves when it circulated in the cavity
vessel and the catalyst was placed outside the microwave cavity. The temperature was
maintained and checked to be constant throughout the circuit. They also conducted a
third experiment in a conventional continuous reactor operating under the same
conditions (temperature, concentration and pressure) as the microwave continuous
reactor. Only direct heating of the catalyst by microwaves gave an increase of initial

esterification reaction rate of 150%. Conventional heating of the catalyst vessel and

microwave heating with the catalyst outside the cavity gave identical results because
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the temperature at the catalytic surface was equal to the bulk temperature.

Leskovsek et al. [48] have reported an up to eight times greater reaction rate with
microwave irradiation compared with conventional heating at the same temperature on
the catalytic transfer hydrogenation of soybean oil from an aqueous sodium formate
solution in the presence of Pd/C. They assumed that rapid mixing of the contents
assured the uniformity of the bulk temperature in the laboratory reactor and excluded
hot spots. They suggested instead that microwave heating may have assisted transport

phenomena at the catalysts and oil-water interfaces.

A pressurised environment can be very advantageous to many different kinds of
chemistries. The group of Gedye was one of the first to report that the increased
reaction rates found in the microwave oven syntheses were the result of superheating of
the reaction mixture which led to pressure increase in the reaction vessel. They
demonstrated that organic compounds can be synthesised up to 1240 times faster in
sealed Teflon vessels in a microwave oven than by conventional (reflux) techniques
[49]. Solvents under microwave irradiation can be heated in a contained environment
up to temperatures that are two to four times their respective boiling points. This
characteristic of microwave synthesis provides the large rate enhancements (up to
1000x) that are observed [43]. Pressurised environments can also provide inert

atmospheres for use of air-and moisture-sensitive reagents [43].

Although microwave irradiation is becoming a common source of energy in
accelerating chemical reactions, it is difficult to include reactions requiring both high
temperatures (>200°C) and pressures (>250 psig), basically because of the limitations
of microwave-transparent materials. Microwave vessels are usually made from
polymers or quartz and can therefore sustain only limited temperatures and pressures,
whereas metal is not appropriate for vessels, since it is not a microwave-transparent
material. These temperature and pressure limitations have hindered the application of
microwave heating in the field of hydrocracking coal derived liquids and hydrotreating

biomass derived liquids and heavy petroleum residues.
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2.3.3 The nature of the microwave effect

Since the first publications on accelerated microwave-assisted synthesis reactions, there
has been discussion about the source of the rate enhancements observed. Speculations
about non-thermal “microwave effects” have been made. However, within the
microwave region of electromagnetic energy (i.e. 300 to 300,000 MHz), only molecular
rotation is affected, not molecular structure. The energy in microwave photons (0.037
kcal/mole) is very low relatively to the typical energy required to cleave molecular
bonds (80-120 kcal/mole). Therefore, microwaves would not be expected to affect the
structure of a molecule. In the excitation of molecules the effect of microwave

absorption is purely kinetic [43].

Based on the Arrhenius reaction rate equation (k=Ae'Ea/RT), the reaction rate constant is
dependent on two factors: the frequency of collisions between molecules that have the
correct geometry for a reaction to occur (A) and the fraction of those molecules that
have the minimum energy required to overcome the activation energy barrier (e'Ea/RT).
There has been some speculation that microwaves affect the orientation of the
molecular collisions and the activation energy, but there is no evidence that supports
cither of these ideas. Microwave energy will affect the temperature parameter in the
Arrhenius equation. An increase in temperature causes molecules to move about more
rapidly, which leads to a greater number of more energetic collisions. This occurs much

faster with microwave energy, due to the high instantaneous heating of the substances

and is the primary factor for the observed rate enhancements [43].

The level of instantaneous heating will be dependent on the amount of microwave
energy that is used to irradiate the reactants. The higher the level of microwave energy
the higher the instantaneous temperature will be with regards to the bulk temperature.
Recent experimentation has shown that simultaneous cooling of the reaction vessel
during a reaction will ensure a constant, high power level for direct molecular heating.
This has dramatically improved reaction rates and nearly doubled the percentage yields

of some lower yielding reactions [43].

Reactions with temperature sensitive reagents can also be accelerated under microwave

irradiation by using a non polar solvent as a heat sink. As microwaves are being added
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to a reaction, the non polar solvent, which is not interacting with the irradiation, will

help to draw away the thermal heat being produced from the polar reagents. The

reaction is still receiving activation energy, but its internal temperature will remain low.

Simultaneous cooling of the microwave cavity can benefit this reaction condition and

ensure a constant high power level.

2.3.4 Microwave assisted catalyst preparation

Microwave irradiation has been applied in the production of supported catalysts

resulting in changes in their catalytic activity.

Crystalline alumina and silica supported palladium hydrotreating catalysts prepared
under microwave conditions exhibited improved catalytic activity over their
conventionally prepared counterparts, despite a reduction in surface area. This
indicates that microwave irradiation modifies crystal morphology leading to
enhanced activity of each site to such a degree that the loss of surface area is
negated [50].

A 0.3wt% Pt/Al,05 catalyst containing 0.95% chlorine prepared under microwave
irradiation showed a permanent increase by a factor of 2 in the isomer selectivity of
2-methylpentane compared to that of the conventionally prepared catalyst [51]. This
has been attributed to a permanent surface modification of the metal or a permanent
metal-support interface modification (between the metallic crystallites and the
support) probably caused by localised heating due to microwave irradiation. A 0.3
wt% Pt- 0.3 wt% Re/Al,0; exhibited different distributions of hexane products
according to the heating mode during preparation and reaction. It has been
suggested that the enhancement of the amount of extensive cracking (methane)
under microwave conditions could be due to the formation of a Pt-Re alloy, whereas
the small demethylation fraction (methane plus pentane) decrease could be related
to the presence of chlorine, which is known to affect the geometrical distribution of
the initial 2-methylpentane molecules over the metal and support during the reaction

[51].

Microwave irradiation has also been applied in the synthesis of PILC catalysts, which

in general are prepared by exchanging the native cations of the clay with partially

hydrated polyoxometal cation complexes.
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e Microwave assisted AI-PILCs were prepared faster and showed better
reproducibility and 20-30% higher surface area than those prepared conventionally
[52]. This result indicated that the pillaring distribution was homogeneous.
However, it was not possible to determine if more pillars really were introduced
into the clay particle with microwave irradiation. In addition, AI-PILCs from highly
concentrated clay suspensions (up to 50 wt%) and highly concentrated aluminium
solutions were successfully synthesised under microwave irradiation [24].

e Microwave assisted Zr-PILCs exhibited the same surface areas and acidity features
compared to the conventional ones with the advantageous reduction of synthesis
time from 18h to 10-30 min [53].

e Microwave assisted Ti-PILCs showed higher stability of the layer stacking and
more homogeneous pillar distribution with respect to their conventional
counterparts [54]. CoMo catalysts supported on the microwave assisted Ti- and Al-
PILCs displayed higher activity in the hydrodesulfurisation of heavy vacuum gas oil
compared to that of CoMo catalysts supported on conventionally prepared PILCs.
This could be attributed to the particular structure and textural features of the solids

prepared by microwave methods (more homogeneous distribution of pores) [54].

Tin oxide pillared laponite belongs to another type of PILCs that is prepared by
intercalation of organotin compounds within the interlayer region of the clay and
subsequent removal of the organic fragments to form tin(IV) oxide pillars. The
application of microwave irradiation in this case has reduced preparation time from one

week under ambient conditions to 5 min [55].

2.3.5 Catalytic transfer hydrogenation and catalytic cracking

Microwave heating has been applied in the performance of catalytic transfer
hydrogenation reactions. $-lactams, sterols and bile alcohols have been reduced to their
corresponding saturated derivatives by hydrogen abstraction from a donor molecule
(ammonium formate) assisted by catalysis (Pd/C or Raney nickel) at elevated
temperatures without the need for high pressure hydrogen and decreasing reaction times
to minutes [56, 57]. Similarly benzaldehyde has been reduced to benzyl alcohol in the

presence of formic acid as hydrogen donor and a ruthenium(Il) complex as catalyst
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[58]. However, these reactions are limited to relatively small molecules with few

double bonds.

The following cracking reactions have been successfully performed under microwave

irradiation:

Catalytic cracking of hydrocarbons, e.g. conversion of methane to ethylene and
hydrogen [59]. The conversion is highly endothermic. The process involves the
utilisation of an appropriate catalyst providing catalytic sites for the
hydrocracking reaction, which is capable of absorbing microwave irradiation. A
preferred group of such catalysts is particulate metal powders such as Fe, Ni, Co
and their mixtures. The methane gas is introduced into the reaction zone under
pressure, typically between 0.3 and 1.0 atmospheres. It is brought into contact
with the metal powder catalyst and subjected to a pulse train of microwave
irradiation for a sufficient period of time to effect conversion. It is important to
note that hydrocarbons, such as methane, do not usually have the capability of
absorbing microwave radiation. Thus irradiation of methane in the absence of a
catalyst does not selectively yield ethylene and hydrogen.

Decomposition of methane over carbon at atmospheric pressure yielding
acetylene [00]. Methane is known to chemisorb well on carbon at high
temperatures. It has also been observed that carbon is an excellent absorber of
incident microwave energy and can efficiently convert it into thermal energy.
Sensible use of incident time, irradiation time, initial methane and hydrogen
pressure can result in high acetylene production and selectivity.

Retorting of Australian shales [61]. Australian shales is a family of hydrocarbon
bearing minerals closely related to coals but containing a higher ash and hydrogen
content. It was shown that a higher quality product than that achieved by
conventional heating could be obtained with microwave heating, shifted towards
light hydrocarbons and containing lower heteroatom content (sulfur and nitrogen),
while maintaining high yields. The production of higher percentages of the lighter
fractions from microwave retorted shale could be associated with cracking of the
heavier fractions in regions of the retort where micro-arcing between shale
particles occurred, or at other regions of plasma formation where the local
temperatures would be considerably higher than the measured bulk temperature,

and would be expected to be higher than 1000°C.
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Recently, radio frequency heating has been applied successfully in the catalytic
cracking of gas oils in a three-phase spouted-bed catalytic reactor with zeolitic catalysts
producing lower alkenes and aromatics. In this technique, similarly to microwave
heating, heat is generated in the catalyst held in the electromagnetic field and thermal
energy is dissipated to the surroundings of the catalyst volume preventing carbon
formation by eliminating secondary reactions. Energy transfer from the radio frequency
field to the reaction was solely dependent on the dielectric properties of solids in the

reactor, effectively the catalyst or transient carbon [62].

2.3.6 Summary

Microwave energy is absorbed solely by the reagents and catalysts, and is not wasted on
heating the reaction vessel, leading to a reduction of the total processing time, no
overheating and degradation of the product, reduced equipment size, faster response to
process heat control and faster start-up, increased production and elimination of process
steps [45]. The energy transfer occurs by dielecetric loss and not by conduction or
convection as in conventional heating. Thus the tendency of a reagent to undergo
microwave heating is highly dependent on its dielectric properties, i.e. dielectric loss,

dielectric constant and tangent delta.

Enhancements in rates of homogeneous reactions at atmospheric pressure have been

attributed to superheating of solvents (elevated boiling points, 13 to 26°C above the
conventional atmospheric boiling points) under microwave irradiation. In addition, the
large rate enhancements (up to 1000x) observed for chemical reactions occurring in a
contained environment under microwave heating [43] have been credited to the
solvents’ ability to be heated up to temperatures that are two to four times their
respective boiling points. If superheating is avoided such that the reaction is conducted
at conventional reflux temperatures, then the rate of the reaction is independent of

heating method [46, 45].

Enhancements in rates of heterogeneous reactions conducted using a dissipative and/or

catalytic solid phase under microwave heating, compared to classical heating under the

same conditions (pressure, temperature and reagents concentration), have been

attributed to a virtual difference in reaction temperature [45, 47]. Since many metallic
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catalysts are semiconductors, they will readily absorb microwave energy resulting in
localised heating above the normal bulk temperature. This selective increase of reaction
rates cannot be achieved by conventional heating since the catalysts and reagents will
be both at the same temperature. Leskovsek et al. [48] have attributed an eight times
increase in the reaction rate of the catalytic transfer hydrogenation of soybean oil in the
presence of Pd/C under microwave irradiation compared to conventional heating at the
same temperature to microwave assisted transport phenomena at the catalysts and oil-
water interfaces. They assumed that rapid mixing of the contents assured the uniformity

of the bulk temperature in the laboratory reactor and excluded hot spots.

These significant rate enhancements have raised discussions about their source and
speculations about non-thermal “microwave effects”. However, the energy in
microwave photons (0.037 kcal/mole) is very low relatively to the typical energy
required to cleave molecular bonds (80-120 kcal/mole). Thus, microwaves would not be
expected to affect the structure of a molecule. In the excitation of molecules the effect
of microwave absorption is purely kinetic [43]. Microwave irradiation does not affect
the activation energy but provides the momentum to overcome this barrier and
complete the reaction faster than conventional heating methods. Microwave energy will
affect the temperature parameter in the Arrhenius equation (k=Ae'Ea/RT). An increase in
temperature causes molecules to move about more rapidly, which leads to a greater
number of more energetic collisions. This occurs faster with microwave energy, due to
the high instantaneous heating of the substances and is the primary factor for the

observed rate enhancements [43].

Microwave irradiation has been applied to the production of supported catalysts and has
reportedly resulted in changes in their catalytic activity. For instance it seems that
microwave irradiation has modified crystal morphology in crystalline alumina and
silica supported palladium hydrotreating catalysts leading to enhanced activity of each
site to such a degree that the loss of surface area is negated. Nevertheless, these changes
in morphology, which lead to changes in catalytic activity, may well be a result of

localised heating.

Microwave heating has been also applied to catalytic transfer hydrogenation and

cracking reactions. However, these reactions are limited to relatively small molecules.
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Although microwave irradiation is becoming a common source of energy in
accelerating chemical reactions, it is difficult to include reactions requiring both high
temperatures (>200°C) and pressures (>250 psig), basically because of the limitations
of microwave-transparent materials. Microwave vessels are usually made from
polymers or quartz and can therefore sustain only limited temperatures and pressures,
whereas metal is not appropriate for vessels, since it is not a microwave-transparent
material. These temperature and pressure limitations have hindered the application of
microwave heating in the field of hydrocracking coal derived liquids and hydrotreating

biomass derived liquids and heavy petroleum residues.

2.4 Catalytic hydrocracking of coal derived liquids
2.4.1 Introduction

Coal is a combustible, sedimentary, organic rock, composed mainly of carbon,
hydrogen and oxygen. It is formed from vegetation, which has been consolidated
between other rock strata and altered by the combined effects of pressure and heat over

millions of years to form coal seams [63].

The degree of change undergone by a coal as it matures from peat to anthracite is
known as coalification and influences significantly its physical and chemical properties
(Figure 2.5). It is referred to as the ‘rank’ of the coal. Low rank coals, such as lignite
and sub-bituminous coals are typically softer, friable materials with a dull, earthy
appearance. They are characterised by high moisture levels and low carbon content, and
therefore low energy content. Higher rank coals are generally harder and stronger and
often have a black vitreous lustre. They contain more carbon, have lower moisture

content, and hence higher energy content [63].

Coal and microwave heating

There are various receptive functionalities within as-mined coal, both organic and
mineral in nature. For example, on heating the pyrite present within coal it decomposes
to a non-stoichiometric FeS,, which under irradiation experiences dielectric loss and as
a result heats the surrounding matrix by thermal conduction. Monsef-Mirzai et al. have
showed that mixtures of middle rank British coals with transition metal oxides (e.g.

CuQ, Fe304) or coke heat rapidly in the microwave oven and induce coal pyrolysis on a
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time scale of 1-3 min [64]. This microwave-driven pyrolysis is not directly comparable
with conventional pyrolysis methods (e.g. wire mesh, fluidised bed). Chars, the solid
products of coal pyrolysis, will heat rapidly in a microwave field and induce the
pyrolysis of sub-bituminous coals [65]. Sorption of SO, and NO, (emitted from coal
combustion) in a char bed which is then subjected to microwave treatment has been
reported to reduce the oxides to elemental sulfur and dinitrogen, resulting up to 98%

removal of these pollutants from the flue gas stream [65].

Figure 2.5 Types of coal [66]
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Coal liguefaction

The investigation of methods to produce liquid fuels from coal, i.e. coal liquefaction,
has a long history. In most processes, a heavy hydrocarbon liquid is produced and
subsequently refined. There are two key liquefaction methods:

e direct coal liquefaction, where coal is converted to liquid fuel in a single process

e indirect coal liquefaction, where coal is first gasified and then converted to liquid

products by a process of synthesis.
The only commercial scale coal liquefaction process currently in operation worldwide

is the indirect Sasol (Fischer-Tropsch) process. South Africa leads the world in coal

liquefaction technologies and currently supplies about a third of its domestic liquid fuel
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requirements from coal. China is experiencing growth in coal liquefaction aiming to

utilise its enormous coal reserves and reduce dependence on imported oil [63].

A two-step direct liquefaction process was developed by British Coal at the Point of
Ayr Coal Liquefaction Pilot Plant. During this process an extract is produced in the first
step and hydrogenated in the second. During production extracts may undergo some
thermal degradation due to the occurrence of secondary reactions, such as cracking,
hydrogenation and repolymerisation [67]. These secondary reactions are responsible for
the observed differences in hydrocracking reactivities of extracts from the same coal

prepared under different reaction conditions such as residence time.

2.4.2  Catalytic hydrocracking of coal liquids

The concept of polynuclear aromatic ring systems embedded in molecules held together
by various types of bridging systems, including etheric, aliphatic, hydroaromatic and
alkyl-aromatic structures is generally used to describe coal derived liquids. They
contain complex, large molecular weight materials, incorporating heteroatoms and other
polar groups. Usually, these materials are catalytically upgraded under intense reaction
conditions, at high temperatures and hydrogen pressures and in the presence of a
catalyst. The overall performance of a hydrocracking catalyst is assessed in terms of
conversion, molecular mass reduction (e.g. by size exclusion chromatography, UV-
Fluorescence spectroscopy, Maldi MS), polynuclear aromatic ring system reduction,

heteroatom removal (by elemental analysis) and resistance to deactivation [2, 3].

Catalysts commonly used in the hydrocracking of coal derived materials (e.g.
NiMo/A1,03,) have mostly been designed for use with light petroleum fractions.
However, due to the higher concentrations of polynuclear aromatic structures and
heteroatoms (N, S, O) and the lower hydrogen-to-carbon ratios and higher asphaltene
contents of coal derived liquids compared to light petroleum derived fractions the
catalysts experience a loss of activity and selectivity with time. Carbonaceous material
builds up rapidly on the catalyst particles from the start of the run and typically over
about the first 10-100 h of operation, resulting in deactivation [67, 68, 69, 70 and cited
references]. After that the mass of carbonaceous deposit on catalyst particles appears to

stabilise and the proportion of elemental carbon in the deposit slowly increases [71]. It
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1s thought that bridging structures between polynuclear aromatic ring systems break
down during hydrocracking and the larger polynuclear aromatic groups liberated by the

hydrocracking process deposit on the catalyst surface [2].

The continued decline in activity after the carbon content has reached a relatively
constant value is attributed to the accumulation of contaminant metals, which is a
slower process than the build up of carbonaceous material. There are several reasons
causing loss of activity such as coverage of active sites by coke and by trace metals,
increased diffusional restrictions due to pore filling or blocking by the deposition of
coke and trace metals, and poisoning of active sites by the adsorption of heterocyclic

compounds, thus reducing the number of active catalytic sites [72, 73].

Some of the trace metals that are present in the coal liquids before the hydrocracking
stage deposit on the catalyst, causing irreversible deactivation. Therefore, the mineral
matter in the coal should be minimized and this is achieved by the deashing process. It
has been suggested that the decline in activity due to carbon deposition can be reduced
by removing the more intractable material from the feed. Feeds with high
concentrations of nitrogen-containing species, toluene insolubles, or preasphaltenes
induce rapid deactivation in addition to higher levels of carbon deposition [74, 75, 76].
Furthermore, asphaltenes and preasphaltenes not converted to lower molecular mass
material become increasingly more intractable with successive hydrocracking [77, 78,
79]. Non-deashed coal liquids have also been found to cause faster and more severe
catalyst deactivation during hydrocracking than their deashed counterparts [75, 76]. It is
clear that the nature of the feed strongly influences the activity, rate and level of carbon

deposition during the early life of hydrocracking catalysts.

Martin and Snape have demonstrated the feasibility of removing the more intractable
material from a typical coal extract solution prepared with hydrogenated anthracene oil
by precipitation with toluene both prior to and after filtration [70]. As a result a 50%
removal of THF insolubles and a 10-fold reduction in trace metal content concentration
occurred, leading to improved conversions in both batchwise and continuous
hydroprocessing tests through lower levels of carbon deposition and consequently

smaller losses of surface area.
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Changes in catalyst design leading to larger pore sizes that would be able to
accommodate large coal derived molecules may also result in improvements in the
process. Previous work by Song et al. has shown the importance of increasing pore size
in catalysts [80, 81]. Asphaltene and preasphaltene conversion and heteroatom removal
were dependent on the pore size distribution of NiMo catalyst. At 425°C under 4.9 MPa
hydrogen pressure, conversions increased with catalyst pore diameter up to 290A for
the asphaltenes and up to 730A for the preasphaltenes. These observations were
interpreted in terms of resistance to the diffusion of large molecular mass materials in

relatively small pores.

A comprehensive review on hydroprocessing catalysts has been conducted by Furimsky
and Masoth [82]. Briefly, two approaches have been employed in research to develop
new hydroprocessing catalysts with improved performance:
e Modification of y-Al,Os3 supports or use of other oxides as the support, while
using the same active metals (Co/Ni and Mo/W).
e Modification of the active phase by adding other metals, such as the platinum

group metals.

Highly efficient Co/Mo and Ni/Mo hydroprocessing catalysts with extremely high
surface area can be prepared using alumina hydrogel or phosphated alumina hydrogel.
The addition of boron to CoMo/Al,O3 and NiMo/Al,O; catalysts significantly improved
hydrodesulfurisation (HDS) as well as hydrogenation activity. The addition of fluoride
to a NiW/Al,O; catalyst resulted in a marked improvement in hydrodenitrogenation
(HDN) activity, whereas the addition of 0.6 wt.% P,0s increased its hydrogenation

activity [82 and cited references].

RuS, and RhS, were more active than MoS, during simultaneous HDS, HDN and
hydrodeoxygenation (HDO) of a coal-derived naphtha. However, in order to be cost
competitive with the commercial Co(Ni)/Mo(W) catalysts, the content of the noble
metal in the catalyst would have to be less than 1%. Furthermore, supports with higher
acidity than y-Al,O5 are required to achieve a desirable sulfur tolerance. A Ru/zeolite
catalyst containing 0.77% Ru has been compared with a commercial CoMo/Al,Os
catalyst during hydroprocessing of a coal-derived naphtha between 275 and 400°C. The

former was much more active for HDN, whereas the commercial catalyst exhibited
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better HDS activity. Some progress is being made in developing sulfur tolerant noble
metal-based catalysts enabling processing the feeds containing up to 1000 ppm of sulfur

(82 and cited references].

Metal-containing carbides, nitrides, oxynitrides and oxycarbonitrides have attracted
attention. Nevertheless, commercial catalysts based on metal nitrides and carbides still
need to be developed and their long term performance under commercial operating

conditions has to be demonstrated [82 and cited references].

Bodman et al. [2] recently described a screening study for testing the effectiveness of a
set of Al-, Cr- and Sn-pillared clays, as well as polyoxo-vanadate and molybdate
layered double hydroxides as catalysts in hydrocracking coal liquefaction extracts. The
hydrocracking activities of these catalysts were compared with that of a commercial

supported pre-sulfided NiMo/Al,Os catalyst for short contact (10 min) runs.

All the pillared clays exhibited higher conversion than the conventional supported
NiMo/Al,O5 catalyst, which does not become active until after 10 min reaction time
according to the study by Begon et al. [69]. The results were particularly impressive for
the Sn laponite with 70% conversion without inclusion of deposits (i.e. material with
b.p.>450°C), but only 28% with inclusion of deposits. The Cr-montmorillonite calcined
at 500°C showed surprisingly lower conversions than expected (34.6 and 17.7% without
and with inclusion of catalyst deposits respectively), but gave the greatest overall shift
to smaller molecular masses. Nevertheless, based on the overall performance, the Sn-
laponite and the Cr-montmorillonite calcined at 500°C were seen to be the most
efficient in terms of molecular mass reduction and general improvement of
hydrocracking product quality [2]. These two catalysts, as well as the conventional
NiMo on alumina and the dispersed molybdenum catalyst were selected by Bodman et
al. for longer time trials (120 min) with several different coal extracts and a petroleum

vacuum residue [3].

Point of Ayr coal extract

The two pillared clays produced greater shifts of the size exclusion chromatography
(SEC) profiles to longer times, i.e. smaller molecules, than did either NiMo/Al,O3 or
the dispersed molybdenum catalyst. The conversion data for Mo(CQO)g and NiMo/Al,O5
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support this conclusion but only marginally. The 3 x 120 min conversions with deposit
(49.6 and 59.0 for the pillared clays vs 36.9 and 47.2 for the supported and dispersed
catalysts) do not indicate the more pronounced shifts to longer elution times (smaller

molecules) observed for the pillared clays [3].

Pittsburgh No. 8 (high rank coal, 83.2% C) extract
67.6% of materials with boiling point above 450°C were converted into lower boiling

fractions after only 10 min, and up to 83.6% was converted after 2 h.

lllinois No. 6 (middle rank coal, 77.7% C) extract
Only 24.6% of the high boiling materials (>450°C) were converted into lighter fractions
after 10 min, and 73.4% after 2 h.

These results agree with Zhang’s previous study [68] suggesting that polynuclear
aromatic ring systems and large molecular weight materials in high rank coal extract are

more stable to break-down than those in lower rank coal extract.

Petroleum vacuum (Petrox) residue

Both products from NiMo and the Sn laponite catalysts had significantly smaller
molecular weights (MW) than the original Petrox residue. The smallest MW
distribution was obtained with the Sn-laponite. The overall extent of reaction was
enhanced with increasing reaction time from 10 to 120 min. The supported catalyst
exhibited satisfactory results, but it was surpassed by both pillared clays. These data
confirmed the high efficiency of the Sn-laponite already detected after 10 minutes and

indicated that the Cr-pillared clay performs much better at longer reaction times [3].

All catalysts appeared to be coated by a heavy, insoluble material, which did not appear
to change in concentration with reaction time. The novel pillared clay catalysts
performed at least as well as either the commercial NiMo on alumina or the dispersed
Mo(CO) catalysts in hydrocracking of coal liquids from a pilot or laboratory scale
plant and in the hydrocracking of a petroleum residue. The high efficiency of these
pillared clays was attributed to their high basal spacings which allow the adsorption of
large molecules, their strong acid sites suitable for the cracking of hydrocarbons and

their thermal stability. Furthermore, the redox efficiency of transition metal oxides
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intercalated between the layers could potentially create catalytic hydrogenation.
Nevertheless, further investigations are needed before confirming their potential
commercial application, to allow conversion of the intractable portions of coal liquids

and vacuum residues from petroleum processing, into useful products.

2.5 Catalytic hydrotreating of bio-oil
2.5.1 Introduction

When biomass is heated in the absence of air, it decomposes to a gas, a liquid and a
solid. The proportions of the main products can be influenced by controlling the
temperature, rate of heating, and vapour residence time. Biomass fast pyrolysis is
conducted at temperatures of typically 500°C, very high heating rates and short hot
vapour residence times of typically less than 1 s. It maximises liquid yields at up to 75

wt.-% on a dry feed basis [83].

The liquid product, often referred to as bio-oil, is similar to biomass in elemental
composition and is composed of a very complex mixture of oxygenated hydrocarbons
[83]. It has higher energy density compared to raw biomass, is easily transportable and
offers the possibility of de-coupling conversion and utilisation processes. However,
during storage for extended periods at ambient or elevated temperature bio-oil exhibits
a significant increase in its viscosity. This is attributed to polymerisation, esterification
and etherification reactions, induced by the high oxygen content [84] and apparently

catalysed by the char particles present in the bio-oil [85].

The extent to which the properties of bio-oil change over a certain period of time is
very important for fuel applications [86]. For example, polymerisation reactions result
in high viscosity and slower combustion [87]. On the other hand preheating of bio-oil in
order to reduce its viscosity could lead to possible physical or chemical transformations
due to water and volatiles components' loss. The addition of methanol to the bio-oil has
proven to hinder these polymerisation reactions and has an even more significant effect

when added before storage at high temperature [84].

Combustion tests indicate that bio-oil burns effectively in standard or slightly modified

boilers and engines with rates similar to those for commercial fuels, although it has
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heating values of only 40-50% of that for hydrocarbon fuels [88]. However,
combustion of bio-oil without upgrading faces a range of problems. Bio-0il’s high
water content is detrimental for ignition. The organic acids present are highly corrosive
to common construction materials, whereas high concentrations of submicron char
particles can block injectors or erode turbine blades [83, 88]. In order to address these
concerns and problems, research is conducted on upgrading bio-oil to products that

more closely resemble conventional fuels.

2.5.2  Full catalytic hydrotreating

Catalytic hydrotreating of bio-oil has been developed based on the conventional
hydrotreating process of the petroleum refinery industry and proposes the
deoxygenation of the liquid under high hydrogen partial pressure (70 to 200 bars) using
traditional hydrodesulfurisation catalysts (NiMo or CoMo supported on alumina).
Under these reaction conditions oxygen is eliminated as water with simultaneous
hydrocracking of large molecules and hydrogenation of double bonds [89]. The
produced hydrocarbons can, in principle, either be used directly for firing a turbine or
engine, or produce orthodox transport fuels via a conventional refining process
consisting of established catalytic operations such as reforming, alkylation and

hydrotreating [90].

Hydrotreating of bio-oil can be conceptually characterized as:
CeHsO4 + 6 H, = 6CH; + 4H,0

This is a carbon limited system and gives a maximum stoichiometric yield of 58 wt %
on liquid bio-oil or a maximum energetic yield of about 50 wt % ignoring the
significant hydrogen generation requirement [90, 83].

One of the advantages of full hydrotreating, i.e. less than 2 wt % oxygen in the final
product, 1s that the product water readily separates from the hydrocarbon product,
tending to strip out the alkali metals present, for example in ash and resolve one of the
problems in using biomass derived fuels in turbines and, moreover, is relatively clean at

high levels of de-oxygenation [83].

Catalytic hydrotreating of bio-oil, in particular, is a two stage process consisting of a

stabilisation stage at lower temperatures (ca. 250-280°C) aiming to the elimination of
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more reactive molecules such as aldehydes, ketones and alkenes, followed by full
refining (350-400°C) with elimination of stable oxygenated molecules such as phenols
and furans [91]. Without initial stabilisation bio-oil rapidly polymerises and cokes the
catalyst. The process can be also performed in a single step by means of a non-

isothermal continuous catalytic bed reactor [92].

Most petroleum hydrotreating is performed in continuous feed, downflow, fixed-bed
(trickle-bed) reactors. In contrast catalytic hydrotreating of bio-oil was originally
investigated in a continuous feed, fixed bed catalyst system with an upflow
configuration [91]. Baldauf and Balfanz have reported that during catalytic
hydrotreating tests in a continuous bench scale unit and a process development unit
severe deactivation of the catalyst was observed after 100 h of operation leading to
coking and plugging short time after [93]. Variation of catalyst and flow direction did
not improve the performance. This has been contradicted by Elliott and
Neuenschwander [94] who managed to overcome non-steady operations plaguing the
experiments by redesigning the continuous feed reactor system from upflow to
downflow configuration. Hence, the best reactor configuration (upflow or downflow)

and the optimum process parameters are yet to be established.

Cobalt/molybdenum and nickel/molybdenum hydrotreating catalysts in sulfide forms
on alumina supports have given good results in work at PNL, University of Louvain
and the Institute of Wood Chemistry. They are multifunctional catalysts presenting
hydrogenating, hydrogenolysing and acidic properties. In cases requiring a stronger
hydrocracking activity, silica-alumina, zeolites and aluminophosphates have shown
promise in place of the alumina as a support for the CoMo and the NiMo catalysts, as
has addition of phosphate to the alumina support [95]. Soltes et al. [96, 97] have
reported superior results in hydrocarbon conversion and water yield from noble metal
catalysts (5 % wt. Pt or Pd on support) after performing preliminary screening studies
with twenty catalysts in a batch reactor. Four of the catalysts (Pt/Al,03;, CoMo, NiMo,
NiW) were selected for tests in a trickle bed reactor. The Pt/Al,Os catalyst again
exhibited the best activity for oxygen removal for pine pyrolysis oil. Platinum and
palladium metals have the ability to adsorb hydrogen and lead to its dissociation, which

makes them good hydrogenating catalysts for pyrolysis oil. However, they could not be
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employed in hydrocracking coal liquids due to their low resistance in sulfur. Pyrolysis

o1l has very low sulfur content.

Churin et al. [98, 99] have reported that the presence of a hydrogen donor solvent leads
to higher percentages of hydrodeoxygenation and hydrodenitrogenation, as well as
higher product yield. They have suggested that the hydrogen donor saturates the free
radicals preventing their recombination which can lead to high molecular weight
compounds. These compounds could adsorb irreversibly on the catalyst surface and

produce coke, thus blocking active sites and pores.

Although tetralin and decalin work well as hydrogen donor solvents, they exhibit
boiling points in the diesel fuel range. Hence their use prevents both their recovery and
the evaluation of the hydrotreated product. However, the light ends of the hydrotreated
product contain the alkyl cyclohexanes, especially methyl cyclohexane, which has
similar hydrogen donor activity in the system as decalin [96]. Soltes et al. [96, 97]
hydrotreated biomass tars in methyl-cyclohexane hydrogen donor solvent. Moreover,
Churin et al. [98] replaced tetralin by a bio-oil fraction with similar results to those

obtained with pure tetralin.

For a given catalyst, the severity of the treatment is fixed by the pressure and
temperature of the reaction and the residence time. As hydrogen is involved in all
reactions, the higher the pressure, the higher the rate of transformation and the lower
the deactivation by coke [98]. Increasing the temperature improves deoxygenation, but
also accelerates the competing polymerisation reactions which lead to high molecular
weight compounds blocking the access to the catalyst and leading to catalyst
deactivation. In order to avoid this, the coke precursors must be destroyed by
hydrocracking to smaller molecules. This process could be the kinetically limiting step
responsible for the very long residence time required rather than the

hydrodeoxygenation reactions themselves [100].

Grange et al. [100] have studied the role of water in the deactivation of the catalysts
using model compounds in a batch reactor. The presence of water hydrated the +y-
alumina support into a boehmite phase causing the catalyst to lose its texture with time

and the dispersion of the active elements to decrease. In addition, fine modification of
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the chemical nature of some of the active nickel species occurred, but this modification
only causes an activity decrease during initial reaction times. It is thus difficult to

ascertain the influence of this process on the long term deactivation.

The alumina support plays key role in formation of coke [101]. It has been suggested
that coke arises from the interaction of phenol-type molecules containing two or more
oxygenated substitutes, like guaiacol and catechol with the -Al,O; support rather than
with the active metals. Grange et al. [100] have investigated two ways to avoid coke
formation: either to use neutral supports as activated carbon or to modify the y-alumina
with alkaline metals. In the former case the alumina supported catalyst was five times
more active than the carbon supported one, which was even less active than alumina
alone. In the latter case the catalyst supported on alumina modified with lithium showed
similar activity to the non modified catalyst and selectivity towards the elimination of
the methoxy group by hydrogenolysis of the aromatic carbon-oxygen bond leading to

the production of phenol with a low coke deposition.

Further research is required for the development of more active and selective catalysts.
In particular the long term stability of the catalytic system needs to be investigated,
since it will be a determining aspect for the implementation of the bio-oil hydrotreating

process at a larger scale.

2.5.3  Mild hydrotreating

Mild or low severity hydrotreating of bio-oils employs less severe processing
conditions (lower temperature, shorter residence time) than those required for naphtha
production (naphtha is subsequently refined to yield gasoline or diesel). It involves
partial hydrodeoxygenation, minimal hydrocracking and effective hydrogenation to
stabilise the bio-oil and improve its energy density. Such treatment would produce an
oil that would show better properties for storage or transport and could be used as a low
grade fuel or for phenols recovery with better economic possibilities compared to full

hydrotreating due to the lower hydrogen consumption [102].

In the literature mild hydrotreating usually coincides with the stabilisation step in the
overall hydrotreating process leading to oxygen contents in the range of 15 to 20 % wt

similar to those of high pressure liquefaction oils. Laurent et al. [103] have performed a
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series of mild hydrotreating experiments in a continuous reactor system at low
temperature (180-220°C) using different catalysts. With the CoMo and NiMo catalysts
a limited but sensible deoxygenation was obtained, while the ruthenium catalyst was
almost immediately deactivated when bio-oil was fed. Conti et al. [104, 105, 106] has
conducted mild hydrotreating experiments in a continuous reactor at 280°C and 14 MPa
total pressure producing stabilised oil with a 23.2 % oxygen content. Meier et al. [107]
have performed a series of tests with different bio-oils at different reaction severities
(hydrogen pressures from 100 bar to a few mbar, temperatures from 200°C to 20°C).
The best results were obtained with dry Raney nickel at 2-3 bar hydrogen pressure and
80°C. Most of the aldehydes and ketones were completely reduced to corresponding

alcohols, but it was not possible to reduce acetic acid under the conditions applied.

However, the term mild hydrotreating has also been applied in cases of hydrotreating
resulting in a higher than 2% wt oxygen content. Elliott and Neuenschwander [94] have
conducted a series of experiments in a down-flow (trickle bed) reactor system in which
the top catalyst bed served as the low temperature stabilisation reaction vessel at
approximately 150°C and the bottom catalyst bed served as the main hydrotreater at
higher temperature varying between 350 and 400°C at 21 MPa, whereas the space
velocity varied from 0.52 to 0.78 g/g/h. The accomplished deoxygenation was in the

range of 98.6 to 94.5% with respect to the increasing space velocity.

Hydrotreating severity should be defined by the end use (chemicals, turbine fuels,
transport fuels), since there is a correlation between the severity (temperature, pressure,
resident time) and the respective quality of the product. Therefore, the product quality

requirements for the specific application will dictate the appropriate extent of

upgrading.

2.5.4 Hydrogen consumption

The hydrogen consumed by the elimination of the various chemical groups shows an
evolution parallel to the severity required. As the unsaturated bonds (olefins, aldehydes,
ketones) are easily hydrogenated, the hydrogen addition is relatively specific. On the
contrary, the reactions taking place at higher temperature are less specific and a high
quantity of hydrogen is consumed by the hydrogenation of adjacent aromatic rings

[102].
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Full hydrotreating requires significant hydrogen consumption of around 0.0557 tones
per ton of bio-oil according to a PNL study conducted in 1992 [108]. This is
approximately the stoichiometric requirement, although an excess of 100%- 200% is
required for processing to maintain a high hydrogen partial pressure. This hydrogen can
be generated in a number of ways including recovery and regeneration from the spent
gases and supply from refinery hydrogen. A 1000 ton/day biomass processing plant will
require about 50 ton/day hydrogen for complete hydrotreating which, if generated from
biomass by gasification and CO shifting, would require up to 700 to 800 ton/day
additional biomass at a significant cost [83]. However, there is an alternative route for
the production of liquid hydrocarbon fuels from biomass without hydrogen addition via

biomass gasification followed by Fischer-Tropsh synthesis.

2.5.5 Thermal hydrotreating

Veba Oel (Germany) stopped all activities in catalytic hydrotreating during 1996. They
found that the process was restricted by several operational problems such as rapid
catalyst deactivation, coking and plugging. Furthermore, due to high feedstock and
hydrogen addition costs, upgrading of bio-oil by catalytic hydrotreating was
significantly more expensive than petroleum derived oil at those oil prices. They
developed instead a slurry phase reactor operating under high hydrogen pressure (up to
200 bar), which was a modification of the Veba Combi Cracking Process. Liquid
feedstock was mixed with a small amount of fine ground solids (lignite, spent catalyst)
and hydrogen and fed to the bottom of the reactor. A total runtime of a week at
deoxygenation rates of 75-85% has been reported without any operational problems.
Organic liquid yields varied between 30 and 55 wt %, depending on severity and on
water content of the feedstock [109, 93]. However, it should be mentioned that the
presence of spent catalyst is expected to have some catalytic effect and therefore the

process should not be considered as non-catalytic.

2.5.6 Summary

Although bio-o1l burns effectively in standard or slightly modified boilers and engines
with rates similar to those for commercial fuels, its combustion without upgrading faces
a range of problems such as bio-0il’s high water content which is detrimental for

ignition and the presence of organic acids which are highly corrosive to common
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construction materials [83, 88]. Research is conducted on upgrading bio-oil to products

that more closely resemble conventional fuels in an attempt to address these problems.

Catalytic hydrotreating of bio-oil has been developed based on the conventional
hydrotreating process of the petroleum refinery industry. It consists of deoxygenation of
bio-oil under high hydrogen partial pressure (70 to 200 bars) using traditional
hydrodesulfurisation catalysts (NiMo or CoMo supported on alumina) eliminating
oxygen as water with simultaneous hydrocracking of large molecules and
hydrogenation of double bonds [89]. The produced hydrocarbons can, in principle,
either be used directly for firing a turbine or engine, or produce transport fuels via a

conventional refining process [90].

The best hydrotreating reactor configuration (upflow or downflow) and the optimum
process parameters are yet to be established. Cobalt / molybdenum and nickel /
molybdenum hydrotreating catalysts in sulfide forms on alumina supports or silica-
alumina, zeolites and aluminophosphates supports for stronger hydrocracking activity
have given good results [95]. In addition noble metal catalysts (5 % wt. Pt or Pd on
support) have also exhibited good performance in hydrocarbon conversion [96, 97].
However, during continuous operation severe catalyst deactivation has been observed

leading to coking and plugging [93].

Bio-0il’s high water content plays a significant role in catalyst’s deactivation. It
hydrates the y-alumina support into a boehmite phase causing the catalyst to lose its
texture with time and the dispersion of the active elements to decrease. Furthermore
coke is blocking the access to the active sites and leading to catalyst deactivation. It has
been suggested that the alumina support plays key role in formation of coke [101]. The
use of neutral supports such as activated carbon and the modification of the y-alumina

support with alkaline metals have been proposed as alternatives [100].

Mild or low severity hydrotreating of bio-oils employs less severe processing
conditions (lower temperature, shorter residence time) than those required for naphtha
production. It involves partial hydrodeoxygenation, minimal hydrocracking and
effective hydrogenation to stabilise the bio-oil yielding a product that would show

better properties for storage or transport and could be used as a low grade fuel or for
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phenols recovery. In addition the economic possibilities for mild hydrotreating

compared to full hydrotreating are better due to the lower hydrogen consumption [102].

Most activities in catalytic hydrotreating were stopped in the mid *90s due to several
operational problems, in particular rapid catalyst deactivation, coking and plugging.
Furthermore, due to high feedstock and hydrogen costs, upgrading of bio-oil by
catalytic hydrotreating was significantly more expensive than petroleum derived oil at
those oil prices. Today the high crude oil prices have improved the potential of bio-oil
upgrading. Further research is required for the development of more active and
selective catalysts. In particular the long term stability of the catalytic system needs to
be investigated, since it will be a determining aspect for the implementation of the bio-
oil hydrotreating process at a larger scale. Pillared clays may be suitable hydrotreating
catalysts, since they would not be affected by bio-o0il’s high water content. However,
high coke formation could remain a cause of catalyst deactivation. Nevertheless, the
Veba oil thermal hydrotreating process with spent catalyst indicates that partially
deactivated catalysts may still show good results. The potential of pillared clays as

hydrotreating catalysts deserves investigation.

The development of a microwave reactor for mild hydrotreating of bio-oil is also worth
pursuing. It is difficult to conduct reactions requiring both high temperatures (>200°C)
and pressures (>250 psig) under microwave irradiation, basically because of the
limitations of microwave-transparent materials. Microwave vessels are usually made
from polymers or quartz and can therefore sustain only limited temperatures and
pressures, whereas metal is not appropriate for vessels, since it is not a microwave-
transparent material. These temperature and pressure limitations would limit the

application of microwave irradiation to mild, and not full, hydrotreating.
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3 EXPERIMENTAL

This chapter is divided into five sections. In Section 3.1 the raw materials employed in
the preparation of the pillared clay catalysts, the hydrocracking runs and the bio-oil
decomposition runs are described. In Section 3.2 the analytical methods applied to the
characterisation of the parent clays and their pillared derivatives (3.2.1t0 3.2.5), as well
as the characterisation of the products of the bio-oil decomposition runs (3.2.6 to 3.2.9)
are presented. In Section 3.3 the experimental procedure followed for the preparation of
the pillared clay catalysts is explained. In Section 3.4 the respective procedure followed
during the hydrocracking runs in either a conventional microbomb reactor or a
microwave reactor is depicted. Finally, in Section 3.5 the experiments undertaken for
the investigation of bio-0il’s decomposition under microwave irradiation and

conventional heating are described.

3.1 Raw materials

Chemicals were obtained from Sigma-Aldrich and used as received, unless otherwise

stated. Pressurised gases were obtained from BOC.

3.1.1 Preparation of pillared clays

Wyoming Bentonite, a naturally occurring dioctahedral smectite, and Laponite RD, a
synthetic virtually iron-free trioctahedral smectite were used as starting materials in the

preparation of the pillared clay catalysts.

Wyoming Bentonite, consisting of about 85% montmorillonite and 15% non-clay
minerals such as quartz, was supplied by WYO-BEN, Inc, USA. A typical chemical
analysis (Wt %) was: SiO; 60.34, A1,05 19.28, Fe,0, 3.48, Na,O 2.34, Ti0, 0.22, CaO
0.38, MgO 1.67, K;0 0.1, other 0.07, H,O 7.75, loss on ignition 4.37 %.

Wyoming Bentonite was either used with some refining or a combination of some
refining with pre-exchange with sodium to yield monoionic sodium montmorillonite. A
simple sedimentation / decantation technique was undertaken for refining [110].
Wyoming Bentonite was dispersed in de-ionized water. After stirring for 48 h the
suspension was allowed to settle and the quartz impurities to sediment. The upper half

of the suspension was then used for the preparation of the pillared clays.
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Monoionic sodium montmorillonite was prepared as follows: Wyoming Bentonite (20
g) was suspended in a 1M aqueous solution of sodium chloride (21) and stirred for at
least 12 h [2]. Silica was removed by sedimentation and decantation and the resulting
suspension was acidified to pH 3 with 1M hydrochloric acid. After stirring for a short
time, the suspension was allowed to settle and the supernatant sodium chloride solution
decanted. The residue was made up to 21 with 1M sodium chloride solution and again
acidified. This process was repeated two more times, followed by a 24 h stirring after
the final addition. The suspension was centrifuged and the slurry was either transferred
to a semi-permeable membrane and dialyzed with de-ionized water or repeatedly
washed with de-ionized water and subsequently centrifuged until the wash water was
free of chloride (silver nitrate test). The slurry was finally dried overnight at 80°C and

the resulting clay was ground for subsequent use in pillaring experiments.

Laponite RD was obtained from Southern Clay Products - Rockwood Additives
Limited, USA. (Typical composition on a w/w basis: SiO, 59.5, MgO 27.5, Li,O 0.8,
Na,O 2.8, loss on ignition 8.2%, moisture content 10%). Since it was a synthetic

material, without impurities, it was used as received.

3.1.2 Coal liquids

A coal extract (not filtered) with 5% wt. ash content and 45.6% wt. fraction with
boiling points over 450°C was used as feed for the hydrocracking runs. It had been
generated by heating coal mixed with a recycled solvent for 1h at 410-430°C and 15 bar
(vapour pressure) in the Point of Ayr Liquefaction Facility. Its typical analysis after
filtration 1n a dry and ash free basis was: C: 90.2%, H: 7.6%, N:0.6%, S:0.2% and O
(by difference):1.4%.

3.1.3 Bio-oil

A batch of bio-oil produced via fast pyrolysis of mixed softwood in a rotating cone
reactor at 500°C (yield 70%) by BTG (Netherlands) was used in the bio-oil

decomposition investigation.
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3.2 Analytical methods
3.2.1 X-ray powder diffraction (XRD)

X-ray diffraction is a phenomenon in which the atoms of a crystal, by virtue of their
uniform spacing, cause an interference pattern of the waves present in an incident beam
of X rays. The atomic planes of the crystal act on the X rays in exactly the same manner

as does a uniformly ruled grating on a beam of light.

For the two adjacent rows shown in Figure 3.1, the path difference between beams is
2h=2dsinf. For constructive interference this must be an integer number of
wavelengths, n\, where the integer n is called the order of interference. The result is
Bragg's law of diffraction:

n A= 2d sind
where:
n = number of wavelengths in the path length (integer)
A= the wavelength
d = interplanar spacing between the atoms in the crystal

¢ = the reflected (and incident) angle

Hlustration rem oved for copyright restrictions

Figure 3.1 Schematic representation of Bragg’s law [111]
A diffraction pattern records the X-ray intensity as a function of 26 angle. When the

incident beam strikes a powder sample (i.e. hundreds of crystals), diffraction occurs in

every possible orientation of 2§. The diffracted beam may be detected by using a
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moveable detector, which is connected to a chart recorder. In normal use, the counter is

set to scan over a range of 20 values at a constant angular velocity.

X-ray powder diffraction patterns were obtained using Cu K radiation and a Bruker
AXS D5005 diffractometer, at Birmingham University, equipped with a multilayer
Goebbel mirror, long Soller slits and a scintillation counter detector by scanning
powder specimens between 2° to 10° 28 with a step size of 0.04° 26 and step time of 25

SEC.

XRD was used as the principal characterisation method to study changes in the clays
during pillaring reactions and subsequent calcination steps. The doo; reflection, known
as the basal spacing, or d spacing, corresponds to the variable ¢ crystallographic
dimension, i.e. it is a measure of the distance between the silicate layers. Hence, any

addition or changes of pillaring agents in the interlayer will directly affect these values.

The basal reflections occur in conjunction with the series hk reflections. The relative
intensities of the two series depend on the particular technique used, including in this
term the method of preparation of the specimen. The randomly oriented powder
samples used herein show the two systems (general hk band system and basal 00l

system) superposed.

3.2.2 Thermogravimetric and differential thermogravimetric analysis (TGA and

DTG)

Thermogravimetry was performed on Model Pyris 1 TGA from Perkin Elmer to study
the thermal behaviour of the catalysts and indicate structural changes occurring during
heating. A powder sample of approximately 10 mg was heated in an inert atmosphere
(nitrogen) up to 1000°C with a heating rate of 20°C/min. The derivative
thermogravimetric (DTG) curves were calculated using software provided by the

manufacturer to elucidate the weight loss steps.
Thermogravimetric and derivative thermogravimetric analysis was conducted in all

three starting materials, i.e. Wyoming Bentonite, sodium montmorillonite and laponite,

and their pillared derivatives before and after calcination. The aim was to investigate
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how pillaring with different metal oxides and subsequent calcination influence the
thermal stability of the starting materials and identify the structural changes that take

place during heating.

3.2.3  X-ray photoelectron spectroscopy (XPS)

In X-ray photoelectron spectroscopy (XPS) the sample is 1rradiated with X-rays, which
produce photoelectrons from core levels in atoms near to the surface. The XPS
technique is highly surface specific due to the short range of the photoelectrons that are

excited from the solid.

The binding energy of the peaks is characteristic of each element. The peak areas can be
used (with appropriate sensitivity factors) to determine the composition of the materials
surface. The shape of each peak and the binding energy can be slightly altered by the
chemical state of the emitting atom, and, therefore, XPS can also provide chemical
bonding information. Although XPS is not sensitive to hydrogen or helium, it can detect
all other elements given the fact that their content exceeds 0.1% of the analysed layer.
Nevertheless, it is rather difficult to draw any conclusions on the chemical environment

of species with a content lower than 0.3 to 0.5% in the analysed layer.

XPS was conducted in a VG Escalab 200D electron spectrometer equipped with HAS
energy analyser at Aston Surface Analysis Laboratories. Mg K, non-chromatised
radiation (1253.6 eV) was employed at a source excitation energy of 15 keV, emission
current of 20 mA and an energy step size of 0.1 eV. Correction of the charge shift for

all the studies of wafers were accomplished by taking the C1S peak at 284.6 eV.

XPS was applied to all the starting materials and a selection of the derivative pillared
clays as a complementary method to XRD. It was used primarily to identify the

composition of the pillars.

3.2.4 Nitrogen sorption

According to TUPAC [112] pores are classified (based on their diameter) into three
categories:

e micropores (diameter below 20 A)
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e mesopores (diameter in the range of 20 to 500 A)

e macropores (diameter above 500 A).

The classification of adsorption isotherms by Brunauer, Deming, Deming and Teller
(B.D.D.T. system) correlates the type of isotherm with the porosity of the material
leading to six types of isotherm characteristic of adsorbents that are microporous (type
I), nonporous or macroporous (types II, III, and VI) or mesoporous (types IV and V)

(Figure 3.2).

Ui"“iwemiy

lustration rem oved for copyright restrictions

Figure 3.2 Types of adsorption isotherms (B.D.D.T. systel 13]

For the specific surface area determination the BET method, which extends the
Langmuir model of gas sorption to multi-layer, was applied, although the assumptions

do not take into account micropore filling. The BET equation is:

C-1 P
1 1

W((P,/P)-1) WnC WnC P,

W is the weight of gas adsorbed at a relative pressure P/P, and W, is the weight of

adsorbate constituting a monolayer of surface coverage. The term C, the BET C
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constant, is related to the energy of adsorption in the first adsorbed layer and
consequently its value is an indication of the magnitude of the adsorbent / adsorbate
interactions. The BET equation requires a linear plot of 1/[W(P/P)-1] versus P/P,,
which for most solids, using nitrogen as the adsorbate, is restricted to a limited region
of the adsorption isotherm, usually in the P/P, range of 0.05 to 0.35. However, for
micropore samples the linear BET range is shifted to relative pressures lower than 0.1

[114].

The standard multi point BET method requires at least three points in the appropriate
reltive pressure range. The weight of a monolayer of adsorbate W, can be obtained
from the slope S and the intercept I of the BET plot.

S=(C-1))W,C and I=1/W,C

Therefore W= 1/(S+1).

The total surface area of the sample can be expressed as:

S=WnNA, /M

where N is Avogadro’s number (6.023 x10% molecules/mol), M is the molecular
weight of the adsorbate and A.s the molecular cross sectional area of the adsorbate. For

nitrogen the cross sectional area is 16.2 A,

The specific surface area S of the solid can be calculated from the total surface area S,
and the sample weight w:

S=Sy/w

Specific total pore volumes were evaluated from nitrogen uptake at a relative pressure
0f 0.99 from the following equation:

Viig= (Pa Vags Vi)/RT,

where P,, T: ambient pressure and temperature, V,,: molar volume of liquid adsorbate,
34.7 cc/mol for nitrogen [114].

Since pores which would not be filled below a relative pressure of 1 have a negligible
contribution to the total pore volume and the surface area of the sample, the average
pore size can be estimated from the pore volume assuming cylindrical pore geometry:
R=2 Vy /S,

where S is the BET surface area [114].
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Multi-layer formation is modelled mathematically to calculate a layer thickness, t as a
function of increasing relative pressure (P/Po). The resulting t-curve is compared with
the experimental isotherm in the form of a t-plot (de Boer). The linear range lies
between monolayer and capillary condensation. The slope of the t-plot (V/t) is equal to
the “external area”, i.e. the area of those pores which are not micropores, whereas the
intercept gives the micropore volume. Mesopores, macropores and the outside surface
is able to form a multilayer, whereas micropores which have already been filled cannot
contribute further to the adsorption process. The micropore surface area is the

difference between the BET surface area and the external surface area from the t-plot

[114].

Mesopore size distribution was calculated using the Barrett, Joyner and Halenda (BJH)
method which is based on the modified Kelvin equation. The Kelvin equation predicts
pressure at which adsorptive will spontaneously condense (and evaporate) in a
cylindrical pore of a given size. Since condensation occurs in pores that already have
some multilayers on the walls, the pore size is calculated from the Kelvin equation and
the selected statistical thickness (t-curve) equation. The desorption branch of the

1sotherm was taken into account for the calculations [114].

Surface areas, pore volumes and average pore diameters were calculated from nitrogen
adsorption-desorption isotherms using NOVA 1000 from Quantachrome. Prior to the
adsorption-desorption measurements, all the samples were degassed under vacuum at
200°C for 16 h.

Adsorption - desorption isotherms were obtained for the starting materials and their
derivatives with single oxide or mixed oxide pillars in order to compare their textural
properties (specific surface area, pore size distribution) and investigate the effect of the

raw material and the pillaring species.

3.2.5 Magic angle spinning nuclear magnetic resonance (MAS NMR)

Nuclear magnetic resonance (NMR) is a phenomenon, which occurs when the nuclei of
certain atoms are subjected to a static magnetic field and exposed to a second

oscillating magnetic field. Some nuclei experience this phenomenon, and others do not,
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dependent upon whether they possess a property called spin, which can be thought of as

a small magnetic field, and will cause the nucleus to produce an NMR signal [115].

Solid state NMR spectroscopy uses the NMR phenomenon to determine the molecular
structure of solids. The chemical shift interaction is due to the shielding effect on the
nucleus of the fields produced by the surrounding electrons. In a spherically symmetric
molecule, the chemical shift i1s independent of molecular orientation, whereas in an
asymmetric molecule it is not. The magnetic field experienced by the nucleus varies as

a function of the orientation of the molecule in the magnetic field [115].

A group of dipoles with a random distribution of orientations, as in a solid, gives the

spectrum shown in Figure 3.3.

Aston Universit

lustration rem oved for copyright restrictions
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Figure 3.3 NMR spectrum of a group of dipoles with random orientations [115]

The higher signal at mid-field strength is due to the larger presence of orientations
perpendicular to the direction of the B, field. This signal is made up of components
from the nuclei in the dipole. In a non viscous liquid, the interaction averages out due to

the presence of rapid tumbling of the molecule (Figure 3.4).

The NMR spectra of solid samples display broad spectral lines due to anisotropic
chemical shift and dipolar broadening. A dipolar interaction is one between two spin
1/2 nuclei. The magnitude of the interaction varies with angle and distance r. As a
function of 4, the magnetic field B, experienced by one of the nuclei is (3cos’d - 1)

(Figure 3.5).
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Hlustration rem oved for copyright restrictions

3.4 Typical NMR spectrum of a non viscous liquid sample [115]
i
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Figure 3.5 Variation of Bo=3¢05°0 — I as Tunction ot 0 [115]

When the angle 4 in the above equation is 54.7°, 125.3° 234.7°, or 305.3° the dipole
interaction vanishes. The angle 54.7° is called the magic angle, my. If all the molecules
could be positioned at my, the spectrum would narrow to the fast tumbling limit. Since
this is not usually possible, the best alternative is to cause the average orientation of the
molecules to be my by rapidly spinning the entire sample at an angle my relative to B,.
In solid state MAS NMR, samples are placed in a special sample tube and the tube is
placed inside a rotor. The rotor, and hence the sample, are oriented at an angle my with
respect to the B, magnetic field. The sample is then spun at a rate of thousands of
revolutions per second. The spinning rate must be comparable to the solid state line

width called Chemical Shift Anisotropy (CSA) [115].

MAS NMR ’Si and ?’Al spectra were recorded with a Bruker Avance-300 instrument
at a carrier frequency of 59.62 MHz in order to collect information about their
aluminosilicate framework. The same relaxation time was used for all samples although
the number of scans varied. Tetra-methyl silane and aluminium sulfate were used as the

reference materials.

3.2.6 Water content determination

Volumetric Karl Fisher titration was performed by means of a Metrohm 758 KFD
Titrino, 703 Ti stand and Hydranal Composite S titrant. A chemical reaction takes place

between iodine and water with the reactants being in a 1 to 1 ratio in the presence of a
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base and a solvent (a typical solvent could be methanol, and a base imidazole).

Volumetric KF determinations are preferentially carried out between pH 4-7.

The components of Metrohm Volumetric Titration are:

1. The exchange unit (burette) that dispenses the KF reagent, which contains iodine,
for reaction with the water present in the reaction cell.

2. The platinum measuring indicator electrode that determines whether or not iodine
needs to be added to react with any water present.

3. The onboard microprocessor that records the volume of KF reagent dispensed, then
based on the concentration of iodine in the KF reagent, it calculates how much

water was present in the sample (one ml of titrant is analogous to Smg of water).

Karl Fisher titration was used for the water content determination of the bio-oil
samples. Triplicate analyses were performed for each sample. Since most bio-oil
samples were diluted with tetrahydrofuran (THF), these dilutions were taken into

account for the calculation of the final water content.

3.2.7 Char content determination

The char content of the bio-o1l used in the study (raw material) was determined as the
methanol insoluble materials in the bio-oil. Two grams (2 g) of bio-oil were dissolved
in 200 ml of methanol and the resulting solution was vacuum filtered via Whatman
filter paper #1 (particle retention of 11um). The filter paper was washed with methanol
until the filtrate was clear, dried in the oven at 105°C for 1 h and placed in a desiccator
prior to being weighed. The char content percentage was calculated as the weight of

material collected on the filter paper, divided by the weight of the bio-oil sample.

3.2.8 Gel permeation chromatography (GPC)

Bio-o1l consists of a distribution of molecular species. The average molecular mass, M,
results from several possible methods of averaging the different species present:

M= Z(N;M"™) / Z(NM™)

where Nj is the number of molecules of molecular weight M; and the averages can be
expressed as:

Number average molecular weight M,,, n=0

79



Weight average molecular weight, My, n=1
Z average molecular weight M,, n=2

Z+1 average molecular weight M+, n=3

The peak molecular weight, M,, is defined as the molecular weight of the species with
maximum N;. It is therefore the most probable molecular weight in the distribution. The

polydispersity index PD is expressed as the ratio of M, to M.

Gel permeation chromatography (GPC) is used for the determination of molecular
weight distribution. A PL-GPC-50 Integrated GPC/SEC System (Polymer Laboratories
Ltd.) designed for operation from ambient to 40°C was used for the analysis of the bio-
oil samples. The system comprises a precision solvent delivery system, a sample
injection system, a high performance differential refractive index detector and a column
oven, with fully integrated software control. A packed column from polystyrene /
polydivinylbenzene (PL-gel, 3um mixed-E, 7.5 mm (ID) x 300 mm) was used for the

separation. Tetrahydrofuran (THF) was used as the eluent at a flow rate of Iml/min.

The bio-oil samples were dissolved in THF at a concentration of 7mg/ml and filtered
before injection (particle retention 0.2um). A pre-filter (particle retention 0.5um)
installed before the column in order to protect it from any undissolved materials was
used as an additional precaution. Elution times were converted to apparent molecular
weight by calibration with polystyrene standards (Polymer Lab. Ltd.). The mixed-E

column exhibits a linear range up to polystyrene of molecular mass of 20,000 daltons.

Data were collected via the PL Data stream and Cirrus software was used for their

processing based on the calibration curve.

3.2.9 Fourier transform infra red spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra were measured for selected bio-oil samples to
identify their functional group composition. A mathematical function called a Fourier
transform allows an intensity-versus-time spectrum to be converted into an intensity-
versus-frequency spectrum. A different measure, the wavenumber, is given the unit

cm’'. The relationship can be derived by the relationship:

80



v (cm ™) = 10,000/\(um)

Spectra of organic compounds have two general areas:

® The Functional Group Region: 4000-1500 cm™

Peaks in this region are characteristic of specific kinds of bonds, and therefore can be
used to identify whether a specific functional group is present.

e The Fingerprint Region: 1500-400 cm’’

Peaks in this region arise from complex deformations of the molecule. They may be
characteristic of molecular symmetry, or combination bands arising from multiple

bonds deforming simultaneously.

A Perkin Elmer FTIR spectrometer Model Spectrum RXI was used to record the FTIR
spectra. A few sample drops were placed between two sodium chloride discs by a
pipette in order to form a thin film. For each sample thirty-two spectra were
accumulated between 4000 and 400 cm™ and averaged and the background spectrum
was deducted. Since most bio-oil samples were diluted in THF, a separate spectrum of

THF was also recorded for comparison purposes.

3.3 Catalysts preparation
3.3.1 Preparation of chromia pillared clays

(1) Conventional method
Montmorillonites and laponites pillared with polyoxochromium oligomers were

prepared conventionally following slightly modified literature methods [116, 117, 118].

In all cases the pillaring solution was prepared by slow addition of either solid or
aqueous sodium carbonate to an aqueous solution of chromium nitrate until the desired
hydroxyl to chromium ratio was reached. The resulting solution was refluxed and, once
cool, was added dropwise to a vigorously stirred clay suspension following specific
pillaring stoichiometries (mmol of chromium per gram of clay). The mixture was stirred
for 1.5 h and then repeatedly centrifuged and washed with water until the wash water
was colourless. The water used throughout the experiments was de-ionized. The
resulting material was filtered under vacuum and air dried, followed by calcination

under argon for 1 h at 500°C. Calcination was performed in the absence of air in order

81



to avoid chromium oxidation and subsequent loss of chromium in the form of volatile
oxides leading to the decomposition of the pillared clay. In particular the formation of

Cr(VI) had to be avoided, since it is considered a carcinogen [4].

The experimental conditions for the preparation of chromia pillared clays are presented

in detail in Table 3.1.

(i1) Microwave heating method
No literature references could be found for the synthesis of chromia pillared clays under

microwave irradiation.

The CEM Focused Microwave™ Synthesis System, Model Discover, which was used

in this work, consists of:

e A continuous microwave power delivery system with operator selectable power
output from 0 — 300 watts (+/- 30 watts) programmable in 3-watt increments.

e A self-adjusting, single mode microwave cavity that is manually accessed via one of
two attenuator ports.

e A 4-line x 20-character vacuum fluorescent display with alphanumeric keypad and
on-board computer for programming and operational control of the system.

e Safety interlocks and an interlock monitoring system to prevent microwave
emission when the attenuator port is not properly installed.

e Two serial ports for computer interface and optional feature connections.

The Discover system can accommodate an 80 ml sealed vessel with a working volume
of 50 ml for reactions performed at elevated temperatures and pressures (Figure 3.7). It
has a maximum operating temperature of 220°C and a maximum operating pressure of
200 psig (~20 bar). The fibre optic temperature control system consists of a fibre optic
temperature probe that monitors and controls the temperature conditions of the reaction
vessel. The pressure control system consists of a load cell to enable pressure

measurement and control of the reaction environment (Figure 3.6).
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Figure 3.6 CEM Focused Microwave™ Synthesis System, Model Discover

Figure 3.7 50 ml pressure reaction vessel



Stirring Option: The stirring option consists of a rotating magnetic plate located below

the floor of the microwave cavity. “Stirring” occurs when the rotating magnetic field

couples with a stir bar in the vessel. The method setup enables the stirring feature.

Cooling Option: The cooling option consists of necessary valves and ports to direct a

cooling gas (either nitrogen or “clean” air) onto the vessel in the system cavity. Method
setup enables the cooling feature. The gas is user supplied at a minimum pressure level

of 20 psi (~1.5 bar) and a flow rate of 25 liters/min.

Two approaches were investigated in attempts to synthesize chromia pillared
montmorillonite from refined Wyoming Bentonite. At first the intermixed solution of
chromium nitrate and sodium carbonate was added slowly to the clay suspension
without any thermal treatment and the resulting suspension was microwave irradiated at
different power, time and temperature settings, either with or without simultaneous
cooling and under continuous stirring. Secondly the mixed chromium nitrate and
sodium carbonate solution was microwave irradiated at 150W and 105°C for 15 min as
an alternative to the refluxing step of the conventional method. It was then added
dropwise to the stirred clay suspension under vigorous stirring. The resulting
suspension was stirred for 1.5 h. In both cases the final suspension was repeatedly
centrifuged and washed with de-ionized water until the wash water was colourless. The

resulting material was filtered under vacuum and air-dried.

The precise experimental conditions for the microwave synthesis of chromia pillared

montmorillonites are presented in Table 3.2.
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3.3.2 Preparation of tin oxide pillared clays

3.3.2.1 Preparation of tin oxide pillared montmorillonite

(1) Conventional method
The intercalation of tin oxide between the layers of refined Wyoming Bentonite was
attempted through the hydrolysis of ammonium hexachlorostannate in an aqueous clay

suspension under reflux following a slightly modified literature method [116].

Ammonium hexachlorostannate (3.67 g) was dissolved in de-ionized water (100 ml)
and added dropwise to a suspension of aqueous Wyoming Bentonite (8 g in 300 ml)
under vigorous stirring. After 3 h stirring at ambient temperature the suspension was
refluxed for 20 h at 100°C. The clay was separated by centrifugation and then it was
repeatedly washed with de-ionized water and centrifuged until it was free of chloride
(silver nitrate test). The product was separated by vacuum filtration and air-dried. A

sample of the prepared material was heated at 500°C for 1 h.

(1) Microwave method

An aliquot of the above suspension (0.46 g ammonium hexachlorostannate in 12.5 ml
water and 1 g Wyoming Bentonite in 37.5 ml water) was irradiated at different power,
time and temperature settings, either with or without simultaneous cooling and under
continuous stirring (Table 3.2). Again the solid was separated by vacuum filtration and

air-dried before a small quantity was heated at 500°C for 1 h.

3.3.2.2 Preparation of tin oxide pillared laponite

(1) Conventional method

Tin oxide pillared laponite was prepared following a literature method involving
mechanical agitation [4, 15]. Sodium exchanged laponite RD (5.0g or 2.0g) and
triphenyltin chloride (1.5g or 0.6g respectively) were mixed with dry ethanol (100 ml)

in a stoppered conical flask and mechanically shaken for one week (Table 3.1).

(1) Microwave method
Microwave treatment involved use of similar proportions of reactants being irradiated
with simultaneous cooling for a total of 5 min, delivered as 1 min bursts at a power of

150 W, 3 min applied continuously at 150 W or 5 min applied continuously at 100 W
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(Table 3.2). Every time the ethanolic suspension was filtered, washed with portions of

ethanol and air-dried.

3.3.3 Preparation of montmorillonite with mixed chromium and cerium oxide

pillars

Montmorillonite pillared with mixed chromium and cerium oxides was prepared
conventionally based on the preparation method of aluminium-cerium oxide pillared
montmorillonite (Table 3.1) [35]. The pillaring solution had a cerium to chromium
molar ratio of 1 / 5 and was prepared by slow addition of aqueous sodium carbonate
(0.75 M) to a mixture of aqueous solutions of chromium nitrate (0.5 M) and cerium
nitrate (0.1 M) until a hydroxyl to metal (chromium + cerium) ratio of 2 was reached.
Metal salt concentrations as close as possible to saturation were employed in the
preparation in order to minimise the manipulated water volume and were defined based
on the water solubility of the respective metal salts. The resulting solution was refluxed
for 36 h and, once cool, was added dropwise to a vigorously stirred clay suspension
(1% wi/v). The pillaring stoichiometry employed was 0.05 mol of chromium per gram
of clay. The mixture was stirred for 1.5 h and then repeatedly centrifuged and washed
with water until the wash water was colourless. The water used throughout the
experiments was de-ionized. The resulting material was filtered under vacuum and air
dried, followed by calcination under argon for 1 h at 500°C. Calcination was performed
in the absence of air in order to avoid chromium oxidation and subsequent loss of
chromium in the form of volatile oxides leading to the decomposition of the pillared
clay. In particular the formation of Cr(VI) had to be avoided, since it i1s considered a

carcinogen [4].

3.3.4 Preparation of montmorillonite with single cerium and europium oxide pillars

Montmorillonite pillared with either cerium or europium oxide was prepared In a
similar way as the typical recipe for the preparation of chromia pillared clays (Table
3.1): The pillaring solution was prepared by slow addition of aqueous sodium carbonate
to a dilute (0.1 M) aqueous solution of cerium or europium nitrate until a hydroxyl to
metal ratio of 2 was reached. The resulting solution was heated at 100°C for 10 min
while air was blown into the solution to aid oxidation. Cerium and europium cations

reach hydrolysis equilibrium faster than chromium cations and that is why they do not
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require a lengthy refluxing period. Once cool, the resulting solution was added
dropwise to a vigorously stirred clay suspension (1% w/v) following specific pillaring
stoichiometry (0.015 mol of metal per gram of clay). The mixture was stirred for 1.5 h
and then repeatedly centrifuged and washed with water six times. The water used
throughout the experiments was de-ionized. The resulting material was filtered under

vacuum and air dried, followed by calcination in a muffle oven for 1 h at S00°C.

3.4 Catalytic hydrocracking of coal liquids
3.4.1 Catalytic hydrocracking of coal liquids in a conventional microbomb reactor

A selection of pillared clay catalysts, as well as the original clays, were employed in
two series of hydrocracking runs in a conventional microbomb reactor at Imperial
College. The first series of runs was conducted with fresh catalysts and fresh feed,
whereas the second series was performed using fresh feed and a selection of the coated
catalysts recovered from the first series. NiMo supported on alumina, a conventional
catalyst usually employed in hydrocracking, was used as reference catalyst in both
series of runs. In addition, a run was conducted without any catalyst in order to
distinguish the thermal effect of the hydrocracking process from the catalytic effect.
Finally, two runs were repeated in order to check the reproducibility of the process,
whereas three runs were conducted using pillared clay catalysts prepared previously by

Bodman for comparison purposes [4].

The micro-bomb reactor consisted of a 4” bored-through Swagelok union tee
connected to a control-head via a pressurisation line. Coal extract (1 g) was introduced,
together with 250 mg catalyst. The assembly was first pressurised with helium in order
to check for leaks and purge air from the system. Afterwards it was depressurised and
pressurised again with hydrogen. The reactor was then immersed into a preheated
fluidized sand bath heater and connected to a stepper-motor driven shaker. It was kept
for 2 h at the reaction temperature and pressure, 440°C and 190 bar respectively [2]. A
(4:1 v/v) mixture of chloroform and methanol was used to wash the reactor and to
recover the products after each run. Product mixtures were first vacuum filtered, in
order to separate undissolved substances and catalyst particles from the soluble
products. The filter cake was washed with fresh 4:1 chloroform/methanol mixture to

recover residual soluble product. Then it was dried in a vacuum oven at 50°C for 3 h
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and the dry solids were weighed. The proportion of carbonaceous deposit on the
catalyst cake was determined using a Perkin-Elmer Corporation TGA-7
thermogravimetric balance. Samples were heated in air from ambient to 600°C at

10°C/min to remove the carbonaceous layer [2, 3].

The filtrate was transferred to a pre-weighed round-bottom flask and the wash-solvent
was evaporated in a rotating evaporator until the chloroform/methanol content was less
than 1 wt. %. The solvent removal was monitored by gas chromatography. Once
weighed the sample was homogenized by addition of chloroform/methanol and

analysed by thermogravimetric analysis (TGA) to determine boiling point ranges [2, 3].

3.4.2  Catalytic hydrocracking of coal liquids in a microwave reactor

Although microwave radiation is becoming a common source of energy in accelerating
chemical reactions, it is impossible to carry out reactions at high temperatures and
pressures in commercial laboratory microwave ovens, because metal may not be used
for vessels, since it is not a microwave-transparent material. The microwave vessels are
made from polymers or quartz and, therefore, their pressure and temperature tolerance

1s limited to around 15 bars and 250°C.

Apart from the limited operational conditions, the introduction and flammability of
hydrogen had to be addressed to modify a microwave reactor (CEM Focused
Microwave™ Synthesis System, Model Discover) for hydrocracking, since it is a
completely new application. The resulting reactor configuration with nominal capacity
10 ml is presented in Figures 3.9 to 3.13. Temperature, pressure and microwave power
can be monitored on-line and stirring can be applied. The temperature control system
consists of a non-contact infrared sensor which monitors and controls the temperature
conditions of the reaction vessel located in the instrument cavity. The temperature
sensor 1s centrally located beneath the cavity floor and “looks” up at the bottom of the
vessel measuring the temperature there (Figure 3.8). Therefore the temperature
measured in every case is the bulk temperature. A lens is positioned between the sensor
and the cavity floor to protect the sensor. The sensor is used in a feedback loop with the
on-board computed to control the temperature rise rate and control point of the vessel

contents. The pressure control system consists of a load cell to enable pressure
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Figure 3.8 Infrared thermometry

Figure 3.9 Hydrogen supply for the microwave reactor
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Figure 3.10 Microwave hydrocracking reactor

Figure 3.11 On/Off valve, back pressure regulator details
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Figure 3.12 Reaction vessel topped with attenuator

The presence of hydrogen, which is a very flammable gas, made safety a critical issue.
Therefore, two safety features were installed in the system, a pressure relief valve set up
at 20 bar (Figure 3.9) in order to deal with potential failure of the hydrogen cylinder and
a back pressure regulator set at 17.2 bar (250 psig)(Figure 3.11) in order to keep the
pressure in the microwave reactor below 17 bar and prevent any vial, tubing or fitting

failure.
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Figure 3.13 Schematic diagram of the microwave hydrocracking reactor

The reactor charged with the feed, the solvent, the catalyst and a stirring bar had to be
purged before heating in order to exclude any air present that could cause an explosion.
The 3-way valve and the on-off valve were turned on, while the right needle valve was
set up at minimum flow. The hydrogen regulator was set up at a minimum pressure (1
bar), the needle valve was set up to maximum flow and the system was purged for 15
min. After that the on-off valve was turned off and the needle valve was set to
minimum flow again. The hydrogen regulator was set up to the desired pressure and the
system was pressurised. The operational parameters (temperature, pressure, power and
time) were programmed and microwave irradiation was applied. The 3-way valve was

turned off.
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Experimental runs involving different solvents alone or with coal liquids and/or NiMo
supported on alumina as catalyst were conducted under argon in order to assure the
safety of the system before the introduction of hydrogen, because of its high
flammability. Chloroform, methanol or a mixture of those two were tested as solvents,
since the products would be sent to Imperial College for analysis and they collect their
products in chloroform/methanol. The chloroform used in the experiments at Aston had

been stabilised with amylene by the supplier.

The hydrocracking run was performed with coal extract (1 g), NiMo on alumina (250
mg) as a catalyst and chloroform as a solvent. The system was initially purged with
hydrogen for 15 min to remove any air and then pressurised at 165 psig (ca. 11 bar).
Power was set at 300W, temperature initially at 200°C and run time at 30 min. Again it
should be noted that the measured temperature was that of the bulk liquid (coal liquid
and chloroform) and not of the catalyst, which should have been considerably higher.
After the run the system was depressurised by opening the on-off valve and the

products were recovered and sent to Imperial College for analysis.

3.5 Decomposition of bio-oil under heating
3.5.1 Microwave irradiation of bio-oil

A series of runs was performed with bio-oil under microwave irradiation aiming to
investigate the effect of temperature, hold time and char content in bio-oil’s
decomposition. Simultaneous cooling and stirring was applied in all the runs, whereas
temperature, pressure and power were monitored throughout and during the cooling

down period.

More specifically: Bio-oil (ca. 8g) was introduced via a pipette in a pre-weighed glass
vial containing a stirring bar and the vial was sealed and placed in the microwave. The
pressure sensor was placed on top of the vial, the nitrogen cylinder (required for
cooling) was opened and the regulator set to 1.5 bar. Temperature, power and time were
programmed in the microwave and irradiation started. After each run a cooling period
occurred until the bio-oil reached ambient temperature. The seal was removed, the vial

reweighed and the bio-oil transferred in another vial for analysis.
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Figure 3.14 CEM Focused Microwave™ Synthesis System, Model Discover

The following experimental conditions were employed during the runs:

° 50, 75, 100, 125, 150 and 175°C and hold times 0 and 30 min respectively

° 150°C, 250 W and 0, 10, 20, 30 and 40 min hold time respectively

e 125°C, 200 W and 30 min hold time with four different bio-oils, the original bio-
oil (char content 0.14%), filtered bio-oil and bio-oil with 2% either wood or grass

char content.

Another series of runs was conducted with bio-oil under microwave irradiation in the
presence of a range of clays and their pillared derivatives to investigate if they have any

catalytic effect in bio-0il’s decomposition.

Initially a series of tests was carried out with bio-oil and laponite aiming to determine
the conditions under which 30 min reproducible runs could be performed. Those runs,
which were conducted at 175 or 150°C under simultaneous cooling and stirring, were

stopped before the end of the 30 min hold time due to excessive pressure increase and
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in two occasions the vials ruptured. Due to the temperature and pressure variations at
these conditions, in addition to the lower hold time because of the pressure increase,
another set of runs was conducted without cooling at 160°C in an attempt to achieve the
30 min hold time. In this case the temperature increase was more controlled, the final

pressure was below 200 psig and the 30 min hold time achieved.

A set of runs was then conducted under these conditions (160°C, 150 W, 30 min hold
time, no cooling, stirring) with bio-o0il and a range of catalysts: sodium montmorillonite,
europium, cerium and chromium oxide pillared montmorillonites, laponite, tin oxide
pillared laponite and NiMo on alumina. A blank run was also performed under the same

conditions (bio-oil only) to act as a reference for the analysis.

The same procedure with that described for the runs conducted with bio-oil was
followed with the only difference that catalyst (10% wt of the feed) was also introduced
in the vial before irradiation. After each run the products were recovered and the
catalyst particles separated via vacuum filtration. The filter cake was washed with THF
until the washings were clear. Samples of the filtrates (dilute product solutions in THF)

were stored for analysis.

3.5.2 Conventional heating of bio-oil

A series of runs was performed with bio-oil treated at 50, 100, 125, 150 and 175°C for
30 min in a conventional mineral oil bath in order to compare the effect of microwave
irradiation in bio-0il’s decomposition with that of conventional heating under the same
conditions. Before each run bio-oil (ca. 8g) was introduced in a pre-weighed glass vial
(10 ml) via a pipette and the vial was sealed and placed in the bath which was equipped
with a heating resistance and a thermostat. After each run the vial was immersed in an
ice bath in order to cool down the bio-oil and stop it from degrading further, the seal
was removed and the vial reweighed. The bio-oil was transferred in another vial and

kept for analysis.
Since it was not possible to monitor the actual temperature of the bio-oil, a series of

tests was performed in advance correlating the temperature in the vial (filled with

mineral oil) with that in the bulk of the bath.
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4 X-RAY POWDER DIFFRACTION; RESULTS AND DISCUSSION

X-ray powder diffraction (XRD) is used for the determination of basal spacing and was
employed as the principal method for the characterisation of the starting clay materials
and their pillared derivatives. Since basal spacings are a measure of the distance
between the clay layers, addition of pillaring agents and subsequent changes via
calcination steps directly affect these values. It should be noted that the intensity of the
peaks depends on how well the sample is packed on the sample holder and the specific

X-ray beam applied. It is not an absolute measure for comparing scans.

XRD results (Table 4.1) are presented in this chapter and used to assess the
effectiveness of the different preparation methods (either conventional or microwave)
with regards to pillaring and investigate the influence of the preparation parameters
(starting material, pillaring species, hydroxyl to metal ratio etc.) in the end products.
XRD results from a starting material and a small selection of its pillared derivatives
after being used as hydrocracking catalysts are also exhibited herein (Table 4.2), aiming

to elucidate the effect of the hydrocracking procedure on their structure.

4.1 'Wyoming Bentonite, sodium montmorillonite and pillared montmorillonites
4.1.1 Wyoming Bentonite and sodium montmorillonite

The XRD pattern of Wyoming Bentonite exhibited a broad and asymmetric peak
indicating the presence of two unresolved peaks (Figure 4.1) representing two basal
spacings, one at 15.2A and a second corresponding to 13A. These were attributed to
sodium cations with different hydration spheres between the sheets of montmorillonite.
After calcination at 500°C the asymmetric peak almost disappeared and another peak
appeared corresponding to 9.7A which is the average thickness of the silicate layer of

montmorillonite [119, 120].

However, the XRD pattern of refined Wyoming Bentonite (Figure 4.2) showed a less
intense peak compared to the clay as received, indicating that the stirring undertaken
during the refining process leads to degradation of crystallinity. The slightly higher
basal spacing (16A) was attributed to the higher degree of hydration of the sodium

cations in the interlayer.
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The XRD pattern of the homoionic sodium montmorillonite exhibited two separate
peaks, one weak corresponding to a basal spacing of 16A and a second one sharp and
intense corresponding to 9.7A (Figure 4.3). The former was attributed to the hydrated
sodium cations and its low intensity indicated low extent of order in the clay layers
caused by the continuous stirring and centrifugation employed during the preparation of
sodium montmorillonite leading to degradation of crystallinity. The latter resembled the
average thickness of the montmorillonite layer and was attributed to the introduction of
protons In the interlayer during preparation (addition of HCI). After calcination at
500°C the first peak became even weaker and the second one sharper and more intense

indicating the complete collapse of the clay.
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Figure 4.1 XRD patterns for Wyoming Bentonite
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Table 4.1 Basal spacings for starting materials and their pillared derivatives

Before calcination After calcination
Sample doo; (A) 20 doo; (A) 26
W.B. 152/13 5.8 /6.8 15.2 (w)/ 9.7 5.8/9.1
Ref. W.B. 16.0 5.5
Na-mont 16.0 (w)/10 5.5/88 | 16.0 (vw)/ 9.7 5.5/9.1
CM1 16.9 5.2 15.6 (vw) 5.7
CM2 16.5 5.3 16.2 (vw) 5.4
CM3 16.5 53 15.4 (vw) 5.7
CM4 26.8 3.3 20.9 4.2
CMS5 27.9 3.2 20.7 4.3
CM6 28.1 3.1 22.5 3.9
CMS8 29.0 3.0 22.3 4.0
CM16 28.2 3.1 23.4 (vw)/ 15.9 3.8/5.5
CM7 (MW) 18.9 47 | -
CM9 (MW) 18.3 4.8
CM10, CM11, CM12
(MW) 18.4 4.8
CM13 18.4 4.8
CM14 (MW) 18.9 4.7
CM15 (MW) 20.0 4.4
CM17 (MW) 20.2 4.4 _ ,
Cr/Ce mont 27.4 (vw)/15.3 | 3.2/5.8 no peak
Ce-mont 15.7 5.6 15.6 (vw) 5.7
Eu-mont 15.4 5.7 15.5 (w) 5.7
SM1 15.7 5.6 15.7 (vw)/ 9.9 5.6/8.9
SM2 (MW) 15.3 5.7 .
SM3 (MW) 13.8 6.4
SM4 (MW) 14.6 6.0
SMS5 (MW) 15.6 5.6
SL7 no peak
SL2 no peak
CL 15.8 5.6 no peak

W.B.: Wyoming Bentonite, mont: montmorillonite, CM: chromia pillared montmorillonite, SM: tin
oxide pillared montmorillonite, SL: tin oxide pillared laponite, CL: chromia pillared laponite, w:
weak, vw: very weak

Standard deviation in dgg; measurements: 0.1 A
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Figure 4.3 XRD patterns for sodium montmorillonite

4.1.2 Chromia pillared montmorillonites

As can clearly be seen from the measured basal spacings (dogr) for the starting materials
and the prepared chromia pillared montmorillonites, in all cases there was an increase
in dgo; upon pillaring and a decrease during calcination (Table 4.1). However, the extent

of the changes varied depending upon the experimental conditions.

Hydroxyl to chromium ratio

For CM1, CM2 and CM3 (OH/Cr =1) there was a slight increase in the basal spacing
compared to the starting materials, which became even smaller after calcination (i.e. 1 h

at 500°C under argon). An increase in refluxing time from 16 to 36h did not appear to
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affect the basal spacing. These results are in the same range as those reported by
Palinko et al. [116] (15.2A uncalcined) and Pinnavaia et al. [117] (18.3A uncalcined)
for the same OH/Cr ratio of 1. However, they contradict the values presented by

Bodman (27A uncalcined and 23A calcined) [2, 4].

In the case of CM4 and CM5, which were prepared following the patented method by
Pinnavaia et al. for a OH/Cr ratio of 2, there was a significant increase in the basal
spacing to ca. 27A in agreement with the patent [117]. This decreased to 21A after

calcination. Clearly a higher OH/Cr ratio led to the production of higher pillaring units.

It should be noted that except the OH/Cr ratio which was changed to 2 for the
preparation of CM4, the pillaring stoichiometry (moles of Cr per g of clay) and the clay
concentration were also altered. This occurred because the patented method was
reproduced exactly [117] Due to limited experimentation time it was not possible to

change only one experimental parameter at a time.

Reactant concentration

Usually, diluted systems are employed in order to promote the diffusion of the pillaring
species into the clay particles and provide a regular pillaring distribution. From an
industrial point of view this process may be uneconomical, since manipulation of high
volumes of aqueous pillaring solutions and clay slurries would require enormous
equipment. Both the concentration of the pillaring agent and the use of dry powder clay

rather than dilute slurry were investigated.

First, a highly concentrated pillaring solution consisting of aqueous solutions of 0.5M
chromium nitrate and 0.75M sodium carbonate was used, keeping all the other
experimental conditions unaltered (Table 3.1). CM6 and CM16, prepared from
Wyoming Bentonite and sodium montmorillonite respectively, both exhibited basal
spacings of 28A. However, CM16 showed a broad and asymmetric peak 1n its XRD
pattern consisting of two unresolved peaks, one weak corresponding to 28.2A and
another more intense corresponding to 16.1A, indicating the existence of chromia
oligomers of different composition between the sheets of montmorillonite (Figure 4.4).
After calcination at 500°C the first peak decreased to 23.4A while the second remained

unaltered at 15.9A because of the dehydroxylation of the pillars. Under the same
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experimental conditions (Table 3.1), but with the exception of mixing the pillaring
solution with the clay slurry before refluxing, the resulting clay CM13 exhibited limited
pillaring (18.4A). Therefore, the pillaring solution should be refluxed in advance for
best results as described in the literature [117, 2, 121].

Secondly, Wyoming Bentonite was added as a powder to the highly concentrated
pillaring solution again with success (CMS, 29A). The addition of the clay as powder
(100% w/v) overcame the handling difficulties of a highly concentrated clay paste, due

to the thixotropy of the clay.
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Figure 4.4 XRD patterns for chromia pillared montmorillonite CM16

Microwave method

With microwave irradiation a considerably faster preparation, possibly with highly
concentrated clay suspensions and pillaring solutions, could be achieved, leading to

large scale production of pillared clays.

The first approach was to mix the pillaring solution with the clay slurry before
irradiation in contrast to the conventional method, because this procedure had been
followed for the microwave preparation of an alumina pillared clay in the literature
[52]. The same OH /Cr ratio and pillaring stoichiometry with those employed in the

preparation of CM6 were used (Table 3.1, Table 3.2). However, higher clay
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concentration (2%) and metal salts concentrations were employed imposed by the
limited operational volume of the microwave (55ml). Power (100 W), temperature
(95°C), hold time (2 min) and simultaneous cooling were set as starting point in the
investigation. The basal spacing of the resulting clay CM7 was 18.9A, which confirmed
some pillaring, but was lower than that of CM6 (Table 4.1).

In the second step the power was increased to 165W and the effect of hold time without
cooling was investigated keeping all the other parameters unaltered (Table 3.2).It was
observed that as soon as the set temperature was reached, the microwave power was
zeroed. That, in combination with the fact that CM9 to CM12 all displayed the same
basal spacing, which was lower than the respective of CM7 under cooling, indicates
that hold time without cooling has no effect in the basal spacing and that the application

of simultaneous cooling is favourable.

The next approach was to support the necessity of irradiating the pillaring solution
mixed with the clay slurry by conducting two experiments under exactly the same
conditions. In the first experiment only the pillaring solution was irradiated and then
mixed with the clay slurry (procedure similar to the conventional method), whereas in
the second experiment the pillaring solution was mixed with the clay slurry before
irradiation. The first experiment clearly led to lower basal spacing (CM14, 18.9A) than
the second (CM15, 20 A).

Finally, the power and temperature settings were increased and the employed salt
concentration decreased without any significant effect in the basal spacing of the

produced pillared clay.

In conclusion, the results for the microwave assisted preparation of chromia pillared
montmorillonites were promising (Figure 4.5). Although the achieved basal spacing of
20A (CM17) may not have been as high as that following the conventional method by
Pinnavaia, it was in agreement with other reports and confirmed some pillaring [121,
122]. Furthermore, the peaks were sharp and intense indicating a homogeneous
distribution of chromia pillars assisted by microwave irradiation. A similar

homogeneous distribution of alumina pillars was reported by Fetter et al. in the
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respective microwave preparation of alumina pillared montmorillonites [52]. Further

experimentation is required to optimise the microwave preparation method.
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Figure 4.5 XRD patterns for chromia pillared montmorillonites prepared via a

microwave assisted method (CM14, CM15 and CM17)

4.1.3 Tin oxide pillared montmorvillonites

The basal spacing for conventionally prepared tin oxide pillared montmorillonite (air-
dried) increased from 15.2A (starting material Wyoming Bentonite) to 15.7A which is
not very significant. After heat-treatment for 1 h at 500°C the initially observed peak
weakened in intensity, and a second peak appeared at 8.9° 28 corresponding to ca 10A
(thickness of the montmorillonite layer) (Figure 4.6). This decrease in intensity was
attributed to a low number of parallel layers with the same basal spacing indicating

partial collapse of the tin oxide pillars.

These results are basically in agreement with those of Hannus et al. [123], although
they have reported complete collapse of the pillars (10A) after treatment for 2h at
500°C. They have suggested that the intercalated species are partially hydrated tin oxide
species, most probably in trimeric form [124], whose degree of hydration depends on
the temperature and possibly, the duration of heat treatment, and that moderately strong

hydrogen bonds and van der Waals interactions keep the intercalated structure together.

105



When the tin oxide species dehydrate, they move to the outer surface of the clay. It is
presumed that the longer refluxing (20h compared to 2h) undertaken during the current
preparation has led to a higher degree of hydration of the tin oxide pillar. As a result the
pillar was not completely dehydrated during the heat treatment, preserving some of the

hydrogen bonds that keep the intercalated structure intact.

v

- = S —e =
e TW_WN\,\AM"--\/\\M"”v =

SMS5 (MW) calcined

16000
45000
4a000
4390
400
41000
o002
300

ot 3 SM5 (MW) air-dried

B e e,
€ 2400 e A NN RN

I O U

SM1 calcined

e NI e i N o o s P Nl e e s e

e
2-Theta - Scale

Figure 4.6 XRD patterns for tin oxide pillared montmorillonites

The XRD results for the tin oxide pillared montmorillonites prepared following
microwave assisted methods showed similar values with those prepared by the
conventional method. Therefore, microwave irradiation can be successfully applied for

the synthesis of tin oxide pillared montmorillonites.

4.1.4 Cerium and europium oxide pillared montmorillonites

Pillaring of sodium montmorillonite with cerium or europium oxides did not
significantly affect the basal spacing of the parent clay (Figure 4.7). This was attributed

to the non-formation of polynuclear cationic complexes during hydrolysis of the salts of
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the respective rare earth metals, since basal spacing is determined by the sizes and
orientation of these complexes. In the case of cerium oxide pillared montmorillonite the
observed basal spacing (15.7A) is in agreement with that reported by Hernando et al.
[35], whereas, according to the author’s knowledge, no references are made in the
literature regarding europium oxide pillared montmorillonite. In both cases the
diffraction peaks were quite sharp indicating a relatively homogeneous pillaring
process. Nevertheless, after calcination at 500°C the peaks were hardly observed
indicating the collapse of the pillars. Before calcination occurs, it is still possible to
exchange the pillars. Therefore, calcination is essential for the fixation of the metal
oxide pillars and the stabilisation of the pillared clay, even if it leads to a decrease in its

basal spacing or collapse of the pillars.
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Figure 4.7 XRD patterns for cerium oxide pillared montmorillonite

4.1.5 Chromia pillared montmorillonite modified with cerium oxide

The incorporation of cerium in a chromia pillared montmorillonite decreased the basal
spacing with respect to the analogous sample without cerium (CM16) from 28.2A to
27.4A and from 16.1A to 15.6A (Figure 4.4,Figure 4.8), which suggested that cerium
was not found in the chromia pillars and may have been in another form such as an
oligomeric cation. When the sample was calcined at 500°C the diffraction peaks were
not observed indicating once again the collapse of the pillars. These results are in
agreement with the work of Hernando et al. who reported that the introduction of
cerium in an alumina pillared montmorillonite led to a decrease in the basal spacing
with respect to the montmorillonite with single alumina pillars [35]. However, other
authors have reported the synthesis of pillared clays with mixed alumina and cerium

oxide pillars with higher basal spacings than those attributed to single alumina pillars
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[119, 120] indicating that there is little consistency about the preparation and structure

of this type of pillared clays.
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Figure 4.8 XRD patterns for chromia pillared montmorillonite modified with cerium

oxide

4.2 Laponite and pillared laponites

In the case of laponite and tin oxide or chromia pillared laponite X-ray powder
diffraction could not be used to determine the basal spacings as the XRD patterns did
not contain a first order reflection between 2° and 10° 24. The absence of such a
reflection is attributed to the small size of individual particles and the random rather
than uniform face-to-face orientation of the clay platelets for both the starting material

and the products.

4.3 Pillared clays after use as catalysts

Some of the pillared clays were characterized by XRD after their first and second use as
hydrocracking catalysts following the same procedure with the fresh materials. The

results are presented in Table 4.2.
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Table 4.2 Basal spacings of pillared clays after use as hydrocracking catalysts

Before use After 1st use After 2nd use

Sample doo; (A) 20 doo; (A) 20 dooy (A) | 20
CM3 15.4 (vw) 5.7 15.9 5.6 15.9 5.6
CM6 22.5 3.9 15.7 5.6 15.7 5.6
CM6 after HC 22.5 39 | 200/16.2 | 4. . .
Eu-mont 15.5 (w) 57 | .
SL7 no peak 15.5
SL2 no peak 15.5
CL no peak 15.9
Blank 15.3 5.7
Standard deviation in dgo, measurements: 0.1 A

All catalysts exhibited similar basal spacings after the first and the second use. CM6, in
particular, displayed a significant reduction of ca. 6.5A in the basal spacing after the
first use indicating that the hydrocracking conditions in the microbomb reactor (190
bars and 440°C) were very harsh causing the collapse of the chromia pillars. This
assumption was supported by the lower basal spacing compared to the respective before
use exhibited in the XRD pattern of CM6 after undergoing hydrocracking conditions in
the absence of feed. CM3, which had initially a low basal spacing, was not affected by
the hydrocracking conditions. The europium oxide pillared montmorillonite also

exhibited similar basal spacing after its second use.
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Figure 4.9 Chromia pillared montmorillonite CM6 after use as hydrocracking catalyst
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Figure 4.10 Chromia pillared montmorillonite CM6 after undergoing hydrocracking

conditions 1n the absence of feed

However, special care should be taken when interpreting the peaks observed for the
pillared montmorillonites after use as catalysts, since they all appeared at ca 5.7° 26, i.e.
the region at which a weak peak appeared during a blank run (with an empty sample

holder). Similar care should be taken with all the weak peaks observed after calcination.

A strange phenomenon was observed for the pillared laponites, which after use as
catalysts exhibited a first order reflection and their basal spacing could be measured
(Figure 4.11). This may be attributed to somehow better crystallization of the catalysts
after use. The peaks observed were intense enough to be considered real and not be

attributed to the sample holder.

13000 7

Lin (Counts)

CL reused

1592642

1
‘\\\
,
\.
A
)
J
5

o /\/\,

N Ao

<
<
1
\,
pl

N e )
N, > PN
e N v e AP AAL NN PPN A

A  CLusedonce

e e /‘.“/‘ S s A A

21 2 ¢ B 3 7 e [ «

2-Theta - Scale
Figure 4.11 XRD pattern for chromia pillared laponite after use as hydrocracking

catalyst
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In order to gain more insight in the changes occurring to the pillared clays during their
use as catalysts a series of XRD scans were performed on fresh sodium montmorillonite
and reused chromia and europium oxide pillared montmorillonite, as well as laponite
and reused tin oxide pillared laponite over a longer range (2 to 60° 28)(Figure 4.12,
Figure 4.13). The pillared montmorillonites after use retained some crystallinity
although the peaks of the clay layers decreased in intensity. However, this analysis is
still inconclusive with regards to what takes place in the interlayer. Most likely the
pillars have collapsed and the observed peaks are attributed to the sample holder. On
the contrary, although laponite showed poor crystallinity before use, it presented first
order reflection after use indicating higher order among the clay layers and possibly the

existence of pillars.
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111



L

3

Lin (C(lunls_ )

SRRRARARRARRERERAR AR

SL2 reused

Laponite

N,
«‘ihim's\,vmmnw«"f" it e
T

;;;;;;; AR S St bty LLALLLALAY EAAE SRS LACAE ARAAY MMM ALAA ASAAEALER) MAL MASS SEAAS LARM AAAL LA LAMAREAR RAMM MMM MM ML
v e "

2-Theta - Scale

Figure 4.13 Long XRD scans for laponite and reused tin oxide pillared laponite SL.2

4.4 Summary

X-ray powder diffraction was used as the principal method to study changes in the clays
after pillaring reactions and calcination steps. All the prepared chromia pillared
montmorillonites showed an increase in basal spacing upon pillaring and a decrease
during calcination. However, the extent of the changes varied depending upon the
experimental conditions, such as the OH/Cr ratio. The highest basal spacing (28 A) was
achieved at a OH/Cr ratio of 2. Furthermore, highly concentrated pillaring solutions and
solid Wyoming Bentonite were employed successfully in the preparation despite the
fears that this way diffusion of the pillaring species into the clay particles might be
inhibited. The microwave assisted method led to lower basal spacing (20 A) compared

to the respective of the conventional method, but some pillaring was confirmed.

Tin, cerium or europium oxide pillared montmorillonites did not exhibit significant
increase in basal spacing. This is probably due to the non-formation of polynuclear
cationic complexes during hydrolysis of the salts of the respective metals. The
incorporation of cerium in a chromia pillared montmorillonite decreased the basal
spacing with respect to the analogous sample without cerium, indicating that cerium
was not found in the chromia pillars and may have been in another form such as an
oligomeric cation. After calcination at 500°C the diffraction peaks were barely or no

longer observed indicating the collapse of the pillars in all the samples.
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Some of the pillared clay materials that were used as hydrocracking catalysts were
characterised by XRD and they all exhibited similar basal spacings. The used pillared
montmorillonites retained some crystallinity although the peaks of the clay layers
decreased in intensity. However, this analysis was inconclusive with regards to what
took place in the interlayer. Most likely the pillars had collapsed during the
hydrocracking process. On the contrary, although laponite showed poor crystallinity
before use, it presented first order reflection after use indicating higher order among the

clay layers and possibly the existence of pillars.
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5§ THERMOGRAVIMETRIC AND DERIVATIVE THERMOGRAVIMETRIC
ANALYSIS; RESULTS & DISCUSSION

Thermogravimetric analysis (TGA) was selected as another characterisation method of
the pillared clay materials and conducted in all three starting clay materials, i.e.
Wyoming Bentonite, sodium montmorillonite and laponite, and their pillared
derivatives before and after calcination. Derivative thermogravimetric analysis (DTG)
curves were calculated using software provided by the manufacturer to elucidate the
weight loss steps presented in the TGA curves and therefore aid characterisation.
Weight loss is correlated with structural changes that occur during heating and these

structural changes, in turn, indicate the thermal stability of the material.

TGA and DTG results are presented in this chapter and used to assess whether the
preparation method (either conventional or microwave) plays any role in the thermal
stability of the pillared clays and investigate how pillaring with different metal oxides

and subsequent calcination influences the thermal behaviour of the starting materials.

5.1 Wyoming Bentonite, sodium montmorillonite and respective pillared clays
5.1.1 Wyoming Bentonite and sodium montmorillonite

Both thermograms for Wyoming Bentonite and sodium montmorillonite (Figure 5.1)
consisted of two distinct weight loss steps. The first step over the temperature range 25
to 200°C corresponded to weight losses of about 6% and 1.5% for Wyoming Bentonite
and sodium montmorillonite, respectively, and was due to mainly weakly adsorbed
water molecules from the interlayer (25 to 100°C) and to hydration water from the
exchangeable cations (100 to 200°C). Over the 200 to 550°C temperature range, the
weights remained nearly constant. An additional 3% weight loss occurred between 550
and 750°C for both starting materials, indicating the removal of lattice water as the

silicate frameworks began to be destroyed (dehydroxylation of the clay structure).

The derivative thermogravimetric analysis (DTG) curves express weight loss versus
temperature (-dm/dT). The intensity of the peaks depends on the magnitude of the
weight loss. In the case of starting materials the DTG curves consisted of two peaks in

the ranges 25 to 150°C and 550 to 750°C (Figure 5.2). The first peak depicted

114





















oxide pillared montmorillonites dehydroxylation began at a slightly higher temperature
compared to the respective for the chromia pillared montmorillonites and at about 50°C
lower than the starting material. These results are in agreement with an earlier study
conducted on the thermal behaviour of montmorillonite pillared with different metal

oxides [116].

5.1.4 Chromia pillared montmorillonite modified with cerium oxide

Mixed oxide pillared montmorillonite exhibited similar thermal behaviour to
montmorillonite with single chromia pillars (Figure 5.3, Figure 5.4, Figure 5.9). Before
calcination it showed a 9% weight loss below 200°C, a 6% weight loss between 200
and 500°C attributed to water and some hydroxyls from the hydrated chromia and
cerium oxide oligomers in the interlayer region and a final 2.5% weight loss over the
range 500 to 750°C associated with the dehydroxylation of the pillars and the clay
structure. After calcination the weight losses decreased to 4% below 200°C, 1.5% over
the range 200 to 500°C and 1.5% between 500 and 750°C respectively. The rather
gradual incline of the curve between 200 and 500°C suggests that in this intermediate
range there is loss of hydroxyls from the pillars concurrent with the release of residual

adsorbed water (2% wt.) even after calcination.

As described earlier pillaring with chromia shifted the dehydroxylation peak to a lower
temperature range (500 to 700°C) compared to the starting material indicating a
decrease in thermal stability due to pillaring. However, the incorporation of cerium
oxide in the chromia pillared montmorillonite shifted the dehydroxylation peak to
higher temperatures (600 to 800°C) leading to increased thermal stability, similar to that
of the starting material (Figure 5.10). Fetter et al. [125] reported that cerium played a
similar thermostabilising role in modified alumina pillared clays, whereas Valverde et
al. [126] and Booij et al. [119] reported that it increased the hydrothermal stability of

alumina pillared clays.
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hydrated chromia oligomers in the interlayer with the laponite structure. For chromia
pillared laponite dehydroxylation took place over a much wider temperature range

compared to all other materials.

In conclusion, the starting material and the pillaring species influence significantly the
thermal stability of the end product. However, no other experimental parameter
appeared to have any influence, and neither did the preparation method (conventional of

microwave).
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6 X-RAY PHOTOELECTRON SPECTROSCOPY; RESULTS & DISCUSSION

X-ray photoelectron spectroscopy (XPS) was initially chosen as a complementary
characterisation method to XRD for the pillared laponites in particular, since XRD
patterns were not useful for proving the formation of tin oxide and chromia pillars in
this case. XPS was used primarily to identify the composition of the materials, aiming
to prove successful pillaring via the identification of the pillaring species in the form of

metal oxide.

Apart from laponite and its pillared derivatives, XPS was also applied to Wyoming
Bentonite, sodium montmorillonite and their pillared derivatives with chromium in
order to support the obtained XRD results. It was also employed for the characterisation
of some of these materials after being used as hydrocracking catalysts, aiming to collect
information on their composition which could subsequently be related with their

catalytic activity during reuse. All the XPS results are presented below.

6.1 Laponite and respective pillared clays
6.1.1 Laponite and tin oxide pillared laponites

Tin in the form tin(IV) oxide of has been detected in all the laponite samples treated
with triphenyltin chloride (Table 6.1). The amount of tin varied among the different
preparations (0.1 to 0.8%) and no clear trend with preparation conditions was observed.
Even those samples that were prepared under identical conditions (SL2a and SL2b,
SL7a and SL7b, SL.9a and SL9d) displayed different contents of tin. This is attributed
to inhomogeneous pillar distribution leading to different atomic concentrations in the
same batch. An area of 0.3mm x 0.2 mm and 80 to 100A in depth was irradiated with x-
rays for each analysed sample and the quoted atomic concentrations are the mean

values.

The presence of sodium in the pillared materials supports the assumption made earlier
that hydrolysis of the organotin compound (PhsSnCl) occurs on the clay surface
followed by aryl-tin bond breakage via proton attack thus leading to the formation of tin
oxide pillars without the sacrifice of sodium cations from the interlayer. Benzene is a
by-product remaining trapped within the clay lattice [127, 128, 55]. The chlorine

detected in some of the samples was probably remaining from the precursor (Ph;SnCl),
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due to insufficient washing. Furthermore, the carbon detected in all the samples is
attributed to adsorbed ethanol used for the swelling of the laponite, unreacted Ph;SnCl,
benzene trapped in the lattice, carbon dioxide absorbed from the atmosphere and

instrument contamination.

Table 6.1 Atomic compositions (%) for laponite and tin oxide pillared laponites

Afomic |y oonite | SLla | SL2a | SL2b | SL3b | SL4b
Composition %

Na 31 24 13 25 |28 |34

0O 523 540 438 4890 |516 |s22

Sn ; 0.5 04 105 |03 |04

C 36 23 151 102 |63 |51

Al 4.4 36 39 136 |36 |35

Si 22.6 246 223 220 |225 |228
Mg 14.0 12.6 13.0 | 124 [130 |125
Cl i i 03 |- i i

Table 6.1 continued

Atomic SL5b | SL6b | SL7a | SL7b | SL8b | SL9a | SL9d
Composition %

Na 2.7 32 1.7 33 21 1.2 2.4

0 493 504 |47.1 |494 |51.6 |411 |515
Sn 0.8 0.4 03 0.6 0.1 0.2 0.1

C 10.1 |68 9.0 63 46 213 |46
Al 40 4.4 35 44 43 23 48

Si 217 1220 243 | 225 (237 |214 |236
Mg .4 1128 |13.6 135 |135 |124 |13.1
Cl - - 0.5 - - 0.0 -

Atomic ratios were calculated from the atomic compositions (%) yielding the respective

molecular formulas. The results are presented in Table 6.2.

Table 6.2 Atomic ratios for laponite and tin oxide pillared laponites

Ar;"t:g‘: Laponite | SLla SL.2a SL2b | SL3b | SL4b | SL5b

Na/Si 0.14 0.10 0.06 0.12 012 | 0.15 0.13
O/Si 2.31 2.19 1.97 2.22 230 | 229 2.27
Sn/Si ; 0.02 0.02 0.02 0.0l | 0.02 0.04
C/Si 0.16 0.09 0.68 0.46 028 | 022 0.46
Al/Si 0.20 0.14 0.17 0.16 0.16 | 0.15 0.18
Si/Si 1.00 1.00 1.00 1.00 1.00 | 1.00 1.00
Mg/Si 0.62 0.51 0.58 0.56 058 | 0.5 0.52
Cl/Si - - 0.01 ; ; ; ;

129



Table 6.2 continued

Atomic ratios SL6b SL7a SL7b SL8b SL9a SL9d
Na/Si 0.14 0.07 0.15 0.09 0.06 0.10
O/Si 2.29 1.94 2.20 2.18 1.92 2.18
Sn/Si 0.02 0.01 0.02 0.00 0.01 0.00
C/Si 0.31 0.37 0.28 0.19 0.99 0.19
Al/Si 0.20 0.15 0.20 0.18 0.11 0.20
Si/Si 1.00 1.00 1.00 1.00 1.00 1.00
Mg/Si 0.58 0.56 0.60 0.57 0.58 0.56
Cl/Si - 0.02 - - 0.00 -

According to literature laponite is a synthetic virtually iron-free trioctahedral smectite
clay, in which all octahedral sites are occupied by Mg** and Li" ions, with the
tetrahedral layers composed in the same way as montmorillonite, with idealised
composition Nag7(Mgs 33L10.67)(SisO2(OH)4) [15]. For comparison purposes with the
derived molecular formulas from the XPS results the empirical formula was reduced to
one silicon atom (Nag 0gsMgo.s66L10.08451103Hg 5). The calculated molecular formula for
laponite (Nag14 Mgz Alo2o Siigo O231 Cois) deviated from the empirical formula,
since no lithium was present, whereas aluminium was. XPS’s inability to detect lithium
is attributed to less lithium content than the detection limit (0.1%). The carbon content
for untreated laponite is attributed to carbon dioxide absorbed from the atmosphere and

instrument contamination.

The tin oxide pillared laponite samples showed variations in their atomic ratios. The
C/Si ratio exhibited the highest variation range between 0.09 and 0.68, followed by the
O/Si ratio which varied between 1.92 and 2.31.

6.1.2 Chromia pillared laponite

Chromium(III) coordinated with water and hydroxy! ligands (6.4%) was detected in the
chromia pillared laponite proving the hydroxyl-oxy chromium composition of the

pillars (Table 6.3).
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Table 6.3 Atomic compositions (%) for laponite and chromia pillared laponite

Atomic Laponite Cr-laponite Cr-laponite
composition % uncalcined calcined
Na 3.1 04 0.6
Cr 7.4 6.4
O 52.3 53.6 59.4
C 3.6 8.5 5.5
Al 4.4 2.7 2.9
Si 22.6 21.2 18.4
Mg 14.0 6.3 6.7

The calculated atomic ratios are presented in Table 6.4. In the chromia pillared laponite
samples the Na/Si ratio was nearly zero indicating ion-exchange between sodium and
the pillaring species (i.e. Cr) during preparation in contrast to the preparation of tin
oxide pillared laponites. However, according to the literature, ion-exchange is the
principal method used for the preparation of pillared clays [13, 21]. The C/Si ratio
reduced during calcination as expected. The presence of carbon is attributed to carbon
dioxide absorbed from the atmosphere, carbonates from Na,CO; and possible

contamination of the instrument.

Table 6.4Atomic ratios for laponite and chromia pillared laponite

Cr-laponite Cr-laponite
Atomic ratios | Laponite uncalcined calcined
Na/Si 0.14 0.02 0.03
Cr/Si 0.35 0.35
O/Si 2.31 2.53 3.23
C/Si 0.16 0.40 0.30
Al/Si 0.20 0.13 0.16
Si/Si 1.00 1.00 1.00
Mg/Si 0.62 0.30 0.37

6.2 Wyoming Bentonite, sodium montmorillonite and pillared clays with

chromia and tin oxide

Wyoming Bentonite is a natural occurring material comprising of ca. 85%

montmorillonite with the following 1dealised structural formula:

Nag 35(Al; sMgo35)S14010(OH),.nH,O.  Due to its natural origin isomorphous
substitution of small amounts of Al and/or Fe** in the tetrahedral layer, and of Fe*" in
the octahedral layer are commonly encountered, along with carbonaceous deposits and

particulate impurities such as quartz in the unrefined bulk material.
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Wyoming Bentonite was refined and ion exchanged with sodium in order to yield
monoionic sodium montmorillonite, which presented lower silicon and higher oxygen
content compared with Wyoming Bentonite (Table 6.5). This is attributed to the
removal of quartz, as well as to the higher degree of hydration of the sodium cations
occurring after the refining and ion-exchange process. The chromia pillared
montmorillonites prepared from sodium montmorillonite (CM3) exhibited similar
silicon content to the respective of sodium montmorillonite. The lower silicon content
of the chromia pillared montmorillonites prepared from Wyoming bentonite (CMO6)
compared to the respective of Wyoming Bentonite is again due to the removal of quartz
that took place through partial refining before mixing the clay slurry with the pillaring

solution.

Table 6.5 Atomic compositions (%) for Wyoming Bentonite, Na-montmorillonite and

their pillared derivatives with chromium and tin oxides

Atomic

compo/ | W.B. (as CM6 CM6 SM1 Na- CM3 CM3
sition % | received) | uncale. | calc. | uncalc. | mont | uncalc. calc.
Na 2.3 - - - 2.6 - -
Cr - 4.1 4.5 - - 2.7 2.6
Sn - - - 2.8 - - -
O 44.5 57.3 49 .4 57.9 60.6 55.0 54.0
C 3.9 14.2 20.4 6.3 3.1 12.4 11.8
Al 9.6 5.0 5.1 6.2 7.5 5.9 5.2
Si 39.7 19.4 20.0 26.8 26.2 23.9 26.4
F - - 0.6 - - - -

No magnesium was detected in any of the montmorillonite samples (unpillared and
pillared). It is assumed that the amount of magnesium was less than the detection limit
(0.1%) of the analysed layer. On the other hand the carbon detected in all the samples 1s
due to the carbonaceous deposits on the clay, in addition to carbon dioxide absorbed
from the atmosphere, carbonates from Na,COs and possible contamination of the

instrument.

Chromium(III) coordinated with water and hydroxyl ligands was detected in the
chromia pillared montmorillonites supporting the XRD evidence for the existence of
chromia pillars in the interlayer region. The higher amount of chromium intercalated in

CM6 (4.6%) in combination with its higher basal spacing (22.5A) compared to the
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respective of CM3 (4.5% Cr and 15.4A) indicates that chromium has formed higher
pillars in CM6, instead of being dispersed in the interlayer. Specific surface area
measurements also support this hypothesis (see chapter 7). Tin in the form of tin(IV)
oxide was detected in the montmorillonite pillared with tin oxide at a much higher
content (2.8%) compared to the respective for tin pillared laponites. The absence of
sodium from all pillared montmorillonites indicates the occurrence of complete 1on-
exchange between sodium and chromium or tin during their preparation. If this is the
case then the tin oxide pillars are retained in the interlayer by electrostatic forces and

not hydrogen bonds as suggested earlier by Hannus et al. [123].

The atomic compositions measured by XPS were used for the calculation of atomic
ratios in order to yield structural formulas for the materials (Table 6.6). For comparison
purposes the montmorillonite’s structural formula was reduced to one aluminium atom
(Naga1Al; Mgo21Si24201333H13.33). Since silicon is also present in quartz, reduction
towards one silicon atom would have given erroneous results, because total separation

of quartz impurities from the bulk of clay is not feasible via physical methods.

The derived structural formulas for Wyoming bentonite and sodium montmorillonite
were Na()‘24 Al] Si4‘15 04.()5 Co'4) and Nao_35 All Si3.43 03_03 C(),4() I‘CSpCCtiV@ly. In both
cases the Si/Al ratio is higher than the respective in montmorillonite’s idealised formula

indicating the presence of quartz.

Table 6.6 Atomic ratios for Wyoming Bentonite, sodium montmorillonite and their

pillared derivatives with chromium and tin oxides

W.B.

Atomic (as CM6 CM6 SM1 Na- CM3 CM3

ratios received) | uncalc. calc. uncalc. | mont | uncalc. calc.
Na/Al 0.24 - - - 0.35 - -
Cr/Al - 0.82 0.88 - - 0.46 0.51
Sn/Al - - - 0.44 - - -
O/Al 4.65 11.38 9.59 9.28 8.03 9.29 10.47
C/Al 0.41 2.82 3.96 1.01 0.40 2.09 2.29
AVAl 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Si/Al 4.15 3.85 3.88 4.29 3.48 4.04 5.12
F/Al - - 0.12 - - - -
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6.3 Reproducibility of the method

In order to ensure the validity of the XPS results presented so far, it was considered
essential to check the reproducibility of method. Therefore, one of the analysed samples
(CM6 uncalcined) was measured three extra times. The derived spectra were identical
(Figure 6.1). The quantitative results for the atomic compositions (%) exhibited
standard deviations over the range 0.5 to 1.3 (Table 6.7). Hence, it can be concluded
that the method has very good reproducibility. It should be noted that the calculated
atomic ratios (Table 6.8) exhibited variation up to 4.85 (O/Al ratio) indicating that
variations in the same range observed in the atomic ratios of the analysed materials

should not be alarming.

160

1000 H8O0 00 400 200
Binding Cnorgy eV}

Figure 6.1 XPS spectra for the same sample (CMO6)
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Table 6.7 XPS reproducibility measurements

Atomic
composition Standard
Yo 1 2 3 4 Average | deviation
Cr 4.125 5.43 4996 | 5.175 4.9 0.49
8) 57.258 | 54.396 | 55.063 | 54.021 55.2 1.25
C 14.201 | 12.159 | 11.087 | 13.312 12.7 1.17
Al 5.032 | 7.595 8.431 6.983 7.0 1.25
Si 19.385 | 20.42 | 20.423 | 20.509 20.2 0.46
Total 100 100 100 100 100
Table 6.8 Reproducibility of atomic ratios

Atomic ratios 1 2 3 4

Cr/Al 0.82 0.71 0.59 0.74

O/Al 11.38 7.16 6.53 7.74

C/Al 2.82 1.60 1.32 1.91

Al/Al 1.00 1.00 1.00 1.00

Si/Al 3.85 2.69 2.42 2.94

6.4

The atomic compositions (%) and the calculated atomic ratios of the laponites pillared
with chromium and tin oxides after use as hydrocracking catalysts are presented in
Table 6.9 and Table 6.10 respectively. Carbon dominated the composition of all the
used catalysts leading to a significant increase in the C/Si ratio after the first and the
second use, whereas no chromium or tin was detected. In addition the Mg/Si ratio
increased after each use. This is attributed to the extensive carbon layer coating all the
catalysts after use and probably occupying most of the 80 to 100A depth of analysis of
the x-ray beam. The beam might have penetrated the carbon layer, the first silicon
tetrahedra up to the magnesium octahedra without reaching the adjusted silicon

tetrahedra and the interlayer region. This assumption also justifies the increase in the

Mg/Si ratio.
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Table 6.9 Atomic compositions (%) for laponites pillared with chromium and tin oxides

after use as hydrocracking catalysts

Atomic Cr-lap | Cr-lap SL2a SL2a SL7a SL7a

composition % used reused used reused used reused
Na - - 0.8 0.3 - -
Cr or Sn - - - - - -
O 6.3 4.7 12.4 11.7 10.7 7.1
C 81.8 85.3 71.3 78.0 74.2 83.7
Al - - 0.9 0.4 1.2 0.6
Si 4.8 2.3 5.5 2.3 5.2 1.4
Mg 7.1 7.7 6.9 6.4 8.5 7.0
Cl - - 1.6 0.8 0.2 0.2
Fe - - 0.5 - - -

Table 6.10 Atomic ratios for laponites pillared with chromium and tin oxides after use

as hydrocracking catalysts

Cr-lap | Cr-lap SL2a Si2a SL7a SL7a
Atomic ratios used reused used reused used reused
Na/Si - - 0.14 0.12 0.00 0.00
Cr/Si or Sn/Si - - - - - -
O/Si 1.33 2.09 2.24 4.99 2.08 5.12
C/Si 17.19 37.98 12.89 33.34 14.37 60.01
Al/Si - - 0.17 0.19 0.23 0.40
Si/Si 1.00 1.00 1.00 1.00 1.00 1.00
Mg/Si 1.48 343 1.25 2.76 1.65 5.01
Cl/Si - - 0.29 0.34 0.03 0.17
Fe/Si - - 0.09 - - -

The atomic compositions (%) and the calculated atomic ratios of the chromia pillared

montmorillonites after use as hydrocracking catalysts are presented in Table 6.11 and

Table 6.12 respectively. In accordance with the used pillared laponites, the C/Al ratio of

the chromia pillared montmorillonites exhibited a big increase after the first use and

kept increasing after the second use, while the Si/Al ratio decreased (Table 6.10, Table

6.12). It is presumed that due to the thickness of the carbon layer the x-ray beam does

not reach the second silicon tetrahedra and the chromia pillars. Chromium 1s probably

below the layer that can be detected by the x-ray beam.
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Table 6.11 Atomic compositions (%) for chromia pillared montmorillonites after use as

hydrocracking catalysts

Atomic CM6 CM6 CM3 CM3
composition % used reused used reused

Na 0.1 2.0 0.2
Cr
8 11.3 9.0 13.3 12.3
C 84.2 87.6 76.1 83.3
Al 2.2 1.3 1.2 1.0
Si 2.2 2.1 2.8 1.7
Fe 1.2 0.3
Cl 3.4 1.3

Table 6.12 Atomic ratios for chromia pillared montmorillonites after use as

hydrocracking catalysts

Atomic CM6 CM6 CM3 CM3
ratios used reused used reused
Na/Al 0.06 1.60 0.17
Cr/Al
O/Al 5.21 6.84 10.66 12.39
C/Al 38.77 66.88 61.16 83.99
Al/Al 1.00 1.00 1.00 1.00
Si/Al 1.02 1.62 2.27 1.74
Fe/Al 0.98 0.25
Cl/Al 2.72 1.27

Iron and chlorine depositions detected in the used catalysts have derived from the
feedstock and might have an effect in the activity of the used catalysts (Fe

dehydrogenation reactions, coke formation)(Table 6.9, Table 6.11).

Cation Exchange Capacity (CEC) measurements and spectroscopic measurements of a
Cu(Il) exchanged laponite undergoing heating revealed that Cu ions migrate into the
octahedral sheet where they replace Li and Mg ions [129]. In this respect another
assumption could be made for the increasing Mg/Si ratio observed after use. Possibly
under hydrocracking conditions (400°C and 190 bars) Mg has been exchanged with the
interlayer cations in the trioctahedral sheet and therefore has moved closer to the
surface. On the other hand the increasing Al/Si ratio observed for used montmorillonite
catalysts might be attributed to some kind of structural alteration taking place

transforming octahedral aluminium to tetrahedral aluminium. It is known that transition
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from octahedrally bound aluminium to tetrahedrally coordinated aluminium occurs
during the heating process and is a result of dehydroxylation [130]. In both cases it is
assumed that under heating some kind of thermodynamically driven move of the

cations belonging to the octahedral sheet towards the interlayer occurs.

6.5 Summary

Since XRD was not a suitable method for characterizing laponite or pillared laponites
due to the lack of first order reflection, which was attributed to the small size of
individual particles and the random rather than uniform face-to-face orientation of the
clay platelets, it was replaced by XPS. The amount of tin in the form of tin(IV) oxide
detected in the tin oxide pillared laponites varied among the different preparations (0.1
to 0.8%) and no clear trend with preparation conditions was observed. This is attributed
to inhomogeneous pillar distribution leading to different atomic compositions (%) in the
same batch. For each analysed sample an area of 0.3mm x 0.2 mm and 80 to 100A in
depth was irradiated with x-rays. Tin in the same form of tin(IV) oxide, but at a much
higher content (2.8%) was also detected in tin oxide pillared montmorillonite.
Furthermore, chromium(IIT) coordinated with water and hydroxyl ligands was detected
in the chromia pillared clays (both laponites and montmorillonites) proving the

hydroxyl-oxy chromium composition of the pillars.

XPS analysis of the used catalysts did not yield any significant information. Carbon
dominated their composition, which is attributed to the extensive carbon layer coating
of all the catalysts after use. The inability to detect any chromium indicated that it was

probably located below the layer penetrated by the x-ray beam.
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7 NITROGEN SORPTION; RESULTS & DISCUSSION

Nitrogen adsorption - desorption isotherms were obtained for the starting clay materials
and their derivatives with single oxide or mixed oxide pillars after calcination, aiming
to characterise them in terms of textural properties, such as specific surface area (total

and microporous), pore volume (total and microporous) and pore size distribution.

The nitrogen sorption results presented in this chapter are correlated with the XRD
results presented previously (Chapter 4) and used to assess the effect of the raw
material and the pillaring species in the textural properties of the derived pillared clays.
The reference catalyst NiMo on alumina was also included in the analysis for
comparison purposes. Finally, the chromia pillared montmorillonite CM6 was also
analysed after undergoing hydrocracking conditions in the absence of feed. The aim
was to check the assumption made from the XRD analysis of the used pillared clay
catalysts that harsh hydrocracking conditions in the microbomb reactor lead to partial

collapse of the pillars (Section 4.3).

7.1 Wyoming Bentonite, sodium montmorillonite and respective pillared clays

The isotherms of Wyoming Bentonite and sodium montmorillonite were a combination
of type 1I and IV in the IUPAC classification corresponding to macroporous and
mesoporous materials respectively. The isotherm of Na-montmorillonite was shifted to
higher volume of adsorbed nitrogen in the whole relative pressure region compared to
the respective of Wyoming Bentonite as received (Figure 7.1). The hysteresis observed
at higher relative pressures is due to capillary condensation in mesopores and
corresponds to type H3 in the IUPAC classification. Among the materials showing H3
type of hysteresis are those having slit-shaped pores and plate-like particles with spaces

between the parallel plates, such as clays [131, 132, 32, 126].

The isotherms of the calcined pillared derivatives with chromium and/or cerium oxides
were a combination of types I and 1V characteristic for microporous and mesoporous
materials respectively with H3 hysteresis (Figure 7.2, Figure 7.3). The amount of
nitrogen adsorbed at low pressures is the most important difference between isotherms
corresponding to pillared clays obtained with different pillaring solutions. At P/P,<0.4,

where monolayer formation is produced, a parallelism between adsorption isotherm
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curves of the pillared and raw clays is observed in agreement with Canizares et al. [131,
126]. On the contrary calcined montmorillonites pillared with tin or europium oxides
exhibited isotherms closer to type II and III respectively (macroporous materials)
(Figure 7.3, Figure 7.4). A similar type II isotherm has been displayed by an iron oxide
pillared montmorillonite prepared by Maes et al. [133] and a titania pillared
montmorillonite prepared by Chae et al. [134]. At P/P,<0.4, the isotherm of europium
oxide pillared montmorillonite coincided with the isotherm of the starting material, i.e.

sodium montmorillonite (Figure 7.4).

148.00

120.00 —

80.00 —

Volume {cc/g)

0.00

0.00 0.40 0.80 1.10

Relative Pressure, P/IPo

Figure 7.1 Nitrogen isotherms for Wyoming bentonite, sodium montmorillonite and

chromia pillared montmorillonites
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Figure 7.2 Nitrogen isotherms for sodium montmorillonite, cerium oxide and mixed

chromium and cerium oxide pillared montmorillonites
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Figure 7.3 Nitrogen isotherms for Wyoming Bentonite and tin oxide pillared

montmorillonite
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Figure 7.4 Nitrogen isotherms for sodium montmorilionite and europium oxide pillared

montmorilionite

All surface areas were calculated using the multi point BET method as described in
Section 3.2.4. The results are presented in Table 7.1. Table 7.2 shows the relative
values with regard to the values for sodium montmorillonite. For clarity an example of
the calculation of the surface area via the BET method for the chromia pillared
montmorillonite CM3 is presented here. From the linear plot of 1/[W(Po/P)-1] versus
P/P, in the range 0.02 to 0.13 (Figure 7.5) the slope and the intercept can be found (S =
20 and 1 = 0.08). As a result the weight of a monolayer of adsorbate W,, can be
calculated 1/(S+1), 0.05g. Therefore the total surface area of the sample 1s:

S.= W, N A /M =0.05g 6.023 x10% molecules/mol 162 A’/ 28.013 g/mol =
174m”.
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Figure 7.5 BET plot for the cancined pillared montmorillonite CM3

The composition, population (dimmers, trimers) and orientation of pillaring species
influence surface area. Chromia pillared montmorillonites prepared from Wyoming
Bentonite and sodium montmorillonite exhibited multi-fold increase in their surface
area after calcination compared to their unpillared counterparts, which was attributed to
the formation of chromia pillars expanding the clay layers. The increase in the surface
area is correlated with the basal spacing of the respective materials which, in turn, is
depended on the OH/Cr ratio used during the preparation. Similar results were reported
by Pinnavaia et al. [118], Sychev et al. [135], Canizares et al. [131] and Volzone [122,
132]. It should be noted, however, that the results obtained from nitrogen sorption are
an average of the accessibility of the materials (three dimensional) in contrast to the

basal spacings obtained by XRD which provide only one-dimensional information.
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Refined Wyoming Bentonite pillared with tin oxide after calcination for 1h at 500°C
showed a four-fold increase in its surface area compared to the respective of the starting
material as received (Table 7.1, Table 7.2). Nevertheless, a similarly prepared tin oxide
pillared montmorillonite by Hannus et al. after calcination for 2h at 500°C displayed
lower surface area (91 compared to 167 m?/g) [123]. The same discrepancy has been
observed in the basal spacings between the material prepared here and that reported by

Hannus et al. (Section 4.1.3).

Sodium montmorillonite pillared with mixed chromium and cerium oxide pillars
displayed a four-fold increase in its surface area, lower than the respective of the
montmorillonite with single chromia pillars prepared using the same OH/Cr ratio of 2
(CM16), indicating in agreement with the XRD pattern that cerium was not found in the
chromia pillars and may have been in another form such as an oligomeric cation in the
interlayer region. Montmorillonite pillared with single cerium oxide pillars showed only
a 1.7-fold increase in its surface area supporting the assumption of non-formation of
polynuclear cationic complexes during hydrolysis of cerium nitrate leading to large
cerium oxide pillars (Table 7.1, Table 7.2). Hernando et al. [35] have reported similar
surface area for their cerium oxide pillared montmorillonite after calcination at 400°C
(95 m?/g). On the other hand, calcined curopium oxide pillared montmorillonite did not
show any change at all in its initial surface area. It is likely that the europium oxide
pillars had completely collapsed during calcination filling the interlayer region in
analogy with the sodium cations surrounded by their hydration spheres that fill the

interlayer region of sodium montmorillonite.

The micropore volume and surface area of the starting materials, calculated by de
Boer’s t-plot method, were very small which is in accordance with their classification
as meso-macroporous materials. Sodium montmorillonite displayed slightly higher pore
volume and mean average diameter compared to Wyoming Bentonite as received
(Table 7.1, Table 7.2). This may be due to the partial acid activation that took place
during preparation of sodium montmorillonite leading to the formation of extra
mesopores. Mishra and Parida have suggested the formation of extra mesopores n
pillared materials derived from acid activated sodium montmorillonite displaying
somewhat low basal spacings and surface areas but possessing significantly higher total

pore volumes [32].
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Pillaring of refined Wyoming Bentonite and sodium montmorillonite with chromium,
tin and cerium oxides clearly induced microporosity (pores with diameter below 204),
demonstrated by an increase in micropore volume and microporous surface area and a
decrease in the average pore diameter, whereas pillaring with europium oxide did not.

Europium oxide pillared montmorillonite exhibited a two-fold increase in its average
pore diameter and total pore volume compared to sodium montmorillonite (194A
compared to 92A) and no microposity. The increase in total pore volume observed in
pillared clays can be normally justified by the added amount of microporosity to the
total porosity of the starting clay material. However in the case of europium oxide
pillared montmorillonite it cannot. It may be hypothesised instead that during
calcination dexydroxylation of the pillars and the clay structure occurred resulting in
the formation of large pores. Furthermore the total pore volume of sodium
montmorillonite decreased after pillaring with cerium oxide, although microposity was
induced. It may be assumed that some of the mesopores of the starting clay were filled
with cerium oxide during pillaring. This assumption is supported by the significant

weight increase of the clay observed after pillaring.

Similar lack of microporosity with europium oxide pillared montmorillonite has been
displayed by a titania pillared montmorillonite prepared by Chae et al. [134] and two
pillared bentonites with mixed alumina and lanthanum or cerium oxides prepared by
Booij et al. [119]. The pillared bentonites exhibited large average pore diameter in the
range between 60 and 70A, which was attributed to the clay particle aggregation in a
house of cards like structure (edge-to-face and edge-to-edge arrangements as observed
by TEM) and corroborated by significant increase in their total surface area, which did
not occur for europium oxide pillared montmorillonite. Hence, it appears that
microporosity generated during the pillaring procedure differs with the type of the

pillar, as evidenced by the XRD and nitrogen isotherm results.

All the mesopore size distributions obtained by the BJH method displayed one
maximum at a pore diameter of ca. 38.8A differing in the height of the peak, with the
exception of europium oxide pillared montmorillonite that displayed a bimodal
distribution with the first peak at a pore diameter of 38.6A and the second broader at ca.

140A elucidating its macroporosity (Figure 7.6, Figure 7.7).
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Since no multiple samples of cerium and europium oxide pillared montmorillonites
were prepared and analysed by nitrogen adsorption, there is a question of
reproducibility. However, based on the experience gained during the preparation of the
other pillared clay materials following similar methods, it is the researcher’s belief that
the differences observed were real and not due to factors related with the preparation
procedure. If the experimentation time was longer reproducibility would have been

validated.

From the XRD analysis of the used pillared clay catalysts it was assumed that harsh
hydrocracking conditions in the microbomb reactor lead to partial collapse of the pillars
(Section 4.3). This is supported by the nitrogen sorption analysis of the chromia pillared
montmorillonite CM6 catalyst after undergoing hydrocracking conditions in the
absence of feed. The catalyst showed a slight decrease in its BET surface area, as well
as an increase in its average pore diameter compared with the respective of the fresh
catalyst. In addition, the micropore surface area, micropore volume and the ratios of
Vmie/ Vi and Smic/Siowr of the used catalyst decreased compared to the respective of the
fresh one. All the above observations illustrate the fact that harsh hydrocracking

conditions indeed lead to partial collapse of the pillars in pillared clay catalysts.

Pore Radius (nm)

Figure 7.6 Mesopore size distributions for Wyoming Bentonite and chromia and tin

oxide pillared montmorillonites
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Figure 7.7 Mesopore size distributions for sodium montmorillonite and cerium,

europium and mixed cerium and chromium oxide pillared montmorillonites

7.2 Laponite and respective pillared clays

The isotherm of laponite was a combination of type I (microporous materials) and TV
(mesoporous materials). The hysteresis observed at higher relative pressures is due to
capillary condensation in mesopores and corresponded to type H2 in the TUPAC
classification. After its pillaring with either tin or chromium oxides, the isotherm
retained its original shape and shifted to either lower or higher volume of adsorbed

nitrogen respectively (Figure 7.8).

The pillaring of laponite did not have a significant effect in its total (BET) surface area
or pore volume. Pillared laponite demonstrated cither an increase or a slight decrease in
its surface area depending on the pillaring species, chromium or tin respectively and
almost constant pore volume. Similar results were reported by Volzone for chromia
pillared laponite [132]. However, the surface area obtained here for chromia pillared
laponite was nearly double compared to that reported by Pinnavaia et al. [117],
although basically the same method was followed. This is probably due to the very high
amount of chromium intercalated in their preparation, which is attributed to washing by
dialysis instead of centrifugation, whereas in the current preparation washing was

conducted by centrifugation. A tin oxide pillared laponite prepared by Occelli [136]
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following a completely different method (via a colloidal suspension of tin oxide
particles) compared to that followed here displayed surface area in the same order of

magnitude (318 m%/g).

It is clear that the pillaring of laponite did not influence much its porosity. Tin oxide
pillared laponite actually displayed lower microporosity compared to the respective of
the untreated laponite. This is in agreement with Maes et al. [133], who reported that
the pillaring of laponite with titania, alumina and zirconia did not affect the porosity. In

fact the microporosity of alumina pillared laponite even decreased.
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Figure 7.8 Nitrogen isotherms for laponite and chromia and tin oxide pillared laponites

Distortion was observed in the laponite isotherms (unpillared and pillared). It occurs
due to the presence of pores on the border region between micro- and mesopores (15-
35A) and can shift the linear region in the t-plot to higher t-values. Consequently the
micropore volumes calculated for these types of isotherms are high because they are
composed of the volume of micropores as well as the volume of the small mesopores
[133]. Therefore, the micropore volume obtained by the t-plot must be interpreted as the

sum of the volume of micropores and small mesopores, which explains why the
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micropore volume and surface area were almost equal to the total pore volume and

surface area.

However, the pillars are not solely responsible for the pore system; the stacking of the
clay layers into aggregates has a significant influence. The microporosity introduced by
the pillaring of laponite is almost negligible compared to the volume formed by the
delaminated stacking of the clay layers, but it will influence the catalytic behaviour

[133].

The mesopore size distributions of both pillared laponites resembled that of the
untreated laponite. All distributions displayed one maximum at a pore diameter of ca.
36.6A, which is slightly lower than the respective displayed for pillared

montmorillonites (Table 7.1).

7.3 Reference catalyst

The conventional catalyst NiMo/alumina used as a reference material in the
hydrocracking runs was also analysed by nitrogen sorption in order to be compared
with the other materials. It displayed, as expected, a type III isotherm typical for
macroporous materials (Figure 7.9). Its BET surface area was double that of Wyoming
bentonite, sodium montmorillonite and europium oxide pillared montmorillonite and 1ts
mean pore diameter (168A) was higher compared to all the other materials (pillared and
unpillared) except europium oxide pillared montmorillonite. Although it did not show
any microporosity, it exhibited the highest total pore volume (Table 7.1, Table 7.2). Its
mesopore size distribution showed a maximum at a pore radius of ca. 50A, coinciding
with the second peak displayed in the distribution of europium oxide pillared

montmorillonite (Figure 7.10).
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7.4 Summary

Pillaring of Wyoming Bentonite and sodium montmorillonite caused a multi-fold
increase on the surface area, both total and microporous, and the pore volume, whereas
pillaring of laponite only affected the total surface area as determined by this
experimental technique. Moreover, the ratios of micropore volume to total pore volume
and micropore surface area to total surface area (BET) increased after pillaring with
respect to the ratios for Wyoming bentonite and sodium montmorillonite. However, the
sodium montmorillonite pillared with europium oxide did not follow the general trend
of the pillared montmorillonites. It did not display any microporosity or increase in its
surface area and, in addition, showed higher macroporosity than the origial
montmorillonite. This could be attributed to the utilisation of europium oxide as
pillaring species resulting in unconventional products behaving differently than the

usual pillared clays deserving further investigation.

The unaltered surface area is likely to be due to the complete collapse of the europium
oxide pillars during calcination filling the interlayer region in analogy with the sodium
cations surrounded by their hydration spheres that fill the interlayer region of sodium
montmorillonite. In addition the two fold increase in total pore volume may be
attributed to the dexydroxylation of the pillars and the clay structure that may have
occurred during calcination and resulted in the formation of large pores. In conclusion,
it appears that microporosity generated during the pillaring procedure differs with the

type of the pillar, as evidenced by the nitrogen sorption results.
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8 MAGIC ANGLE SPINNING NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY (MAS NMR); RESULTS & DISCUSSION

MAS NMR was the final characterisation method applied to the starting clay materials
and their pillared derivatives after calcination. The recorded 23 and *’Al MAS NMR
spectra are presented herein aiming to identify weather pillaring with a range of species
causes any changes in the aluminosilicate framework of the raw material. 28 and YAl
MAS NMR spectra were also obtained for the chromia pillared montmorillonite CM6
after undergoing hydrocracking conditions in the absence of feed in an attempt to study

the effect of hydrocracking conditions in the aluminosilicate framework of the catalyst.

However, it should be noted that although 2Si MAS NMR provides information on the
screening within, and hence the nature of, the silicate backbone, the formation of a
charge-transfer complex in the interlayer may or may not cause a significant shift in
electron density to be transmitted through the exchange sites to those silicon nuclel.
2’A1 MASNMR can readily determine the coordination of aluminium, so that
substitution of A" into the tetrahedral silicate sheet, indicative of increased

isomorphous substitution may be followed.

8.1 Wyoming Bentonite, sodium montmorillonite and respective pillared clays

Wyoming Bentonite’s 29Si spectrum consisted of two peaks, one corresponding to
phyllosilicate silicon and the other, upfield of the first, corresponding to silica
polymorphs, such as the quartz impurity (Figure 8.1). These chemical shift ranges of -
91 to -98 ppm for phyllosilicate silicon, labelled Q’, and -106 to -115 ppm for silica
polymorphs, labelled Q*, are well-known [137, 138].

The electronic environment of the nucleus influences significantly the 23i chemical
isomer shift. For tetrahedral silicon there is good correlation between the isomer shift,
the degree of polymerisation and the number of next nearest neighbour aluminium
atoms. As the number of the next nearest neighbour Al atoms increases, polymerisation
decreases leading to decreased shielding of the silicon nucleus and a less negative
isomer shift with respect to tetramethyl silane. In montmorillonite, ideally, each silicon
has a maximum of two next nearest neighbour aluminium atoms. However,

isomorphous substitution of iron in the octahedral layer and aluminium and/or iron n
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the tetrahedral layer, in combination with a random layer composition and edge effects
can result in any number between none and four leading to rather broad resonances that

overlap slightly.
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Figure 8.1 2%Si MAS NMR spectrum of Wyoming Bentonite as received

The spectrum of monoionic sodium montmorillonite exhibited the same resonances
with Wyoming Bentonite as received (Figure 8.2). Nevertheless, the first resonance
decreased in intensity, whereas the second resonance remained almost unchanged
indicating that a significant amount of quartz was still present in the clay despite the
refining process undertaken. The lower intensity of the resonance at -93.6 ppm could be
attributed to continuous stirring and centrifugation employed during the preparation of
sodium montmorillonite, which led to the degradation of crystallinity of the original

clay and also influenced the XRD pattern.
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Figure 8.2 2%Si MAS NMR spectrum of sodium montmorillonite

All silicon atoms of calcined pillared montmorillonite with chromium, tin, cerium or
europium oxides continued to occupy two environments (Q? and Q%) as indicated by the
resonance peaks (Figures 8.3 to 8.8). The less negative 23 resonance (Q°) shifted
upfield for the calcined pillared derivatives compared with the respective resonance of
the starting materials, while the ca. -107 ppm resonance attributed to quartz remained
unaltered. A similar upfield shift observed on a calcined alumina pillared clay has been
attributed to the diffusion of charge compensating protons generated during calcination
to the octahedral layer [139]. In an improperly hydrolysed sample, shifts of the si
signal could also result from the thermal diffusion to vacant octahedral sites of residual

M*" ions in the interlammellar space [140].

156



-96.593
-107.288

Ay /M /\WN M WVWM/,/\J\MWM«MJ\M.

100 50 0 -50 -100 -150 -200 -250 pPpmMm

Figure 8.3 295 MAS NMR spectrum of calcined chromia pillared montmorillonite CM3
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Figure 8.4 *’Si MAS NMR spectrum of calcined chromia pillared montmorillonite CM6
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Figure 8.5 25i MAS NMR spectrum of calcined tin oxide pillared montmorillonite
SM1
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Figure 8.6 °Si MAS NMR spectrum of calcined montmorillonite pillared with mixed

chromium and cerium oxides
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Figure 8.7 298i MAS NMR spectrum of calcined cerium oxide pillared montmorillonite
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All the solid state *°Si MAS NMR chemical shifts relative to tetramethyl silane are
presented in Table 8.1.

Table 8.1 Solid state 2°Si MAS NMR chemical shifts for Wyoming Bentonite, sodium

montmorillonite and their pillared derivatives

Samples 0 (ppm) 0 (ppm)
Wyoming Bentonite -93.4 -107.8
Cr-mont calcined (CM6) -94.4 -107.3
Sn-mont calcined -949 -107.4
Na-montmorillonite -93.6 -107.3
Cr-mont calcined (CM3) -96.6 -107.4
Ce-mont calcined -95.9 -107.6
Eu-mont calcined -98.9 -107
Cr/Ce mont calcined -98.9 -107.7,-110.2

Comparison of the S spectra among Wyoming Bentonite, sodium montmorillonite
and their calcined pillared derivatives indicates that the silicate layer remained
practically unchanged by the pillaring and calcination procedures. No relevant literature
is available on calcined pillared montmorillonites with chromium, cerium or europium
oxides. However, MAS NMR information on tin oxide pillared montmorillonite [123]
is in agreement with the current work. Furthermore, an alumina pillared
montmorillonite synthesised previously by Bodman also exhibited a practically
unchanged *Si spectrum [4]. In contrast, the respective spectrum of an unpillared
sodium montmorillonite heated to the temperature of calcination (500°C) showed two
peaks over the range -106 to -115 ppm suggesting two slightly different Q*

environments, indicative of different next-nearest neighbours [130].

Spinning sidebands are obvious in all the 2931 spectra (Figures. 8.1 to 8.8) arising from
modulation of the central transition by sample spinning and being enhanced by an
increasing iron content in the sample due to magnetic susceptibility effects [141]. It 1s
well known that randomly distributed paramagnetic ions in a naturally occurring
mineral also have a significant broadening effect on its solid state MASNMR spectrum,
due to both scalar electron-nuclear coupling, and modulation of the magnetic field
experienced by the subject nucleus [142]. Increasing the content of paramagnetic 1ons
reduces the quality of the spectrum. Nevertheless, no particular problem was

encountered with the quality of the current spectra, regardless of the presence of
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paramagnetic iron in all the samples and chromium in the chromia pillared

montmorillonites.

The positions of Al resonances are strongly influenced by co-ordination number and it
is therefore easy to distinguish between tetrahedrally and octahedrally coordinated Al.
The former presents chemical shift over the range 50 to 80 ppm, whereas the latter
between -10 and 20 ppm. Hence, substitution of AP’" into the tetrahedral silicate sheet,
indicative of increased isomorphous substitution may be followed. However, there are
problems associated with obtaining quantitative ratios of tetrahedral: octahedral
aluminium from 2’Al MAS NMR spectra not only due to the inconvenient position of
spinning sidebands resulting from octahedral aluminium when observing the central
transition of tetrahedral aluminium or vice versa, but also associated with different
quadrupolar interactions in the two structural environments [143]. Consequently, only

the variation in the magnitude of the ratio should be taken into consideration.

The transition from octahedrally bound aluminium to tetrahedrally coordinated
aluminium occurs during the heating process and is a result of dehydroxylation. More
recent reports have shown peaks in the range of 31 to 37 ppm which have been assigned
to 5-coordinate aluminium [140]. The difficulties in detecting 5-coordinate aluminium
have been associated with the overall instability of this coordination environment
combined with a ca. 90% loss in intensity of *’Al NMR signal intensity upon

dehydroxylation [130].

Wyoming Bentonite’s 27 Al NMR spectrum presented an intense peak at 56.4 ppm and a
less intense peak at -2.2 ppm representing tetrahedrally and octahedrally coordinated
aluminium respectively (Figure 8.9). However, the high intensity of the peak at around
55 ppm indicates major isomorphous substitution of aluminium in the tetrahedral layer

in contrast to the literature [4, 130, 140].
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Figure 8.9 Al MAS NMR spectrum of Wyoming Bentonite

Due to the practically unchanged 2%Si MAS NMR spectra by the pillaring and
calcination procedures, only one 2’Al MAS NMR spectrum was obtained for chromia
pillared montmorillonite in order to investigate if the same trend with the ¥Si MAS
NMR spectra is followed by the 2’Al MAS NMR spectra (Figure 8.10). Again the N
MAS NMR spectrum appeared relatively unchanged after pillaring and calcination. All
the results are presented in Table 8.2. However, the 2TAl NMR spectrum of a Texas
sodium montmorillonite after calcination at 500°C for 10h in air, displayed changes in
coordination of structural aluminium attributed to partial dehydroxylation of the lattice
and formation of S-coordinate aluminium, which did not occur in the current work

[140].

Table 8.2 Solid state 2’Al MAS NMR results of Wyoming Bentonite and its chromia
pillared derivative CM6

Samples 0 (ppm) 0 (ppm)
Wyoming Bentonite 56.4 -2.2
Cr-mont calcined (CM6) 55.2 0
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Figure 8.10 2TA1 MAS NMR spectrum of calcined chromia pillared montmorillonite
CM6

An attempt was undertaken to characterize by MAS NMR the pillared clays after they
had been used as hydrocracking catalysts with the aim to collect information on the
impact of the hydrocracking procedure in their structure. However, spinning the sample
at a rate of thousands of revolutions per second led to leakage of the oil (i.e. product
from the hydrocracking of coal liquids) that was occluded in the coke coated catalyst
causing short circuiting of the probe’s coil. As an alternative the chromia pillared
montmorillonite CM6 that was treated under hydrocracking conditions in the absence of
feed was analysed by MAS NMR (Figure 8.11, Figure 8.12). Nevertheless no
significant changes appeared in either the 281 or Al MAS NMR spectrum compared

to the respective ones before use (Table 8.3)

Table 8.3 Solid state ¥°Si and *’Al MAS NMR results of the chromia pillared

montmorillonite CM6 before and after undergoing hydrocracking conditions

Samples “Si 6(ppm) *TAl 6(ppm)
Cr-mont calcined (CM6) -94.4 -107.3 55.2 0
Cr-mont calcined (CM6) after HC -95.2 -110.9 85.2,57.4 3.9
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Figure 8.11 29%5i MAS NMR spectrum of calcined chromia pillared montmorillonite

CM6 after undergoing hydrocracking conditions in the absence of feed
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Figure 8.12 2’Al MAS NMR spectrum of calcined chromia pillared montmorillonite

CMG6 after undergoing hydrocracking conditions in the absence of feed
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8.2 Laponite and respective pillared clays

The *’Si MAS NMR spectrum of laponite showed two resonances at -94.3 and -85.1
ppm respectively in agreement with the literature (Figure 8.13) [127, 144]. The data are
interpreted with regards to the number of SiO, tetrahedra linked to a central SiO4
tetrahedron via bridging oxygen atoms. Therefore Q’ represents a SiO4 group with one
terminal oxygen and three forming common vertices with three other S10; tetrahedra.
The dominant resonance at -94.3 ppm is derived from the Q’® silicons. The weak
resonance at -85.1 ppm is caused by the Q* silicon which must occur at the silicate
sheet edges. This component is visible with laponite RD because of the very small

particle size of the clay, leading to a significant proportion of edge sites.

After pillaring with tin oxide the 2%Si MAS NMR spectrum of laponite remained
unaltered (Figure 8.13, Figure 8.14). However, pillaring with chromium oxide and
calcination at 500°C under argon, modified the spectrum. Only one resonance was
exhibited at -96.9 ppm (Figure 8.15). In addition, large spinning sidebands appeared in

the spectrum attributed to the paramagnetic character of chromium.
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Figure 8.13 2951 MAS NMR spectrum of laponite
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Figure 8.14 °Si MAS NMR spectrum of tin oxide pillared laponite
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Table 8.4 Solid state Si MAS NMR results for laponite and its pillared derivatives

Samples 0 (ppm) | 0 (ppm
Laponite -85.1 -94.3
Sn-laponite -84.9 -94.4
Cr-laponite calcined -96.9

The change observed in the 29Si MAS NMR spectrum for the calcined chromia pillared
laponite is in agreement with the work by Mandair et al. on the thermolysis of laponite
[144]. They reported that after heating laponite at 600°C the Q” resonance was not
resolved and only a relatively sharp resonance was seen at -97.7 ppm and suggested that
the lithium ions had become labile and been removed from their structural octahedral
sites to edge sites and that was reflected in the shielding of the silicon Q’ sites. In this
respect, the change in the 298i spectrum for the calcined chromia pillared laponite
should be attributed to the calcination procedure and not the pillaring, which is

supported by the unaltered %S spectrum for the uncalcined tin oxide pillared laponite.

8.3 Summary

The YAl MAS NMR spectra of Wyoming bentonite and its derived pillared
montmorillonites all showed a dominant resonance at ca. 56 ppm and a weak resonance
at ca. -2 ppm representing tetrahedrally and octahedrally coordinated aluminium
respectively. This indicates major isomorphous substitution of aluminium in the
tetrahedral layer in contrast to the literature. With respect to the pillaring procedure, the
2gi and YAl MAS NMR spectra of the prepared materials did not exhibit any
significant changes before and after pillaring signifying that the aluminosilicate
structure of the materials remained basically unaltered. The appearance of only a sharp
Q’ resonance in the 295{ MAS NMR spectrum of chromia pillared laponite whilst the Q’
resonance was unresolved is attributed to the calcination procedure. During calcination
the lithium ions became labile and were removed from their structural octahedral sites

to edge sites and that was reflected in the shielding of the silicon Q” sites.
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9 CATALYSTS HYDROCRACKING PERFORMANCE; RESULTS &
DISCUSSION

This chapter presents the conversions achieved during two series of hydrocracking runs
in a microbomb reactor at Imperial College utilising a range of clay materials (pillared
and unpillared) as catalysts and coal liquids as feed. In the first series fresh feed and
fresh catalysts were employed, whereas in the second series a selection of recovered

coated catalysts and fresh feed were in use.

Based on these results the performance of the catalysts is assessed in comparison to the
respective performance of a conventional catalyst (NiMo on alumina). An attempt is
undertaken to correlate the catalyst’s performance with their properties, which were
identified previously via the characterisation route. The effect of coke deposition on the

catalysts’ activity is taken into consideration.

This chapter also presents the commissioning of a microwave hydrocracking reactor
operating at moderate conditions (13.8 bar and 190°C) and the results from a test with
coal derived liquids as feed and NiMo on alumina as catalyst. These results are used to
appraise weather microwave irradiation enables conversion to occur at milder
conditions than those conventionally used, coupled with a more effective use of

hydrogen.

9.1 Hydrocracking conversions in the microbomb reactor

According to colleagues working at Imperial College, ‘conversion’ is defined as the
proportion of material in the initial feed of boiling point above 450°C, which has been
converted to lower boiling products. The calculation depends on the determination of
the mass of product mixture after hydrocracking and the proportion of it boiling above
450°C by TGA. Conversions have been calculated both with (total conversion) and
without (liquid conversion) inclusion of the carbonaceous deposits as above 450°C
boiling material. Material deposited on the catalyst and not removed with
chloroform/methano! was classed as boiling above 450°C. This correction was
performed in order to distinguish between catalysts with high hydrocracking activity
from those which merely remove the above 450°C fraction as coke on catalyst. The

exact formulas are presented below:
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Amount of BP>450°C in the feed —Amount

of BP>450°C in the product
Liquid conversion % = x 100

Amount of BP>450°C in the feed

Solids (Catalyst weight loss, %): determined by thermogravimetric analysis

Amount of BP>450°C in the feed -
(Amount of BP>450°C in the product +

Total conversion % = Solids) x 100

Amount of BP>450°C in the feed

BP: boiling point

A better factor than the total conversion for assessing the hydrocracking performance of
the catalysts, bearing in mind that in a commercial process the liquid phase would be
recycled infinitely to yield the desired product, is the ratio of the liquid phase towards

the sum of the liquid and solid phase:

Liquid conversion %

x 100

Liquid conversion % + Solids %

The abbreviation [L/(L+S)]% will be used herein to describe this factor.

All the results are presented in Table 9.1 and Table 9.2. The respective mass balances
are presented in Appendix 2. The conversion calculations for the first run conducted

with the chromia pillared montmorillonite CM3 are presented below as an example.

Feed (mg) = 1015.7
Ash free feed (mg) = 963.9
Amount with boiling point >450°C in the ash free feed (%) = 46.5
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Amount with boiling point >450°C in the ash free feed (mg) = 448.2
Recovered product (mg) = 709.8

The percentage of the recovered product with boiling point above 450°C was
determined by TGA. The temperature was kept at 30°C for 15 min followed by a
4°C/min ramp up to 247°C (corresponding to 450°C boiling point) where it was held for
10 min. The profile is presented in Figure 9.1.

80 - 1

60

50

Weight (%)
N
ja]
|

30 4—
0 .
0 10 20 30 40 50 60 70 80

Time (min)

Figure 9.1 TGA profile for the first run conducted with the chromia pillared

montmorillonite CM3

The percentage of the recovered product with boiling point above 450°C was obtained
by dividing the weight at the end of the run (only material with boiling point above
450°C remained on the TGA pan) by that at 15 minutes (CHCl;/MeOH has been

completely evaporated).

Amount of product with boiling point above 450°C (%) =3.49/1531=22.8
Amount of product with boiling point above 450°C (mg) = 161.8

Recovered catalyst (mg) = 453.4

Catalyst weight loss (by TGA, %) = 34.5
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Catalyst weight loss (solids, mg) = 156.4

As a result for the first run conducted with CM3 the conversions are:
Liquid conversion % = (448.2 — 161.8)*100 / 448.2 = 63.9

Total conversion % = [448.2 — (161.8+156.4)]*100/ 448.2 =29
[L/(L+S)]% = {63.9 / (63.9 + 34.5)]*100 = 64.9

The blank run that was conducted under the same conditions with all the other runs but
in the absence of any catalyst displayed considerable hydrocracking attributed to a
thermal effect. In order to distinguish catalytic hydrocracking from thermal
hydrocracking, relative conversion factors were calculated by subtracting the total
conversion and the [L/(L+S)]% of the blank run from the respective of all the catalytic

hydrocracking runs. The results are presented in Table 9.3.

The hydrocracking runs employing the chromia pillared montmorillonite CM3 and
unpillared laponite as catalysts were duplicated in order to check the reproducibility of
the process and assess the magnitude of experimental error. Liquid conversion and
solids values presented variation in the range 6 to 11% and 3 to 8% respectively (Table
9.1 and Table 9.2). However, the calculated total conversion displayed a much lower
variation of 1 to 3%, whereas the [L/(L+S)]% showed only 1% variation. Therefore, in
the assessment of the results an experimental error of 8% and 5% will be taken into
account for the liquid conversion and the solids respectively, while a 2% error will be

considered for the total conversion and the [L/(L+S)]%.
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9.1.1 First series of hydrocracking runs

The first series of hydrocracking runs was conducted with both fresh catalysts and fresh
feed. The liquid conversions obtained ranged between 41 and 64%. The chromia
pillared montmorillonite CM3, which was prepared from sodium montmorillonite
exhibited the highest liquid conversion (64%) followed by the tin oxide pillared
laponite SL2a (59%). However, considering the experimental error (£8%) no one of the
catalysts appeared to supersede the others with regards to liquid conversion. The
majority of catalysts including the reference catalyst NiMo/Al,O5 and the pillared clay
catalysts prepared earlier by Bodman (B61, B14, B71) displayed liquid conversion over
the range 64 + 8%, whereas a smaller number of catalyst showed lower liquid
conversion over the range 41 + 8% (Na-mont, Ce-mont, W.B., Cr-mont CM2b, Cr-
mont CM2d, SL5a, SL7b, SL5a) (Figures 9.2 and 9.3).

Sodium montmorillonite, Wyoming Bentonite and their pillared derivatives displayed a
narrower distribution of coke deposition over the range 23 to 38% compared to the
respective for laponite and its pillared derivatives (21 to 43%). Taking into account the
experimental error (£5%) once again most of the catalysts fall into the same category.
The europium and cerium oxide pillared montmorillonites, the unpillared laponite and
the tin oxide pillared laponites SL6a, SL9a, SL7a exhibited the lowest amount of coke
deposition (20 to 23%) (Figures 9.2 and 9.3).

The reference catalyst (NiMo/Al,03), the europium oxide pillared montmorillonite, the
unpillared laponite and the tin oxide pillared laponite SL7a displayed the highest
relative total conversion (12 to 16%) bearing in mind the experimental error (£2%). On
the contrary the chromia pillared montmorillonite CM2b and the tin oxide pillared
laponites SL.2a and Sl.4a showed negative relative total conversion, whereas the
chromia pillared montmorillonite CM2d and the tin oxide pillared laponites SL3a and
SL7b showed zero relative total conversion indicating only thermal and no catalytic

hydrocracking.
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9.1.3 Discussion

and pillared) also showed an im’p/éﬁ 34 V
their surface after the first use, up to 4 "ﬁltere‘a"ke The depo t’s}"afe
mainly composed of heavy material Wthh is therefore not hydrocracked As a result "

real comparisons cannot be drawn from the tests with fresh catalysts The most,

promising catalysts were ‘tested on a second 2 h long run, which \allo_we_\dg\t
activity to be determined without being affected by the strong initial depto‘s_,‘iti‘on_ tak ]
place at the early stages of hydrocracking. During catalyst reuse, the new d‘epositien

was significantly lower and, thus, a more reahstlcassessment of eatalyst activi‘ty was

achieved [145].

It is assumed that during first use/séme /;(i)f th

most of the catalysts show improved hydrocracking performance durmgsecond use.

At Aston University the relative conversion factor L/(L+S) was considered as the most .
appropriate for the assessment of the hydfoeréekiﬁéf;’;éfferrnance of the pillared cl‘éy
catalysts. With this respect, the chromia pillared motitrﬁ’erilloni’te CM3 'and': the tin
oxide pillared laponite SL2a exhibited the bestperformance t53" ;arid 54% respectiVely)
Sodium montmorillonite, chromia p111ared montmonﬂemte CM6, mixed chromlum—“ '
cerium oxide pillared montmorillonite and Wyomlng Bentonite as received dlsplayedl
similar conversions with the reference catalyst NiMo/Al,O3 (40%),_ but shghtly lower
than the respective for CM3 and SL2a. However, the small amounts of catalyst and \

feed employed in the runs might have compromised the ability of the test programme
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to provide definitive trends by increasin;
mformatxon on heteroatom removali (by elementa _analysis) in the

resulted in a better assessment of/cataly‘tlc performance

The situation between the tin oxide pillared :

reversed between first and second us,/e,f:Iheyf :  deposition of

carbonaceous materials (coke) indicating;the;}rem al 1 boiling above

450°C as insoluble products and deposits on tlflre:cas;alé ’

ihydro:cracking
activity during either first or second use. The _minor n ;the preparation.
method and the resulting intercalated tin content between ‘the two catalysts cannot
account for the totally different catalytic performance observed. Therefore, the real
effectiveness of SL2a should be questioned. Given more research time, sepeated.

experiments would have been carried out.

The intercalation of chromium in the clay clearly increased conversion, although the
increase was not proportional to the increase in chromium content or basal spacing,

since the high chromium - high basal spacing montmorlllonlte (CM6) showed lower

conversion than the low chromium - zlow,,basgl:spagm ' reasing plllarf,‘_ - -

density (higher chromium content) is expected to /inelre"’” thlty' However,
high pillar density could reduce accessibility of the actlve srces and, therefore reduce
activity. The latter is in agreement with Pinnavaia et al. who attributed the greater

activity exhibited by a chromia pillared montmorillonite with low ch,romlum' contentyg”

compared to the respective activity of a chromia pillared montmorillonite wi U
chromium content in the dehydrogenation of cyclohexane to benzene to the hlgher"
degree of chromium’s dispersion in the interlayer. Nevertheless, these chromia pillared

montmorillonites both exhibited similar basal spacings [118].

No correlation was observed among the conversions achieved during first use and the
structural properties of the catalysts, such as basal spacing, total pore volume and
surface area, micropore volume and surface area, which were manipulated via pillaring
(Figures 1 to 15 - Appendix 3). This indicates that the structural properties of the
catalysts did not influence the conversions, possibly because under operating
conditions the pillars had collapsed as indicated by XRD analysis conducted on the
used catalysts (all catalysts showed similar basal spacings after use (15.5A to 16A)).
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The collapsed pillars in those‘chﬁomiaf_pﬂﬁlf red:
basal spacing (high chromium content) possibly reduced acce

and reduced activity regardless of the higher chromium content.

Even if the pillared structure was partially reta ydrecracking conditions, .

there 1s another reason why it may not /hay,é,;af;feq_el The reason is that
coal liquids are highly complex consisting of a;::;yidr an

varying from a few hundreds to 100,000 daltons (MALDI

molecular weights

naly;si;isi), leading to a

significant proportion of these liquids being unable tQi;eriLeir;;thgfm‘é:répores indueed by

pillaring in order to reach the active sites (pillar related active sii.és).

Since the original clays showed high conversions when reused; even higher than the
respective conversions for cerium and europium oxide pillared montmorillonites, it is \\
presumed that the clay’s Bronsted acid sites are mainly responsible for the -
hydrocracking activity. However, the high activity of sodium montmorillonite and

Wyoming Bentonite contradict the lack of catalytic activity for sodium montmorillonite

or monoionic cerium montmorillonite in contrast to cerium -oxide pillared

montmorillonite in n-heptane reaction reported by Hernando . These ,auth,’o‘ts” ~

suggested that cerium needs to be in the form of cerium oxide to be ctive and that the
introduction of cerium in an alumina pillared clay increases fthe/:}éfdnsted / (Bronsted +
Lewis) ratio via increasing the number and/or the strength of the Bronsted acid sites and

leads to a shift in the selectivity towards cracking [35].However, the incorporation of

cerium in the chromia pillared montmorillonite performed here did .not’a-'ffeCti:rits,\ f

activity.

Initially it was hypothesised that the catalytic behaviour observed during second use is
attributed to a change in the oxidation state of the pillaring species, which occurred
during first use and was triggered by the hydrogen atmosphere in the microbomb
reactor. Hence, the first run could be considered as a preparatory-activation step. to
convert the catalyst to its final form. However, this change in oxidation state did not
have a favourable effect in the performance of the cerium and europium oxide pillared
montmorillonites. Furthermore, this hypothesis could not explain- the improved

conversions observed for the original clays, since they did not contain any metal oxides

whose oxidation state could be manipulated.
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As mentioned in Chapter 2 (Lit}crat:ukrfe; and

University and Imperial College chromia and alumina pillared m

oxide pillared laponite, layered ’d\(\),Ub.lel hydroxides, based on polyox

molybdate, as well as a standard NiMo catalyst sup

tract for a short contact "
t work (440°C, 190
t [2]. The chromia

montmorillonite and the tin oxide pillared laponite outperformedallthe other catalysts

Mo(CO)e catalyst were compared in hydrggrgjgkiﬁ

time of 10 min in the same microbomb reactor used fo

bar of H,), but in the presence of tetralin as a,hydrogienidi no

during the short runs and were further compared with the :siﬁppgﬁed catalyst and the
dispersed catalyst in the repeated hydrocracking of 7fres;h:co/él extract over three
sequential periods of 1h. In addition, they were compared with the supported catalyst
and in the absence of a catalyst in hydrocracking of a petroleum distillation residue
with 10 min and 2h reaction times [3]. The performances of both catalysts at short,
long or repeated reaction times were better than that of the conventional NiMo catalyst
for the hydrocracking of coal-derived materials and a petroleum residue in terms of
conversions, molecular mass reduction, polynuclear aromatic ring system reduction,
heteroatom removal and resistance to rapid deactivation [2, 3], which is in accordance.

with the current results. It should be notedthatdurm hi“ﬁ;trlier study no

hydrocracking runs were conducted with the parent cléyfs‘ as catalysts for comparison

purposes.

Bodman suggested that the activity of chromia pillared montmorillonite is 'largel,yﬁdpg
to the redox activity of the intercalated polyoxochromia oligomer, which promotes
reduction of the organic material in the presence of pressurised hydrogen, coupled with

the further increased basal spacing which allows improved access to the active sites

[4]. However, although the redox activity of the chromia pillars is in agreement with
the current findings, the assumption that the increase in the basal spacing allows better
access to the catalytic sites has been proven wrong because of the collapse of the
pillars under hydrocracking conditions. Nevertheless, Bodman had not conducted XRD

analysis on any of the used catalysts.

In the case of tin oxide pillared laponite, it was assumed again by Bodman that the
catalytic activity was a result of better access to the active sites due to the delaminated

nature of laponite, further enhanced by the presence of tin oxide, promoting the activity
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typically found in amorphous aluminosilicates in addition to: the mlcropcare_ fou

pillared clays. According to Occelli [28] relatwely*larg SIZE « orgamc molecules such _

as aromatic compounds, which are normally too large e micropores forrned

by the pillars, can penetrate the macropores of the delafnmat ays where the acidity
introduced by the metal oxide clusters causes the conversion to occur All these are n
agreement with the high performance exhibited by the ’ci’riio’xidé*ﬁ/i:ﬂa/r,éé laponite SL.2a,
but do not justify the low performance displayed by SL7a. Unpillared laponite also
displayed relatively good performance which is attributed to the better access to the

clay’s acid sites, since no metal oxides were intercalated introducing further acid sites.

Occelli also suggested that pillared laponites (delaminated) exhibit higher resistance to
coke formation compared to pillared montmorillonites, probably due to the weaker
acidity and the macroporosity of the catalyst which facilitate desorption of aromatics
which otherwise would be retained (occluded) as coke [28]. However, the current
findings do not show any significant difference between the amount of coke formed on

the pillared montmorillonites and the pillared laponites. (delammated structure)

In conclusion, valid comparisons could not be drawn from the tests with fresh catalysts
due to the rapid lay down of carbon. A more realistic assessment of catalytic activity
was achieved during catalyst reuse, while the new carbon deposition was significantly
lower. However, the small amounts of catalyst and feed employed in the runs might |
have compromised the ability of the test programme to provide definitive trends due to
higher experimental error. It appears that the chromia pillared montmorillonite CM3
and the tin oxide pillared laponite SL2a exhibited slightly better performance (53 and
54% respectively) than the other catalysts. However, some information on heteroatom
removal (by elemental analysis) in the processed feed would have improved the

assessment of catalytic performance.

The intercalation of chromium in the form of chromia (Cr,03) in the montmorillonite’s
interlayer clearly increased conversion attributed to the redox activity of the chromia
pillar, although the increase was not proportional to the increase in chromium content

or basal spacing. In the case of tin oxide pillared laponite, the catalytic activity might
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be a resultiof better access to the acid sites ‘dhe‘it@‘ th

whose activity is promoted by the presence of tin oxide. Ho
properties of the catalysts which were manipulated via pillaring did not
any effect on activity. The relatively good performance Qf all the parent ‘yls“i‘s;” j

attributed to their acid sites, coupled with;/;t/hql . which are able to

accommodate the clay liquids.

9.2 Hydrocracking conversion in the microwave reactor

A run with coal liquids (1g), a (4:1 v/v) mixture of chloroform and methanol as solvent
and NiMo supported on alumina (250 mg) as catalyst was peffoﬁned under argon (131
psig) in order to assure the safety of the system before the introduction of hydrogen,
because of its high flammability. The exact experimental conditions are presented in
Table 9.4. Chloroform/methanol was used as solvent, on the ground that the
hydrocracking products would be sent to Imperial College for analysis and their

products were collected in chloroform/methanol.

Approximately 19 min after irradiation began and while the temperature was 156°C

(bulk temperature, see Section 3.4.2) and the préé:sdfé 153 p51g, p/;i/ﬁ///of the tubing was
blown off and the run was aborted. There was no liquid left in the reactor, just solid
coal on the walls. All the solvent had evaporated. The low temperature achieved during

the run is attributed to the low absorption of microwave énergy by coal altﬁoilgh the ’

inorganics present in its ash content (5%) are receptive to microwave energy.

In an attempt to explain the failure of that run, a series of runs was performed with
chloroform and/or methanol in sealed vials to study the behaviour of these solvents
under microwave irradiation. During the chloroform/methanol runs significant pressure
increase occurred quickly attributed to the evaporation of the solvent. During the
chloroform run relatively higher temperature was achieved (182°C, bulk temperature)
compared to the respective during the chloroform/methanol runs and the pressure build-
up was lower as well. During the run with methanol the vial ruptured at 165°C (bulk
temperature) and 227 psig. These conditions are below the operational limits of the
vials (250°C bulk temperature, 300 psig). Therefore, the rupture is attributed to a

microexplosion occurring in the vial caused by the very low flash point of methanol
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(12°C). Presumably the same thing occurredvd 1

required use of hydrogen during the hydrocrackmg run and
instead of a mixture of chloroform and methanol only chloroform wa

solvent for the coal extract.

Another series of runs was conducted wifn:chlo ;fofr'n nde argaﬁto investrgate the
effect of microwave power in the final temperature and pressure Maxr um power (300
W) caused temperature and pressure fluctuations. However it was necessary in order to
achieve the relatively high temperature and pressure requlred for hydrocrackrng Still
the pressure increase was very small. During the chloroform run in a sealed vial a
pressure increase of 94 psig was exhibited, attributed to the evaporation of chloroform.
During the run under argon, the same pressure increase plus the increase attributed to
argon’s thermal expansion would have been expected. Since very low pressure increase
was displayed and in one case the final pressure was lower than the initial pressure, it is
clear that there was small leak in the system, allowing an amount of the solvent vapours
and the pressurised argon to escape. Despite all the efforts undertaken this leak could
not be eliminated, because the equipment was not originally designed for a gaseous

reactant. However, a suitable system could be designed in the future.

Two more runs were performed with coal extract and chloroform at 1460 and 190 psig
argon (initial pressure) to assess the operation of the system before the intro,duc.fion of
hydrogen. Regardless of the leak a ca. 14 bar (200 psig) final pressure was attained. The
low pressure employed was expected to hinder the system from achieving maximum

conversion, although it could allow some mild hydrocracking to occur.
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During the hydrocracking run the tempe“rat‘une*iﬁi:;: : !
under argon, leading to rapid pressure increase. The temperature was
to stop any further pressure increase (pressure limit 250 psig). Due to the

pressure decrease was observed which was parually ‘counteracted by settlng the

temperature at 190°C (Figure 9.8). After the run the sy'; 1 fpfessnri-se,d andv'thc. '
products recovered and sent to Imperial College for analyﬁ[siisa.f The 1 esults are presented

in Table 9.5.

Table 9.5 Conversion for NiMo/Al,O5 in the microwave reactor.

Liquid Solid (% of Total
Catalyst conversion % filter cake) conversion % [L/(L+S)] %
NiMo/Al,O3 70 62 -10 53

0 T T T T - E
0 500 1000 1500 2000 2500

Time (sec)

[T (0C) — P (psig) — Power (W)]

Figure 9.8 Temperature, pressure and power profiles during the hydrocracking run

It was thought that microwave irradiation could enable some hydrocracking to occur at
milder conditions (temperature and pressure) than those conventionally used with more
effective use of hydrogen leading to lower operating costs. However, in practice

excessive coke deposition occurred leading to negative total conversion. Similar

behaviour had been observed in runs in the microbomb reactor under helium instead of
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hydrogen [146]. Apparently, the very low hydro;génpress

reactor compromised its ability to achieve good hydroc‘racking.conzv.crsi;

9.3 Summary

The performance of the pillared clay catalysts wasmamlyassessed oot their
ability to hydrocrack the fraction of the feed with boilirig poirifs:above 450°C and
convert it into materials with lower boiling points. All the catalysts tested (original
clays, pillared clays and NiMo on alumina) showed a 's'ig/n/iﬁcaﬁt deposition of
carbonaceous material on their surface after the first use, and therefore valid
comparisons with regards to their catalytic activities could not be drawn. These
deposits are mainly composed of heavy material with boiling points above 450°C. The
most promising catalysts were reused showing a significantly lower deposition leading
to a more realistic assessment of catalytic activity. However, the small amounts of
catalyst and feed employed in the runs might have compromised the ability of the test

programme to provide definitive trends due to higher experimental error.

The chromia pillared montmorillonite CM3 and the tin oxide pillared laponite SL2a
showed the best conversions (53 and 54% respectively), ‘whereas sodium
montmorillonite, chromia pillared montmorillonite CM6, mixed chromium-cerium
oxide pillared montmorillonite and Wyoming Bentonite as received displayed similar
conversions with the NiMo catalyst (40%), but slightly lower than the respective for
CM3 and SL2a. Nevertheless, some information on heteroatom removal (by elemental
analysis) in the processed feed would have improved the assessment of catalytic

performance.

The intercalation of chromium in the form of chromia (Cr,Os) in the interlayer clearly
increased conversion attributed to the redox activity of the chromia pillar. However
this increase was not proportional to the increase in chromium content or basal
spacing. In the case of tin oxide pillared laponite, the catalytic activity might be a result
of better access to the acid sites due to the delaminated nature of laponite, whose

activity is promoted by the presence of tin oxide.
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The manipulation of the structural properties of the catalysts via pillar
to have any effect on the catalysts’ activity. This is probably dué. to th

pillars under hydrocracking conditions. The relatively good performance o

parent clays is attributed to their acid sites, coupled with their macropofes- which are

able to accommodate the very high molecular mass clay denvedhqulds

A microwave reactor operating at moderate conditions (13.8 bar and 190°C) was
adapted for the hydrocracking of coal derived liquids and tested with the conventional
catalyst, NiMo on alumina. The concept was that microwave irradiation could enable
conversion to occur at milder conditions than those conventionally used, coupled with a
more effective use of hydrogen. The latter could lead to lower operating costs making
the process cost effective. However, in practice excessive coke deposition took place
leading to negative total conversion. It is thought that the very low hydrogen pressure
attained in the microwave reactor compromised its ability to achieve good

hydrocracking conversion even under microwave irradiation.
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10 DECOMPOSITION OF BIO-OIL UNDER MI

This chapter studies the decomposition of bio-oil under microwave irrddfiafién
to identify the extent to which the properties of bio-oil change as a functlonof time,
temperature, mode of heating, presence of char and catalyst. The change in ‘bio-loil.’s
properties was measured by means of visual observation (physical appearance), water
content determination (Karl Fisher titration), molecular weight distribution (GPC) and

functional groups composition (FTIR).

Bio-oil contains many reactive organic compounds that form higher molecular weight
species during storage at ambient temperature. This phenomenon is known as ageing
and is intensified with increasing temperature. As a result an increase in bio-oil’s
viscosity and a decrease in its volatility occur, which are both unfavourable for fuel
applications [86]. Furthermore, like coal derived liquids and petroleum residues, bio-oil
requires high temperatures and pressures in order to be upgraded to transport fuel and
the conventional catalysts employed until now are rapidly deactivated and unable to
handle its high water content (ca. 25% wt). Hence, any information on the effect of
parameters such as temperature, time, char content etc. in the properties of bio-oil

would be helpful for any potential end user.

10.1 Effect of temperature and hold time

A series of microwave runs was performed with bio-oil irradiated (with simultancous |
cooling) at different temperatures (50, 75, 100, 125, 150 and 175°C) and hold times (0
and 30 min) in order to investigate the effect of these two factors on bio-oil’s
decomposition. Temperature, pressure and power were monitored throughout the runs
and during the cooling down process. The temperature was measured via the infrared
sensor as described in Section 3.4.2. The pressure was measured directly by a load-cell
sensor and connector mounted to the reaction vessel located in the instrument cavity
and plugged into the rear of the instrument. The pressure at the end of the run (Pfinal)
and the pressure after cooling down to ambient temperature (Pambient) were recorded.

The conditions are presented in Table 10.1.

Furthermore, it was aimed to investigate whether microwave irradiation per se and not

temperature played a role in bio-oil’s decomposition. In this respect another series of
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runs was performed with bio-oil heated conventionally at 50

to monitor the actual temperature or pressure, only the temperature of the minera

bath.

100, 125, 150 and 175°C

for 30 min in a mineral oil bath (Table 10.2). However, in this case it 'w'a'sﬂ, not e

Table 10.1 Experimental conditions for the bio-oil runs condué‘;éd under microwave

irradiation
Run | Feed T Power | Hold | Pfinal | Pambient | Recovered | Unconverted
No (2) ‘0O (W) time (psig) (psig) product bio-oil %
(min) (2
9 8.22 50 75 30 3
17 8.04 50 75 30 4 3 8.04 100
18 8.03 75 100 30 8 3 8.02 99.9
3 8.85 100 200 30 20
12 8.73 100 200 30 17
19 8 100 200 30 24 13 7.99 99.9
35 8.24 100 200 18 17 8 8.22 99.8
13 8.18 125 200 30 39
20 8.09 125 200 30 70 40 8.04 99 .4
31 8.19 125 200 30 59 32 8.13 99.3
4 8.1 150 250 30 107
14 8.74 150 | 200-250 30 122 60
21 7.96 150 | 200-250 30 162 90 7:9 992
30 8.09 150 250 30 181 96 8.02 99.1
5 8.24 175 250 30 218
16 7.4 175 250 30 224 140
36 6.1 175 250 30 258 158 5.95 97.5
38 6.02 175 250 30 231 136 5.89 97.8
29 7.99 175 250 10 288 139 7.87 98.5
32 8.09 150 250 10 123 62 8.04 99.4
33 8.01 150 250 20 134 74 7.94 991
34 8.09 150 250 40 174 93 8.02 99.1
22 7.97 50 75 0 3 2 7.97 100
23 7.99 75 100 0 6 2 7.99 100
24 7.94 100 200 0 18 3 7.94 100
25 8.07 125 200 0 41 8 8.05 998
26 7.99 150 250 0 98 20 7.97 99.7
27 7.84 175 250 0 214 86 7.76 99.0
28 7.63 175 250 0 212 95 7.56 99.1
15 7.65 175 250 0 139 51
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Table 10.2 Experimental conditions for the bio-oil runs conducted 'undez_-,conventidnal' g' ”

heating
Bio-oil | Recovered | Unconverted
T (°C) (2) bio-oil bio-oil %
50 8.23 8.23 100
100 8 8 100
125 8.09 8.09 100
150 8 7.81 97.6
175 8.02 7.23 90.1

It was observed that the pressure profile in the microwave runs was not always
reproducible. This was attributed to slight variations in the properties of the bio-oil
employed in the runs due to ageing over the experimentation period. However, in
general the pressure appeared to increase with heating (microwave or conventional) and
decrease after cooling down at ambient temperature. It was assumed that pressure was
generated via the evaporation of water contained in the bio-oil in addition to the
production of gases as a result of bio-oil decomposition reactions due to heating. The
decrease in pressure after cooling down at ambient temperature was attributed to the
condensation of the water vapours reducing the amount of gases generating pressure in
the reaction vessel. This was also supported by means of visual observation. After the
runs water droplets were observed on the walls of the reaction vessel. Therefore, the
final pressure at ambient temperature is the one representing the production of

permanent gases due to bio-oil decomposition and consequently used in this study.

As shown in Figure 10.1, there is a correlation between the temperature of the run and
the final pressure at ambient temperature (after cooling down) for the 30 min hold time
runs. The fit of the linear plot was improved when Run 17 (50°C, temperature of run
too low to have an effect on bio-oil) and Run 14 (150°C, this run showed a different
temperature curve compared to Runs 21 and 30 conducted at the same temperature)
were not taken into consideration (Figure 10.2). A similar correlation was noticed
between the temperature of the run and the final pressure at ambient temperature (after
cooling down) for the zero hold time runs (Figure 10.3). Again, the fit of the linear plot
was enhanced when Run 22 (50°C), Run 23 (75°C) (both temperatures were too low to
have an effect at zero hold time) and Run 15 (175°C, this run showed a different P
curve compared to Runs 27 and 28 conducted at the same temperature) were not taken

into account (Figure 10.4).
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Figure 10.1 Plot of 1/T (K) versus InPgp, at ambient temperature for the 30 min hold

time microwave runs (Runs 14, 17, 18, 19, 20, 31, 21, 30, 16, 36, 38)
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Figure 10.2 Plot of 1/T (K) versus InPgy, at ambient temperature for the 30 min hold

time microwave runs (Runs 18, 19, 20, 31, 21, 30, 16, 36, 38)
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Figure 10.4 Plot of 1/T (K) versus InPp,, at ambient temperature for the microwave

runs with zero hold time (Runs 24 to 28)
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Another series of microwave runs was performed at/1570°('13;n_d 0, 10, 20, 30 and 40 min
hold time respectively to study the effect of hold time in bio-o0il’s decomposition. A
correlation between the final pressure at ambient temperature and the hold ‘tir\ne\y\aé
derived from these runs. It was shown that increasing hold time increases the final

pressure (Figure 10.5).

The percentage of unconverted bio-oil was plotted versus either the final pressure at
ambient temperature (Figure 10.6 and Figure 10.7) or the temperature of the run (Figure
10.8 and Figure 10.9) for a hold time of 30 or 0 min respectively aiming to identify a
relationship between these factors. No appropriate best fit line was identified for the
data points in the graphs versus temperature. Given that the error bars in all these
figures are relatively large, it can be assumed that the unconverted bio-oil remained

nearly constant (ca. 100%) for the whole pressure and temperature range.
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Figure 10.5 Plot of Pgp, at ambient temperature versus hold time for the runs performed

at 150°C (Runs 32 to 34, 24 and 26)
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Figure 10.6 Plot of Py at ambient temperature versus unconverted bio-oil % for the 30

min hold time runs (Runs 17 to 21, 30, 31, 36, 38)
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Figure 10.7 Plot of Pgnar at ambient temperature versus unconverted bio-oil % for the

zero hold time runs (Runs 22 to 28)
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Figure 10.8 Plot of temperature of run versus unconverted bio-oil % for the 30 min hold

time runs (Runs 17 to 21, 30, 31, 36, 38)
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Comparison of the graphs of percentage of unconverted bio-oil versus the temperature

of the runs between microwave and conventional runs (Figure 10.8 and Figure 10.10)
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showed that the unconverted bio-oil remained nearly 100% for the temperature range
50 to 150°C in both cases. However at 175°C a more significant increase in conversion
was observed for the conventional run than the respective for the microwave run.

Nevertheless this difference was in the order of maginitude of experimental error.
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Figure 10.10 Plot of temperature of run versus unconverted bio-oil % for 30 min hold

time conventional runs

10.1.1 Water content and physical appearance

Bio-oil samples from the 30 min hold time runs conducted under either microwave
irradiation or conventional heating at 50, 100, 125, 150 and 175°C, as well as from the
zero and 10 min hold time microwave runs at 175°C were analysed via Karl Fisher
titration to determine their water content. The results, which are presented in Tables
10.3 and 10.4, were used to assess whether temperature, mode of heating (conventional
or microwave) and hold time had any effect on bio-oil’s water content. The original
bio-oil used for all the runs was also analysed for comparison purposes. The standard
deviation of the measurements is included in the tables as an error indicator. From these

values a general standard deviation of ca. 0.5 may be deducted.
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No significant differences were observed in the water content of bio-oil heated either
under microwave irradiation or conventionally at the same temperature and hold time
indicating no effect of the mode of heating. However, it was shown that the water
content of bio-oil increased with increasing temperature and duration of heating (hold
time) (Table 10.3 and Table 10.4), which is in accordance with Czernik et al. [86]. They
conducted a study on the effect of storage conditions on the properties of an oak bio-oil
exposed to elevated temperatures over extended periods of time. They reported a water
content increase with the time and temperature of storage and attributed this increase to
some condensation or dehydration reactions occurring in the bio-oil, especially when
exposed to higher temperatures. On the other hand in a similar study conducted by
Boucher et al. [147] on bio-oil obtained by vacuum pyrolysis (water content 5.3%) the
water content measurements did not show any clear tendency that would allow any

conclusions to be drawn on the water content variation.

Table 10.3 Water content of bio-oil after 30 min of conventional heating

T (°C) Water content %
50 27.3+0.7
100 27.8+£0.7
125 29.3+£0.7
150 298+ 0.5
175 306+ 0.6
Bio-oil as received 27.2+0.2

Table 10.4 Water content of bio-oil after microwave irradiation

RunNo | T (°C) Power (W) Hold time Water content
(min) Yo

9 50 75 30 27.2+04
12 100 200 30 27.7+0.3
13 125 200 30 290+ 0.4
31 125 200 30 28.8+0.4
4 150 250 30 28.5+£0.5
14 150 200-250 30 29.8+0.5
30 150 250 30 31.7£0.2
16 175 250 30 33.0+£0.5
38 175 250 30 344 +£0.1
29 175 250 10 30.8+0.4
28 175 250 0 29.1+£0.5

Bio-oil as received 27.2+0.2
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The mode of heating (microwave or conventional) did not appear to affect the physical

appearance of bio-oil either, whereas the temperature and duration of heating (hold

time) did. After each run water droplets appeared on the walls surrounding the head
space of the vial. Each vial was shaken well before visual observation.

e Thirty minute runs (microwave or conventional) conducted at 50, 100 and 125°C
did not cause any change in bio-oil’s appearance. It remained one phase, free
flowing liquid without any apparent increase in viscosity. However, the 30 min run
conducted at 150°C caused phase separation in the bio-oil. It became thicker and
consisted of a light fluid “watery” phase and a “tarry” sticky phase resembling paste
and adhering on the vial’s walls. The 30 min run conducted at 175°C led to further
phase separation. The same two phases that were observed for the 150°C run
appeared, plus another very dense phase stuck on the bottom of the vial.

e Zero hold time microwave runs conducted at 75, 100, 125 and 150°C did not alter
the physical appearance of bio-oil (i.e. one phase free flowing liquid), while the
respective run at 175°C caused bio-oil to separate into a light fluid phase and a
viscous slow flowing phase.

e Ten and twenty minutes hold time microwave runs conducted at 150°C showed
initiation of phase separation during the 10 min hold time run and total phase
separation during the 20 min run.

From the observations mentioned above it can be concluded that increasing hold time

had lowered the temperature at which phase separation occurred.

10.1.2 Gel permeation chromatography (GPC)

Duplicate bio-oil samples (for reproducibility purposes) from the 30 min hold time runs
under either microwave or conventional heating and the zero and 10 min hold time
microwave runs at 175°C were prepared by dissolution in THF and subsequently
analysed by GPC. The aim was to assess the effect of temperature, mode of heating and
hold time on bio-0il’s average molecular weight. Possible interactions through
hydrogen bonding between the OH-groups in the bio-oil with the oxygen in THF should
be taken into consideration [148]. However, in this case the phenomenon was irrelevant
as all samples were treated under comparable conditions. Moreover, GPC yields
‘apparent’ or linear molecular weight, because all the results are relevant to the

polystyrene standards (linear and not branched compounds) which were used for the
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calibration of the column. Therefore, the molecular weight values presented in this
thesis can not be regarded as absolute. A GPC report for the original bio-oil used in all
the runs is presented in Appendix 4 as an example. All calculations were conducted

using the Cirrus software.

The GPC results have been quoted to the nearest ten in Table 10.5. Up to 100°C there
was no significant change in any of the expressions of average molecular weight. At
125°C a slight increase in the average molecular weight was observed without any
apparent change in the physical appearance of the bio-oil. Upon shaking it remained
one phase free flowing liquid. At higher temperatures the molecular weight increase
observed was accompanied by phase separation, which originally led to irreproducible
GPC results due to the difficulty to acquire representative samples (Run 4 and Run 5 in
italics, Table 10.5). The recovered bio-oil was homogenised with the addition of THF
before re-sampling and reanalysis exhibiting better reproducibility. In particular, the
results from Run 4 after homogenisation were in agreement between them and with the
results from Run 14. The same occurred with the results from Run 5. They were in a

narrower range and slightly lower than the results from Run 16.

As shown in Table 10.5, all the expressions of average molecular weight, M, M, My
and M,, as well as polydispersity (PD), i.e. the ratio of M,, and M,,, which 1s a measure
of the spread of the molecular masses, increased with increasing temperature and hold
time. These results are in agreement with those reported by Boucher et al. [147] and
Czernik et al. [86]. They all attributed the increase in the average molecular weight of
the bio-oil with the time and temperature of storage to the intensification of the
condensation and polymerisation reactions induced by its high content of reactive

organic compounds.

The average molecular weight calculated for the conventional runs showed the same
trend with the respective for the microwave runs (i.e. M,, increased with increasing T),
but the actual changes in average molecular weight (AM,,) were lower. However, before
attributing any differences to a “microwave” effect it should be noted that the lack of
monitoring the actual bio-oil temperature during the conventional runs has introduced

in the results a factor of uncertainty.
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Table 10.5 Average molecular weight of bio-oil after microwave or: conventional

heating
Sample Run No Mp Mn Mw Mz PD
BTG bio-oil N/A 230 360 610 1100 1.68
N/A 220 360 600 1080 1.68
N/A 230 350 590 1100 1.70

Microwave runs
50°C, 30 min

9 220 370 620 1120 1.67
9 220 370 610 1100 1.65
3
3

100°C, 30 min 220 360 620 1150 1.72

230 360 630 1200 1.74

12 220 | 360 | 620 | 1150 | 1.72
12 220 | 360 | 620 | 1130 | 1.72
125°C, 30 min 13 220 | 390 | 680 | 1300 | 1.76
13 220 | 390 | 680 | 1290 | 1.76
31 230 | 350 | 670 | 1360 1.9
63 220 | 380 | 660 | 1250 | 1.76
63 220 | 380 | 670 | 1260 | 1.76
150°C, 30 min 4 230 | 360 | 640 | 1330 | 1.80
4 230 | 400 | 830 | 1800 | 2.08
4 230 | 430 | 840 | 1680 | 1.98
4 230 | 430 | 850 | 1700 | 1.98
14 220 | 400 | 810 | 1710 | 2.04
14 220 | 400 | 810 | 1690 | 2.03
30 230 | 360 | 740 | 1610 | 2.08
175°C, 0 min 15 230 | 380 | 700 | 1380 | 1.86
15 220 | 380 | 720 | 1420 | 1.89
28 240 | 370 | 810 | 1770 | 2.15
175°C, 10 min 29 240 | 380 | 940 | 2280 | 2.51

175°C, 30 min 5 290 340 580 1290 1.73
5 290 409 950 2200 2.33
5 280 450 1000 | 2060 2.21
5 280 460 1050 | 2280 2.28
5 280 470 1100 | 2450 233
5

280 460 1050 | 2230 2.27

16 280 450 1110 2480 2.48
16 280 450 1180 2820 2.64

Conventional runs
50°C, 30 min N/A 220 340 570 1070 1.70
230 340 580 1110 1.71
100°C, 30 min N/A 230 340 570 1090 1.71
230 340 580 1110 1.73
125°C, 30 min N/A 230 350 630 1240 1.8
230 350 630 1250 1.81
150°C, 30 min N/A 240 380 840 1960 2.19
240 380 830 1870 2.15
175°C, 30 min N/A 240 380 870 2050 2.28

240 390 880 2090 2.29
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As mentioned previously in this section the average molecular weight of bio-oil
increased with increasing temperature of heating. A derived correlation between the
change in the average molecular weight and the heating temperature for the 30 min hold
time microwave runs is depicted in Figure 10.14. The fit of the linear plot was
improved when the runs conducted at 50°C were excluded from the graph (Figure
10.15). This irradiation temperature was considered too low to influence the average
molecular weight. The respective correlation between the change in the average
molecular weight of bio-oil and the temperature of conventional heating is depicted in
Figure 10.15. In this case the conventional runs conducted at 50°C and 100°C were
excluded because they did not exhibit any change in bio-oil’s average molecular

weight.
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Figure 10.14 Plot of In(M,-M yinitiat) versus 1/T
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Figure 10.15 Plot of In(My-Myinitiar) versus 1/T for microwave and conventional runs

10.1.3 FTIR spectroscopy

Bio-oil samples from the 30 min hold time runs (conventional or microwave) (Figure
10.16) and the zero and 10 min hold time microwave runs conducted at 175°C (Figure
10.17) were analysed by FTIR spectroscopy. The obtained spectra were compared on a
qualitative basis, i.e. providing information on the presence or absence of specific
functional groups, aiming to investigate the influence of temperature, mode of heating
and hold time on bio-o0il’s functional group composition. Because the bio-oil samples
contained THF in different amounts (due to homogenisation) a spectrum for THF was

also collected for comparison purposes (Figure 10.18).

The following functional groups were identified in the bio-oil from the FTIR spectra in

agreement with the literature [149, 150, 151].

e The O-H stretching band between 3650 and 3250 cm’ indicates the presence of
phenols and alcohols. The broad band shows the existence of hydrogen bonding and
water. In the case of THF the sharp band at 3584 cm’ indicates a compound
containing non-hydrogen bonded hydroxy group, often an alcohol or phenol with a

sterically hindered OH group.
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The C-H stretching vibrations between 3000 and 2800 cm’ and C-H bending
vibrations between 1475 and 1350 cm™ point out the presence of alkanes.

The C=0 stretching vibrations between 1750 and 1650 cm’ indicate a simple
carbonyl compound such as a ketone or an aldehyde, which in combination with the
O-H stretching shows an ester or a carboxylic acid.

The C=C stretching at approximately 1650 cm™ in combination with the C=0
stretching indicates conjugation with a double bond (olefinic unsaturation).

Bands above 1510 cm™ result from carbonyl and aromatic skeletal vibrations.

Below 1500 cm™ all bands are complex and have their origin in a variety of

vibrational modes. The bands between 1300 and 950 cm’

are due to alcohols,
phenols, ethers and esters showing the C-O stretching and O-H bending vibration.
In particular for THF the band at 1070 cm’ indicates a cyclic ether showing C-O
stretching.

Absorbance bands between 900 and 650 cm™ are attributed to the presence of

aromatic groups which in combination with the C=0 and C-O stretching vibrations

indicate the presence of aromatic esters.

208










11¢

JHLL WOy pajoa[[od wnnoads JILd §1°01 ML

1-uxd
0'00% 009 008 0801 00z1 00¥1 0091 0081 000z 00%z 008z 0oze 009¢ 0°000%
1 1 A i 1 1 A I8 X 1 A L = DD

01

986501 o 0z
@o@mmﬂon

17481

o¥

1%
0
1\ 0T 09wl

91811

_

| ]
09°£85E 09

09%9¢1 P1'T8%T

8T LI6T




Comparison of the obtained FTIR spectra did not yield any functional group differences
in the bio-oil that could be attributed to heating mode (microwave or conventional),
temperature or hold time. However, it should be noted that it is extremely difficult to
interpret the bio-oil spectra with complete certainty because they consist of a set of
overlapping peaks, not separately resolved, due to the high complexity of the sample

comprising of hundred different compounds.

10.1.4 Rate constants of bio-oil’s decomposition

A correlation between the final pressure at ambient temperature and the hold time was
derived from a series of runs conducted at 150°C showing that increasing hold time

increases the final pressure (Figure 10.5).

The rate constant k of bio-oil’s decomposition at 150°C was calculated from the data of

final pressure and hold time assuming first order kinetics, since the unconverted bio-oil

remained nearly constant (ca. 100%) for the whole pressure and temperature range:
(PoP) = (Peo- Po) €™

where P is the final pressure at ambient temperature after t hold time, P, is the final

pressure after zero hold time (Run 26, 20 psig) and Pois the final pressure after infinite

hold time.

As shown in Figure 10.5 after 40 min hold time the final pressure reached 95 psig. A
slightly higher value of 105 psig was given to Pe. As a result:

(PosP) = (Pos Po) €' =

(105-P) = (105-20) ¢

-In [(105-P)/85] =kt

By fitting a linear plot on the data (Figure 10.19) the rate constant of bio-oil’s
decomposition at 150°C was calculated as the slope of the linear curve, i.e. k=0.05

.l
min’ .
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Figure 10.19 Rate constant of bio-oil’s decomposition at 150°C under microwave

irradiation

During the microwave runs it was observed that increasing hold time at a particular
temperature leads to an increase in final pressure at ambient temperature, as well as n
the average molecular weight and water content (%) of the treated bio-oil. Therefore it
would have been worthwhile to determine the rate constant of bio-oil’s decomposition
based on both the increase of its average molecular weight and water content versus
hold time and compare these values with the rate constant determined from the increase
of final pressure. However no analysis was performed on the bio-oil treated at 150°C
except for the 30 min hold time runs. In retrospection the treated bio-oil should have
been analysed and the data used for the determination of the rate constant. Nevertheless,
limited data on final pressure, average molecular weight and water content were
available for the runs conducted at 175°C and 0, 10 and 30 min hold time and used for
the determination of the rate constant at 175°C. Because only three data points were
available, the determined rate constants at 175°C require validation via further

experimentation and should be treated as no more than rough estimates of true values.
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As shown in Figure 10.20 after 30 min hold time at 175°C the final pressure reached
145 psig (average value of Pgy,y for runs 16, 36 and 38). A slightly higher value of 160
psig was specified t0 Po(Pow= 1060psig)
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Figure 10.20 Plot of final pressure (Pgya) at ambient temperature versus hold time for

the runs performed at 175°C (Runs 15, 16, 27 to 29, 36, 38)

Similarly the average of the final pressure at ambient temperature for the 3 runs
conducted at 175°C and zero hold time (runs 27, 28 and 15) was assigned to P,
Po = average (86, 95, 51) psig = 77 psig

Assuming first order kinetics:
(Poo-P) = (Pe- Pp) ™ =
(160-P) = (160-77) ¢

-In [(160-P)/83] =kt

For the hold time of 30 min the average value of the final pressure at ambient
temperature for runs 16, 36 and 38 was taken into account.

P1yo= average (140, 158, 1306) psig = 145 psig
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A linear curve was fitted on the data (Figure 10.21) and the rate constant of bio-oil’s
decomposition at 175°C was calculated as the slope, i.e. k= 0.05 min”. However it

should be noted that the fit of the linear curve was poor.
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Figure 10.21 Rate constant of bio-oil’s decomposition at 175°C under microwave

irradiation based on the increase of Pg,q vs hold time

The rate constant k of bio-o0il’s decomposition at 175°C was also derived from the data
of average molecular weight (Mw) and hold time assuming first order kinetics:

[(MW)o -MW] = [(MW) - (Mw),) €™

As shown in Figure 10.22 after 30 min hold time the average molecular weight of bio-

oil reached 1110 daltons (average value of Mw for runs 5 and 16). A slightly higher
value of 1200 daltons was assigned to (MW)e.

(Mw) = 1200 daltons
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Figure 10.22 Plot of average molecular weight (Mw) versus hold time for the runs

performed at 175°C (Runs 3, 15, 16, 28, 29)

The mean value of the average molecular weight for the two runs conducted at 175°C
and zero hold time was given to (Mw),.

(Mw),= average (700, 720, 810) daltons = 740 daltons

Thus,

[(MW)er-Mw] = [(MW)eo - (Mw)o) €™ =
(1200-Mw) = (1200-740) ¢

“In [(1200-Mw)/460] = kt

For the hold time of 30 min the mean value of bio-0il’s average molecular weight for
runs 5 and 16 was considered.

(Mw)3o = average (1100, 1050, 1110, 1180) daltons= 1110 daltons

Again a linear plot was fitted on the data (Figure 10.23) and the rate constant was
calculated as the slope, i.e. k= 0.054 min”'. The fit of the linear curve was excellent, but
with only three points this could be fortuitous. This value of k was close to the

respective calculated based on the increase of final pressure versus hold time.
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Figure 10.23 Rate constant of bio-oil’s decomposition at 175°C under microwave

irradiation based on the increase of Mw vs hold time

Finally the rate constant k of bio-o0il’s decomposition at 175°C was calculated from the
data of water content (H,0%) and hold time assuming first order kinetics:

[(Hy0%) 0 -(H,0%)] = [(H20%) s - (H20%)o] €™

As shown in Figure 10.24 after 30 min hold time the water content (%) of bio-oil
reached 33.7 (average value of bio-0il’s water content for runs 16 and 38). A slightly
higher value of 35 was set to (H0%) e

(H,0%) =35

The water content (%) measured for the 175°C and zero hold time run was considered
as (H20%)o.

(H20%)=29.1

Therefore,

[(H20%) o -(H20%)] = [(H20%) o - (H,0%)o) €™ =
[35-(H,0%)] = (35-29.1) ™

-In {[35-(H,0%)]/5.9}=kt
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Figure 10.24 Plot of water content (%) versus hold time for the runs performed at

175°C (Runs 16, 28, 29, 38)

For the hold time of 30 min the average value of water content (%) for the runs 16 and

38 was used.

(H,0%)30= average (33, 34.4)=33.7

By fitting a linear plot on the data (Figure 10.25) the rate constant was calculated as the
slope of the linear curve, i.e. k= 0.051 min'. The fit of the linear plot was again very
good. This value of k was equal to that calculated from the increase of the final pressure

versus hold time.

As mentioned previously, caution should be taken when considering these quoted rate
constants at 175°C because the calculations were based on three data points only.
Nevertheless the indicated rate could be validated by further experimentation. In
addition, the proximity of the calculated rate constants based on the increase of final
pressure, average molecular weight and water content % versus hold time respectively,

assuming first order kinetics, strongly indicates that this approach was correct.
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Figure 10.25 Rate constant of bio-oil’s decomposition at 175°C under microwave

irradiation based on the increase of water content (%) vs hold time

The fact that the calculated rate constants at 175°C were in the same range with the one
calculated at 150°C is indicative of a pre-equilibrium with a negative enthalpy change

leading to a negative activation energy for the observed rate constant.

10.2 Effect of char

A series of microwave runs was performed at 125°C and 30 min hold time (under
simultaneous cooling) with bio-oil containing different amounts and types of char. The
aim was to examine how the content of char and its origin (woody or grassy feedstock)
influences bio-oil decomposition under microwave irradiation at a particular
temperature. This temperature (125°C) was considered of interest because it was the
one at which a significant change in bio-oil’s average molecular weight had been

observed (Section 10.1.2). The experimental conditions are presented in Table 10.6.
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Table 10.6 Experimental conditions for the bio-oil runs conducted at 125°C, 200W and

30 min hold time in the presence of char

Run | Feed Char Origin of | Pfinal | Pambient | Recovered Unconverted
No (g) (%) char (psig) (psig) product bio-oil %
®
0.14
64 | 800 | (>llum) softwood 45 25 7.98 99.8
65 7.50 | (<1lum) softwood 43 25 7.46 99.5
66 | 8.03 +2 beech 68 38 8.00 99.7
67 8.01 +2 switchgrass 70 42 7.97 99.4

It should be mentioned that the level of char separation (>11 wm) did not leave a clean

char-free oil. Therefore a char effect was possible even in the filtered bio-oil.

Again there is no apparent correlation between the final pressure after each run (at
ambient temperature) and the percentage of unconverted bio-oil, as it was observed in
section 10.1. The unconverted bio-oil remained nearly constant (ca. 100%) regardless
of the final pressure, indicating that its decomposition under these conditions still

follows first order kinetics.

10.2.1 Water content and physical appearance

Bio-oil samples were analysed via Karl Fisher titration aiming to investigate the effect
of char content and origin on bio-o0il’s water content. The original bio-oil employed in

all the runs was also analysed for comparison purposes.

The water content measurements are presented in Table 10.7, including the standard
deviation as an error indicator. From these values a general standard deviation of ca. 0.3
may be deducted. Water content showed an increase in accordance with the char
content (Run 65< Run 64< Run 66 < Run 67). This increase indicated a catalytic effect
of char enhancing the condensation or dehydration reactions, which according to
Czemnik et al. occur in bio-oil, especially when exposed to higher temperatures [86].
The char originating from switchgrass led to slightly higher water content than the char
from beech, probably due to its higher catalytic activity, which is attributed to its higher
ash and alkalimetal content. However, taking into account the standard deviation of
these measurements (0.3%) and the proximity of the results, no definitive conclusions

on the effect of the type of char should be drawn.
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Table 10.7 Water content of bio-oil irradiated at 125°C for 30 min hold time in the

presence of char

Run No Char (%) Origin of char | Water content
(%0)
64 0.14 (>11um) softwood 29.1+0.3
65 <1lpm softwood 28.7+0.3
66 +2 beech 29.5+0.3
67 +2 switchgrass 29.7+0.3
Bio-oil non-irradiated 28.3+0.1

The char content also influenced the physical appearance of the irradiated bio-oil. As in
the previous series of runs (section 10.1.1) water droplets appeared on the walls
surrounding the head space of the vial. In addition, phase separation was observed.
However, upon shaking the two phases were completely miscible resulting in a one
phase free flowing liquid. This initial phase separation was more severe for the bio-oil
with the added char, leading to slightly higher viscosity upon mixing (the bio-oil

appeared to adhere more strongly on the walls).

10.2.2 Gel permeation chromatography

Bio-oil samples before and after irradiation at 125°C in the presence of char were
analysed by GPC. The aim was to assess the effect of the content and type char on bio-

oil’s molecular weight distribution.

The GPC results have been quoted to the nearest ten in Table 10.8. It was observed that
the change in average molecular weight after irradiation at 125°C increased with
increasing char content (Table 10.9). These results indicate that char has a mild
catalytic effect and enhances the polymerisation /polycondesation reactions which are
responsible for the formation of higher molecular weight species. This is in agreement
with Abglevor et al. who reported that the char particles present in the bio-oil seem to
catalyse polymerisation and viscosity increase [85]. Trace element analysis of biomass
pyrolysis chars in the literature has showed that the inorganic elements present in bio-
oil (i.e. the same elements that are found in the biomass) and in particular the alkali
metals, which are catalytically active, are concentrated in the chars [152]. This could
explain the catalytic effect of char. In this respect, the slightly stronger catalytic effect
of the char originating from switchgrass could be attributed to its higher ash and

alkalimetal content. However, the change in average molecular weight between the two
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different types of char is minor and, hence, no hasty conclusions should be drawn about

the effect of the type of char.

Another interesting point is the average molecular weight of the filtered bio-oil, which
was a bit higher (ca. 20 daltons) than the respective of the original bio-oil, although
upon visual observation it looked thinner. A lower or unchanged average molecular
weight was expected after filtration. It is likely that some compounds of low molecular

weight were adsorbed on the char particles and retained during filtration.

Table 10.8 Average molecular weight of bio-oil after microwave irradiation at 125°C

and 30 min hold time in the presence of char

Samples Run Mp Mn Mw Mz PD
No

Original bio-oil N/A 230 370 640 1190 1.75
N/A 230 370 640 1190 1.74
Filtered bio-oil N/A 240 380 660 1240 1.74

Microwave runs 125°C, 30 min
Original bio-oil 64 240 390 720 1420 1.85
64 240 390 720 1410 1.85
Filtered bio-oil 65 240 390 720 1450 1.86
65 240 390 720 1410 1.85
+ 2% beech char 66 240 390 730 1450 1.88
66 240 390 730 1450 1.88
+ 2% switchgrass char 67 240 390 740 1510 1.89
67 240 390 730 1460 1.89

Table 10.9 Changes in bio-o0il’s average molecular weight after irradiation at 125°C and

30 min hold time

Sample AMw
Original bio-oil 80
Filtered bio-oil 60
+ 2% beech char 90
+ 2% switchgrass char 95
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During the runs conducted under cooling at 175°C, excessive pressure was built up
which led to abortion of the runs before the completion of 30 min hold time (Table
10.10). The temperature of the runs was then decreased to 150°C aiming to prolong
them to 30 min hold time. Although the runs were prolonged compared to those
conducted at 175°C, they still did not reach the 30 min hold time limit. In addition, the

behaviour of the system with regards to temperature and pressure was not reproducible.

The next approach was to conduct another set of runs at 160°C without simultaneous
cooling in an attempt to achieve the 30 min hold time (Table 10.10). As expected
without cooling the power input was lower leading to a more controlled temperature

and pressure rise. The final pressure was below 200 psig.

Duplicate runs (to check reproducibility) were performed with bio-oil and Na-
montmorillonite as catalyst at 160°C without cooling, but at 150W, because the system
required more energy in order to achieve 160°C compared to that with laponite. Similar

temperature and pressure profiles with those from laponite were obtained.
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Since both aims of 30 min hold time and reproducibility were attained, the experimental
conditions employed in the Na-montmorillonite runs (160°C, 150W, no cooling) were
then applied in a series of runs with Eu-, Ce- and Cr-montmorillonites, Laponite, Sn-
laponite and NiMo on alumina as catalysts. A blank run was also performed with bio-

oil only to act as a reference for the analysis.

A bar chart depicting the percentage of unconverted bio-oil coupled with the final
pressure at ambient temperature (after cooling down) for each catalyst run is presented
in Figure 10.28. It is shown that the percentage of unconverted bio-oil is not dependent
on the final pressure. The same conclusion is drawn from Figure 10.29, which displays
a plot of the percentage of unconverted bio-oil versus the final pressure at ambient
temperature.Given that the error bars for the quoted percentages of unconverted bio-oil
are large, it can be assumed that bio-oil remains constant, and its decomposition under

these conditions follows first order Kinetics.
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Figure 10.28 Unconverted bio-0il% and Py, for the series of microwave runs with

different catalysts
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Figure 10.29 Unconverted bio-oil (%) versus final pressure at ambient temperature for

the microwave runs in the presence of catalyst

10.3.1 Water content and physical appearance

Volumetric Karl Fisher titration is employed in the analysis of high level water content
samples, such as bio-oil. However, after the catalyst runs, the recovered bio-oil was
highly diluted in THF causing the water content of the samples to decrease
significantly. As a result volumetric Karl Fisher was not an appropriate method for
analysis. Nonetheless, the reference sample (blank), which contained only a limited

amount of THF, was analysed yielding water content of 33%.

With regards to physical appearance, the microwave runs in the presence of catalyst
made bio-oil to separate in a light fluid “watery” phase and a “tarry” sticky phase
resembling paste. Catalyst sedimentation was observed on the bottom of the vial. For
Cr-montmorillonite CM3, in particular, the amount of the “watery” phase was very
small. However, during the runs with Na- montmorillonite all the bio-oil was converted
to a semi-solid, paste-like material. All the catalysts during irradiation obtained darker

colour than their original but not black.
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10.3.2 Gel permeation chromatography

Duplicate bio-oil samples (for reproducibility purposes) from the 30 min hold time
microwave runs in the presence of catalyst were analysed by GPC aiming to investigate

whether catalyst has an effect in bio-oil’s average molecular weight.

The GPC results have been quoted to the nearest ten and are presented in Table 10.11.
All the expressions of average molecular weight for the catalyst runs, M, M,,, My, and
M,, as well as polydispersity (PD), displayed higher values than the respective of the
blank run (bio-oil only). These results indicate that the presence of catalyst enhances
polymerisation and polycondensation, since the increase in average molecular weight
has been attributed to this type of reactions. Cr-montmorillonite was the catalyst that
caused the most significant change in average molecular weight, followed by NiMo on

alumina and Sn-laponite (Figure 10.30).

Table 10.11 Bio-oil microwave runs with catalyst at 160°C and 30 min

Run Catalyst Mp Mn Mw Mz PD
53 Blank 320 390 850 1860 2.19
Blank 320 410 990 2560 2.44
51 Na-mont 320 460 1130 2640 2.48
Na-mont 320 460 1140 2630 2.47
52 Na-mont 320 470 1260 3310 2.67
Na-mont 320 470 1220 2890 2.6
54 Eu-mont 440 440 1240 3790 2.83
Eu-mont 450 450 1270 3880 2.8
55 Ce-mont 430 440 1290 4180 2.91
Ce-mont 440 450 1290 3880 2.84
56 Cr-mont 320 510 1690 4520 3.32
Cr-mont 320 550 1970 5540 3.55
58 Laponite 450 470 1210 2890 2.6
Laponite 460 460 1200 2860 2.58
59 Sn-lap 450 500 1460 3640 2.93
Sn-lap 450 500 1490 4200 2.99

60 NiMo 330 500 1500 4040 3
NiMo 450 490 1540 4600 3.15
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Figure 10.30 Average molecular weights for the series of bio-oil microwave runs with

catalyst

Overlays of the GPC curves obtained from the microwave runs in the presence of
catalyst are presented in Figure 10.31. The GPC curve of the reference run is also
included for comparison purposes. The R56 Cr-montmorillonite curve clearly shifted to
lower retention times. In every case there was a shift to lower retention times compared

to the reference run R53 (blank) indicating a distribution of higher molecular weight.
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10.4 Summary

Bio-oil contains many reactive compounds that polymerise to form higher molecular
weight species during storage at ambient or elevated temperature, resulting in an
increase in viscosity and a decrease in volatility, which are both unfavourable for fuel
applications [86]. Therefore any information on the effect of parameters such as
temperature, time, char content etc. in the properties of bio-oil would be useful for any
potential end user. In this respect the decomposition of bio-oil under microwave
irradiation was studied, aiming to identify the change in the properties of bio-oil as a

function of time, temperature, mode of heating, presence of char and catalyst.

During the microwave runs it was observed that increasing temperature or hold time
leads to an increase in final pressure at ambient temperature due to the formation of
permanent gases, as well as in the average molecular weight and water content (%) of
the treated bio-oil. It was hypothesised that the rate constant of bio-oil’s decomposition
could be calculated based on the data of final pressure, average molecular weight and
water content (%) versus hold time, assuming first order kinetics. The rate constant k of
bio-0il’s decomposition at 150°C was calculated from data of final pressure versus hold
time (k=0.05 min™'). The rate constant k at 175°C was calculated from limited data on
final pressure, average molecular weight and water content versus hold time. Because
in the latter case only three data points were available, the determined rate constants
require validation via further experimentation and should be considered as rough
estimations of the true values. However, the derived values are very close (ca. 0.05
min™"), which strongly indicates that the approach is correct. The fact that the calculated
rate constants at 175°C were in the same range with the one calculated at 150°C could
signify a negative activation energy for the observed rate constant which, in turn, is

usually indicative of a pre-equilibrium with a negative enthalpy change.

The mode of heating (microwave or conventional) did not appear to affect bio-oil’s
water content or physical appearance. The average molecular weight calculated for the
conventional runs showed the same trend with the respective for the microwave runs
(i.e. M,, increased with increasing T), but the actual changes in average molecular
weight (AM,) were lower. However, the lack of monitoring of the actual bio-oil

temperature during the conventional runs should be taken into account before
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attributing any differences to a “microwave” effect.

Char content or type and presence of catalyst did not appear to have any significant
effect on bio-oil’s physical appearance. However, increasing char content increased
bio-oil’s water content. The char originating from switchgrass led to slightly higher
water content than the char from beech, probably due to its higher catalytic activity,
which is attributed to its higher ash and alkali metal content. Still, taking into account
the standard deviation of these measurements and the proximity of the results, no
definitive conclusions should be drawn on the effect of the type of char in the water

content.

The change in bio-oil’s average molecular weight after irradiation at 125°C increased
with increasing char content. The change was slightly higher for the bio-oil with added
char originating from switchgrass compared to the bio-oil with char from beech.
However, it was a minor change and, hence, no hasty conclusions should be drawn
about the effect of the type of char in bio-oil’s average molecular weight. Char might
have a more significant effect in bio-oil’s molecular weight distribution at higher
irradiation temperatures. The average molecular weight of the bio-oil recovered from
the catalyst runs was higher than the respective from the blank run (bio-o1l only). Bio-
oil recovered from the runs conducted in the presence of Cr-montmorillonite as catalyst
exhibited the highest average molecular weight, followed by that from the runs in the

presence of NiMo on alumina and Sn-laponite.

Thus the condensation and polymerisation reactions, which are induced by the high
content of reactive organic compounds in bio-oil and leading to an increase n its
average molecular weight, were intensified by increasing temperature, hold time, and
char content, as well as by introducing a catalyst. Char originating from a grassy
feedstock may have a stronger catalytic effect attributed to its higher ash and alkali

metal content.

Comparison of the obtained FTIR spectra did not yield any differences in bio-oil’s
functional group composition. Yet, it should be noted that the accurate interpretation of
the bio-oil spectra is very difficult due to the complexity of the sample comprising of

hundreds of compounds leading to a set of overlapping peaks, not separately resolved.
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11 SUMMARY & CONCLUSIONS
11.1 Synthesis and characterisation of pillared clays
11.1.1 Summary

Two sets of pillared clay catalysts were prepared from Wyoming bentonite and laponite
by initially intercalating chromium and tin oxides via both conventional and microwave
assisted techniques. Laponite as synthetic clay with no impurities was used as received,
whereas Wyoming bentonite as a natural clay required some refining or else some
refining plus pre-exchange with sodium to yield monoionic sodium montmorillonite.
Then cerium, europium and a mixture of chromium and cerium oxides (5/1 w/w) were
intercalated conventionally in sodium montmorillonite under the concept that the
oxidation states of cerium and europium could be manipulated during calcination and
hydrocracking, leading to possible improvement of the performance of the pillared
clays as catalysts. The pillared clays containing chromium were calcined under argon
(inert atmosphere) in order to avoid chromium oxidation and subsequent loss of
chromium in the form of volatile oxides leading to decomposition, whereas the others
were calcined under air. Tin oxide pillared laponites were the only materials that did not

require calcination prior to utilisation.

11.1.2 Conclusions

Novel microwave assisted methods of preparing chromium and tin oxide pillared
montmorillonites were developed; tin oxide pillared laponites were prepared using a
literature microwave method. The application of microwave irradiation resulted in
significant reductions in preparation time compared to that of the respective
conventional methods. More specifically, the chromia pillared montmorillonite
preparation time was reduced from 36 h to 15 min, the respective for tin oxide pillared
montmorillonite from 23 h to 15 min, and for tin oxide pillared laponite from 1 week to

5 min.

X-ray powder diffraction (XRD) was used as the principal method to study changes in
the clays after pillaring reactions and subsequent calcination steps. Since basal spacing
is the measure of the distance between the silicate layers, addition or changes of

pillaring agents will directly affect its value. As chromia pillared montmorillonites were
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the most promising catalysts in early tests [2, 3], these were investigated more

thoroughly leading to the following conclusions:

e Basal spacing depends on the experimental conditions employed with the most
important being the OH/Cr ratio. An OH/Cr ratio of 2 led to the highest basal
spacing (28A).

e Highly concentrated pillaring solutions and dry powder Wyoming bentonite can be
employed successfully in the preparation, despite the fears that diffusion of the
pillaring species into the clay particles may be inhibited. This is very significant
from an economic point of view, since it does not require manipulation of high
volumes of both aqueous pillaring solutions and clay slurries, which involves very
large equipment with high capital costs.

e The novel microwave assisted method for the synthesis of chromia pillared
montmorillonite led to basal spacing of 20A, which is not as high as that following
the conventional method (28A), but is in agreement with other references and
confirms that some pillaring occurred. It is not clear whether microwave irradiation
affects catalytic activity since these catalysts were not tested for hydrocracking

efficacy.

Upon pillaring with tin, cerium and europium oxides there was a slight increase in basal
spacing, which decreased during calcination. This was probably due to the non-
formation of polynuclear cationic complexes during hydrolysis of the salts of the
respective rare earth metals. However, in all cases the diffraction peaks were quite
sharp indicating a relatively homogeneous pillaring process. Incorporation of cerium
oxide in a chromia pillared montmorillonite decreased the basal spacing with respect to
the analogous sample without cerium oxide, indicating that cerium oxide was not found
in the chromia pillars and may have been in another form such as an oligomeric cation.
After calcination at 500°C the diffraction peaks were barely or no longer observed

indicating the collapse of the pillars.

XRD was not suitable for the characterisation of laponite or pillared laponites due to the
lack of first order reflection. This was attributed to the small size of individual particles
and the random rather than uniform face-to-face orientation of the clay platelets.
However, pillared laponite after use presented first order reflection indicating higher

order among the clay layers and possibly the existence of pillars. The used pillared
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montmorillonites retained some crystallinity, although the peaks of the clay layers
decreased in intensity, and exhibited similar basal spacings. However, this analysis was
inconclusive with regards to what took place in the interlayer. Most likely the pillars

had collapsed during the hydrocracking process.

Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG)
showed that structural changes occurring in pillared montmorillonites during
calcination at 500°C are associated with the dehydration of the clay and the dehydration
/dehydroxylation of pillars. Pillaring Wyoming bentonite or sodium montmorillonite
with chromium or tin oxide decreased the temperature at which dehydroxylation begins
in comparison with the respective temperature for the starting materials leading to
lower thermal stability. This behaviour was observed for all the chromium and tin oxide
pillared clays regardless of the experimental conditions, e.g. OH/metal ratio, or
preparation method (conventional or microwave). Pillaring sodium montmorillonite
with cerium oxide did not affect its thermal stability; yet pillaring with europium oxide
led to lower thermal stability compared to that of the starting material (the
dehydroxylation peak became broader including lower temperatures). Finally the
incorporation of cerium oxide in a chromia pillared montmorillonite shifted
dehydroxylation to higher temperatures compared to those for pillared montmorillonite
with single chromia pillars leading to increased thermal stability, similar to that of the

starting material. Addition of cerium thus improves thermal stability.

Laponite appeared to be more thermally stable than montmorillonite, with tin oxide
pillared laponites exhibiting the same thermal behaviour. Chromia pillared laponite
displayed a unique temperature profile probably as a result of the combination of the
hydrated chromia oligomers in the interlayer with the laponite structure. For chromia
pillared laponite dehydroxylation took place over a much wider temperature range

compared to all other materials.

X-ray photoelectron spectroscopy (XPS) was used to verify pillaring of laponites, since
XRD proved inappropriate. Tin in the form of tin(IV) oxide was detected in the tin
oxide pillared laponites. The amount of tin varied among the different preparations (0.1
to 0.8%), although no clear trend was observed relating it with the preparation

conditions. It was hypothesised that this was due to inhomogeneous pillar (i.e. tin
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oxide) distribution leading to different atomic compositions (%) in the same batch. Tin
in the same form of tin(IV) oxide, but at a much higher content (2.8%) was also
detected in tin oxide pillared montmorillonite. Furthermore, chromium(IIl) coordinated
with water and hydroxyl ligands was detected in the chromia pillared clays (both
laponites and montmorillonites) proving the hydroxyl-oxy chromium composition of

the pillars.

XPS analysis of the used catalysts did not yield any significant information. Carbon
dominated their composition, which was attributed to the extensive carbon layer coating
all the catalysts after use. The inability to detect any chromium indicated that it was

probably located below the layer penetrated by the x-ray beam.

Nitrogen adsorption was undertaken to measure the textural properties, such as surface
area and pore volume of the starting materials and their pillared derivatives. Pillaring of
Wyoming bentonite and sodium montmorillonite with chromium, tin or cerium oxides
caused a multi-fold increase in surface area, both total and microporous. Moreover, the
ratios of micropore volume to total pore volume and micropore surface area to total
surface area (BET) also increased after pillaring with respect to the ratios for the
starting materials. However, europium oxide pillared montmorillonite did not follow
the general trend of pillared montmorillonites. It did not display any microporosity and,
in addition, showed higher macroporosity than the parent sodium montmorillonite. This
could be attributed to the utilisation of europium as pillaring species resulting in an
unconventional non-microporous product behaving differently than the usual pillared
clays. It is likely that during calcination dexydroxylation of the europium oxide pillars
and the clay structure occurred resulting in the formation of large pores. Further
investigation is required on this matter. On the other hand laponite had higher surface
area and higher total pore volume than all the pillared montmorillonites, which was
credited to its delaminated nature and small particles. Pillaring of laponite did not affect

significantly either its surface area or its pore volume.

MAS NMR was applied to the starting clay materials and their pillared derivatives after
calcination to investigate whether pillaring with a range of species affects their
aluminosilicate framework. Since no significant changes were exhibited between the

recorded 2°Si and 2’Al MAS NMR spectra, it can be concluded that the aluminosilicate
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structure of the materials remained basically unaltered regardless of being pillared or

unpillared.

11.2 Catalytic performance
11.2.1 Summary

The catalytic performance of the pillared clays synthesised was mainly assessed in
terms of their ability to hydrocrack the fraction of the coal derived liquids with boiling
points above 450°C and convert it into materials with lower boiling points. All the
catalysts tested (parent clays, pillared clays and NiMo on alumina) showed a
significant deposition of carbonaceous material on their surface after the first use and
as a result valid performance comparisons could not be drawn from these tests. The
deposits are mainly composed of heavy material with boiling points above 450°C. A
more realistic assessment of catalytic activity was achieved during reuse of the most
promising catalysts, while the new carbon deposition was significantly lower.
However, the small amounts of catalyst and feed employed in the runs might have
compromised the ability of the test programme to provide definitive trends due to

higher experimental error.

11.2.2 Conclusions

The chromia pillared montmorillonite CM3 (doo=15.4 A, 2.6% Cr) and the tin oxide
pillared laponite SL2a showed slightly better “conversions” (53 and 54% respectively)
than the other catalysts. Sodium montmorillonite, the chromia pillared montmorillonite
CM6  (doo1=22.5 A, 4.5% Cr), the mixed chromium-cerium oxide pillared
montmorillonite and Wyoming bentonite as received displayed similar “conversions”
with the conventional catalyst (NiMo on alumina) (40%). However, some information
on heteroatom removal (by elemental analysis) in the processed feed would have

improved the assessment of catalytic performance.

The intercalation of chromium in the form of chromia (Cr,0O3) in the interlayer clearly
increased conversion. This was attributed to the redox activity of the chromia pillar.
However, this increase was not proportional to the increase in chromium content or

basal spacing. In the case of tin oxide pillared laponite, the catalytic activity might
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have been a result of better access to the acid sites due to the delaminated nature of

laponite, whose activity was promoted by the presence of tin oxide.

The manipulation of the structural properties of the catalysts via pillaring did not seem
to have any effect on the catalysts’ activity. This was probably due to the collapse of the
pillars under hydrocracking conditions as indicated by the similar basal spacing of the
catalysts after use. However, the type of the pillaring species had a significant effect on
conversion. Whereas pillaring with chromium and tin oxides increased the conversion
exhibited by the parent clays, pillaring with cerium and europium oxides appeared to
have a detrimental effect. The relatively good performance of the parent clays was
attributed to their acid sites, coupled with their macropores which are able to

accommodate the very high molecular mass of coal derived liquids.

The catalytic behaviour observed during the second series of hydrocracking runs might
be attributed to a change in the oxidation state of chromium and tin, which occurred
during the first series of runs and was triggered by the hydrogen atmosphere in the
microbomb reactor. Hence, the first run could be considered as a preparatory-activation
step to convert the catalyst to its final form. However, in the case of cerium and
europium oxide pillared montmorillonites the improvement in the hydrocracking
performance during second use was small, indicating that this preparatory-activation
step works favourably only for certain metals. The improved performance exhibited in

most cases during reuse may indicate that the coke layer has a catalytic effect.

The catalysts were tested in a microbomb reactor under conventional hydrocracking
conditions involving high temperatures and high hydrogen pressures. It was thought
that microwave irradiation could enable conversion to occur at milder conditions than
those conventionally used, coupled with a more effective use of hydrogen. The latter
could lead to lower operating costs making the process cost effective. In this framework
a CEM Focused Microwave™ Synthesis System, Model Discover was adapted for the
hydrocracking of coal derived liquids and tested with the conventional catalyst NiMo
on alumina at moderate conditions (13.8 bar and 190°C). However, in practice
excessive coke deposition took place leading to negative total conversion. This was
probably due to a very low hydrogen pressure, unable to have any hydrocracking effect

even under microwave irradiation.
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11.3 Bio-oil decomposition under microwave irradiation
11.3.1 Summary

Bio-oil contains many reactive organic compounds that polymerise to form higher
molecular weight species during storage at ambient or elevated temperature, resulting in
an increase in viscosity and a decrease in volatility, which are both unfavourable for
fuel applications. Like coal derived liquids and petroleum residues, it requires high
temperatures and pressures in order to be upgraded to transport fuel and the
conventional catalysts (NiMo and CoMo on alumina) employed until now are rapidly
deactivated and unable to handle its high water content (ca. 25% wt). Therefore any
information on the effect of parameters such as temperature, time, mode of heating,
presence of char and catalyst in the properties of bio-oil would be beneficial for any

potential end user.

11.3.2 Conclusions

Increasing temperature at constant hold time or increasing hold time at constant
temperature had similar effects on bio-oil. They both led to an increase in the final
pressure (at ambient temperature) during the runs, as well as in the water content and
average molecular weight of the treated bio-oil and influenced its physical appearance.
The lowest temperature at which phase separation was observed was 150°C for the 30
min hold time runs and 175°C for the zero hold time runs. Therefore, increasing hold
time had lowered the temperature at which phase separation occurred. No effect of

temperature or hold time was observed in the functional group composition.

The rate constant of bio-o0il’s decomposition at 175°C was calculated based on the data
of final pressure, average molecular weight and water content (%) versus hold time,
assuming first order kinetics. Because only three data points were available, the
determined rate constants require validation via further experimentation and should be
considered as rough estimations of the true values. However, the derived values are
very close (ca. 0.05 min™), which strongly indicates that the approach is correct. The
calculation of the rate constant at 150°C from data of final pressure versus hold time
(k=0.05 min™') was more accurate using several data points. The same calculated rate

constants at 175°C and 150°C may point to a negative activation energy for the
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observed rate constant which, in turn, is usually suggestive of a pre-equilibrium with a

negative enthalpy change.

The mode of heating (microwave or conventional), which was investigated at constant
temperature and hold time, appeared to have no effect in bio-oil’s water content,
physical appearance or functional group composition. The increase In average
molecular weight calculated for the conventional runs (AM,) was lower than the
respective for the microwave runs. However, it is important to appreciate the lack of
monitoring of the actual bio-oil temperature during the conventional runs before
attributing these differences to a “microwave” effect. A possible lower temperature
during the conventional runs could explain the lower increase in average molecular

weight.

Increasing bio-oil’s char content at constant temperature and hold time increased its
water content and average molecular weight, but did not affect its physical appearance
or functional group composition. The char originating from switchgrass led to slightly
higher water content and average molecular weight than the char from beech, probably
due to its higher catalytic activity, which is attributed to its higher ash and alkalimetal
content. However, because those differences were minor and could render in the order
of magnitude of experimental error, no definitive conclusions should be drawn on the

effect of the type of char in bio-0il’s water content or average molecular weight.

Bio-oil irradiated at constant temperature and hold time in the presence of a range of
catalysts exhibited an increase in its average molecular weight compared to the
respective from the blank run (bio-oil only). The biggest increase was displayed by the
the bio-oil recovered from the run conducted in the presence of chromia pillared
montmorillonite, followed by those from the runs in the presence of NiMo on alumina
and tin oxide pillared laponite, indicating that the condensation and polymerisation
reactions, which are responsible for the formation of higher molecular weight species in

bio-oil, are enhanced by these catalysts.
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12 RECOMMENDATIONS

During the current work several areas requiring further investigation were identified,
but it was not possible to follow them due to time limitations. These areas formed the

basis of the recommendations for further work presented in this chapter.

With regards to ‘conversion’ of coal derived liquids, the chromia pillared
montmorillonite CM3 (dgg1=15.4A, 2.6% Cr) and the tin oxide pillared laponite SL2a
were the best catalysts. Sodium montmorillonite, the chromia pillared montmorillonite
CM6 (d001=22.5A, 45% Cr), the mixed chromium-cerium oxide pillared
montmorillonite and Wyoming bentonite as received displayed similar ‘conversions’
with the conventional catalyst (NiMo on alumina), but slightly lower than the
respective for CM3 and SL2a. The intercalation of chromium in the form of chromia
(Cr,03) in the interlayer clearly increased conversion but not proportionally to the
increase in chromium content or basal spacing. Initial basal spacing did not seem to be
related to the catalysts’ activity, probably due to the collapse of the pillars under
hydrocracking conditions as indicated by the similar low basal spacing of the catalysts
after use. The high ‘conversion’ of the chromia pillared montmorillonite was attributed
to the redox activity of the chromia pillar. On this basis it would be of particular
interest to:

e Utilise a chromia pillared montmorillonite as support for NiMo, in order to combine
on a molecular level the two catalysts that displayed high conversions in
hydrocracking coal, which is expected to further increase conversion. This
combination will yield a hydrotreating catalyst, i.e. a dual function catalyst where
hydrogenation-dehydrogenation reactions will occur on the metal centres
comprising Ni-Mo, whereas cracking reactions will occur on the acid sites provided
by the chromia pillared clay.

e Utilise a moderate acidity aluminosilicate as substrate for chromium oxide, ensuring
good dispersion of the active phase, and compare the activity of the resulting
catalyst with that of a chromia pillared clay. The fact that the chromia pillared
montmorillonite exhibited high conversion in hydrocracking coal derived liquids
although the pillars had probably collapsed implies that pillaring may not be
necessary.

Neither of the above mentioned catalyst formulations has been investigated so far.
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The effectiveness of the tin oxide pillared laponite SL2a should be questioned. SL2a
and SL7a exhibited a completely reversed catalytic behaviour between first and second
use, for which the minor differences in the preparation method and the resulting
intercalated tin content between the two catalysts can not account. Therefore:

e More experiments assessing the reproducibility of the production and the

performance of tin oxide pillared laponites should be carried out.

The tin oxide pillared montmorillonite was the only catalyst that could not be tested in

hydrocracking coal derived liquids. Hence:

e Hydrocracking experiments employing tin oxide pillared montmorillonite in order
to provide information on the catalytic effect of the tin oxide pillar in connection to

the nature of the parent clay would be helpful.

A 144-fold reduction was achieved in the preparation time of the microwave assisted

chromia pillared montmorillonite compared to that of the conventional method.

However the basal spacing of the resulting material was lower than that of the

conventional method. Thus:

e Optimisation of the microwave preparation of chromia pillared montmorillonite in
order to yield a material with higher basal spacing of ca. 28A to match that from the
conventional method is recommended.

e Testing of chromia montmorillonites synthesised under microwave irradiation in
hydrocracking coal liquids to assess whether microwave irradiation 1mproves
catalytic activity as suggested by the literature for other catalytic applications would

be of interest.

Cerium and curopium were intercalated conventionally in sodium montmorillonite in

the belief that their oxidation states could be manipulated during calcination and

hydrocracking, leading to possible improvement of the catalytic performance of the

derived pillared clays. Hence:

e XPS analysis of cerium and europium oxide pillared montmorillonites before and
after calcination to identify the oxidation state of the metal cation and check the

validity of the assumption of possible manipulation should be carried out.
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The derived europium oxide pillared montmorillonite did not follow the general trend
of the pillared montmorillonites. It did not display any microporosity or increase in its
surface area and, in addition, showed higher macroporosity than the original
montmorillonite. This could be attributed to the utilisation of europium oxide as
pillaring species resulting in an unconventional product with different properties than
the usual pillared clays. As a result:
o Repetition of experiments to prove reproducibility of the production and further
characterisation in order to investigate the validity of the assumptions made in the

attempt to explain these different properties would be valuable.

The catalytic behaviour observed during the second series of hydrocracking runs might
be attributed to a change in the oxidation state of the metal during the first series of
runs, triggered by the hydrogen atmosphere in the microbomb reactor. Hence, the first
run could be considered as a preparatory-activation step to convert the catalyst to its
final form. However, in the case of cerium and ecuropium oxide pillared
montmorillonites the improvement in the hydrocracking performance during second use
was small, indicating that this preparatory-activation step works favourably only for
certain metals. In order to shed more light into the catalytic behaviour of the pillared
materials:

o Depth resolved XPS should be performed on all the used catalysts, if it is possible
to overcome the problem of the carbon layer and still detect the metal cation and its
structure, in order to identify the oxidation state of the metal cation and check
whether any change occurs during hydrocracking as assumed. Alternatively,
subjecting the catalysts to hydrocracking conditions in the absence of feed and
subsequent performance of XPS analysis could be employed. This should be
indicative of any changes in the oxidation state of the metal cation, if carbon

deposition does not play a role in the process.

Further information on the used catalysts would improve the understanding of the

catalytic process.

e Scanning electron microscopy (SEM) or atomic force microscopy (AFM) conducted
on the used catalysts would provide information for the nature of surface coking.

e Performance of nitrogen sorption on the used catalysts could elucidate the real
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effect of hydrocracking conditions on the textural properties of pillared clay

catalysts.

Evidence from the XRD analysis of the used catalysts (similar low basal spacing) and

the nitrogen sorption analysis of a chromia pillared montmorillonite subjected to

hydrocracking conditions in the absence of feed (smaller surface area, larger mean pore

size) suggest that the pillars collapse under these conditions. Hence:

e Performance of a series of hydrocracking runs at milder conditions (i.e. lower
temperatures and/or pressures) followed by catalysts characterisation to assess the
impact of the employed conditions on the catalysts aiming to identify the conditions

at which the pillars collapse would be useful.

Whether the most active pillared clays represent an advantage over the commercial
catalysts in terms of overall performance should be assessed over longer periods. In this
respect it would be helpful to:

e Utilise a continuous reactor instead of the batch microbomb reactor used at Imperial
College with higher amount of catalyst to conduct long hydrocracking runs in order
to assess better catalytic activity.

e Perform elemental analysis in the processed feed to measure heteroatom removal.

e Consider catalyst regeneration due to the high level of coking in addition to develop

catalysts that suffer from much lower levels of carbon deposition.

Although a range of catalysts with different structural properties was prepared, varying

in preparation, nature of parent clay, nature of active metal, texture, etc., the selected

hydrocracking reaction did not show any particular sensitivity to these factors.

Therefore, it would be of particular interests to:

e Usec the same catalysts in shape-selective reactions to investigate the effect of
structure upon catalytic performance.

e Employ the same catalysts in the field of other acid-catalysed reactions, such as
cracking, hydroisomerisation, ~dehydration, dehydrogenation, hydrogenation,
aromatisation, disproportionation, esterification, alkylation and selective catalytic
reduction. These reactions usually employ milder conditions than those in the

hydrocracking reactor (i.e. 440°C and 190 bar).
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During the study of bio-o0il’s decomposition it was shown that rate constants can be
calculated from data of final pressure, average molecular weight and water content
versus hold time. Very limited work has previously been done on assigning kinetic
parameters to the effect of heating on bio-oil [86]. This could be useful both as a
general approach and as a means of systematising experimental information. Therefore
there is a need to refine the technique and its results and demonstrate their
reproducibility and limitations. In this respect it would be useful to:
e Perform a series of runs at different hold times for each irradiation temperature to
calculate more accurately the rate constants of bio-oil decomposition and assess

reproducibility.

The presence of char during microwave irradiation at 125°C influenced bio-o0il’s water
content and average molecular weight. Char originating from switchgrass led to slightly
higher water content and average molecular weight than char from beech, probably due
to its higher catalytic activity, which is attributed to its higher ash and alkali metal
content. However, those differences were minor, of the order of magnitude of
experimental error. Therefore:
e Performance of a series of microwave runs to investigate the effect of char content
and origin on bio-oil at temperatures higher than 125°C would be recommended. It

is possible that the catalytic effect of char is stronger at higher temperatures.

Bio-oil irradiated in the presence of a range of catalysts exhibited an increase in its
average molecular weight compared to the respective from the blank run (bio-oil only),
indicating that the condensation and polymerisation reactions, which are responsible for
the formation of higher molecular weight species in bio-oil, are enhanced by these
catalysts. In this respect:

e Performance of a series of bio-oil and catalyst runs conducted in the presence of
tetralin (hydrogen donor) to investigate whether any deoxygenation takes place
would be of interest.

e Performance of a series of bio-oil catalytic hydrotreating runs in the developed
microwave reactor to assess the potential of bio-oil upgrading under microwave

irradiation would be helpful.
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Figure 1.2 XRD patterns for chromia pillared montmorillonite CM3
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Figure 1.3 XRD patterns for chromia pillared montmorillonites CM4 and CMS5

CMG6 uncalcined

o CM6 calcined

o - T T T T Y T T T T AR T T T LI T
22 3 4 s L 7 3 v

2-Theta - Scale

Figure 1.4 XRD patterns for chromia pillared montmorillonite CM6
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Figure 1.7 XRD patterns for uncalacined chromia pillared montmorillonites prepared

via microwave irradiation CM7, CM9, CM10, CM11 and CM12

] i Eu-mont calcined

o] %

o s

P B DRSPSt T i e o pe e
=] o Eu-mont uncalcined

e ] //]I\

o0 /N//fj (\/\\\/VV\/\/\/"\/\/\/“—VJ\/""\/\/—/\_—/\'-’WV\_/\L
¢ T T T T T T T 1 T T T T T

T T
« s 6 7 e v

2-Theta - Scate

Figure 1.8 XRD patterns for europium pillared montmorillonite
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Figure 1.12 XRD patterns for chromia pillared montmorillonite CM3 after use
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Appendix 2

Mass balances of the hydrocracking runs in the

microbomb reactor
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Appendix 3

Conversions versus catalysts’ structural

properties
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Figure 3.1 Liquid conversion % during 1°' use versus catalysts’ total pore volume

(before use)
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Figure 3.2 Solids % during 1* use versus catalysts’ total pore volume (before use)
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Figure 3.3 Total conversion % during 1% use versus catalysts’ total pore volume (before

use)
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Figure 3.5 Solids % during 1* use versus catalysts’ total (BET) surface area (before
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Figure 3.7 Liquid conversion % during 1* use versus catalysts’ micropore volume

(before use)
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Appendix 4

Cirrus GPC bio-oil injection report
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Cirrus GPC Sample Injection Report

Generated by: Cirrus_GPC50
Workbook: C:\Cirrus Workbooks\Aston University\Aston University.piw

Sample Details
Sample Name: BTG 1

Acquired: 15/09/2005 14:02:55

Batch Name: 15_09_2005

15 September 2005 14:24

By Analyst: Cirrus_GPC50

Filename: C:\Cirrus Workbooks\Aston University\15_09_2005-0001.cgrm

Concentration: 0.00 mg/mi
Injection Volume: 0.0 ul
LIMS ID:

Workbook Details

Eluent: THF stablised with 250 ppm BHT

Column Set:
Detector: DRI

Analysis Using Method: Data Collection

Comments:

K of Sample: 14.1000
Alpha of Sample: 0.7000
Bottle ID:

Flow Rate: 1.00 mi/min
Column Set Length: 0 mm
Temperature:

Results File: C:\Cirrus Workbooks\Aston University\15_09_2005-0001.rst

Calibration Used: 27/04/2005 15:50:02

Calibration Type: Narrow Standard

Calibration Curve: y = 7.518066 - 0.618159x*1

High Limit MW RT: 5.27 mins
High Limit MW: 18299

K: 14.1000

Alpha: 0.7000

FRCF: 1.0000

Curve Fit Used: 1

Low Limit MW RT: 8.63 mins
Low Limit MW: 151

FRM Name:

Flow Marker RT: 0.00 mins
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Sample Injection Report
MW Averages

PeakNo Mp Mn Mw Mz Mz+1 Mv PD
1 232 366 640 1195 1933 581 1.74863

Processed Peaks

Peak No Stat RT MaxRT EndRT PkHeight % Height Area % Area
(mins) (mins) (mins) (mV) (mV.secs)

1 6.00 8.33 8.83 38.8393 0 2857.12 100

Peak Detection

Peak No Type St Detect Code End Detect Code Is St Mod s Max Mod Is End Mod
1 0 1 1 No No No

Baseline Detection

No StartRT EndRT StartHeight End Height IsStMod Is End Mod
(mins) (mins)

1 5.83 11.15 0.64 0.59 No No




Appendix 5

Publication resulted from this thesis
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