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Abstract

The objectives of this project were to synthesise zeolites and aluminosilicate materials
from silicon sources derived from biomass ashes. These materials will have great

potential as catalysts and adsorbents.

In order to begin this study it was necessary to find and optimise a technique for
extraction of silicon to an alkali silicate solution from biomass ashes. It was then
necessary to develop a technique for analysis of the alkali silicate solutions. This was done

using calibration of integrals from infrared spectra.

An optimisation of the synthesis of Zeolite X from a rice hull ash derived alkali silicate was
developed and these materials were analysed and characterised using XRD, N, Adsorption
porosimetry, X-Ray Fluorescence Spectroscopy, and X-Ray Photoelectron Spectroscopy.
An in-depth study of the surface of the ash derived and reference Zeolite X was
undertaken using in situ small molecule probing FT-IR. It was found that although the
materials were similar there was a significant difference due to the presence of a strongly

bonded carbonate species in the pores of the bio-derived zeolite.

Synthesis of a Miscanthus ash derived mesoporous silica, MCM-41, was successfully
achieved which was comparable to its conventionally synthesised equivalent. Both
displayed ordered hexagonal pores and high surface areas. A study on addition of
different sources of aluminium found that it was possible to introduce aluminium into the
structure successfully. Included in this study was the addition of the waste product ‘red

clay’ as an aluminium source.

Another mesoporous silica, SBA-15 was synthesised from a Miscanthus ash derived alkali
silicate. It was necessary to optimise the synthesis to adapt to the different pH systems of
the conventional method and bio-derived alkali silicate solutions. This was achieved and a

bio-derived SBA-15 material with ordered hexagonal pores was produced.
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Chapter 1 Introduction

1.1 Scope of project

This project aims to develop consistent and reliable methods for the synthesis of useful
porous aluminosilicate solids using reagents sourced from waste products. The main
reagent used will be alkali silicate solutions from biomass ashes. These porous
aluminosilicate materials will then be compared with their counterparts synthesised from

conventional reagents using various analytical techniques.

1.2 Context

1.2.1 Green Chemistry

“Green Chemistry is the utilisation of a set of principles that reduces or eliminates the use
or generation of hazardous substances in the design, manufacture and application of
chemical products.”*

The popularity of Green Chemistry has grown exponentially in the last few decades. With
the issues of climate change and the consumption of our natural resources coming to the
fore in politics and the media there has been a greater awareness of green issues. The
twelve principles of Green Chemistry, as outlined in 'Green Chemistry: Theory and
Practice', have been developed as a tool to direct chemists and chemistry to a sustainable

future. These principles are as follows:*

1. Itis better to prevent waste than to treat or clean up waste after it has been
created.

2. Synthetic methods should be designed to maximize the incorporation of all
materials used in the process into the final product.

3. Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Chemical products should be designed to effect their desired function while
minimizing their toxicity.

5. The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be

made unnecessary wherever possible and innocuous when used.
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6. Energy requirements of chemical processes should be recognized for their
environmental and economic impacts and should be minimized. If possible,
synthetic methods should be conducted at ambient temperature and pressure.

7. A raw material or feedstock should be renewable rather than depleting whenever
technically and economically practicable.

8. Unnecessary derivatization (use of blocking groups, protection/ deprotection,
temporary modification of physical/chemical processes) should be minimized or
avoided if possible, because such steps require additional reagents and can
generate waste.

9. Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

10. Chemical products should be designed so that at the end of their function they
break down into innocuous degradation products and do not persist in the
environment.

11. Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances.

12. Substances and the form of a substance used in a chemical process should be
chosen to minimize the potential for chemical accidents, including releases,

explosions, and fires.

These principles will be enacted as much as possible throughout this project. More
specifically the raw materials used in this project are themselves waste products
(principle 7) and the materials synthesised for this project will have great potential for

catalysis (principle 9).

1.2.2 The Biorefinery and Biomass Power Plant

The project outline described above (Section 1.1) fits into a wider project developing
research on the biorefinery both at the Green Chemistry Centre of Excellence at York and
elsewhere. The concept of a Biorefinery as described by Audsley and Annetts is “an
integrated factory to process crops into “refined” fractions”.? A biorefinery forms an
alternative to a petrochemical refinery and could, in the future, sustainably provide the

majority of our energy and chemical needs without compromising our provision of food.

A simplified schematic diagram of the biorefinery process is shown in Figure 1.1.>% In this
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example an agricultural waste product such as rice hulls would be collected locally to
minimise transport costs, it would be treated physically to optimise extraction, and then
be chemically treated to obtain valuable chemicals and materials. The leftover material
would then be combusted for energy and the resulting ash be treated to extract inorganic
elements which are present in the biomass. Since ashes have often been shown to be
very abundant in silicon, it would be an obvious choice for potential applications including
the production of aqueous silicate solutions. In this project these extracted silicate
solutions will be used as a starting material for the synthesis of porous silicate and
aluminosilicate materials. Some work has been done previously researching potential

uses for the ash post extraction such as in building or road building materials.

~ . . Silicate
\ o
G al solution
Ash
&
&

Benign Catalyst

o |_Energy extraction

[
End

Milled Products

seco,
2/ e ”76,,
o/

Rice Hulls

Materials | + | Chemicals

Figure 1.1 Schematic diagram showing a simplified biorefinery process from
acquisition of agricultural waste (rice hulls) to production of high value chemicals,
materials and energy

Another process which is relevant to this work is the custom built power station which
combusts biomass on a large scale. This model of sustainable energy production relies on
the agricultural production of ‘energy crops’ such as Miscanthus which are fast growing
and efficient for combustion.® Although this idea is controversial in terms of competition
with food growing crops and true carbon neutrality, there are some cases when it can be
executed in a sustainable manner. A process is carbon neutral if its net carbon emissions
are zero, for example if the process involves an uptake of CO, as well as emissions and
they cancel themselves out.” The burning of biomass has been cited as an example of a
carbon neutral process but it is important to incorporate all factors into those calculations
including production of fertilizers, transport, and other resource uses. Ely Power Station is
the largest straw burning power station in the world generating over 270GWh each year.?

Miscanthus is one of the sources of straw burnt at Ely and the ash from this process is
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used in the project. Approximately 3000 tonnes of fly ash and 10,000 tonnes of bottom

ash is produced per annum.”

Coal fired power accounts for 20-40% of the UK electricity demand throughout the year
with nuclear at between 15-20% and gas at 40-50%. Coal fired power stations are
beginning to introduce biomass/coal mixes into their feedstocks as this reduces the

amount of coal used and the overall environmental impact of the energy production.’

1.2.3 Legislation for Sustainability

In the last five years there has been increasing legislation worldwide, and in particular in
the EU and USA, encouraging the increase in the combustion of biomass as a source of

energy.lo'13

1.3 Silicon and silicates

Silicon is the second most abundant element in the earth’s crust after oxygen.14 It is used
in many applications in many different forms. Below is a discussion of commercial silicon
sources such as TEOS and alkali silicate solutions, and alkali silicate solutions derived from

biomass for synthesis of aluminosilicate materials.

1.3.1 Tetraethyl Orthosilicate (TEOS)

TEOS is an alkyl silicate which hydrolyses, condenses, and precipitates as silica in the

presence of water (catalysed by acid/base) via a sol-gel mechanism.

TEOS is a common precursor to many sol-gel reactions and has a world production of
between 23000 and 32000 tonnes. *> There are environmental issues with the synthesis
of TEOS. It is mainly synthesised from SiCl, and ethanol and produces large amounts of
HCI during the process (Equation 1.1).*® The Hcl by-product is then removed by blowing
air or nitrogen through the sample, using a vacuum, or solvent reflux.'® The readily
hydrolysable property of SiCl, to HCl also makes it difficult to store.”™ Silicon tetrachloride
requires HCl in its synthesis which occurs at 250 °C (Equation 1.2).*° Silicon can be used as
a starting material but is itself produced by a very energy intensive process using carbon
electrodes at temperatures exceeding 1700 °C."
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SiCl, + 4C,H.OH — Si(OC,H.), + 4HCI

Equation 1.1 Formation of tetraethyl orthosilicate from silicon tetrachloride and
ethanol

THCI + 2Si (Powdered Silicon) — SiHCI, + SiCl, + 3H,

Equation 1.2 Synthesis of silicon tetrachloride from silicon and hydrochloric acid
1.3.2 Commercial silicate solutions

Aqueous alkaline silicate solutions (also called waterglass) can be used as a source of
silicon in the synthesis of aluminosilicates. The traditional process of making these
solutions involves fusing silica sand with sodium or potassium carbonate at temperatures
above 1300 °C.* This process is extremely energy intensive and although attempts have

been made to improve the process, it remains very resource draining.™

In addition to Green Chemistry Principle 6 (referring to the minimisation of energy use in
processes), rising energy costs worldwide and greater awareness of the environmental
cost of energy use places greater emphasis on the problems in synthesising silicate
solutions using present conventional methods. The proposed method adapted from Dr.
Jennie Dodson will use a fraction of the energy in the synthesis of bio-derived alkali

silicates from ashes.”

1.4 Analysis of alkali silicates

Conventionally, the most accurate method of silicon concentration determination is by
Atomic Absorption Spectroscopy (AAS) but this requires dilute solutions and thus for
concentrated solutions, error is introduced to the method on dilution as well as a
lengthening in time taken for analysis. Dilution of silicate solutions also has an effect on
the nature of the silicate ions in solutions. Dilution causes a reduction in concentration of
hydroxyl ions and thus in pH. Hydrolysis then occurs and the silica can polymerise to

higher polymeric species.**
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Another method of finding the concentration is to obtain the specific gravity of the
solution and combine this with the ratio of alkali metal to silicon. The ratio can be

obtained using titration.'*

Falcone et al describe a method of analysis of silicates using integrals of peaks in the
infrared spectra. ’ This method will be developed for analysis of alkali silicate solutions

extracted from ashes and is described in Chapter 2.

1.5 Extraction of Bio-Derived Alkali Silicate Solutions

The stage of the biorefinery process which will be focused on in this project is the final
stage in treatment of waste biomass after combustion. Ashes formed from combustion of
biomass will be the treated to extract silicon for use in the synthesis of zeolites. Dr. Jennie
Dodson described the extraction of various biomass ashes to form alkali silicate solutions
for use as binders in the production of composite boards.” The work on extraction of

silicas from ash forms a significant basis on which the work described in this thesis is built.

The extraction of silicate solutions from ashes has been described in the literature for the
synthesis of silica and aluminosilicate materials. Early papers by Shih describe synthesis of

both zeolites and mesoporous silicas from coal fly ashes.’**°

A fusion method is employed
whereby ash is mixed with sodium hydroxide and heated to 550 °C for 1 hour in air. The
powder was then mixed with water and aged to produce the solutions which were
separated from any undissolved residue by centrifugation.18 Kalapathy et al extracted
alkali silicate solutions from rice hull ash for synthesis of silica xerogels by mixing the
ashes with boiling 1M NaOH solution. Hui and Chao also studied the extraction of silicon
into alkali silicate solutions from coal fly ash hydrothermally by mixing ash and 2M NaOH
solution at 100 °C in a sealed polypropylene bottle.”* They cited reasons such as energy
efficiency and costs as reasons to not use fusion as previously.21 Little work has been
done on extraction of alkali silicate solutions from biomass for other purposes or from
biomass ashes other than those obtained from coal or rice hulls. There has been very little

research published either on studies on biomass ashes from large scale combustion or on

Miscanthus ashes.
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1.5.1 Microwave vs. Conventional Heating

In many cases heating using microwaves can be more energy efficient than conventional
heating. Where there is a dipole in a molecule, that dipole will align with an electric field
and since microwaves create an alternating oscillating electric field, the corresponding
alternating dipole creates molecular friction and dielectric loss which in turn creates heat
in the near environment of the molecule.”? A dipole exists in water as well as other polar
molecules. As can be seen from Figure 1.2 the heating from microwaves can be much
more efficient than conventional heating as the heating is directed from the centre of the
sample whereas heat must travel through the vessel and into the sample from the
outside when conventionally heated in an oil bath, for example. Microwave heating
within chemistry has gained much recognition as a quick heating technique and one that

enables greener solvents such as water or even solvent free reactions.?

_ Conventional
MW Heating Heating

MW MW U MW W MW

[ e
1 J/imol AL
| i2tem | W \§

2.45 GHz | "V

Microwave
Radiation

MW MW v MW & MW

Radlio

Sample

Increase in temperature

Figure 1.2 Process of microwave heating in comparison with conventional heating®

1.6 Microporous materials - Zeolites

Zeolites are a family of crystalline solids which occur both naturally, as minerals, and by
synthesis.?* Natural zeolites are found throughout the world as they are one of the most
abundant mineral species. They are mined and utilised in large quantities for their

sorbent and ion-exchanging properties such as in sewage treatment.”
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Development of synthetic zeolites with reliable characterisation began in the 1940s and
this work led to the first fully characterised zeolite (Zeolite A) without a corresponding
natural structure.”2®

Zeolites are aluminosilicate materials of the form M,;,0-Al;03-ySiO,-wH,0 where M is a
cation such as sodium, potassium, magnesium, or calcium, n is its charge, and y ranges
from 2 to infinity. The water contained in the cavities are represented by the ‘w’.”> The
presence of aluminium within the silica structure leads to a charge imbalance (+1) which
is stabilised by the negatively charged cation ‘M’ and this relationship is reflected in the

equivalence of the number of aluminium atoms and the number of cations.

1.6.1 Applications

Zeolites are used in large scales in industry. Major applications are in catalysis, especially
in petroleum cracking, gas separation, and in ion exchange for purposes such as water

softening.z“'25

1.6.2 Geometry

The structure of the zeolites discussed in this thesis can be described beginning with the
SiO4 building block (Figure 1.3) which can polymerise with other SiO,4 tetrahedra through
the covalent oxygen bond to form more complex geometries. When twenty four SiO,4
tetrahedra are combined, they form the octahedron shown in Figure 1.4, denoted the
sodalite cage. The mineral sodalite is formed when the cages are arranged such that each
square face joins two cages so each cage connects to six other cages (Figure 1.5). When
the hexagonal faces of the sodalite cages join with four other cages through connecting
units composed of six bridging oxygen ions, a hexagonal prism is formed with greater
spacing than sodalite (Figure 1.6).24 This structure is termed Faujasite and forms a family
of zeolites which includes X and Y differentiated by their silicon to aluminium ratios. The

largest cavity within this structure can fit a sphere of diameter 1.2 nm.?*

Zeolites X and Y crystallise over different Si/Al ranges. For a typical Faujasite, the

composition is Naj[(AlO,);(Si0;)19,-].zZH20 where z is around 260 and j is between 48 and
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76 for Zeolite Y and between 77 and 96 for Zeolite X.>* Therefore Zeolite X contains

significantly more aluminium than Zeolite Y.

Figure 1.3 Silicon-oxygen tetrahedron

Figure 1.4 Sodalite cage with line intersections representing Silicon atoms and
Oxygen atoms at the centre of each line

Figure 1.5  Sodalite structure®*
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Figure 1.6 Faujasite structure with line intersections representing Silicon atoms and
Oxygen atoms (not shown) at the centre of each line

Faujasite was chosen to be the target zeolite structure as the synthesis is simple and
straightforward, no template is required and the crystallisation process does not require a
pressurised system. Additionally, it has many applications in catalysis, particularly in the
catalytic cracking of petroleum molecules due to its three dimensional pore structure
which can admit long hydrocarbons. **?’

Zeolites have been termed ‘molecular sieves’ as they have dimensions similar to the
molecules converted in chemical reactions and therefore catalysis can be directed by the

steric properties of the reagents and the pore size of the zeolitic catalyst.?*

Zeolites exhibit both Brgnsted and Lewis acidity. The number of catalytic sites increases
with the concentration of aluminium in the structure and these potential sites where
cations are located are shown in Figure 1.7 (determined from X-ray data).24 There are four
positions for the cation. Of particular interest are Il and II’ as they are accessible to
reactants and thus relevant to catalysis. Sites | and I’ are less accessible. Type | sites are
located inside the hexagonal prisms, type I’ sites are located inside the sodalite cages, and

Type Il and I’ sites are located in the larger cavity (termed the supercage).
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Figure 1.7 Locations of cation sites in X and Y Zeolites**

In order to generate Brgnsted acidity, hydroxyl groups are needed on the surface to

donate protons to a Brgnsted base. Hydroxyl groups can be introduced by two methods;

direct ion exchange with mineral acids, or exchange with ammonium or alkylammonium

ions followed by calcination.”® The exchange followed by calcination method can be less

damaging to the structure, especially for high aluminium-containing zeolites, than

treatment with mineral acids as silica structures are more vulnerable to pH changes than

thermal effects. Lewis acidity is provided by the cations themselves as they have a

positive charge and are susceptible to electron pair donation.”

As thermally stable heterogeneous catalysts and ion exchangers, zeolites are a useful and

green tool in the development of more sustainable chemistry.
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1.6.3 Synthesis of Zeolites from Ash

Ash can be used directly as a catalyst or catalyst support and has shown some activity in a
range of reactions and processes.?® Potential for catalysis in biodiesel production was

described for a NaX Zeolite synthesised from coal fly ash.”

A large amount of research has been done synthesising zeolites from ashes for the last 30
years. Primarily focussing on using silicon from rice husk ash and coal fly and coal bottom
ashes many papers have been published describing the synthesis of novel zeolites or a

mimicking of zeolites formerly synthesised from commercial silicates.

30-34
h

Mixed phase zeolites were synthesised hydrothermally from coal fly as and in

particular Faujasite zeolites were synthesised from coal fly ash as early as 1993.%738 A
comparison using KOH and NaOH with coal fly ash was performed by Rios et al which
found that no zeolitic materials were obtained when KOH was used.** Molina and Poole
compared hydrothermal extraction with fusion prior to hydrothermal extraction of coal

pulverised ash in the synthesis of zeolites and found a higher purity in yield of Zeolite X

when using the fusion method.*

Other ashes have been used to synthesise zeolites such as ash from thermally treated
sediment which was used by Wu et al to synthesise a range of zeolites including

Faujasite.41

As early as 1985 a synthesis was described for NaX using rice husk ash with additional
silica gel added.*? Other zeolites such as Mordenite, ZSM-5, and Zeolite Beta were also

synthesised from rice husk ash.**

1.7 Mesoporous Silica

Much more recently, from the early 1990s, silica derived molecular sieves with
mesoporous pore structures with short-range order have been synthesised.”**” These
materials offer the same advantages of zeolites such as thermal stability, high surface
areas, and shape selective catalysis but with the addition that larger pores widen the

number of molecules and chemical reactions which can be catalysed by these materials.
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These mesoporous materials are synthesised using various templating techniques

48-49

described below. Molecular sieve type silica materials have a wide range of

applications including as catalysts and catalyst supports, as adsorbents and particularly in

CO; adsorption, and in separation.50'53

1.7.1 Micelle Templating

In order to synthesise ordered mesoporous materials it is often necessary to introduce a
template for the silica to condense around. There are various mechanisms in which
templates and silica interact. If the synthesis environment is aqueous, and this is the case
for all materials synthesised in this thesis, template molecules with polar and non polar
ends will form micelles with the polar end facing out and the non polar end in the centre.
These micelles form the basis of the template and as they coordinate they form uniform
arrays. Silica condenses around these templates and the required material precipitates
out of solution. It is then necessary to remove the template by ion exchange, calcination,

or solvent extraction to obtain the porous structure.

The various pathways of micelle templating are termed by using the nature of charge
(positive or negative) on the structure directing agent (template surfactant), S, and the
silicate precursor, |. For example, to synthesize MCM-41 the template CTAB (cetyl
trimethylammonium bromide) (Figure 1.8 and Figure 1.9) is used and this has a positive
amine group around which the negative silicate ions interact. This mechanism is termed

ST (Figure 1.10).*%

AN\ ~ N . N N N P N ~
. N ™~ ~ T N ~_ " -

~

Figure 1.8 CTAB (cetyl trimethylammonium bromide)
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Figure 1.9 Three CTAB micelles with polar ends on outside and non polar end facing
inwards
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Figure 1.10  S’I' templating method for synthesis of mesoporous silica (where ‘S’ is
surfactant and ‘V is inorganic). Positive nitrogen cations line the edge of the micelle
arrays and silicate anions interact along the same axis

In order to synthesise SBA-15, the triblock copolymer Pluronic P123 (Figure 1.11, Figure
1.12, and Figure 1.13), is used as the template. Pluronic P123 forms micelles which self
organise and have a positive surface charge once protonated under acidic conditions. A
negatively charged anion then coordinates the positively charged micelle template
surface with positively charge silica groups in an S'X’I” mechanism, where in this case the

halide ion, X, is Chloride (Figure 1.14).>*>°
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Figure 1.11  Simplified structure of the organic templating agent Pluronic P123
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Figure 1.12 A Pluronic P123 molecule coordinated with polar groups at one end and
the organic centre at the other end
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Figure 1.13 Three coordinated Pluronic P123 micelles with polar ends on outside and
non polar end facing inwards
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Figure 1.14  S'XT1" templating method for synthesis of mesoporous silica (where ‘S’ is
surfactant, ‘I’ is inorganic, anion ‘X’ is Chloride ion, and R is H or alkyl chain). Protonated
Pluronic P123 groups line the edge of the micelle arrays, chloride ions interact and form

an intermediate between the micelle edge and protonated silicate cations

It will be useful to note that the nature of Pluronic P123, a surfactant template which has
a very long chain and can arrange itself within 3 dimensional space, leads to condensation
of silica at other points of the chain as well as merely on the edge of the micelle. The
effect leads to microporosity in the final silicate structure which links the larger ordered

mesopores.>®

Another mechanism for synthesis of mesoporous molecular sieve silicas proceeds via a
neutral route and utilises primary amines to form micelles (Figure 1.15) which then

aggregate together and interact with silica via an s°1° mechanism (Figure 1.16).°% A

s
there is no charge difference between the template and silicate, the interactions occur
due to hydrogen bonding. A wide range of such materials have been synthesised using
neutral amines which can be removed from the silicate materials via solvent extraction

and reused.>*®°
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Figure 1.15 Primary amine template

45



Chapter 1

Introduction

S _Si 5
9 0 o~
H H H
H, - H,
%j ‘N—H N—H
H_._N\ H'_'NK H_._N\
H H H
H H H
\ 4 \
/D -"D KO
Si Si Si
Figure 1.16

Si i __,Si
oY
H v H
H. H H
N—H é%jl ‘N—H
H—N_ H—N, H—N,
H H H
L S
v . 0
Si Si Si

s°1° neutral templating method for synthesis of mesoporous silica where

the interaction between polar end groups and silica in hydrogen bonding (‘S’ is
surfactant and ‘I’ is inorganic)

lonic templating methods (Figure 1.10 and Figure 1.14) produce linear pores as the charge

on the outer edge of the micelles prevents the pore arranging in a non-linear manner.

When there is no charge density on the micelle surface, such as with neutral templating,

there is no such constraint and there can exist ‘wormhole porosity’ where the micelles

have arranged themselves in a non-linear fashion, an example of which is shown in Figure

1.17.
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Figure 1.17 Wormbhole porosity due to neutral S°I° templating mechanism

The process described above uses micelle formation to create ordered structures for silica
to condense around. This process has been termed liquid crystal templating (Figure
1.18).° A template is added to a particular pH environment and forms micelles. A silica
source is added which interacts with the micelles and condenses to form the desired

structure. The material is filtered and calcined in order to remove the template.

Hexagonal
array

Silicate Calcination
—l .

MCM-41

Figure 1.18  Schematic drawing of the liquid-crystal templating mechanism %
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1.7.2 MCM-41

In 1992 a new family of materials were synthesised by scientists at Mobil named M41S.%*
%7 These materials were the first mesoporous materials containing regular arrays of
uniform channels (between 16-100 A depending on synthesis conditions) to be

synthesised via the calcination of silicate gels in the presence of surfactants.

MCM-41 (Mobil Composition of Matter number 41) was chosen for synthesis from bio-
derived silicates since promising work had been published (Section 1.7.4) in which MCM-
41 was synthesised from alkali silicate solutions derived from coal ashes under ambient

conditions (room temperature and atmospheric pressure).

One of the less green aspects of the synthesis is the use of CTAB (cetyl
trimethylammonium bromide) which is poorly biodegradable and has “high acute and
chronic toxicity”." Since the template is calcined this becomes an issue of any wasted
template unused in the synthesis. Negative environmental impacts of the use of CTAB are
also the calcination of the template causing gases to be released to the atmosphere and

also the single use nature of the template.

1.7.3 SBA-15

In 1998 a new family of mesoporous silicas named SBA, with larger pores and thicker
walls than the MCM family were synthesised from TEOS. These materials were
synthesised via a micelle templated method (as described above) in an acidic aqueous
environment (pH around 1). The template used for SBA-15 is Pluronic P123, and is an
organic triblock copolymer (polyethylene glycol — polypropylene glycol — polyethylene
glycol) which has surfactant properties.”*>*

As with the template for synthesis of MCM-41, the template for synthesis of SBA-15,
Pluronic P123, is not readily biodegradable and can have “acute and prolonged toxicity to

» 15

aquatic systems”.”> Again, since it is calcined this becomes less of an issue in itself but the

calcination causes gases to be released to the atmosphere which is in itself a problem.
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1.7.4 Mesoporous materials synthesised from ashes

In the last 13 years SBA-15 and MCM-41, alongside other mesoporous silica materials,
have been synthesised from ashes. Coal and rice husk appear to be the main sources of
silicon for ash based synthesis of these mesoporous materials (rice hulls are the only

biomass to have been researched in this way to date).

Shih et al appear to have been the first to synthesise the mesoporous aluminosilicate
material MCM-41 from fused fly ash solutions.™® They describe a method to extract the
silicate solutions for use in synthesis as a high temperature (550 °C) fusion of the ashes
with sodium hydroxide followed by mixing with water at room temperature to extract the

inorganic species.

Kumar et al synthesised AI-MCM-41 and SBA-15 from coal fly ash. Fusion was utilised to
extract the supernatant solutions (aluminium and silica) for use in synthesis of the
materials. Sodium metasilicate was added to the SBA-15 synthesis and no aluminium
from the supernatant solution was incorporated. Porosity was found to be lower for the
ash derived materials.®? Hui and Chao studied the effect of pH on the uptake of
aluminium into an MCM-41 material synthesised from coal fly ash. The silicate solution
used for this work was extracted hydrothermally citing reasons such as energy efficiency
and costs as reasons to not use fusion as previously.?! Misran et al also describe a
synthesis of MCM-41 from coal fly ash using fusion extraction.”® Ahn et al synthesised
SBA-15, MCM-41 and other mesoporous materials from coal bottom ash and fly ash.®*®’
Aluminium from bottom ash was incorporated into the MCM-41 structure which
destabilised it. Sodium metasilicate was added to reduce this effect and increase the
porosity.®*Addition of sodium metasilicate to the synthesis of SBA-15 is described in order

to strengthen the structures of the materials.®* ®

Coal fly ash was found to contain lower
amounts of silicon but synthesis of SBA-15 was achieved with some inferior properties to
a TEOS derived SBA-15. It was found that once these materials were impregnated with
polyethyleneimine (PEl), their CO, sorption capacities were similar.®® Majchrzak-Kuceba
and Nowak studied the reproducibility of the synthesis of MCM-41 from coal fly ashes

from different power stations in Poland. It was found that the successful synthesis of the

material depended on the Si/Al ratio of the supernatant.68
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Grisdanurak and Chiarakorn et al describe syntheses of MCM-41 from washed rice husks

and rice husk ashes in acidic conditions.®*"°

The silicate solutions used in the syntheses
were hydrothermally extracted. The materials were tested for sorption of chlorinated
volatile organic compounds (CVOCs) and hydrophobicity properties. Chidthaisong et al
synthesised MCM-41 from rice husk using the same technique as Chiarakorn et al and
tested it for sorption of CO,.”! Jang et al synthesised MCM-41 and SBA-15 from rice husk
ash (basic pH solution) and grafted amine compounds onto the surface in order to test

the materials for sorption of co,.>

All rice husk and rice husk ash syntheses described in the literature have been conducted
using ash produced on a lab scale and therefore not only is the use of Miscanthus ash a
novel source of mesoporous silica materials, the fact that the Miscanthus ash was
collected from large scale combustion at a power plant also makes the studies in the

thesis unique.

1.8 Red Clay Aluminium Extraction

More than 70 million tonnes of dry Bauxite Residue (red clay) was produced annually
worldwide in 2000 and production has increased by 65% between then and 2010.”%”® Red
clay is a waste product of the large scale Bayer process of aluminium production. It is
formed from the insoluble residue left after digestion of bauxite ore in hot caustic soda
and is a heterogeneous mixture of oxides.”* Below in Table 1.1 are some examples of the
composition of the material. ° It has a high concentration of silicon, aluminium and iron
which can be used as a source for synthesis of aluminosilicate materials. Red clay has
been studied as a catalyst for methane decomposition.76 Due to the large amounts of this
material being produced and its high concentration of aluminium and iron it was decided
to test the potential of this material as an aluminium source in the synthesis of MCM-41.

This possibility has not been suggested or published as yet elsewhere.
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Table 1.1 Elemental composition (ICP-AES) of red clay samples (wt%) from
Hargreaves et al.
Sample Major Elements
Code SiO, | Al,O3 | Fe,03 | TiO, | CaO | MgO | Na,O | K,O | P,Os | MnO | LOI
RM4> | 16.40 | 10.44 | 42.70 | 6.44 | 2.85 | 1.56 | 3.72 | 0.05 | 0.02 | - | 15.30
RM6*® | 12.40 | 10.12 | 36.40 | 18.70 | 2.65 | 2.52 | 3.85 | 0.09 | 0.02 - 12.80
RM7>* | 14.60 | 23.51 | 36.79 | 0.74 | 1.18 | 0.07 | 6.08 | 0.02 | 0.15 | 0.12 | 16.47

1.9 Techniques

A brief overview of the techniques used in this project are described below. All
techniques are methods used to analyse materials synthesised in this project. Further

details about the exact methods used are given in Chapter 6 Section 6.5.

1.9.1 X-Ray Techniques

X-rays were discovered in 1895 by Wilhelm Rontgen and various techniques have since

been developed to characterise materials.”’

1.9.1.1 X-Ray Diffraction Spectroscopy (XRD)

The type of XRD spectroscopy used in this project is Powder X-Ray Diffraction but will be

referred to as simply XRD.

This technique has developed over the last 100 years and is based on the discovery that
the wavelength of x-rays is of the order of 1 A (= 1 x 10*° m) and that this is comparable
to the separation of atoms in a crystalline lattice. When x-rays are scattered by electrons
bound to atoms the interference leads to a phase shift in their wave. When this effect
occurs for atoms in repeating planes the phase shift can form constructive interference.
This constructive interference occurs when Bragg’s equation (Equation 1.3) is satisfied
and gives a peak of intensity which can give information on the crystalline structure of the

material.”®
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Equation 1.3 Bragg’s Equation where n =0, t1, +2, ... A = wavelength of X-ray, and 20 is
the angle between incoming and outgoing x-rays (diffraction angle)

The technique is incredibly useful for identifying crystalline materials as each different
structure has its own unique pattern (set of peaks at specific 20 values), much like a
fingerprint, which can be compared with a library of such patterns to quickly identify the
crystalline phase. It is also possible to analyse a material if it is @ mix of crystalline phases

as patterns for each unique phase can be identified from the sample’s pattern.

1.9.1.2 X-Ray Fluorescence Spectroscopy (XRF)

Where XRD detects diffracted X-rays at different angles to identify a material, XRF detects
fluorescence energy caused by x-rays hitting a sample. When an x-ray photon of high
enough energy strikes an atom it can expel an electron from one of that atom’s shells. An
electron from an outer shell (higher energy) then transfers to the shell with the vacancy
(lower energy) and this process produces emitted energy at a certain radiation
characteristic of that element. An atom will emit more than one single energy as there
are multiple shells for an electron to be expelled from and for an electron to transfer
from. This creates an element specific fingerprint which can be added to a library for all

elements that the XRF spectrometer detects.”®

XRF can give the elemental composition of the bulk of a material for all elements heavier
than Neon in the periodic table. Therefore it cannot give information on any organic
content of a material but it can give precise concentrations of any inorganic or metal

elements, especially when combined with similar reference samples.

1.9.1.3 X-Ray Photoemission Spectroscopy (XPS)

XPS is another X-ray technique which gives information on the elemental composition of
a material’s surface. This technique covers all elements from the periodic table, except
Hydrogen and Helium, and needs to be carried out under vacuum. XPS can give elemental
composition of the surface up to a depth of 10 nm which is important as this is the active

area which will be involved in catalysis. XPS can provide information on the molecular
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environment of the elements on the surface such as oxidation state. The technique
monitors the energy of electrons which are emitted when the material is subjected to x-
ray photons. This information can then be related to the element and its molecular
environment which is especially important for understanding potential applications such

as in catalysis.

1.9.2 Porosity and Porosimetry

Porosimetry is an analytical technique which can give information about a material’s
surface structure. In particular, the technique can characterise pore structures of a
material. The technique used in this thesis is N, porosimetry and utilises the properties of
nitrogen such as its size and boiling temperature to study the surfaces of materials. By
varying the partial pressure of nitrogen in a nitrogen/helium mixed atmosphere, an
isotherm can be produced which examines the adsorption of nitrogen on the surface of a
material.* Adsorption is defined as the strictly physical effect of enrichment of one or
more components in an interfacial layer.?* Nitrogen porosimetry, thus, uses the nature of
the condensation of nitrogen onto the surface of the pores of a structure in order to
characterise it. This characterisation is useful in characterising a material’s pore structure,
i.e. pore size, pore volume, and pore geometry, which is in turn useful in understanding

its behaviour in various applications such as in catalysis.

Figure 1.19 shows the six types of adsorption isotherms classified by IUPAC.®! The most
relevant ones for this thesis will be Types I, Il, and IV which relate to microporous,

nonporous, and mesoporous materials respectively.80
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Figure 1.19  The six types of adsorption isotherm®’

The Type Il isotherm which most often refers to a non-porous material, gives information
on the monolayer capacity (amount of adsorbate which can be accommodated in a single
molecular layer of 1 g of the solid) of that solid. This information can be used to calculate
the surface area by multiplying the number of molecules adsorbed by the area taken up

by each molecule.®

Below in Table 1.2 are the IUPAC definitions of pore width.®

Table 1.2 Pore size definitions.2? 1A =10""m
Pore Width A
Micropore Less than ~ 20

Mesopore | Between ~20 and ~500

Macropore More than ~ 500
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Microporous materials, represented by the Type | isotherm, adsorb a high volume of
nitrogen at very low relative pressure. This is because the pores are no more than a few
molecular diameters in width and so the potential field from neighbouring pore walls will
overlap causing an enhancement of the interaction energy of the solid with the gas

molecule and thus cause filling of the pores at quite low relative pressures.80

Mesoporous materials exhibit a Type IV isotherm (Figure 1.20) which follows a similar
path to the Type Il isotherm but at a certain point after ‘C’ rises upwards until at higher

pressures the slope decreases.®

Amount odsorbed

Relative pressure

Figure 1.20 A type IV isotherm®®

The Type IV isotherm has a characteristic hysteresis loop (Figure 1.20), during which the

volume adsorbed at a given partial pressure is always greater along the desorption

branch.®

For a mesoporous material adsorption of nitrogen is in two stages. Initially a monolayer of
the adsorbate is formed across a surface and this relates to the initial rise in volume

adsorbed of its isotherm. The secondary step is termed Capillary Condensation and is
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defined as a transformation of a vapour to a liquid within a pore. The effect occurs at a
pressure which is related to the pore size (in turn related to the core radius which is the
pore size minus adsorbed film) and is lower than the saturation vapour pressure when
there exists a concave meniscus within that pore. Within a pore, the initial monolayer acts
as a seed for the condensation to take place. When the adsorbate evaporates the process
spontaneously occurs once the relative pressure is low enough to destabilise the

meniscus.

The process of hysteresis occurs only for some pore shapes. For a cylinder closed at one
end the condensation begins at that end to form a hemispherical meniscus which then
expands to the end of the pore. The process of evaporation then commences at the pore
face and continues to the end of the pore. These processes occur at the same relative
pressures and so a hysteresis loop is not observed. When examining a cylindrical pore
open at both ends, condensation occurs from the film on the walls and a cylindrical
meniscus is formed until the pore is full whereas a hemispherical meniscus is formed on
evaporation. Since this difference in meniscus affects the core radius of the pore these

two processes occur at different relative pressure and this creates the hysteresis loop.

1.9.2.1 BET calculation

Brunauer, Emmett, and Teller formulated an equation to obtain a surface area value of a
material. This involves plotting relative pressure and volume adsorbed with a constant
derived from temperatures related to the adsorption. The gradient of this plot then
provides the monolayer capacity which can then be converted to the surface area by

incorporating the diameter of the adsorbate.

70 1 1
p _ 1 e-lp

n(l—%o) - n,c n,.c p’

Equation 1.4 BET equation where n is number of moles adsorbed at p/p° relative
pressure, n, is the monolayer capacity
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Equation 1.5 Equation for parameter C of BET equation. q; - q; is net heat of adsorption
(q1 is heat of adsorption and q, is molar heat of condensation), R is molar gas constant, T
is temperature

All surface area values calculated in this thesis have used the BET calculation.

1.9.2.2 BJH Calculation

All mesopore size distributions in the work are calculated using a calculation derived from
BJH calculations (Equation 1.7 and Equation 1.8) which is in turn based on the Kelvin

equation (Equation 1.6).582%3

—A4

(1« F)[In(Pr)]

Equation 1.6 Kelvin Equation to obtain core radius Rc,. A is a given constant, F is the
fraction of pores open at both ends which is 0 on desorption, and Pr, is the relative
pressure which is assumed to be close to unity such that nearly all pores are filled

Re,;

dv Vp,
dD, Dp,—-Dp,,

Equation 1.7 BIJH equation for pore size distribution where Dp is pore (or core)
diameter and V is volume adsorbed

Dp, =2(Rc, +1)

Equation 1.8 Calculation for Pore of Core diameter, Dp,, using Rc, and t = 3.54 x [-
5/(In(P/Py))]***
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1.9.3 Fourier Transform Infrared spectroscopy (FT-IR)

A diatomic molecule will absorb infrared radiation if its vibration creates a changing
dipole and is of the same frequency as the radiation.?* Infrared spectroscopy subjects a
sample to infrared radiation and studies the frequency of the radiation which is absorbed.
The signal detected can be analysed using a Fourier Transform technique which then

produces a spectrum from which bond rotations and vibrations can be identified.

1.9.3.1 In Situ FT-IR

In Situ FT-IR is a technique which combines FT-IR with a vacuum system which enables
analysis of a surface of a material without any atmospheric molecules adsorbed to it. It is
also possible to add specific pressures of pure probe gases in order to study the

interactions of the surface with the probe molecules.

For example the introduction of CO or CO, can provide information on the acidity and
basicity of any surface groups such as metal cations or hydroxyl groups by monitoring the

shifts in CO or CO, vibrations caused by interactions with surface species.®>®

1.9.4 Transmission Electron Microscopy (TEM)

TEM is a microscopy technique, analogous to optical microscopy, which studies the
scattering and diffraction of electrons as they travel through a material. An image is
produced which then shows the electrons which have not been changed in velocity or
direction and some that have been changed either way or both ways.90 Denser areas of
atoms and heavier elements appear darker due to increased scattering of electrons. The
technique can produce images with nanometer scales enabling even individual atoms to
be seen. A small amount of sample is placed on a carbon grid after being suspended in

ethanol. The grid is then placed in the chamber under vacuum for analysis.

1.9.5 Solid State Nuclear Magnetic Resonance Spectroscopy (NMR)

A useful technique for obtaining information about bonding between elements in a
material is NMR. The technique analyses the frequency of the resonant electromagnetic
field which is produced when a magnetic field is applied to a molecule which contains a

magnetic nucleus. NMR can only be conducted on materials which have an odd number
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of protons and neutrons such as 2°Si and ?’Al as this property enables a spin, or magnetic
moment which can interact with a magnetic field. The interactions can then be
interpreted to obtain spectra where characteristic peaks are shifted depending on their

local magnetic field which is in turn affected by the type of atoms and bonding.”’

1.9.6 Thermogravimetric analysis with infrared absorption spectroscopy
(TGA-IR)

TGA studies the variation in weight of a sample as a function of time or temperature
during which the sample is subjected to a controlled heat treatment in a controlled

atmosphere.”

1.9.7 Atomic Absorption Spectroscopy (AAS) Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES)

Both techniques study the energy of a change in orbital of an electron. AAS detects the
absorption of radiation as the electrons are promoted to a higher energy orbital. This
absorption occurs at a characteristic wavelength and this is provided by element specific
lamps. The analysis occurs on free atoms which have been atomised by a particular flame.
The technique requires accurate standards in order to calibrate the results. ICP-AES
studies the emission of photons as electrons drop to a lower energy orbital. The
technique uses plasma (partly ionised gas or vapour) to atomise and excite the material

being studied.”
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1.10 Summary of Project Objectives

The main objectives and what is covered in each chapter is outlined below;

e Extraction of alkali silicate solutions from rice hull and Miscanthus ashes

e Development of a quick and easy method to obtain silicon concentrations of alkali
silicate solutions using the integrals of their FT-IR peaks

e Synthesis of a Faujasite zeolite from an ash derived alkali silicate solution and
comparison with a Faujasite zeolite synthesised using a commercial alkali silicate
solution

e Synthesis of a mesoporous MCM-41 aluminosilicate material from an ash derived
alkali silicate solution and comparison with commercial alkali silicate derived
MCM-41

e Introduction of aluminium into bio-derived MCM-41 using the waste product red
clay

e Synthesis of a mesoporous SBA-15 material from an ash derived alkali silicate

solution and comparison with that derived from tetraethyl orthosilicate (TEQOS)
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2 Biomass Ashes and Silicate
extraction and Analysis
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2.1 Introduction

This chapter introduces and discusses the ashes used for the research carried out in later
chapters. This includes the analysis performed on the materials prior to extraction in
order to gain an understanding of the potential for the extraction and formation of alkali

silicates.

The second section goes on to describe an optimisation of extraction of silicon from ashes
to produce alkali silicate solutions. The use of microwaves as an alternative heating
source is explored and shown to be not only just as effective but also much more energy
efficient. The comparison of these solutions with commercial alkali silicates is presented
and the development of a technique with which to quickly and easily characterise the
concentration of silica in the solutions from the integrals of their infrared peaks is

explained.

2.2 Biomass Ashes

Various biomass ashes were obtained for this project and are described below.

2.2.1 Rice Hull Ashes

The first biomass ashes to be obtained for this project were from Canada and were ashes
from the combustion of Rice Hulls. Annual rice production around the world is forecast to

be 729 million tonnes in 2012 and 20% by weight of this is husk or hull. =%

The majority
of these rice hulls are dumped or burnt on-site as they are mostly considered a waste
product of rice production.94 The combustion of rice hulls can be utilised for energy on
small and larger scales and even to power the milling process itself, but rice hulls have a
high ash content, around 17-26%, which is a lot higher than conventional fuels and can

cause problems in the combustion furnace.*

There were two grades of ash obtained for this project, one high in silica (RHA 90%) and
the other less so (RHA 55%). The lower silica content is due to a higher unburnt carbon
content from the gasification of the hulls as opposed to combustion (heating with much

less oxygen). The non-organic components of these ashes are shown in Table 2.1.
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RHA90% and RHA55% both contain silica and trace amounts of other metals with any

remaining content due to carbonaceous materials.

Table 2.1 X-Ray Fluorescence Spectroscopic (XRF) analysis of Rice Hull Ashes.
Elemental composition in wt%

Compound | RHA90% | RHA55%
Na,O 0.09 0.05
MgOo 0.39 0.18
SiO, 93.19 54.96
P,0s 0.94 0.23
SO; 0.02 0.08
KO0 1.26 0.84
Cao 1.17 0.24
Mn30, 0.14 0.06
Fe,0; 0.04 0.00

ZnO 0.01 0.00
Total 97.24 56.64

A comparison with rice hull ash compositions from the literature is shown in Table 2.2. All
samples were analysed using XRF which is an accurate and useful technique for studying
the inorganic elemental composition of materials. It is clear that there is consistently a
very high concentration of silica and only trace amounts of other elements present. This
means that ‘RHA 90%’ should make a good ash for extracting a pure alkali silicate
solution. The unlabelled component (2.76% for RHA90% in Table 2.1) is likely to be
carbonaceous materials from incomplete combustion which is not directly registered

using XRF and also colours the ashes to varied shades of grey.
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Table 2.2

XRF % Composition of RHA 90% ash compared with values from the

literature.”® °® Elemental composition in wt%
Prasetyoko et Sanchez Flores et
al® al®
Compound | RHA90% Rice Husk Ash Rice Hull Ash
Na,0 0.09 not given 0.074
MgO 0.39 not given 0.171
Al,O3 0.00 0.19 0.414
SiO; 93.19 94 93.914
P,0Os5 0.94 not given 0.314
SO; 0.02 not given not given
K,O0 1.26 1.64 1.304
Cao 1.17 0.32 0.493
TiO; 0.00 not given 0.014
Mn;O0, 0.14 not given 0.067
Fe,03 0.04 not given 0.136
Zn0 0.01 not given not given
Total 97.23 96.15 96.90

2.2.2 Ely Ashes (Miscanthus)

The second set of ashes to be obtained for this project were from Ely Power Station and

were obtained from the large scale combustion of bales of miscanthus.?

Miscanthus is one of the two main dedicated energy crops growing in the UK. Its
properties such as high yields, hardiness, and efficient solar energy conversion and use of
water and nitrogen have made it widely touted as a future major bioenergy resource.’
Within England the planting of miscanthus is encouraged through the Energy Crops
Scheme resulting in nearly 7500 hectares of miscanthus being planted between 2000-
2011. Some recent work has studied the effects of inorganic species within the fuel on the
lab-scale combustion of miscanthus and the composition of the ash formed but no
previous work has studied the production of ash from a commercial biomass combustion

power plant.’®
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Research studying miscanthus combustion residues is important and useful due to its
potential as a major bioenergy resource and its unique ash composition differing from the

more widely studied coal, wood and cereal straw ashes.

Two types of ash were obtained for this project; bottom (EBA) and fly ash (EFA) (as shown
in Figure 2.1). They are differentiated by their collection locations. The fly ash is carried
along by the combustion gases and collected before the gases exit through the chimney.
The bottom ash is collected from the bottom of the combustion chamber and quenched
in water. Typically there is a fractionation of the elements between the fly ash and the
bottom ash during the combustion of the biomass, dependent on the volatility of the
elements. Potassium, chlorine, sulfur, sodium and phosphorus are enriched in the fly ash,
whilst the bottom ash is predominantly composed of silica.”” This process will likely lead
to the extraction of some silicon, potassium, calcium, and chlorine into the quenching
waters as this was found to occur on the lab scale.” The ashes were obtained on a large

scale, dried, milled, and sieved to a fine powder (<125 pum).

Dutlet

m r‘ » : gases

U Fly ash

Superheater

Bottom ash
quenched

Figure 2.1 Schematic of diagram of the combustion process at a power station.’ The
locations where the two ash types were collected are also labelled

The elemental composition of these ashes is shown in Table 2.3. It is clear that the

majority of silica is to be found in the bottom ash whereas the fly ash contains the
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majority of the sulfur, potassium, and calcium as explained above. In this case the bottom

ash would be more suitable for extraction as the yield should theoretically be higher.’®

Table 2.3 X-Ray Fluorescence Spectroscopic (XRF) analysis of Ely Fly and Bottom
ashes. Elemental composition in wt%

Compound | ElyFly Ash | Ely Bottom Ash
Na,O 2.45 0.16
MgO 1.02 2.82
Al,03 0.19 0.76
SiO, 6.59 63.0
P,05 3.02 2.74

SO; 18.30 4.37
K,O 32.0 14.6
Cao 16.8 8.28
Mn3;0, 0.05 0.14
Fe,03 0.12 0.50
ZnO 0.08 0.02
SrO 0.03 0.02
BaO 0.02 0.06
CuO 0.01 0.02
Sn0O, 0 0.09
cl 19.1 0.05
Br 0.53 0
PbO 0.006 0
Rb,0 0.023 0
Nb,Os 0 0.038
In,03 0 0.031
Total 100 97.7

2.2.3 Eccleshall (wood chip) ashes

A third ash that was acquired for potential use in the project was ash from the large scale

1. Wood is one of the oldest

combustion of wood chips at a power station in Eccleshal
biomass sources used for energy production and can be a sustainable fuel source if

managed correctly.
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The XRF analysis of this material is shown in Table 2.4. Since the total wt% is low this
implies these ashes contain more organic components. Again the bottom ash contains the
higher silica content but for both ashes this is significantly lower than EBA or RHA90%
(20.2% for the bottom ash and 6.84% for the fly ash).
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Table 2.4 XRF analysis of Eccleshall Bottom and Fly ashes. Elemental composition in
wt% ND is not detected

Bottom Ash Fly Ash
SiO, 26.2 6.84
K 3.92 22.1
cl 0.024 20.4
Al,O3 1.91 ND
Na ND 8.44
Mg 1.03 0.64
0.66 0.33
S 0.077 3.29
Ca 18.4 12.2
Ti 0.035 0.066
Cr ND 0.0086
Mn 0.0967 0.15
Fe 1.21 1.36
Co 0.013 ND
Ni 0.0024 0.0011
Cu 0.021 0.0532
Zn 0.013 1.1
Ga ND 0.0013
As ND 0.031
Se ND 0.0007
Br ND 0.083
Rb 0.0059 0.023
Sr 0.05 0.042
Y 0.0014 0.0026
Mo ND 0.0062
cd ND 0.012
Sn 0.005 0.03
Sb ND 0.026
Ba 0.04 0.045
w 0.095 ND
Ir ND 0.0092
Pt ND 0.002
Au 0.0015 ND
Hg 0.0012 0.0011
Pb 0.0217 0.362
Total 53.83 77.67
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2.3 Alkali Silicate Extraction

In order to produce zeolites and other ordered porous silica materials it was necessary to

have an alkali silicate solution with which to begin the synthesis.

All ashes described in this chapter were tested for alkali silicate extraction. It was found
that the Ely Fly Ash, Eccleshall ashes, and Rice Hull Ash (55%) were not efficient for the
extraction. This is unsurprising since these ashes contained much lower concentrations of
silicon as shown in their XRF analyses (Table 2.1, Table 2.3, and Table 2.4). Therefore
RHA95% (RHA) and Ely Bottom Ash (EBA) were chosen for extraction of alkali silicate for

use in synthesis of zeolites and aluminosilicate materials.

Two methods were employed to extract the silica from the ashes. One used conventional

heating, the other microwave heating.

2.3.1 Microwave

Initial extractions were performed on RHA90% on a small scale. Since the objective was to
obtain a large amount of alkali silicate solution as a starting material (in order to carry out
syntheses of zeolites and other aluminosilicate materials) this process was soon scaled
up. Microwave heating was found to be the more energy and time efficient method.
Extractions were carried out at temperatures of 150 °C for 2-10 minutes. At a small scale
the technique worked well to extract silicon from the ashes into solution. The alkali
silicate solutions extracted using this method were of a similar concentration and ratio to
those extracted conventionally (Figure 2.2). There is some slight difference in the two
bands which may be due to variations in speciation of the silicate ions. An issue arose at
the larger scale in the microwave as it was impossible to stir the solution inside the
polypropylene vessels in which the extraction was taking place. A lack of mixing led to hot
spots occurring in the mixture where metals from the ash were excited by the
microwaves and this effect combined with high pressure caused such damage to the
vessels that they exploded. A system with stronger vessels, such as TEFLON, and which
enabled agitation and mixing of the solution would solve this issue in future and make

extraction using microwaves a viable and more preferable option.
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Figure 2.2 Infrared Spectra of bio-derived alkali silicates extracted from Rice Hull
Ash using an oil bath and microwave

2.3.2 Heating Mantle

A method was devised by Dr. Jennie Dodson to extract alkali silicate solutions from ash
using a reflux system, oil bath, and heating mantle over a 16 hour period.” It was found
that there was not enough inherent alkalinity within the rice hull or miscanthus bottom
ashes to enable extraction and so it was necessary to add either sodium or potassium
hydroxide to the extraction without additives.” This method was employed to obtain a
stock amount of bio-derived alkali silicate solutions for use in the synthesis of the silica
and aluminosilicate materials for this project. The rice hull ash (RHA) was extracted using
sodium hydroxide whilst the Ely Bottom Ashe (EBA) was extracted using potassium
hydroxide. The choice of sodium for RHA was because zeolites are commonly synthesised
with sodium cations. The choice of potassium, for EBA was because potassium was
present in the ashes and therefore there is potential to develop the extraction technique
in order for it not to require addition of extra alkali. The results clearly show the
extraction of silica along with significant concentrations of sodium and potassium from
the relevant alkali solutions. The yield of extraction of silica from the ashes into solution is

much higher for RHA (66.5%) than for EBA (16%) and this is partly due the higher
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concentration of cation used for the RHA extraction. There are also trace amounts of

other inorganic elements present such as aluminium, phosphorus, and iron (Table 2.5).

Table 2.5 XRF EBA and RHA Alkali Silicate. Elemental composition in ppm
Elemental concentration
(ppm) RHA EBA
Si 44200 | 89500
Al 173 335
Na 164000 0
K 1060 | 159000
Fe 19 31.4
Cu 5.3 9.82
Zn 6.09 9.97
59.4 2400
380 3460
Mn 265 0
Ca 30.6 0
Ti 4.74 0
Cl 0 480
Br 0 8.96
Ni 0 5.88
Ge 0 18.4
Se 0 3.08

2.4 Commercial Alkali Silicates

Six commercial alkali silicate solutions were used in this project as ‘standards’ and are
described in this thesis as commercial or conventional alkali silicate solutions. The
solutions were all obtained from PQ Corporation and were called C501, C503, C75, K120,
K78, and K53. These alkali silicate solutions are often described in the methods section of
relevant zeolite and aluminosilicate materials synthesis literature. Their silica to cation
ratios, silica concentrations, and cation type are shown in Table 2.6. XRF elemental

analysis of two of the commercial alkali silicates is shown in Table 2.7.
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Table 2.6 Details of commercial alkali silicate solutions used for alkali silicate
analysis development®
Name Mean specific | Mean wt Mean Mean Mean Mean
gravity ratio molar M0 SiO, total
ratio solids
(Counter- g cm>at 20 °C SiO,: M,0 | SiO,: M,0 wt% wt% wt%
ion)
C501 (Na) 1.6 1.6 1.65 18.0 28.8 46.7
€503 (Na) 1.5 2.5 2.58 12.5 31.1 43.6
€75 (Na) 1.38 3.2 3.3 8.6 27.6 36.2
K120 (K) 1.6 1.43 2.24 21.6 20.8 52.4
K78 (K) 1.39 2.09 3.27 13.0 27.1 40.1
K53 (K) 1.26 2.48 3.89 8.6 21.3 29.9
Table 2.7 XRF elemental analysis of two commercial alkali silicate solutions.

Elemental composition in ppm

C501 K120
NiO 0 7
cl 0 1780
Na,O 268000 0
Al 03 1090 1140
SiO; 384000 383000
SO; 64 1160
ZnO 4 7
CuO 8 14
Fe,0; 160 188
V.05 10 0
TiO; 81 0
CaO 42 0
K.0 592 239000
SrO 5 0
ZrO; 488 0
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2.5 Silica Concentration IR Calibration

In order to carry out effective research in the synthesis of alkali silicate solutions it is
necessary to obtain accurate concentrations of silica in these solutions. The current most
common methods are limited to serial dilution followed by Atomic Absorption
Spectroscopy, XRF, or a combination of density measurements and titrations. All methods

are subject to large margins of error and/or are time and resource intensive.

A method was developed, in conjunction with Dr. Jennie Dodson, to obtain reliable alkali
silicate concentrations using Fourier-Transform Infrared Spectroscopy. The method
involves using calibration curves obtained from dilutions of commercial alkali silicate
solutions. The reliability of the method was tested by comparing the values obtained by

the FT-IR integral method with those obtained using atomic absorption spectroscopy.

As can be seen from the IR spectra of the commercial alkali silicate solutions in Figure 2.3
and the close up of the silicate region (Figure 2.4) the shape and intensity of the silicate
peak varies according to their silica concentration and their specific cation-to-silicon
ratios. The silicate band area is within the 1250 — 650 cm™ region so this was tested to
study whether the integration of this peak region was suitable for analysing the

concentration of silica in the solutions.
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Figure 2.4 Silica region of IR absorption spectra of commercial alkali silicates
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It is also important that the spectrum of an alkali silicate solution is not affected by
dilution as this may affect the calibration. As can be seen from Figure 2.5 the spectrum
remains unchanged for the commercial alkali silicate solution K120, on dilution the
spectrum merely decreases in intensity. This was found to be the case for all commercial

alkali silicate solutions tested.
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Figure 2.5 IR spectra of K120 Alkali Silicate Solutions at varied dilutions

The six commercial alkali silicate solutions were diluted to five separate concentrations
and analysed (with further dilution) by Atomic Absorption Spectroscopy (AAS). The same
solutions were then analysed using Fourier Transform Infrared Spectroscopy (FT-IR) based

1Y A water spectrum was subtracted from the sample

on the method by Falcone et a
spectra followed by a baseline correction to obtain consistency, then an integral of the
spectra between 1250 and 650 cm™ was taken. These two values (AAS and FT-IR integrals)
were compared for the different dilutions in order to analyse the consistency of the FT-IR
technique. Table 2.8 shows the values obtained for the silicon concentration of the
commercial alkali silicate solution K120 at five different dilutions using AAS and the

integral values of their silicate peaks using FT-IR. Figure 2.6 shows the correlation

between these two values (R* = 0.9995).

76



Chapter 2 Biomass Ashes and Silicate Extraction and Analysis

Table 2.8 Concentrations (ppm) of the commercial potassium silicate solution
‘K120’ at different dilutions using AAS and FT-IR integral method

Concentration of Silicon (AAS)

Dilution ppm FT-IR Integral Value
1in25 6765 1.507
2in 25 13530 3.298
3in25 20295 5.593
4in25 27060 7.376
8in25 54120 15.574
18 y =0.0003 x - 0.5949
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Figure 2.6 Graph comparing silicon concentrations derived from AAS with FT-IR
integrals for K120 commercial alkali silicate solution at five different dilutions

As can be seen from Figure 2.7, this consistency remains when comparing all six
commercial alkali silicate solutions. Each alkali silicate solution has a very specific linear
correlation but these vary between the alkali silicate solutions as they have different
alkali to silica ratios. The ratio affects the solution environment and an increased polarity
of bonds leads to an increase in intensity. Therefore if an unknown alkali silicate solution

was analysed using a calibration curve obtained from the average of all alkali silicate
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solutions there would be a greater margin of error than if the commercial alkali silicate
solution with the most closely resembling infrared spectrum was chosen and that

calibration curve used.
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Figure 2.7 Graph comparing silicon concentrations derived from AAS with FT-IR
integrals for 6 commercial alkali silicate solutions at five different dilutions

2.5.1 Bio-derived alkali silicate analysis

The technique described above was developed in order to have accurate silicon
concentrations of unknown alkali silicate solutions. Below, in Figure 2.8, is the infrared
spectra of the alkali silicate solution extracted from Ely Bottom Ash and the commercial
alkali silicate solution K120. It is clear they are similar in shape and therefore an analysis
using a calibration obtained from K120 can be assumed to be reasonably accurate. An
integral was taken between 1250 and 650 cm™ after a water spectrum subtraction and
baseline correction. The integral was found to be 34.6849 and when using the calibration
curve shown in Figure 2.6, the concentration of silicon was calculated to be 1.2 x 10° ppm.
For comparison, the spectrum shown in Figure 2.9 for rice hull ash had a calculated

concentration of 0.34 x 10° ppm.
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Figure 2.8 Silicate region of Infrared Spectra of commercial alkali silicate K120
(diluted) and bio-derived silicate EBA

The bio-derived alkali silicate derived from Rice Hull Ash has a pattern which is more
difficult to match with the six commercial alkali silicate solutions. This is due to a much
lower silica-to-alkali ratio which causes a shift to the main peak and other lower
wavenumber peaks to appear. The sodium silicate solution C501 appears to most closely
resemble it (Figure 2.9) and thus was used for the concentration calibration and

calculations.

79



Chapter 2 Biomass Ashes and Silicate Extraction and Analysis

——(C501
— RHA Silicate

Intensity

T 1 '+T1r+—rr+—Trr—rrrrVrTrTTr T TVTrrvTr T
1300 1250 1200 1150 1100 1050 1000 950 9S00 850 800 750 700 650 600

Wavenumber cm’
Figure 2.9 Silicate region of Infrared spectra of commercial alkali silicate C501
(diluted) and bio-derived alkali silicate derived from Rice Hull Ash

2.6 Alkali Silicates Used in Synthesis of Zeolites and Aluminosilicate
materials

The alkali silicate solutions used in the following chapters are shown in Table 2.9 along
with their silicon concentrations derived from their FT-IR peak integrals and their silica-to-
alkali ratios obtained from XRF. Bio-derived alkali silicate solutions have much lower
concentrations of silica and this is allowed for in the syntheses of zeolites and
aluminosilicate materials in later chapters. They also have much lower silica-to-alkali ratio
and this is due to the necessity of a strongly basic solution to extract the silica at low
temperatures. The FT-IR integral technique correlates with the XRF concentrations

reasonably well.
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Table 2.9 Collated XRF, FT-IR Integral and PQ Corp data for alkali silicate solutions
used in this project

XRF IR PQ Corp
Integral
SiO, ppm | MO ppm | SiO/M,0 | SiO, ppm SiO, wt% Si0,/M,0
EBA 0.9x10° | 1.6x10° 0.56 1.2x10° - -
RHA 0.44x10° | 1.6x10° 0.27 0.34x 10° - -
C501 3.84x10° | 2.68x 1.4 2.5x10° 28.8 1.6
10°
K120 3.83x 10’ 2.395 X 1.6 2.7 x10° 20.8 1.43
10

2.7 Conclusion

The ashes obtained and used in this project have been analysed using various
spectroscopic techniques and found to be high in silicon. In particular, the ashes RHA 95%
and EBA were found to be extremely high in silicon and were chosen for extraction
treatment. Methods of extraction of silicon into alkali silicate solutions from biomass
ashes have been discussed, especially with respect to the comparison of microwave and
conventional heating. Microwave heating was found to be more time and energy efficient
but had issues with vessel strength so extraction using conventional heating mantle and
oil bath was utilised for production of alkali silicates from ashes. This is the first step in
the synthesis of aluminosilicate materials from biomass ashes described in the following
chapters.

A method for obtaining reliable concentrations of silicon in alkali silicate solutions was
described. This technique used the integrals from infrared peaks and commercial alkali
silicate solutions for calibration. This method is consistent, quick and straightforward. This

will be an important tool for designing the syntheses of materials described in this thesis.
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3 Synthesis of Zeolites from Biomass
Ashes
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3.1 Choice of Zeolite

The initial aluminosilicate material chosen for synthesis was a microporous zeolite of the
Faujasite family called Zeolite X. This material requires no template or high pressure in its
synthesis and is used in high quantities for many applications as described in the

Introduction Section 1.6.%’

3.2 Synthesis of reference Zeolite

Initially Zeolite X was synthesised from commercial alkali silicate ‘C501’ in order to
provide a standard for comparison with zeolites synthesised from bio-derived ashes. C501

sodium silicate solution was chosen as it most closely resembled RHA sodium silicate.

Zeolite X was synthesised according to the method described by the International Zeolite
Association (1ZA).?” X-ray Diffraction (XRD) analysis of the material formed (Figure 3.1)
indicates that the desired Zeolite X was synthesised using this procedure , matching that

found in the literature well (Figure 3.2).*%°

Zeolite X, formed ‘conventionally’ using a
commercial alkali silicate solution has a silica to aluminium ratio of 7.5 and will be termed

‘Conv-Zeo’ throughout this chapter.
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Figure 3.1 XRD pattern of Zeolite X (‘Conv Zeo’) using a ‘C501’ alkali silicate solution
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The Faujasite structure typically contains cavities 11 A in diameter, connected via 12-

membered rings with diameters of 7.4 A.% Therefore the majority of porosity should be in

the microporous range. The N, adsorption/desorption Isotherm for Conv-Zeo is

comparable with that expected for an ordered microporous Faujasite Zeolite X (Figure

3.3).101»102

The isotherm shows substantial adsorption of nitrogen at low relative pressure

(vertical increase up to 170 cm>g™ beginning at P/Py=0), confirming the presence of

significant microporosity. There is some adsorption at higher relative pressure which

relates to amorphous textural meso- and macro-porosity. The calculated BET surface area

is 658 ng'l and this is comparable to measurements in the literature (Table 3.1).
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Figure 3.3

Table 3.1

Adsorption desorption isotherm for Conv-Zeolite X

Porosimetry data for Conv-Zeolite X and literature values for comparison

Sample

Surface Area
(m’g?)

Conv-Zeo

658

Du & Wu'®

565

Langmi et al*®*

662
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3.3 Synthesis of Zeolites from Biomass Ash

The next stage was to attempt to synthesise Zeolite X from bio-derived alkali silicates
derived from biomass ashes which, in this case, was rice hull ash (RHA) as it contained an
extremely high silicon concentration (Chapter 2 Section 2.2.1). Samples synthesised from
alkali silicate solutions extracted from these rice hull ashes are prefixed with RHA. The
synthesis was optimised to produce a stable porous crystalline Zeolite X which is

comparable with that synthesised from commercial alkali silicate.

3.3.1 Initial Synthesis of Zeolites from Biomass Ashes

Initially a synthesis was derived which assumed that all of the silica in the rice hull ash
would be extracted from the ash as silicate and thus the recipe from the IZA would be
directly transferrable. The very low surface area (8 m’g™) and porosity found for the
material formed following extraction, crystallisation and calcination (Figure 3.4) implies
that a large majority of the precipitate did not crystallise into the microporous structure
required for Zeolite X. XRD analysis (Figure 3.5) identified the only crystalline phase as
sodalite. A reference XRD pattern for Sodalite is shown and all peaks match except that
they appear to be shifted to slightly higher 20 values which could be due to a slightly
smaller unit cell. Sodalite is an ordered microporous aluminosilicate material but does not

103 5odalite has a

display a large N, adsorption BET surface area here or in the literature.
six membered ring with a pore size of 2.8 A and N, has a Van Der Waals radius of up to
1.7 A therefore nitrogen molecules should be able to enter the pores.? '® The fact that
they don’t to the extent that barely any adsorption is registered could be due to the
cations blocking the pores or other kinetic issues preventing the N, entering the pores
quickly enough for equilibration in the porosimeter. Since the product showed little
porosity and the crystalline material formed was sodalite it was clear that the synthesis
needed to be optimised to encourage the crystallisation of Zeolite X. Sodalite cages can
go on to form the Faujasite structure but this involved further crystallisation.” Sodalite

forms more readily than Zeolite X so the method of synthesis methodology needed

improvement to complete the crystallisation process to form the desired product.
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3.3.2 Synthesis of RHA Zeolites with Different Si/Al ratios

The first variable tested in the optimisation of the synthesis conditions was the ratio of
silicon to aluminium. This was calculated from assumptions about the silica extraction
yield as described in Chapter 2. The BET surface areas found via Nj(g) adsorption
porosimetry measurements for these products showed very low surface areas in
comparison with Conv-Zeo but higher than the initial synthesis (Table 3.2). The adsorption
isotherm for the zeolite synthesised with a Si/Al ratio of 6.3 shows there has been very
little adsorption in the micropore range. Although a greater quantity of N,(g) is adsorbed,
this is due to textural porosity and not to ordered zeolitic micropores as it occurs at much
higher relative pressures and over a large range. This isotherm is typical of the other

materials synthesised in this experiment.

Table 3.2 Porosimetry results for RHA alkali silicate derived zeolites with different
Si:Al
Surface
Si/Al | Aream’g’
6.3 34
3 50
1.7 45
1.2 17
0.9 9
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Figure 3.6 N, Adsorption Isotherm for RHA-Zeolite with a Si:Al ratio of 6.3

XRD patterns for the synthesised materials show the presence of both Zeolite X and
sodalite (Figure 3.7). All of the patterns display mostly the same peaks which can be
attributed to sodalite and X but at different intensities. The materials that have XRD
patterns which are most clearly defined are those with the lowest Si/Al ratios. This is
because these materials are composed primarily of sodalite which crystallises under all
Si/Al ratios greater than 1.%° As the ratio increases to 6.3, and becomes more in the range
where Zeolite X can crystallise, the Zeolite X pattern begins to appear more prominently
but this effect appears to coincide with a decrease in overall peak intensity. The materials
with Si/Al of 6.3 and 3 had the highest surface areas but since all materials had surface
areas lower than 50 m?g™ it would be difficult to draw conclusions on the level of porosity

achieved for the different ratios of silicon to aluminium.
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Figure 3.7 XRD Patterns for RHA alkali silicate derived zeolites with varied
ratios of silica to aluminium with peaks labelled using reference patterns for Zeolite X
and Sodalite’®®

3.3.3 Synthesis of RHA Zeolites with Further Different Si/Al ratios

Zeolites with lower aluminium content from the previous experiment showed highest
crystallinity and porosity, and therefore higher silica to aluminium ratios were
investigated in the zeolite synthesis. Surface areas of over 100 m°g™ were obtained for
the samples with Si/Al of 3.6 and 4.6 (Table 3.3). The adsorption isotherm for the zeolite
with a Si/Al of 3.6 is shown in Figure 3.8 and shows some absorption at low relative
pressure which relates to some microporous structure as well as the textural surface area
which appears at higher relative pressures. Calcination at 600 °C appears to have
collapsed some of the structure as the surface area values have halved after this
treatment. This implies the crystalline structures which have synthesised have not been

thermally stable enough to withstand these temperatures.
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Table 3.3 Porosimetry results for RHA alkali silicate derived zeolites with further
varied Si:Al
Calcined at: | Surface Area
Si/Al m’g?
2.7 150 °C 66
3.6 150 °C 113
4.6 150 °C 111
5.6 150°C 85
6.6 150 °C 55
2.7 600 °C 28
3.6 600 °C 33
4.6 600 °C 43
5.6 600 °C 46
6.6 600 °C 46
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Figure 3.8 N, Adsorption Isotherm for RHA-Zeolite with Si/Al of 3.6

These samples also showed evidence of crystallinity in their XRD patterns and these
matched those of a mixture of Zeolite X and Sodalite (Figure 3.9). Figure 3.10 shows the
XRD patterns of the RHA-Zeolite (Si/Al = 3.6) before and after calcination. The patterns
are almost identical except for a slight shift to lower 20 on calcinations. This relates to an
enlargement of the unit cell on heat treatment. Zeolites such as X crystallize in a narrow
Si/Al atomic ratio range whereas Sodalite is the only material known to crystallize over
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the full compositional range Si/Al = 1 to infinity.”” Therefore it is to be expected that
Sodalite will appear at Si/Al compositions which fall out of the standard X range. As this is

a new silica source the range may be different and has to be found experimentally.

Ratio Si/Al

2.7
— 36

4.6

5.6
— 6.6
Zeolite X
Sodalite

Intensity

10 20 30 40 50

Figure 3.9 XRD Patterns for RHA alkali silicate derived zeolites with further varied
ratios of silica to aluminium
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Figure 3.10  XRD Patterns for RHA-Zeolite (Si/Al = 3.6) before and after calcinations at
600 °C

3.3.4 Investigation into methods of cooling

The effect of cooling and filtration was investigated to explore the potential effect on the
kinetics of crystallisation of the different phases which precipitated from the solution.
This was done by taking RHA-Zeolite (Si/Al = 4.6) samples after the synthesis and
subjecting them to either rapid cooling followed by filtration, hot filtration, or slow

cooling in the oil bath used for crystallisation. All samples had much higher porosity (

Table 3.4) than previous measurements and high crystallinity, again of a mix of Zeolite X
and Sodalite structures (Figure 3.12). There did not seem to be an effect on the materials
synthesised by these changes in synthesis technique. The N, adsorption isotherm for RHA-
Zeolite (filtered hot) shows some adsorption at higher relative pressure but this is in the
textural porosity region and does not provide information on the microporosity which is

shown in the high adsorption of N, at low relative pressure.
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Part of the increase in porosity and crystallinity of the materials synthesised can be

attributed to increased familiarity with the laboratory procedures and analysis

techniques.
Table 3.4 Porosimetry results for RHA alkali silicate derived zeolites after different
methods of cooling
Process after Surface Area
crystallisation m’g?!
Ice bath 82.6
Filter hot 147
Let cool slowly then filter 123
Adsorption
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Figure 3.11  Adsorption Isotherm for RHA-Zeolite (filtered hot)
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Figure 3.12  XRD Patterns for RHA-Zeolite (Si/Al = 4.6) after different methods of
cooling

The RHA-Zeolite synthesised with a Si/Al of 4.6 and filtered hot produced the highest
porosity and surface area, and similar high crystallinity to the other materials. It was also
the easiest and quickest method for filtration. Therefore it was chosen for in-depth
comparison with a conventionally synthesised zeolite using in situ Fourier Transform
Infrared (FT-IR) analysis. The Si/Al of 3.6 zeolite also shared these physical properties but
this synthesis used more aluminium with no obvious gain and in order to make the
synthesis as efficient as possible the ratio with the lower aluminium content was chosen.
For the following work, Conv-Zeolite will refer to the conventionally synthesised Zeolite X
and RHA-Zeolite will refer to the RHA-Zeolite as described above. Some results have been
repeated with a further material ‘RHA-Zeolite (lower Al)’ which was synthesised as with
RHA-Zeolite but with a calculated ratio of 9.0. This material was synthesised to further

investigate the cause of the properties found for RHA-Zeolite with Si/Al = 4.6.
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3.4 Optimised RHA-Zeolite Synthesis and comparison with Conv-
Zeolite

The comparison of RHA-Zeolite and Conv-Zeolite is important if bio-derived alkali silicates
are going to be accepted more generally for the synthesis of microporous aluminosilicate
materials. Materials synthesised from bio-derived alkali silicates must be shown to have
comparable properties to prove the synthesis is robust and that the bio-derived element
of the starting material does not negatively influence the final product. This comparison
was conducted using various techniques including; X-Ray Diffraction to provide
information on the crystalline composition of the materials, XRF and XPS to provide
information on the elemental composition, N, Adsorption porosimetry for porosity and
surface area information, NMR spectroscopy for information on the location and bonding
of silica and aluminium within the structure, TGA-IR for information on the thermal
decomposition of the materials, and In-Situ infrared spectroscopic analysis with CO and
CO, gas dosing in order to provide information on the surface groups and their acidity and

basicity.

3.4.1 XRF

XRF analysis showed the materials which were both mainly composed of sodium, silicon,
and aluminium but there were differences in amounts of their trace elements (Table 3.5).
All three samples contained small amounts of potassium, calcium, and iron. Conv-Zeolite
contained much less potassium than the two RHA derived zeolites. RHA-Zeolite had a
higher concentration of calcium than the other two materials. This presence of calcium
and potassium could mean a presence of corresponding carbonate in the materials.
Although the elemental composition appears to be similar the structures formed are

significantly different as shown by X-Ray Diffraction below (Section 0).
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Table 3.5 XRF % elemental composition of RHA-Zeolite and Conv-Zeolite and RHA-
Zeolite(Lower Al)

Conv-Zeo | RHA-Zeolite (Lower Al) | RHA-Zeolite
Na,O 16.20 19.30 11.70
K,O 0.01 0.13 0.09
Cao 0.01 0.01 0.04
Fe,03 0.04 0.03 0.02
Al,0; 23.30 24.20 16.20
SiO, 30.60 28.80 20.19

Calculated and observed ratios of silicon to aluminium are shown in Table 3.6 and it is
clear that the assumed amount of silica from the synthesis mixture was highly
overestimated. The ratios of Conv-Zeolite, RHA-Zeolite, and RHA-Zeolite (Lower Al) are all

seemingly comparable from XRF data.

Table 3.6 Si/Al ratio Conv-Zeolite, RHA-Zeolite, and RHA-Zeolite (lower Al) from
XRF elemental analysis and calculated using values from the synthesis mixtures

Si/Al
Calculated | XRF
Conv-Zeolite 7.5 1.15
RHA-Zeolite 3.7 1.1
RHA-Zeolite (Lower Al) 9 1.05

3.4.2 XPS

XPS analysis showed a composition of oxygen, sodium, silicon, and aluminium as the
major elements on the surface of both samples which agrees with the XRF analysis (Table
3.7). Since the XRF analysis cannot detect carbon, it is useful to note from XPS data on the
surface of the materials there is a significant presence of carbon. This is most likely to be
atmospheric CO, which has bonded to the surface as carbonate. There was no signal
detected using this technique for the other trace elements detected using XRF such as
potassium or calcium. Therefore the trace elements must be located within the
framework structure and are not on or near the surface of the materials. There appears
to be a higher relative concentration of sodium on the surface in relation to silicon and
aluminium than in the bulk of the material for both samples. Surface Si/Al ratios are 1.18

for RHA-Zeolite and 1.2 for Conv-Zeolite.
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Table 3.7 XPS % surface elemental composition of RHA-Zeolite and Conv-Zeolite

(o) C Na Si Al
RHA-Zeolite | 49.59 | 17.5 | 10.92 | 11.91 | 10.08
Conv-Zeolite | 44.11 | 26.5 | 10.39 | 10.36 8.64

3.4.3 X-Ray Diffraction

From the XRD patterns it is clear the synthesised Conv-Zeolite material has a lot of the
same peaks as the RHA-Zeolite. All of the main peaks can be attributed to either the
Faujasite pattern or the Sodalite pattern but Conv-Zeolite only contains the Faujasite
peaks. Thus both materials contain the crystalline phase of Faujasite but RHA-Zeolite also
contains sodalite. The pattern for RHA-Zeolite (lower Al) also shares peaks with Conv-
Zeolite but there is significant noise in the pattern. RHA-Zeolite (lower Al) exhibits no sign
of the sodalite crystalline phase and therefore must have a composition which falls more

within the range for Faujasite crystallisation.

Conv-Zeolite
2 ——— RHA-Zeolite
2 1 | — RHA-Zeolite (Lower Al)
il 1 1 1
11 2,2 1
z
T T T T T T r \
10 20 30 40 50
26

Figure 3.13  XRD Patterns of RHA-Zeolite and Conv-Zeolite with labelling of 1
(Faujasite) and 2 (Sodalite) peaks
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Since Sodalite cages form part of the Faujasite structure this means the RHA-Zeolite is
crystallising into the building blocks for the Faujasite structure from the silicate but the
process is not continuing to form the larger more complex final structure.? This could be
due to an incorrect amount of aluminium being added to the synthesis and therefore
forcing the ratio outside of the range within which Zeolite X forms. According to the IZA,
Zeolite X crystallises within the Si/Al range 1.4 — 5 but this also depends on the

concentration of NaOH in the solution.?’

Alternatively there may be an issue with the presence of impurities from the ash derived
alkali silicate solution preventing the sodalite blocks from fusing together correctly. The
Conv-Zeolite sample contained only the Faujasite pattern and thus any crystalline
element in the sample is pure Faujasite. Thus the conventional synthesis is confirmed as
effective for commercial alkali silicates and shows promise for synthesis from RHA

derived alkali silicate.

3.4.4 N, Adsorption Porosimetry

Nitrogen adsorption analyses (Table 3.8) showed the RHA-Zeolite sample has a surface
area of 149 m?g” and this is significantly lower than that of the Conv-Zeolite result at 406
ng'l. This implies that there are materials within the RHA-Zeolite sample which are
amorphous and have no surface area and/or that some of the porosity in the RHA-Zeolite
sample is inaccessible to the N, molecules. This inaccessibility could be due to the high
concentration of the sodalite phase (XRD patterns, Section 0) which has very small pores
and/or the presence of carbonate within the pores which is explored in more detail in
Section 3.4.7. Faujasite is made up of sodalite cages forming together to form larger pores
and this porosity is what adsorbs the majority of the N,(g) in the Conv-Zeolite sample.
RHA-Zeolite (lower aluminium) registered a surface area of 0.65 ng'l which is likely to be

due to pore blocking with carbonate and water.

101



Chapter 3 Synthesis of Zeolites from Biomass Ashes

Table 3.8 Porosimetry data for Zeolite X synthesised from Rice Hull Ash Alkali
Silicate and Commercial Alkali Silicate

Surface Area
Sample m’g™
Conv-Zeolite 591
RHA-Zeolite 168
RHA-Zeolite (lower Al) 0.65

3.4.5 NMR

Aluminium NMR spectra (Figure 3.14) for Conv-Zeolite, RHA-Zeolite, and RHA-Zeolite
(Lower Al) showed one major peak at 60 ppm attributable to framework tetrahedral
aluminium and a weak spinning sideband manifold associated with this species.107 This
result implies all aluminium was taken into the structure as there is no evidence that

extra-framework 6-coordinate aluminium species have precipitated.
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Figure 3.14  Aluminium NMR traces for Conv-Zeolite, RHA-Zeolite, and RHA-Zeolite
(Lower Al)

3.4.6 Thermogravimetric analysis with infrared absorption spectroscopy
(TGA-IR)

Thermogravimetric analysis with infrared absorption spectroscopy of the exit gases (TGA-
IR analysis) (Figure 3.15) was performed on RHA-Zeolite in order to examine what non-
zeolitic materials were present. The thermal treatment went up to a temperature of 1000
°C and showed a weight loss of 12.2%. No main components of the solid were shown (by
infrared spectroscopy) to be lost during the analysis in the exit gases. It is likely that
between 100 °C and 300 °C the majority of mass loss was water and this can be seen in
the infrared spectra of the exit gases. It can be seen from infrared spectra (Figure 3.16)
taken before and after the thermal analysis that there was a loss of water/hydroxyl
groups in the range 3700-2900 cm™ and the loss of a low intensity peak at 657 cm™* which

1.198109 There is also a band

was attributed to an OH bending vibration by Komadel et a
associated with carbonate (at 1645 cm™ and 1445 cm™) which disappeared following
thermal treatment. Since there is no sign of a significant mass loss it can be assumed that
this carbonate is lost as a small concentration of CO,(g) over a wide range of

temperatures and this is corroborated by the presence of CO,(g) in the infrared spectra of
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the exit gases (Figure 3.17). The presence of strongly bonded carbonate which

decomposes over the temperature region up to 1000 °C could affect recorded porosity for
the RHA-Zeolite and may explain other properties noted in the in situ FT-IR work below.
The overall effect of the thermal treatment on the material was shown to be dehydration
and dehydroxylation as well as the loss of carbonate. This carbonate may have come from

K,CO3 or Na,CO; absorbed from the RHA derived alkali silicate solution.
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Figure 3.15 Thermogravimetric graph showing mass loss over time and with
increasing temperature
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Figure 3.16 Infrared spectra for RHA-Zeolite before and after Thermogravimetric
Analysis
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Figure 3.17  Graph showing increase in absorbance at 2350 cm™ which corresponds to
concentration of CO,(g) in the exit gases of the thermogravimetric analysis

3.4.7 In Situ FT-IR Probing Using Small Molecules

Another technique which could shed light on the differences and similarities of the two
zeolites prepared from commercial alkali silicate and bio-derived alkali silicate is in situ
Fourier Transform-Infrared (FT-IR) spectroscopy. This technique explores functional
groups on the surface and uses the interactions with dosed gas molecules to further study
the activity of these surface functional groups. The dosing with carbon monoxide (CO)
and carbon dioxide (CO;) can provide information on the basicity and acidity of the
surface respectively which is important in order to investigate applications of these
materials. The method consists of a process which enables infrared spectroscopy of a
sample under vacuum and after heat treatments. A sample is pressed into a disc and
transferred to a sealed glass vessel which is then subjected to heat treatments under
vacuum in order to eradicate any adsorbed molecules from the surface. A high-resolution
infrared spectrum can then be taken of the surface in its simplest state. Different probe

gases can then be dosed into the vessel at increasing pressures using a sealed glassware
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setup and a number of taps. This happens in situ of the infrared spectrometer and spectra
are taken throughout the process. This process occurs in order to study the effect on the
surface of the increasing interactions with the molecule. The partial pressures of the
probe gas can then be decreased using a vacuum and the resultant effects studied. For
the materials in this project, heat treatments of up to 500 °C and studies using CO and

CO, were conducted.

Visible from the in situ Infrared spectra of the RHA-Zeolite X, after heat treatment at 500
°C under vacuum (Figure 3.18 and Figure 3.19), are hydroxyl groups on silicon and
aluminium, water, and carbonate. It is notable that the carbonate band (1500 — 1350 cm’
1) is still present after the 500 °C thermal treatment as this signifies that this impurity is
strongly bonded to the material or very thermally stable. The carbonate band is singular
implying the species is symmetric. Asymmetric carbonate is discussed later in the chapter
in the In Situ dosing of CO, Section 3.4.7.2. The continued presence of carbonate
complements observations from the TG-IR data and implies the decomposition of the
carbonate to CO,(g) continues to occur at temperatures above 500 °C and up to 1000 °C.
The high concentration of stable non-crystalline carbonate in the pores could explain the
lower surface area and porosity measurements observed from N, adsorption
porosimetry. This carbonate is likely to be in the form CaCOs3 as there was a presence of
calcium found using XRF analysis in the bulk solid of RHA-Zeolite and in the rice hull ash.
Most water/hydroxyls are lost from the surface after thermal treatment although some
still remain and this is shown in the decrease in intensity but not extinction of the
water/hydroxyl band (3800 — 3000 cm™) as the temperature of the thermal treatment

increases.

After all three heat treatments there remains two peaks at 2930 cm™ and 2850 cm™
which represent CH; anti- and symmetrical stretching respectively. These peaks are due
to an impurity such as vacuum grease and this does not affect the results of the materials

being analysed.
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Figure 3.18 Infrared Spectrum of Rice Hull Ash derived Zeolite under vacuum and
after heat treatments up to 150 °C, 300 °C, and 500 °C
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Figure 3.19  Close up of the region 1300-1800 cm™ of the Infrared Spectrum of Rice
Hull Ash derived zeolite under vacuum and after heat treatments up to 150 °C, 300 °C,
and 500 °C

The FT-IR spectra of the Conv-Zeolite (Figure 3.20) sample similarly showed the presence
of hydroxyl groups on silicon and aluminium, water, and some carbonate on the surface.
After increasing heat treatments the bands in the water/hydroxyl region (3800-3000 cm™)
almost completely disappear as do the water bending bands at 1700-1500 cm™. The
carbonate band decreases in intensity on increasing heat treatments (Figure 3.21)
implying that the carbonate on Conv-Zeolite is less strongly bonded to the surface and is
more easily decomposed to CO,(g). After the heat treatment at 500 °C almost all water,

hydroxyl, and carbonate groups have gone from the surface of the Conv-Zeolite.
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Figure 3.20 Infrared Spectrum of Zeolite synthesised from commercial alkali silicate
under vacuum and after heat treatments up to 150 °C, 300 °C, and 500 °C
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Figure 3.21  Close up of the region 1300-1800 cm™ of the Infrared Spectrum of Conv-

Zeolite under vacuum and after heat treatments up to 150 °C, 300 °C, and 500 °C
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Comparing the effects of heat treatment under vacuum at increasing temperatures on
the IR spectra of the two materials the main differences are in the carbonate region. Even
after heat treatments a strong carbonate peak is present in the RHA-Zeolite FT-IR spectra
whereas it disappears with increasing heat treatments for the Conv-Zeolite. This would
imply there is either substantial carbonate material within the pores of the RHA-Zeolite,
that the carbonate present absorbs unusually strongly in the infrared region, or, that the
carbonates are different in nature. The difference in nature of carbonate for the materials
could be explained by a difference in the way the carbonate forms in the two materials. If
there is carbonate present in the alkali silicate solution extracted from the rice hull ash
then the carbonate may form inside the structure in closed pores as it is crystallising in
such a way that when the carbonate decomposes at higher temperatures in the pores it is
not able to escape and thus it reforms into carbonate when the sample returns to room
temperature and the IR spectra is taken. The Conv-Zeolite sample, having no carbonate in
the starting alkali silicate material, would then only form carbonate, in the pores or on
the surface, from atmospheric CO, after the structure had been formed and this
carbonate would decompose and leave the materials on heat treatment under vacuum.
The porosimetry data reports a high surface area for Conv-Zeolite and a much lower
surface area for RHA-Zeolite which may confirm the theory that carbonate is structurally

integral for the RHA-Zeolite sample whereas it is not for the Conv-Zeolite.

RHA-Zeolite(lower aluminium) showed a small reduction in carbonate presence for heat
treatment under vacuum at 150 °C and 300 °C but the peak remained high (Figure 3.22).

Water disappears from all materials on heat treatment.
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Figure 3.22 Infrared Spectrum of RHA-Zeolite with lower aluminium under vacuum
and after heat treatments up to 150 °C and 300 °C

In order to investigate the surface further, carbon dioxide and carbon monoxide were

dosed onto the surface in situ and the effects analysed using IR spectroscopy.

3.4.7.1 In Situ Dosing of Carbon Monoxide (CO)

Examining the location and nature of peaks in an infrared spectrum as the concentration
of CO changes can give information on the basic sites on the surface. The process
proceeds by first taking a spectrum of the sample under vacuum and then dosing the
vessel with a certain concentration of CO and finally by slowly lowering the partial
pressure gradually, in stages, (thus creating an expansion) of CO using vacuum and a
system of airtight glassware. Spectra are taken at intervals throughout the process. The
sample is formed into a self-supporting wafer using a press and is then held in a foil

envelope.**°

CO chemisorbs on basic sites and this bonding is stronger than the physisorption that
occurs more generally over a surface. The chemisorption affects the symmetry of the CO

molecule and the group(s) it is interacting with and this effect appears in the infrared

112



Chapter 3 Synthesis of Zeolites from Biomass Ashes

spectrum at the peak locations of the relative molecules. For example any OH groups that
bond with a CO molecule will provide absorption in the IR spectrum at around 3800-3000

cm™* and the CO molecule itself appears at around 2200-2100 cm™.***

Below in Figure 3.23 are the spectra of the incremental expansions of CO gas after dosing
of the RHA-Zeolite surface. These spectra are subtracted from the initial spectrum and
termed ‘the difference spectra’. In this format positive peaks indicate the formation of a
species and negative peaks indicate the loss of a species. If there is no effect on a
functional group and thus no change to an infrared absorption peak in the original
spectrum, this effect is manifested by a lack of a peak in the different spectra. The
conversion of the peak from one main peak at 2158 cm™ to two peaks at 2164 cm™ and
2173 cm™ is an effect which occurs for all materials analysed and is discussed later in the

chapter.

There are some negative peaks in the water/hydroxyl region in the difference spectra
which could be due to extraction of water under the vacuum during the experiment. It is
unlikely that they are due to interactions with the CO probing gas as this would involve
the creation of a peak in the region alongside the negative peaks forming and this does

not occur.
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Figure 3.23  Full IR difference Spectra during expansion of CO gas on RHA-Zeolite after
heat treatment at 500 °C under vacuum
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Figure 3.24 IR Spectra of CO peak change during expansion of CO gas on RHA-Zeolite
after heat treatment at 500 °C under vacuum
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The negative and positive peaks appearing in the carbonate region of the IR spectra
shown below in Figure 3.25 suggest that there is a presence of carbonate on the surface

and that the nature of this species changes to form a new species on addition and then

expansion of CO(g).

0.5
RHA-Zeolite CO Expansions Difference 500°C ‘
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Figure 3.25 IR Spectra of carbonate peak area change during expansion of CO gas on
RHA-Zeolite after heat treatment at 500 °C under vacuum
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Below, in Figure 3.26, are the difference spectra for the Conv-Zeolite material at 500 °C.
No significant effects are apparent in changes to the IR spectra. This implies the CO

interacts solely with the sodium cations on the surface.

Conv-Zeolite 500°C Expansion Differences CO

Absorbance

Figure 3.26  Full IR Spectra during expansion of CO gas on Conv-Zeolite after heat
treatment at 500 °C under vacuum

There are clearly two peaks forming from the single CO peak on expansion of CO gas on
the conv-Zeolite surface (Figure 3.27), the main peak changes from 2162 cm™ to two

peaks at 2165 cm™ and 2174 cm™. Two smaller peaks at 2198 cm™ and 2116 cm™ also

appear at lower concentrations.
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Figure 3.27 IR Spectra of CO peak change during expansion of CO gas on Conv-Zeolite
after heat treatment at 500°C under vacuum
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The equivalent spectra for RHA-Zeolite(lower aluminium) (Figure 3.28) is more difficult to
analyse due to more significant background noise and interference. The band may be
weaker in intensity due to a lower concentration of sodium cations in the structure which
is due to the higher Si/Al ratio. It is clear that the main CO peak at 2160 cm™ at high
coverage splits into two peaks at 2165 cm™ and 2151 cm™ as the concentration of CO
decreases. Two smaller peaks at 2191 cm™ and 2126 cm™ also appear at lower
concentrations which is similar to Conv-Zeolite but different to RHA-Zeolite. The new
peak locations for the three samples are collated in Table 3.9. The peak at 2350 cm™ is
CO, gas contamination. This should not affect the CO interactions with the surface
because the CO study occurs at 77K and at this temperature CO, is a solid (melts at

194.7K) and thus would not be able to integrate into the material or interact with it.

RHA-Zeolite (lower Al) CO 500°C Expansion Diff

Absorbance

-0.05

T T T
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Figure 3.28  Full IR Spectra during expansion of CO gas on RHA-Zeolite (lower Al) after
heat treatment at 500 °C under vacuum
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Figure 3.29 IR Spectra of CO peak change during expansion of CO gas on RHA-Zeolite
(lower Al) after heat treatment at 500°C under vacuum

Table 3.9 Infrared peaks (cm™) formed from initial CO peaks for RHA-Zeolite, Conv-
Zeolite, and RHA-Zeolite(lower Al)

Initial peak | New Peaks formed on expansion of CO
RHA-Zeolite 2158 2173 2164
Conv-Zeolite 2161 2198 2174 2165 2116
RHA-Zeolite(lower Al) 2160 2191 2165 2151 2126

There are various different interpretations within the literature for the location and

shifting of the CO peak found in these results.

According to Martra the large peak at 2160-2145 cm™, which is measured at high
concentrations of CO, is associated with the dicarbonylic adduct (Figure 3.30).112 This is
then converted to two monocarbonylic adducts as the concentration decreases and these

two new species correspond to peaks at 2174 cm™tand 2165 cm™.
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Figure 3.30 Conversion of dicarbonylic adduct to monocarbonylic adduct on a sodium
cation

That there are two distinct peaks signifies there are two unique positions within the
Faujasite structure where the positive sodium cation polarises the CO. As the peaks are at
higher wavenumbers than the absorption of free CO (2143 cm™) the polarisation must
occur through the carbon end.’? These peaks at 2174 cm™ and 2165 cm™ represent a CO
molecule bonding on a positive sodium cation which is in an Sy, position (within the four-
membered ring) and an S, position (within the hexagonal ring) respectively (Figure 3.31).
The electric field produced from the extra framework sodium cations decreases as the
number of neighbouring oxygen atoms increases. The CO stretching frequency increases
as the strength of the positive field increases. The relative intensities of the two peaks
reflects the relative population of sodium cations in the two extra framework positions.
Comparing a low silicon to aluminium ratio Zeolite to a higher silicon to aluminium ratio
Zeolite, although there is the same number of surrounding framework oxygens, the
sodium cation is affected more by oxygens with a higher electron density (if interacting
with more aluminiums) and this causes a larger shielding of the positive electric field in

the proximity of the cation which in turn causes less of a shift in the infrared spectrum.

Figure 3.31 Location of extra-framework sites in a Faujasite structure which may
accommodate cations™?
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Knozinger and Huber, on the other hand, describe a system whereby the location of the
peaks is dependent on the nature of interactions with positive sodium cations. A
dominant peak occurring at 2172 cm™ represents the interaction, by o-donor bond, of the
C end of the CO molecule with a single positive sodium cation evidenced by the shift of

13 This peak was deconvoluted and a further four peaks

the band to high wavenumbers.
with frequencies of 2183, 2172, 2166, and 2157 cm™ were identified. Information
gathered from XRD and Na-NMR-spectroscopy implies the only accessible sodium cations
for NaY are located in sites S;.>> The Si/Al ratio for NaY described in the paper was 2.6 and
thus the likely arrangements of silicon and aluminium in the 6-rings near S, sites are
shown in Figure 3.32. There are four potential arrangements which would contain a
sodium cation in the plane and these correspond with the four peaks. The magnitude of
shift in wavenumbers of the carbonyl peak reflects the sodium location which is least
shielded by the electric field of its neighbouring framework oxygens. On increasing the
number of aluminiums in the ring, the negative charge density of the oxygens increases
and thus the highest peak at 2183 cm™ relates to the S, site containing only one

aluminium and the lowest peak at 2157 cm™ the S, site containing three aluminiums

(Figure 3.32).

For the NaX Zeolite described with a Si/Al ratio of 1.3 the majority of S, sites contained
the maximum of three aluminiums and Sy sites (4-rings) contained the maximum of two
aluminiums. Therefore both S;; and S sites will contain sodium cations. Two peaks were
registered on the FT-IR spectra of CO adsorption on NaX, 2166 cm™ and 2157 cm™, and
since there is a greater negative charge on the S site, the sodium cation is more shielded
and therefore a lower electric field strength compared with the sodium cation on the Sy,
site and therefore the peaks can be attributed such that the 2166 cm™ peak relates to the

S, sited cation and the 2157 cm™ peak the S sited cation.
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i

Figure 3.32  Possible distributions of Al atoms in 6-rings (S, sites)™*

Busca reports four peaks at 2174 cm™?, 2165cm™, 2138 cm™, and 2113cm™ for NaX with
Si/Al ratio of 1.31. The peak at 2113 cm™ is assigned to O-bonded CO although there may
be an element of *C-bonded CO as suggested by Martra. 2138cm™ is identified as the
pseudo liquid form of CO inside the pores. Peaks at 2174 cm™ and 2165 cm™ were

assigned to carbonyls on Sy, and S;, cations respectively.

Further explanation for the relation between the nature of the interactions of CO with
cations and their vibration frequencies can be found by referring to the molecular orbital
diagram shown in Figure 3.33. As can be seen, there is one pair of electrons in the highest
occupied molecular orbital (HOMO) and this orbital (50) is a combination of the C 2s
orbital and O-centred p-orbitals, and has slight antibonding character. As the C 2s orbital
is at a slightly higher energy than the O p-orbital, there is a prevalence of electron density
at the C end, and this is why, along with better overlap, CO bonds predominantly at the C
end. When the CO molecule donates electrons to a Lewis acid and in the absence of any
1 back bonding (not present in this case), the electron density in this antibonding 50
orbital is reduced and thus causes a slight increase in bond strength, leading to an

increased vibrational frequency for the CO bond.
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Figure 3.33

Molecular Orbital Diagram of CO
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Shown below in Table 3.10 are the collated results of these papers.

Table 3.10 Collated literature results for FT-IR peak locations of CO adsorbed onto
Zeolites NaX and NaY. CO molecule is C-bonded except where noted.

Site site In/Off co
Zeolite | Si/Al | name type ring frequency
cm
Busca NaX 1.31 Si 6 ring in 2165
Sm 4 ring off 2176
NaY 2.56 Si 6 ring in 2172
S 4 ring off 2182
2113 O-bonded
2138 Liquid CO
Kndzinger NaX 13 Su 6 ring 2157
S 4 ring 2166
NaY 2.6 S 6 ring 2183 1Al
2172 2Al
2166 2Al
2157 3 Al
dicarbonylic
Martra NaX 2160-2145 adduct
Si 6 ring 2165
S 4 ring 2174
2143 Free CO

Below in Table 3.11 are the collated results from this work and proposed interactions
with sodium cations. The RHA-Zeolite FT-IR spectrum contains peaks which most closely
match all papers for CO interactions on NaX at the two available sites. Both the conv-
Zeolite and the RHA-Zeolite(lower Al) have peaks at 2198 cm™ and 2191 cm™ respectively
which are significantly higher than peaks found in the literature for interactions of CO on
sodium. A possible explanation could be that the CO is interacting with another species.
The CO cannot be interacting with aluminium cations as it is all tetrahedrally bonded
within the structure (known from NMR analysis - Figure 3.14). Potassium, in K-ZSM-5
(Zeolite), interacts with CO(g) through the carbon and oxygen ends and this appears in
the IR spectrum at 2166 cm™ and 2117 cm™ respectively.'** Calcium interacts with CO(g)

-1 115
STA

through the carbon end in calcium hydroxyapatite to produce a band at 2168cm S
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shown from XRF analysis (3.4.1) there are trace amounts of potassium (0.09%) and
calcium (0.04%) in the RHA-Zeolite sample compared with 0.01% potassium and 0.01%
calcium in the Conv-Zeolite material, although these did not appear in the XPS analysis
(Section 3.4.2) which describes the elemental composition of the top surface layers.
Therefore the presence of potassium or calcium could not be the cause of these higher
wavenumber peaks appearing in spectra for Conv-Zeolite and RHA-Zeolite (lower Al)
because there are slightly higher concentrations of potassium and calcium in RHA-Zeolite.
The large shift could imply a CO molecule interacting through the carbon end on a sodium
cation which is least shielded and is in an environment which has a high positive electric
field strength. The electric field may be affected by the presence of Ca®" ions but since the
concentration of calcium is high for RHA-Zeolite then this should produce the peak in that
sample as well as Conv-Zeolite and RHA-Zeolite(lower Al). A CO molecule might be
interacting with multiple sodium cations prompting an environment with a higher electric
field than that produced by one sodium cation but since all materials have similar Si/Al
ratios the lack of peak in the RHA-Zeolite sample contradicts this. Since both Conv-Zeolite
and RHA-Zeolite (lower Al) are structurally more like Zeolite X whereas RHA-Zeolite has a
significant presence of sodalite (known from XRD) it may be possible that there is a
sodium cation within the large pore of the structure which is distanced from the
aluminium bonded oxygen atoms and therefore shielded least and thus producing higher
positive field which in turn would shift the CO peak to higher wavenumber. This would
occur to a much lesser extent for the RHA-Zeolite sample which contains a significant
amount of Sodalite in which there is no large pore in the structure of the truncated

octahedral as shown in Figure 1.5.

The further two peaks for each sample can be ascribed as the two cation sites S, and Sy
as with the NaX described in the literature. The Conv-Zeolite sample peaks are more
similar to Busca and Martra’s observations whereas the RHA-Zeolite peak locations fit
with those found by Kndzinger. The low frequency peaks at 2116 cm™ for Conv-Zeolite
and 2126 cm™ for RHA-Zeolite (lower Al) could be ascribed to CO bonding on a sodium

cation through its oxygen end.

From these results it can be concluded that all three materials contain the S, and Sy, sites
shown in Figure 3.31 which are the same as the sites in a sodalite structure. The

difference in the materials occurs with the presence of the extra peaks for Conv-Zeolite
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and RHA-Zeolite (lower Al). For these samples there is an O-bonded interaction at low
wavenumber and a higher wavenumber interaction which has been difficult to assign but
could be a sodium cation distanced from the aluminium bonded oxygen in a large pore.
Therefore these extra interactions are enabled by a difference in structure to the RHA-
Zeolite. These results show that the RHA-Zeolite (lower Al) more closely resembles the
Conv-Zeolite in structure and that the RHA-Zeolite may not contain a sodium cation in the

large pores of its Faujasite crystalline phase.

Table 3.11 Results obtained for this project

co

Zeolite frequency Site name | site type

cm’?

Conv-Zeolite 2161 high concs
2198
2174 fits NaX Si 4 ring
2165 fits NaX S 6 ring
2116 O bonded

RHA-Zeolite 2158 high concs
2173 fits NaX Si 4 ring
2164 fits NaX S 6 ring

RHA-Zeolite(lower Al) 2160 high concs

2191
2165 fits NaX Si 4 ring
2151 fits NaX S 6 ring

2126 O bonded

3.4.7.2 In Situ Dosing of Carbon Dioxide (CO,)

The study of the effects in FT-IR spectra on the interactions of carbon dioxide with a
surface is a well used technique for providing information on metal cation sites and on
basic sites on a zeolite surface. It can also provide information on carbonate species as

described later.

As can be seen from the difference spectra shown in Figure 3.34, Figure 3.35, and Figure

3.36, there are three main regions where there has been an effect produced from the
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dosing of carbon dioxide on the materials. Firstly, there is a small perturbation in the
water/hydroxyl region where the intensity of a peak increases on increased concentration
of CO, and this is caused by the presence of carbon dioxide increasing the polarity of the
small concentration of hydroxyl groups present on the surface and thus making their
signal increase. There are also changes in the new carbon dioxide peak as the CO,
interacts with the sodium cations, forms carbonate, and affects any pre-existing

carbonate as discussed below.

The process of dosing of carbon dioxide has an irreversible effect on the surface. The
single carbonate peak (Figure 3.18, Figure 3.21, and Figure 3.22) splits once dosing has
occurred and this double peak then recedes to form another double peak which is more
stable as discussed below. This effect occurs for all three samples (Figure 3.43, Figure

3.44, and Figure 3.45).
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Figure 3.34  Difference spectra for dosing of CO, on RHA-Zeolite
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Figure 3.35 Difference spectra for dosing of CO, on Conv-Zeolite
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Figure 3.36  Difference spectra for dosing of CO, on RHA-Zeolite(lower Al)
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CO, adsorbs onto cations in Zeolites and a peak appears at around 2360 cm™? designated
as the asymmetric stretching vibration vs. This peak increases in wavenumber on
increased polarization strength (Li'>Na"™>K">Rb">Cs"). For a linear CO, (base) interacting
with one positive sodium cation (acid) this peak is around 2355 cm™ (Figure 3.37).12
Shown below are the infrared difference spectra for RHA-Zeolite on dosing with CO,
(Figure 3.38). There is a clear peak at 2354 cm™* which shifts to 2350 cm™ on increased
dosing of CO,. For the comparable Conv-Zeolite (Figure 3.39) there is a much smaller shift
of the peak from 2355 cm™ to 2354 cm™. There is no shift in the carbon dioxide peak at

2350 cm™ for the RHA-Zeolite (Lower aluminium) sample (Figure 3.40).

Figure 3.37 Interaction of M acid such as sodium with carbon dioxide (base)
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Figure 3.38 Infrared spectra of RHA-Zeolite during dosing with CO, in the CO, peak
region. Spectra were subtracted from initial spectra in order to see only changes in
peaks caused by the dosing
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Figure 3.39 Infrared spectra of Conv-Zeolite during dosing with CO; in the CO, peak
region. Spectra were subtracted from initial spectra in order to see only changes in
peaks caused by the dosing
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Figure 3.40 Infrared spectra of RHA-Zeolite (Lower Aluminium) during dosing with
CO; in the CO, peak region. Spectra were subtracted from initial spectra in order to see
only changes in peaks caused by the dosing

The shift in wavenumbers on higher dosing of CO, observed in the main CO, peak in the
spectra for RHA-Zeolite could be due to multiple interactions occurring. These
interactions could be either multiple CO, molecules interacting with a single sodium
cation or multiple sodium cations interacting with a single CO, molecule (simplified
diagram shown in Figure 3.41). Multiple CO, molecules interacting with a single sodium
cation is more likely to occur on increased dosage of CO, gas (and thus higher
concentration of CO, molecules in the pores) and this effect would decrease the electric
field and therefore there would be a decrease in the magnitude shift. The electron
density of a delta negative oxygen (06') from a carbon dioxide molecule interacts with a
delta positive sodium cation and thus reduces the positive charge on that sodium cation.
The second carbon dioxide molecule that interacts with that sodium cation will encounter
a reduced charge density and interact less with the sodium. Equilibration would then
equalise the two interactions and the band associated with this effect would be lower in

magnitude.
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A high concentration of sodium cations would be needed for the second effect shown in
Figure 3.41 and this is the case due to the high ratio of aluminium present in the
materials. The single carbon dioxide molecule would then experience a larger electric
field as both oxygen ends interacted with different delta positive sodium cations and the
magnitude of the peak shift would increase. The symmetry of this effect would be
important and depend on the location of the two sodium cations in the cage as if they
were arranged such that the carbon dioxide molecule was linear then the intensity of the

band could drop.

2352: o=c=o0..... Na’.... 0=C=0

2356: Na®.... 0=C=0....Na"

Figure 3.41 Schematic diagram of CO, / sodium cation interactions and their related
IR peak locations

CO, also chemisorbs onto oxygen sites on the surface of zeolites to form carbonate
species and these appear as peaks in the region 1800-1200 cm ™. There are two doublets
of peaks which relate to two species of carbonate shown in Figure 3.42; Species | is a
carboxylate species described by Jacobs et al as CO, adsorbed in the end-on configuration
polarised by a less shielded sodium cation and interacting with a lattice oxygen ion and is
represented by peaks at 1365 cm™ (vc.o asymmetric) and 1715 cm™ (C=0 stretching

116

mode).””> Species |l is the true carbonate structure whereby the negative charge is

delocalised over the three oxygen atoms and stabilised by the electrostatic field of the

118 The two peaks at 1431 cm™ and 1488 cm™ relate to the vs; carbonate

sodium cation.
vibration.'® There is some asymmetry occurring for this interaction which causes the
peak to split but as the difference is small the three oxygen atoms of the carbonate

species should be practically equivalent.*”’

Table 3.12 Wavenumber values for two species of carbonate interactions as
described by Jacobs et al*'®

Species| | 1711 cm™ c=0
1365 cm™ 0-C

Species Il | 1488 cm™ Delocalised C-O bond
1431 cm™ Delocalised C-O bond
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Species | Species Il Si
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Figure 3.42 Diagram showing two species of CO, adsorbed onto hydroxyl groups on

the surface of zeolitic matertials as described by Jacobs

116

For the RHA-Zeolite, sample peaks appeared for Species | and negative peaks appeared

for Species Il on increased CO, dosages in the difference spectra (Figure 3.43). This

implies carbonate species Il existed on the sample under vacuum before any CO, was

added to the environment and that this carbonate then underwent conversion to Species

| as the CO, dosage increased. As the carbonate is forming in pores and coverage

increases, it would seem to make sense that the nature of chemisorption would favour

the formation that takes up less space over any other thermodynamic effects. There is a

shoulder at around 1650 cm™ which relates to a loss of symmetry of the carbonate

perhaps due to the small pores in which the interactions occur.
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Figure 3.43 Infrared spectra of RHA-Zeolite during dosing with CO, in the carbonate
region. Spectra were subtracted from initial spectra in order to see only changes in
peaks caused by the dosing

For the Conv-Zeolite sample the four main peaks appeared (Figure 3.44) showing growth
of both carbonated species in the pores. There are also some shoulders on the 1712 cm™
peak at 1677 cm™ and 1597 cm™. These extra peaks could be arising from further changes
in the symmetry of the carbonate molecules formed in the pores as the concentration of

CO, increases or due to multiple interactions of the CO, molecules on sodium cations.
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Figure 3.44 Infrared spectra of Conv-Zeolite during dosing with CO; in the carbonate
region. Spectra were subtracted from initial spectra in order to see only changes in
peaks caused by the dosing

The carbonate peak area of the FT-IR spectra for the RHA-Zeolite (lower aluminium)
(Figure 3.45) is still more complex. There are the two negative peaks representing the
Species Il and the two positive peaks for Species | but there also are additional peaks at
1504 and 1400 cm™ which disappear alongside the Species Il peaks and shoulders on the
1695 cm™ peak around 1630 cm™ which grow alongside the Species | peaks. Again, these
extra peaks could be arising from further changes in the symmetry of the carbonate
molecules formed in the pores as the concentration of CO, increases or due to multiple

interactions of the CO, molecules on sodium cations.
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Figure 3.45 Infrared spectra of RHA-Zeolite (lower Aluminium) during dosing with
CO; in the CO, peak region. Spectra were subtracted from initial spectra in order to see
only changes in peaks caused by the dosing

3.5 Conclusion

In this chapter the synthesis for a bio-derived Faujasite Zeolite has been described and
the process of optimisation shown. This included varied Si/Al ratios and methods of
cooling. This optimised zeolite with Si/Al = 1.1 has been compared to a conventionally
synthesised Zeolite X using all available techniques including XRD, porosimetry, Solid
State NMR, TG-IR, and FT-IR. RHA-Zeolite was shown to have some crystalline phases of
Faujasite as well as sodalite whereas Conv-Zeolite was solely Faujasite. The surface areas
of both RHA-Zeolite and RHA-Zeolite (lower Al) were significantly lower than Conv-Zeolite
which is likely due to the presence of strongly bound carbonate in the pores and the
significant presence of the crystalline phase Sodalite which has negligible surface area
when using N, porosimetry. An in-depth study has been presented on the comparison of
the ‘best’ synthesised Zeolite X derived from alkali silicates from Rice Hull Ash and a
Zeolite X synthesised from a commercial alkali silicate solution. Both materials exhibited
surfaces which interacted with the probe molecules CO and CO, but there were additional

interactions created by the presence of carbonate on the RHA-Zeolite. Given the
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combustion process which forms the ashes creates CO, and occurs in the presence of
basic ashes, it is likely that there will be relatively large quantities of carbonate in the
ashes and therefore in the solutions. A further zeolite synthesised from ash with a higher
Si/Al ratio was shown to more closely resemble the conventionally synthesised zeolite.
The reduced concentration of aluminium created a structure which was closer to
Faujasite and therefore showed surface properties similar to Conv-Zeolite, particularly in

the in situ FT-IR studies.
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4 Synthesis of Mesoporous MCM-41
from Biomass Ashes
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4.1 Context

MCM-41, originally synthesised by Beck et al in 1992, was chosen as an ordered
mesoporous silica to study the potential for synthesis from alkali silicates derived from

biomass ashes.*®*’

MCM-41 has many applications as outlined in the Introduction
(Section 1.7.2). Hui et al have shown that it is possible to synthesise MCM-41 materials
from alkali silicate solutions from coal fly ash with properties comparable to those
synthesised conventionally.21 The synthesis methodology of Beck et al was mimicked and
then developed in this work to obtain MCM-41 from Miscanthus bottom ash obtained
from Ely Power Station. As there was a limited supply of ash, a synthesis for MCM-41 was
optimised using a commercial sodium silicate (PQ Corp K120) which most closely matched

the alkali silicate solution extracted from the ash (see Chapter 2 Section 2.5.1).*” This

included a study on the effect of pH in the synthesis mixture on the synthesised product.

Various methods were used to analyse the materials once synthesised. X-Ray Diffraction
(XRD) patterns obtained prove that there is short-range ordering of the hexagonal
structure. Nitrogen porosimetry results show the materials have high surface areas of
around 1000 ng'l. Transmission Electron Microscopy (TEM) was used to capture images
of the hexagonal ordering. Thermogravimetric Analysis (TGA), in conjunction with
Infrared Spectroscopy (TG-IR), illustrated the loss of water and the organic template from
the structure and the further stability of the structures up to 1000 °C. The effect of the
addition of different aluminium-containing compounds was studied using Nuclear
Magnetic Resonance Spectroscopy (NMR). These aluminium-containing compounds
included Red Clay, a waste product from the Bayer process, which was added to the
synthesis as a raw material and was also studied as a potential source for aluminium

extraction.

The synthesis of MCM-41 proceeds via a liquid crystal templating mechanism (LCT) and
the organic template used is CTAB (cetyl trimethylammonium bromide) as shown in

46-47

Figure 4.1. Quarternary ammonium surfactants, such as CTAB, organise into
hexagonal arrays of cylindrical micelles when in aqueous environments, organic ends in
the centre and polar groups at the outside. Silicate species hydrolyse around these

formations and once the material is calcined the template burns off and the hollow
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hexagonal tubes are left as a stable mesoporous molecular sieve. This process is shown in

Figure 4.2.

| Br
+

™~

Figure 4.1 Chemical structure of CTAB

Hexagonal
array

Calcination
q

Silicate

MCM-41

Figure 4.2 Schematic drawing of the LCT mechanism used in the synthesis of MCM-
41%

4.2 X-Ray Diffraction and porosimetry analysis for mesoporous
materials

X-Ray Diffraction analysis can provide information on whether a structure has order
within its pore structure. Although many mesoporous materials such as MCM-41 show no
long-range order they can exhibit short-range order and this appears as peaks in the low-
angle region of an XRD pattern. MCM-41 originally synthesised by Beck et al showed XRD

peak locations as shown in Table 4.1 with the corresponding lattice planes.*’

Table 4.1 XRD Peaks and corresponding lattice planes for MCM-41 synthesised by
Beck et al *’ diq = [A (Cu Ka radiation = 1.5406 A)]/2 sin 6

hkl 20 dnw (A)
100 2.22 39.8
110 3.85 22.9
200 4.46 19.8
210 5.92 14.9
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Beck et al, and subsequent literature about the synthesis of MCM-41, assign the first XRD

peak at around 2 26 to the 100 plane and the successive peaks to 110, 200, and 210.**
These numbers refer to planes in which there is repetition of the unit cell in the structure
(Figure 4.3). The planes 100, 200, 110, and 210 are illustrated in Figure 4.4, Figure 4.5,
and Figure 4.6. The lattice spacing, dn, refers to the distance between planes (shown in
Figure 4.4) and is related to the angle with which the X-Ray diffracts. Dy can be
calculated for each plane using the XRD peak location 20 value, the X-ray wavelength (for
Cu K radiation X-ray diffractometer used in the work this is 1.5406 A), and Equation 4.1.
These values can provide information on the nature of ordering and crystallinity in the

material.

BN

Figure 4.3 Schematic diagram showing repeating unit cell
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i

Figure 4.4 Schematic diagram of the 100 and 200 planes of MCM-41 and the dy
spacing measurement for dig9 and dq

110 110 110

N\

Figure 4.5 Schematic diagram of 110 planes of MCM-41
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N

N

210

210
210

Figure 4.6 Schematic diagram of 210 planes of MCM-41

4 A (= 1.54064)
bkl = 2sin®

Equation 4.1 Lattice spacing calculation

Further pore information can be obtained by combining XRD results with porosimetry
values. Shown in Figure 4.7 are the calculated pore size, average pore diameter, and pore
wall thickness. The average pore diameter is calculated from porosimetry data and is an
average of all pores detected by the technique. Pore size refers to diameter of each
repeating pore in the lattice plane for which it is calculated (100 for all calculations in this
thesis). This value combines the pore volume value from porosimetry and d;gg value from
XRD. Since the MCM-41 materials synthesised for this project should have a uniform pore
structure, the pore size should remain consistent for whichever lattice plane is used. The
100 reflection was chosen as it is the first peak in the pattern and should be the most
intense and thus the most straightforward to locate. Pore wall thickness is calculated

using the lattice parameter (XRD) and the pore diameter (porosimetry).
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e .
ST

Figure 4.7 Schematic diagram showing Pore Size (W), Average Pore Diameter (Dp),
and Pore Wall Thickness (Thp)

4.3 Synthesis of MCM-41 in different pH environments and initial
Synthesis of MCM-41 from biomass ash derived alkali silicate
solution

Since the amount of bio-derived alkali silicate was limited, initial experiments were
performed with a commercial alkali silicate solution which most closely resembled EBA
alkali silicate from Miscanthus ash. Details of the ratios of potassium silicate solutions are
described in Chapter 2 Section 2.6. The first experiments investigated the effect of pH of
the initial synthesis mixture on the final crystallised product. This was in order to compare
the results with those obtained by Hui & Chao who also investigated the synthesis of

MCM-41 using Coal Fly Ash derived alkali silicates.?*

4.3.1 X-Ray Diffraction Analysis (XRD)

XRD patterns obtained from MCM-41 materials synthesised for this work, shown in Figure
4.8, show peaks in a similar region of 20 values between 2.2 and 2.6. There is a significant
shoulder of high intensity at low 26 (between 2 and 2.3 28) which raises the background
of the 100 peak for all samples. Though this exists in the literature it seems more
pronounced for patterns obtained in this work. This could be an instrumental effect as
measurements were taken at very low angles at the limits of the diffractometer. The

hypothesis that X-rays were travelling through the space above the sample was proven
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wrong by raising the top level of the sample to above the holder and until it touched the

upper sample slit and the shoulder remained in the subsequent pattern.

100

— K120-MCM-41 pH 14
— K120-MCM-41 pH 11

K120-MCM-41 pH 10
— K120-MCM-41 pH 7
— K120-MCM-41 pH 1
— EBA-MCM-41

Intensity

Figure 4.8 XRD Patterns for MCM-41 Synthesised at pH 14, 12, 10, 7, 1 from K120
and from EBA and their corresponding lattice planes”

All four peaks described in the literature for MCM-41 are apparent in Figure 4.9, a close

up of the area between 3 and 6.5 26.
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— K120-MCM-41 pH 14
— K120-MCM-41 pH 11

K120-MCM-41 pH 10
— K120-MCM-41 pH 7
— K120-MCM-41 pH 1
— EBA-MCM-41

110

200

Intensity

Figure 4.9 XRD Patterns for MCM-41 Synthesised at pH 14, 12, 10, 7, 1 from K120
and from EBA close up on peaks relating to lattice planes 110, 200, 210*’

Of the K120 derived MCM-41 materials synthesised at different pH environments, those
synthesised at pH 10 and pH 1 showed the most pronounced peaks for all lattice planes
but nearly all samples showed at least three defined peaks (Table 4.2). MCM-41
synthesised from K120 at pH 14 had the least defined peaks which may have been due to
the high pH causing redissolution and restructuring. Therefore, the K120-MCM-41
synthesised at pH 1 and pH 10 contained the most crystalline structure of the pH varied
materials, K120-MCM-41 synthesised at pH 7 and pH 11 had less crystalline structure and
K120-MCMA41 synthesised at pH 14 had the least amount of ordered structure. That the
MCM-41 synthesised at pH 1 created the same structure as those synthesised must mean
a different mechanism is occurring as the environment pH is on the other side of the

isoelectric point (pH ~ 2) and so cannot occur via S*I (Introduction Section 1.7.1).

There does not appear to be a clear correlation between pH synthesis and level of

crystallinity for these MCM-41 materials as is the case for MCM-41 from coal fly ash.?

The MCM-41 synthesised from EBA derived bio-derived alkali silicate showed distinct

peaks within the same range as those synthesised from K120. The EBA-MCM-41 was
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synthesised without adjustment of pH in order to ascertain the potential for use ‘as is’.

The pH of the reaction mixture was 12.

All peaks for the EBA sample are at least as well defined as those for the K120-MCM-41
samples and therefore the synthesis appears to have produced a material with well

ordered pores.

Overall these XRD patterns show the materials synthesised from K120 and EBA have

comparable degrees of regularity.

The locations of the XRD peaks have been described in Table 4.2 and they have been

matched with their appropriate lattice planes according to Beck et al.*’

Table 4.2 XRD Peaks and corresponding lattice plane 20 locations for MCM-41
synthesised from K120 at varied pH and from EBA

Si Synthesis
source pH Lattice Plane 20 location

100 110 200 210
K120 14 2.39 4.26 4.88 -
K120 11 2.42 4.07 4.67 -
K120 10 2.34 4 4.6 6.05
K120 7 2.26 4.07 4.64 6.12
K120 1 2.26 3.93 4.52 5.97
EBA 12 241 4.09 4.69 6.18

The calculated dpy values for K120-MCM-41 synthesised at pH 10 and EBA-MCM-41 are

shown in Table 4.3 and Table 4.4 respectively.

Table 4.3 XRD Peaks and corresponding lattice planes for MCM-41 synthesised
from K120 at pH 10

hkl 20 dh (A)
100 2.34 37.7
110 4 22.1

200 4.6 19.2
210 6.05 14.6
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Table 4.4 XRD Peaks and corresponding lattice planes for MCM-41 synthesised
from EBA

hkl 20 dhi (A)
100 241 36.6
110 4.09 21.6
200 4.69 18.8
210 6.18 14.3

These values enable us to visualise the nature of porosity for these materials as shown in
Figure 4.3. As the lattice structure in MCM-41 is two dimensional there are no lattice
planes which intersect with the z-axis. The lattice planes 100 and 200 intersect the x-axis
and the 110 and 210 planes intersect both the x- and y-axes. Using this knowledge and
the dyy values it is possible to plot the unit cell in terms of these repeating planes and
visualise the hexagonal linear pore structure. Since these values are comparable to those
of the reference MCM-41 and MCM-41 structures in the literature, the structure will look

similar to Figure 4.3.

4.3.2 Porosimetry

Porosimetry can provide useful and detailed information on the pore structure and
surface area of MCM-41 materials. All materials synthesised for this work showed
extremely high surface areas, of around 1000m’g™, pore volumes of 0.7-1.12 cm’g™, and
pore diameters of 3.2-4.3nm which are comparable, and even larger than some of the
values found in the literature using both commercial alkali silicate and other silicon

sources (Table 4.5).
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Table 4.5 Surface area values from porosimetry as found in the literature

pH Surface Pore Average Pore
Area Volume Diameter
Sger Vo D,
m’g? cm’g? nm
Rice Hull Ash® 1100 0.869 2.95
Rice Hull Ash ”* 602
Sodium Silicate * 1,180 0.91 2.95
Sodium Silicate (N 1040 not given not given
brand, 27.8% silica,
P.Q. Corp.) ¥’
Coal Fly Ash™ 1.16 1149 0.6 not given
Coal Fly Ash® 6.9 953 0.9 not given
Coal Fly Ash® 11.06 996 0.7 not given
Power Plant Bottom - 847 0.7 3.0
Ash ®

Porosimetry results for K120-MCM-41 and EBA-MCM-41 materials synthesised at
different pH are shown in Table 4.6. MCM-41 synthesised at neutral pH from commercial
alkali silicate K120 showed the lowest surface area at 880 ng'l and MCM-41 materials
synthesised in more basic conditions had the highest surface areas of between 1010 ng'l
and 1080 m’g’ although all surface area values fall within a similar range when
considering error related to porosimetry measurement and calculations. It is also
sometimes difficult to judge the accuracy of surface area values in the literature as there
is no way to tell if the calculated values are corrected for BET linearity. There is no

obvious correlation between synthesis pH and porosity of the samples and this was also

the case for Hui et al and their coal fly ash samples.21

All samples showed similar pore diameters (Table 4.6) proving the synthesis to be
reproducible despite changes in synthesis pH. This is confirmed by the consistency of XRD
peak locations (Table 4.2). Literature values are also included in Table 4.5 and are

comparable to the results shown.®* %70
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Table 4.6 Porosimetry results for MCM-41 synthesised from K120 at varied pH and
EBA

BET Surface Area Pore Volume Average Pore Diameter

Si Source pH SBeT Vp D,

m’g? cm’g? nm

K120 14 1010 0.8 3.2
K120 12 1055 1.1 4

K120 10 1080 0.9 3.4

K120 880 0.7 3.4

K120 920 0.8 3.3

EBA 12 1043 1.12 4.3

Shown in Figure 4.10 is a typical isotherm for the materials synthesised from K120, in this

case at pH 10. It shows a steep increase of nitrogen adsorption between 0.3 and 0.38

relative pressure of 100 cm’g™ (300 cm®g™ to 400 cm3g™) N, which relates to mesopores

with a small range of sizes.®% There is also some micropore absorption shown in the initial

steep rise at O relative pressure up to 150 cmg’g'1 and some further meso and macro

porous adsorption at higher relative pressures. There is a Type B or H4 hysteresis loop

shown by the desorption branch remaining at higher adsorbed volume than the

adsorption branch for the same relative pressure over a range of relative pressures above

0.42 P/Po which then joins the adsorption branch and remains at the same values at

lower relative pressures. This behaviour is evidence of narrow mesopores open at both

ends.®!
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Figure 4.10 N, Adsorption Desorption Isotherm for K120-MCM-41 at pH 10

The bio-derived alkali silicate sample, EBA-MCM-41, which was also synthesised in a more
basic environment (approximately pH 12), had a surface area of 1043 ng'l. The isotherm
is very similar to that of MCM-41-K120 (pH10) and displays the same features as
described above (Figure 4.11). Both isotherms are similar to those found in the

literature.?% >
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Figure 4.11 N, Adsorption Desorption Isotherm for EBA-MCM-41 at pH 12

Combining XRD 20 peak locations with porosity data it is possible to calculate pore size

and wall thickness.*" 18
The lattice spacing, digo (from XRD peak location), value can be used, in conjunction with
the pore volume, V, (calculated using porosimetry), to calculate the pore size Wy of the

ordered pores in the 100 lattice plane (Equation 4.2).

Equation 4.2 Pore size calculation where constant c = 1.155 and silica wall density p =

22gcm> 18

The lattice parameter, ag, can also be calculated from the lattice spacing as in Equation

4.3.
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2
ap = —=dj0

V3

Equation 4.3 Lattice parameter calculation™*’

Pore wall thickness, Th, can be calculated by subtracting the pore diameter, D, (obtained

from porosimetry), from the lattice parameter, ao (obtained from XRD) (Equation 4.4).1°

Equation 4.4 Pore wall thickness calculation*®

The pore size distributions for EBA-MCM-41 and K120-MCM-41 (pH 12) are shown in
Figure 4.12 and Figure 4.13 respectively. The pore size distribution for EBA-MCM-41
shows a symmetric peak with a range of 2.5 — 3.5 nm and peak around 2.85 nm. For the
K120-MCM-41 (pH 12) sample the curve is asymmetric and the range and peak are lower,
2.25 - 3.25 nm and 2.8 nm respectively. Both materials have average pore sizes which fit

within the range of the other materials and those in the literature.?>*>> 7
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Figure 4.12 BJH adsorption pore size distribution for EBA-MCM-41
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Figure 4.13  BJH adsorption pore size distribution for K120-MCM-41 (pH 12)

All MCM-41 materials synthesised from K120 had similar pore sizes (W) of around 33-36
A and pore wall thicknesses (Thp) of around 12-14 A. Pore size and pore wall thickness
values for EBA-MCM-41 also fell within this range (Table 4.7). Average pore diameter was

taken as the mode.
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Table 4.7 Porosimetry, XRD and calculated values for surface properties of
synthesised MCM-41. Results are compared with values for Coal Fly Ash MCM-41 from
Hui and Chao.”!

Average Pore Pore Wall
Lattice Pore Size Thickness
Parameter Diameter
Silica 20 d100 do SBET Dp Wd Thp
source | pH A A m’g? A A A
K120 14 2.51 | 35.2 40.6 1010 27.5 32.4 13.1
12 2.43 | 36.4 42.0 1055 28 35.3 14
10 2.45 | 36 41.6 1080 30 33.9 11.6
7 2.39 | 36.9 42.6 880 30.5 33.2 12.1
2.26 | 39.1 45.1 920 30.5 36 14.6
EBA 12 2.36 | 37.4 43.2 1019 28.5 36.4 14.7
Coal
Fly
Ash® | 1.16 36 1149 27 9
Coal
Fly
Ash®™ | 6.9 39 953 32 7
Coal
Fly
Ash®* | 11.06 40 996 31 9
4.3.3 TEM

Transmission Electron Microscopy is a useful tool for obtaining images of structures at
very high magnifications. TEM images, shown in Figure 4.14 and Figure 4.15, showed all
samples contained evidence of hexagonal arrays and uniform pores. This is consistent
with the literature which shows hexagonal arrays of ordered pores of diameter 20-100
A2 &Y TEM pore sizes were measured to be approximately 3 nm in diameter. This
confirms the porosimetry data and combined porosimetry and XRD calculations which
gave pore diameters of around 3 nm and pore sizes of around 3.5 nm. Therefore there is

no clear difference in the hexagonal pores of these materials synthesised at different pH

values.
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K120 pH 14 - o K120 pH12

Figure 4.14 TEM Images of MCM-41 materials synthesised from K120 at different pH
values. Whole scale bar is 100nm long.
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Figure 4.15 TEM Images of MCM-41 materials synthesised from EBA bio-derived
alkali silicate at pH 12. Whole scale bar is 100nm long.

4.3.4 Thermogravimetric Analysis with Infrared Absorption Spectroscopy
(TGA-IR)

Thermogravimetric analysis (TGA) is a useful technique for investigating a material as it
highlights the temperatures at which the material rearranges and decomposes to form
other compounds as gases. It can also provide information on the thermal stability of a
material. Coupled with infrared spectroscopy (TGA-IR) it is possible to study these gases
via their functional group absorption to determine what molecules are being expelled

from the sample. This technique occurs under an atmosphere of nitrogen.

120 The calcination

Schith et al describe the decomposition of CTAB in air as follows.
should involve three steps in the decomposition of CTAB. An endothermic elimination
occurs between 150 °C and 250 °C which removes 46% of the template through
evaporation of hexadecene and trimethylamine (Hoffman Degradation, Figure 4.16). The
second step involves exothermic successive fragmentation of the carbon chain and
oxidation to form CO,, NO,, and H,0 gases between 250 °C and 300 °C. The final stage
occurs between 300 °C and 350 °C although the template is not fully removed until a
sustained period at 550 °C. Oxidation occurs and converts the remaining organic

120 Sumiya et al studied the calcination and thermal

components to CO, and H,O.
degradation of CTAB in MCM-41 in air using FT-IR spectroscopic analysis of the sample

and found peaks assigned to the various organic functional groups in CTAB disappear in
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the infrared spectra after 400 CP s likely that the process will be similar for analysis

using TGA except there will be no oxidation by oxygen in the atmosphere.

SN TN TN TN N TN TN A S S S SN N

Figure 4.16 Initial step of degradation of CTAB'*

A recent TGA study on fly ash derived MCM-41 reports three to four stages of mass

122
loss.

These stages approximately consist of thermal desorption of adsorbed water (25 —
100 °C), decomposition of CTAB (breaking of hydrocarbon chain) (100 — 355 °C), residual
CTAB decomposition and water loss associated with condensation of silanol groups (355 —

600 °C), and residual silanol condensation (600 — 840 °C).*?

TGA-IR was conducted on the as-synthesised EBA-MCM-41 sample with the CTAB
template present (Figure 4.17). Significant weight losses occurred up to 120 °C which can

122 There is then a continuous decrease of mass from 120

be assigned to water desorption.
°C to 300 °C which can be designated as the degradation of the template (CTAB) followed
by residual CTAB degradation and condensation of silanol groups from 300 °C to 500 °C. A
further small mass loss occurs at higher temperature which can be assigned to residual

condensation of silanols.??
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Figure 4.17 TGA of EBA-MCM-41 showing mass loss at increasing temperatures

In this study FT-IR was conducted on the gases produced from the sample and therefore

there should be similar peaks as the products of the calcination leave the sample.

Shown in Figure 4.18 are three infrared spectra of the exit gases from the thermal

analysis of EBA-MCM-41 at three temperatures.

At 250 °C there is the C-H stretching peaks at 2932 cm™ and 2865 cm™ and possibly an
aldehyde (=C-H) peak at 2780 cm™, carbonyl (C=0) peak at 1773 cm™, and amine (C-N)
peaks at 1050 cm™ and 1246 cm™. At 400 °C the only molecules appear to contain only C-
H stretching (2932 cm™ and 2865 cm™). At 1000 °C CO, appears to be the main gas
appearing in the spectra (2340 cm™). There are no peaks for water appearing from
adsorbed water or condensation of silanol groups. This implies there was very little
adsorbed water or silanol groups in the sample. It appears that the thermal degradation
of the material solely relates to the degradation of CTAB, initially into nitrogen containing

gases and latterly purely as alkanes and finally as CO,.
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Figure 4.18 IR spectra at three temperatures of exit gases from thermal degradation
of EBA-MCM-41

Combining results from XRD, porosimetry, TEM, and TGA-IR results it is clear that the
MCM-41 pore structure can be synthesised over a range of pH values with only small
changes to the physical properties occurring and with no clear trends. It has also been

shown that it is possible to synthesise MCM-41 from alkali silicate derived from

Miscanthus biomass ashes.

The synthesis is robust enough that the materials produced at different pH values and
from different silicon sources have the same structure with the same pore shape and size,

within instrumental error (Section 6.5).

4.4 Introduction of Aluminium into bio-derived MCM-41 synthesis

In order to make the bio-MCM-41 materials more useful for catalysis it is necessary to
improve functionality on the surface of the pores. This can be done by introducing
aluminium into the silica matrix. As aluminium has one fewer electron than silicon, when

it bonds to four oxygens within the tetrahedral structure it creates a charge imbalance
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which necessitates the presence of a counter cation such as sodium, potassium, or

hydrogen.

Beck et al. introduced aluminium into their synthesis for MCM-41 using sodium
aluminate, aluminium sulphate, and Catapul alumina.*’ In this work the addition of red
clay is investigated as a waste product source of aluminium. Red Clay is described in the
Introduction (Section 1.8) as a waste product which shows promise as a source of
aluminium and other metals. This source of aluminium was compared with additions of

sodium aluminate or aluminium hydroxide.

Red Clay was sourced from India (via Glasgow) and has been discussed in papers by
Hargreaves et al including elemental composition and potential applications.”*”® The
published Initial Inductively Coupled Plasma Elemental Analysis (ICP-AES) results for a
sample of red clay are shown in Table 4.8.> Also shown in this table are the XRF
elemental component results of the sample received for use in this project. Both
techniques show significant concentrations of aluminium, silicon, and sodium are

contained in the Red Clay.

Table 4.8 Elemental composition (ICP-AES) of red clay samples (wt%) from
Hargreaves et al. ’° and the XRF elemental analysis of the as received sample used in
this project

Sample Major Elements

Code | SiO, | Al,03 | Fe;, 053 | TiO, | CaO | MgO | Na,O | K;O | P,Os | MnO | LOI
RM4’® | 16.4 | 10.44 | 42.7 | 6.44 | 2.85 | 1.56 | 3.72 | 0.05 [ 0.02| - | 15.3
RM6’® |12.4|10.12 | 36.4 | 18.7 | 2.65 | 2.52 | 3.85 | 0.09 | 0.02 | - | 12.8
RM7’® | 14.6 | 23.51 | 36.79 | 0.74 | 1.18 | 0.07 | 6.08 | 0.02 | 0.15 | 0.12 | 16.47
Red

Clay |15.7| 27.7 | 39.2 |1.62 | 1.39 | 0.0 | 12.7 | 0.07 | 0.0 | 0.11 | 1.51

Initially the red clay was tested in the synthesis as a raw material (without any treatment)
alongside other aluminium sources. It was added to the synthesis ‘as is’ before the
crystallisation stage (Section 6.3.2). The solutions were not adjusted to a certain pH and

thus the syntheses occurred at the basic pH of the solutions (around pH = 12).
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Si/Al ratios in the initial synthesis mixtures are detailed in Table 4.9. These are calculated

using the silicon concentration method (detailed in Chapter 2 Section 2.5) in order to gain
a specific mass of silicon contained in the volume of alkali silicate solution and
calculations of the relative concentrations of aluminium in the compounds used. XRF data
of red clay (Table 4.8) was used to calculate the weight of aluminium used in the
synthesis. The higher Si/Al ratios for Red Clay were due to a lower concentration of
aluminium within the red clay (same mass of aluminium source used for all three

samples).

Table 4.9 Si/Al ratios of synthesis mixtures containing different Aluminium Sources

Red Clay | Sodium Aluminate | Aluminium Hydroxide
K120 1.52 0.68 0.64
EBA 1.52 0.68 0.64

4.4.1 Nuclear Magnetic Spectroscopy (NMR)

NMR is a useful technique for ascertaining the nature of bonding of particular elements in
a material. 2’A-NMR of the MCM-41 samples will provide information on the level of
incorporation of aluminium into the structure. A peak at 0 ppm represents the presence
of extra-framework octahedral aluminium, i.e. aluminium which has not integrated into
the structure. Peaks shifted to higher ppm (53-55 ppm) represent aluminium bonded
tetrahedrally to the silica within the MCM-41 structure. A peak at 32 ppm is, thus, likely

to be 5-coordinate bonded aluminium.®’

On examination of the aluminium NMR results of the samples synthesised for this project,
(Figure 4.19 and Figure 4.20) all aluminium sources integrated into the MCM-41 samples
to make tetrahedrally bonded aluminium (53-55 ppm) but none of them did so
completely as there was still the presence of extra-framework aluminium for all samples
identified by the peaks at 0 ppm. Sodium aluminate was the most effective aluminium
source for integration into the MCM-41 silica matrix for both EBA- and Conv- MCM-41
samples as the shifted peak had a much higher intensity than the extra-framework peak.
Aluminium hydroxide and red clay both integrated into the structure but to a lesser
degree than the sodium aluminate. Their two NMR peaks are more evenly split. The

tetrahedrally bonded aluminium produces a more intense peak than the extra-framework
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aluminium but the latter is a wider peak which may imply a significant presence. The two

materials synthesised with aluminium hydroxide show the presence of a third peak at 32
ppm, a shoulder in the EBA-MCM-41 (Al(OH)3) and a pronounced peak for the conv-MCM-
41 (Al(OH)s). This relates to a 5-coordinate orientation which may be due to an additional

interaction with a hydroxyl group on the surface (Figure 4.21).*%®

NaAIO2
Red ClLay
—AI(OH)3
Z
B
c
]
=
! 1 ! | ' | ! 1 | |
600 400 200 0 -200 -400 -600

ppm

Figure 4.19 Aluminium NMR peaks of EBA-MCM-41 synthesised with different
aluminium sources
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Figure 4.20 Aluminium NMR peaks of Conv-MCM-41 synthesised with different
aluminium sources

Figure 4.21  Diagram of 5 coordinate aluminium within MCM structure'?®

4.4.2 Transmission electron microscopy (TEM)

TEM can enable an image to be taken of the materials on a nanometer scale. Such an
image was taken of EBA-MCM-41 (Red Clay) and there is clearly linearity within the pore

system and an ordered array of hexagonal pores (Figure 4.22).
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100 nim

Figure 4.22 TEM image of EBA-MCM-41 (Red Clay). Scale bar in 100 nm sections

4.4.3 N, Porosimetry

Porosimetry results (Table 4.10) showed all materials had reasonably high surface areas.
There was a drop in surface area for samples on addition of the aluminium sources of
around 100 m’g? — 200 m’g™ except for EBA-MCM-41 (Sodium Aluminate) which lost
around 400 m°g™. This is likely to be due to the presence of aluminium weakening or

collapsing the structure.

All pore diameters fall within the range 2.5 — 3.5 nm (Figure 4.23) and so the effect of
aluminium has not been on the nature of the pore structure but on the level of
crystallinity. The structures may be less stable at higher temperatures and collapse during

the calcination step of the synthesis.

The difference in pore volumes of the samples reflects that for surface areas with a
marked decrease for all materials containing aluminium and a significant decrease for

EBA-MCM-41 (Sodium Aluminate).
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Table 4.10 Porosimetry Table for MCM-41 synthesised with different aluminium

sources
Aluminium Source Surface Pore Average Pore
Area Volume Diameter
ng'1 cm?'g'1 nm
EBA | 0 None 1025 1.07 2.9
1 Sodium Aluminate 607 0.54 3.1
2 Red Clay 812 0.79 3.1
3 | Aluminium Hydroxide 913 1.06 2.9
K120 | O None 966 1.08 2.7
1 Sodium Aluminate 823 0.81 3.0
2 Red Clay 852 0.72 2.8
3 | Aluminium Hydroxide 930 0.67 3.1
— EBA-MCM-41
—— EBA-MCM-41 (Sodium Aluminate)
EBA-MCM-41 (Red Clay)
— EBA-MCM-41 (Aluminium Hydroxide)
******* Conv-MCM-41
0o k ******* Conv-MCM-41 (Sodium Aluminate)
e Conv-MCM-41 (Red Clay)
ol Conv-MCM-41 (Aluminium Hydroxide)
£
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o
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Figure 4.23  BJH Adsorption Pore size distribution for EBA-MCM-41 and Conv-MCM-
41 with aluminium sources (sodium aluminate, red clay, and aluminium hydroxide)

It is important to consider the potentially significant effect of undissolved red clay residue
on the porosimetry results. There may be some presence of precipitated or undissolved
sodium aluminate or aluminium hydroxide but these will be at a much lower magnitude

than that of red clay.
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4.4.4 Effect of red clay residue on Porosimetry results

In order to examine the effect of red clay residue on the porosimetry results of the MCM-
41 materials, red clay was subjected to conditions similar to those which occur during the
MCM-41 synthesis. These include a strongly basic pH environment and the presence of
the surfactant organic template CTAB (Section 6.3.2.1). The red clay was then analysed
before and after to investigate the effect on the material. Red clay was tested using
porosimetry and showed a very small amount of porosity initially and following treatment
described with NaOH (Figure 4.24 and Table 4.11). The surface area and pore volume was
found to double on treatment with KOH and CTAB. Since the values for red clay are below
5% of the surface areas of MCM-41 and are mainly textural, the level of porosity is
negligible in comparison. Therefore the presence of significant mass of this material along
with the synthesised MCM-41 in samples will have a negative effect on the recorded

porosity for MCM-41 materials synthesised in this way.

130 — Red Clay Adsorption
1 | Red Clay Desorption
_ Red Clay post treatment with NaOH, HO Adsorption

******* Red Clay post treatment with NaOH, HZO Desorption
100 Red Clay post treatment with KOH, H,0, CTAB Adsorption
90 Red Clay post treatment with KOH, H O, CTAB Desorption

Volume Adsorbed cma/g STP
3
L

20

Relative Pressure

Figure 4.24 N, Adsorption/Desorption Isotherm of Red Clay and post treatments with
base, water, and CTAB
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Table 4.11 Porosity Results for Red Clay and post treatments with base, water, and
CTAB
Treatment Surface Area | Pore Volume | Average Pore Diameter
ng'1 cm?'g'1 nm
Red Clay Initial 13 0.05 15
5M NaOH 14 0.066 16
5M KOH and 29 0.11 15
CTAB

XRF elemental analysis of the red clay material before and after treatments (Table 4.12)
showed adsorption of some the sodium cations when treated with sodium hydroxide
(increase from 12.7 to 17.1%) and potassium cations when treated with potassium

hydroxide (0.07 to 8.46%).

Some silicon and aluminium is extracted into the solution during the process which is
evidenced by a decrease in percent concentration of the red clay (27% and 20% decrease
of Silica and 14% and 12% decrease of aluminium oxide for NaOH and KOH respectively)
and an increase in concentration within the filtrate solutions (1880 ppm Al,03 and 926
ppm SiO, after treatment with NaOH and 2840 ppm Al,O3 and 1290 ppm SiO, after
treatment with KOH in the presence of CTAB) (Table 4.13).

The concentration of iron decreases by less than 1% on treatment with NaOH and KOH
which implyies very little is extracted into the solutions which decreases the possibility of
uptake by the MCM-41 materials. Not all values match for XRF analysis of the solid
residues and filtrate as the calculations and assumptions were different for solids and

liquids in this technique.

Table4.12  XRF Elemental analysis of red clay pre and post treatment with

conditions similar to MCM-41 synthesis wt%

Sample Code Major Elements
Red Clay SIOz A|203 F8203 TIOz Ca0o NazO Kzo MnO LOI
Pre 15.70 | 27.70 | 39.20 | 1.62 | 1.39 | 12.70 | 0.07 | 0.11 | 1.51
Post NaOH / H,0 11.50 | 23.90 | 38.40 | 1.47 | 1.40 | 17.10 | 0.05 | 0.10 | 6.09
Post KOH / H,0 / CTAB | 12.50 | 24.70 | 38.60 | 1.43 | 1.23 | 2.27 | 8.46 | 0.11 | 10.71
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Table 4.13 XRF Elemental analysis of filtrate from treatment with conditions similar
to MCM-41 synthesis of red clay ppm

Br Ag | Mgo | K,0 CaO | Fe,0; | CuO
NaOH H,0 0 126 0 50.8 35.1 15.4 | 9.07
KOHH,O CTAB | 4540 | 185 | 620 | 59400 | 178 150 | 6.9

A|203 SIOz P205 503 NaZO V205 Zn0
NaOH H,0 1880 926 37.1 45.2 179000 4.92 1.84
KOH H,0 CTAB | 2840 1290 | 26.2 42 0 0 0

The extraction by basic solutions appears to be unaffected by the type of alkali (NaOH or
KOH) or the presence of CTAB. The presence of CTAB appears to have increased the
surface area from 13 m?g™ to 29 m?g™. The surfactant interacting in a small way with the

red clay could produce the slightly higher level of textural porosity.

Returning to the study of MCM-41 materials synthesised from EBA bio-derived alkali
silicate and K120 with different types of aluminium source (sodium aluminate, red clay,
and aluminium hydroxide), below is a discussion on the porosimetry results of these

materials.

N, adsorption/desorption isotherms are shown for MCM-41 materials synthesised from
the bio-derived alkali silicate ‘EBA’ in Figure 4.25. All materials showed a steep rise in the
Isotherm between 0.3 and 0.4 relative pressure which relates to a small range of
mesoporosity. Also present is the Type B or H4 hysteresis loop which implies the pores
are narrow and open at both ends.®’ The isotherm of the bio-derived MCM-41 with
aluminium hydroxide most closely resembled the isotherm with no aluminium source.
The EBA-MCM-41 materials with sodium aluminate and red clay had isotherms with less

adsorption at high relative pressure.
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Figure 4.25 N, Adsorption/Desorption Isotherms for EBA-MCM-41 materials with
aluminium
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N, adsorption/desorption isotherms are shown for MCM-41 materials synthesised from

the commercial alkali silicate ‘K120’ in Figure 4.26. All materials show the characteristic
shape and hysteresis loop of a small range of narrow mesopores open at both ends.®’ The
MCM-41 with no additional aluminium has adsorption at high relative pressures which is
reduced for the samples with aluminium. Conv-MCM-41 (Aluminium Hydroxide) appears
to have a slightly wider range of pore sizes as the increase in volume adsorbed occurs
over a wider range of relative pressures. This is confirmed by the less pronounced peak in

the pore size distribution graph (Figure 4.23).
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aluminium
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There is no clear effect on the porosity of these materials synthesised from different alkali

silicate solutions.

4.4.5 X-Ray Diffraction Analysis

XRD patterns (Figure 4.27) showed all materials except for conv-MCM-41 synthesised
with AI(OH); exhibited the 100 plane between 2 and 3 20 as either a shoulder or a peak.
All other materials showed the further diffraction peaks for 110, 200, 210 planes at varied
levels of intensity. This shows these materials had high crystallinity and short-range order.
These crystalline properties are also consistent with the MCM-41 pore structure.”* > The
all-silica material, EBA-MCM-41 exhibits the most intense and well-defined peaks of all
the samples. The other all-silica material, Conv-MCM-41, has much less well defined
peaks, and lower than some of the materials containing aluminium. Both samples
containing sodium aluminate have barely observable peaks in this region, as does Conv-
MCM-41 (Al(OH)s). As can be seen from its isotherm in Figure 4.26, Conv-MCM-41
(aluminium hydroxide) has the least well defined pore size distribution as well as the XRD
pattern with no peaks and therefore the least crystalline structure relating to the ordered
mesopores. The locations of the peaks shift slightly and this may refer to slight changes in
the unit cell due to introduction of aluminium into the structure. The peak locations for
Conv-MCM-41 and EBA-MCM-41 (Al(OH)3) are similar and both at higher 26 values than
EBA-MCM-41 but the level of aluminium integration into EBA-MCM-41 (Al(OH)s) is less
than the other materials and thus it appears from the XRD patterns that order is
significantly decreased on addition of sodium aluminate for both Conv-MCM-41 and EBA-

MCM-41 and addition of aluminium hydroxide on Conv-MCM-41.
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Figure 4.27 XRD patterns of MCM-41 synthesised with different aluminium sources

4.4.6 FT-IR Spectroscopy

On the surface of MCM-41 without aluminium, there can be Si-OH groups and siloxane
groups (Si-O-Si). Once aluminium is bonded in the structure there can also be Al-OH and

Si-O-Al groups.

Solid state FT-IR analysis (Figure 4.28) showed mainly silica-oxygen interactions with
peaks at 1050 cm™ and 810 cm™ relating to the asymmetric and symmetric stretching
vibrations respectively.” On addition of sodium aluminate to the synthesis mixture of
MCM-41 a shift is observed in these peaks to lower wavenumber (-8 cm™ and -7 cm™ for
Conv and -16 cm™ and -7 cm™ for EBA respectively) (Figure 4.29). The effect is observed
to a lesser extent for the MCM-41 materials synthesised in the presence of Red Clay and
Aluminium Hydroxide. This shift could indicate an increase in the mean Si—0 distance in

the walls caused by the substitution of silicon by aluminium.?*

Very little adsorbed water or surface silanols was shown to be present as there was a lack
of band around 3500 cm™ although there is a small peak at 3746 cm™ signalling the

presence of some silanol groups. There is a small shoulder at 975 cm™ which relates to
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the stretching vibration of Si-O” groups. The shoulder at 1246 cm™ could relate to the

asymmetric stretching vibrations of the Si—O-Si bridges as this was assigned by Hui and

Chao to be at 1223 cm™ for their samples.21

Transmission

Figure 4.28

—— EBA-MCM-41

~ EBA-MCM-41 + NaAlO,
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———————— Conv-MCM-41
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cm

IR spectra of MCM-41 synthesised with different aluminium sources
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Figure 4.29 IR spectra of Si-O peak shift of MCM-41 materials synthesised with
different aluminium sources

4.4.7 Varied Si/Al ratios of MCM-41 with Red Clay

As the addition of Red Clay showed promise as a source for aluminium in the MCM-41

synthesis, the amount added was varied for MCM-41 from K120 and EBA alkali silicates.

Porosimetry results (Table 4.14) showed a clear decrease in surface area and pore volume
on increase of red clay into the synthesis. This occurred for both sources of silica. The
change in porosity may be due to the collapse of the structure, less structure
crystallization, or the presence of impurities. Red Clay was added to the synthesis in
weights ranging from 0.01 g to 0.4 g relative to alkali silicate solutions corresponding to
0.446 g of silica. Therefore there may be an effect of the 85.30% of red clay which is not
an aluminium-containing compound, some of which remains as a solid during the
synthesis process and is collected alongside the synthesised MCM-41 but has no porosity

(Figure 4.24 and Table 4.11). Since the pore diameter (Table 4.14) is unchanged this
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would seem likely. One way to avoid this would be to extract aluminium prior to the

synthesis and perhaps even in the same vessel as the biomass ash extraction.

Table 4.14 Porosimetry results for MCM-41 synthesised from EBA and K120 with
varied addition of red clay to the synthesis

Si/Al BET Surface Area | Pore Volume Average Pore
Si source Red Clay (wt) Diameter
(0.446g Si) g m’g?! cm’g™ nm
EBA 0.01 573 977 0.96 2.9
EBA 0.05 115 1004 1.04 2.9
EBA 0.1 57 842 0.81 2.8
EBA 0.4 14 660 0.61 2.7
K120 0.01 573 941 0.82 2.6
K120 0.05 115 890 0.88 2.6
K120 0.1 57 568 1.2 2.6
K123 0.4 14 645 0.63 2.9

All EBA-MCM-41 samples showed similar N, isotherms (Figure 4.30) with the previously
identified steep rise in curve and hysteresis loop. There is a decrease in the amount of
volume of N, adsorbed from around 650 cm‘:}g'1 for Si/Al values of 573 and 115 to 500
cm:"g'1 and 400 cma’g'1 for Si/Al values of 57 and 14 respectively. Therefore, as the relative
amount of red clay is added to the synthesis, the level of adsorption of nitrogen

decreases.
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Figure 4.30 N, Adsorption/Desorption Isotherms for EBA-MCM-41 materials with
different amounts of Red Clay added during synthesis. Si/Al ratios described in the
legends.

The N, isotherms for Conv-MCM-41 with increasing amounts of red clay (Figure 4.31) are
more complex. The MCM-41 samples synthesised with Si/Al of 573 and 115 exhibit
normal isotherms for these materials but the sample with Si/Al = 57 shows a very
different isotherm. The steep increase of absorbed N, is very low, approximately 50 cmag'
! compared to the Conv-MCM-41 with Si/Al = 573 which absorbs 125 cm®g™. The
isotherm then absorbs over 500 cm3g™ N, over 0.4 — 1 relative pressure which relates to
the large meso- and macro- porous regions. The Conv-MCM-41 (Si/Al = 14) has an
isotherm which has similar properties but is also more similar to the isotherms for Si/Al =
573, 115. This could be due to the collapse of a lot of the mesoporous pore structure or
synthesis of a larger secondary porous structure. The Conv-MCM-41 (Si/Al = 14) has the
largest pore volume recorded of the materials (Table 4.14) which would confirm the

hypothesis of secondary larger meso and macro pore structures.
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Figure 4.31 N, Adsorption/Desorption Isotherms for Conv-MCM-41 materials with
different amounts of Red Clay added during synthesis. Si/Al ratios described in the
legends.

Conv-MCM-41 synthesised with a Si/Al = 57 showed an unusual pore size distribution
curve as shown in Figure 4.32. This distribution shows a significant amount of pore
structure with pores diameters in the region 10-35 nm as well as a clear peak relating to

the MSM-41 pore structure at around 2.8 nm.

181



Chapter 4

Synthesis of MCM-41 from Biomass Ashes

0.85

0.80

©

N

&
|

3

Pore Volume cm /g-nm
=
32
o
1

o

[e)})

%1
|

0.60 —

0.55

Figure 4.32

10 20 30 40 50 60

Pore Diameter (nm)

Pore Size Distribution of Conv-MCM-41 synthesised 0.1 g Red Clay. Si/Al =

57

Pore size distributions for all other MCM-41 materials synthesised from red clay showed a

normal curve with a peak between 2.5 and 3 nm (Figure 4.33 and Figure 4.34).
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Figure 4.33  Pore Size Distribution of EBA-MCM-41 materials synthesised with
increasing amounts of Red Clay. Si/Al ratios shown in legend
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Figure 4.34 Pore Size Distribution of Conv-MCM-41 materials synthesised with
increasing amounts of Red Clay. Si/Al ratios shown in legend
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XRD patterns show peaks relating to short-range order for both MCM-41 materials

synthesised from K120 and EBA (Figure 4.35 and Figure 4.36). The EBA-MCM-41 materials
all show a peak around 2.3 26 which relates to the 100 plane and can be used to calculate
values for pore size and pore wall thickness. The sample with Si/Al = 14 shows the further
110 and 200 peaks. There is a major shoulder at around 1.2 26 which could be an artifact

of the X-Ray Diffractometer.

—— EBA-MCM-41 (Red Clay Si/Al = 573)

—— EBA-MCM-41 (Red Clay Si/Al = 115)
EBA-MCM-41 (Red Clay Si/Al = 57)

—— EBA-MCM-41 (Red Clay Si/Al = 14)

Intensity

Figure 4.35 XRD Patterns of EBA-MCM-41 (Red Clay) with varied Si/Al ratios showing
peaks representing short-range order
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The Conv-MCM-41 samples have more complex XRD patterns. The materials with Si/Al =

573 and 57 have peaks similar to the reference MCM-41. Conv-MCM-41 with Si/Al = 14
shows no discernible peaks, merely a subtle shoulder meaning there is very little
crystallinity in the material. This information combined with porosimetry data which
describes the sample as having the lowest porosity and surface area would imply any
porosity in the material has not formed or collapsed at some point in the synthesis. The
material Conv-MCM-41 with Si/Al = 115 uniquely has a double peak at its 100 peak
location. This could be due to an additional reflection plane within the structure or two

lengths of the same plane.

Conv-MCM-41 (Red Clay Si/Al = 573)
Conv-MCM-41 (Red Clay Si/Al = 115)
Conv-MCM-41 (Red Clay Si/Al = 57)
Conv-MCM-41 (Red Clay Si/Al = 14)

Intensity

Figure 4.36  XRD Patterns of Conv-MCM-41 (Red Clay) with varied Si/Al ratios
showing peaks representing short-range order

Calculated pore wall thickness is reasonably consistent for all samples as they fall within a
range of 12.6 A to 16.7 A. Therefore there is no correlation between Si/Al ratio and pore
size. There is no data for Conv-MCM-41 with Si/Al = 14 as it did not have distinct enough

peaks to assign a 20 value (Table 4.15).
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Table 4.15 Combined XRD and porosimetry calculations
Si/Al Unit Cell Parameter Pore Pore Wall
Si source d100 ao Size Thickness
(0.446g Si) 20 A A A A
EBA 573 2.37 37.2 43.0 35.4 14.0
EBA 115 2.26 39.0 45.1 37.6 16.1
EBA 57 2.35 37.5 43.4 34.7 15.4
EBA 14 2.33 37.9 43.7 33.1 16.7
K120 573 2.63 33.6 38.7 31.1 12.7
K120 115 2.41 36.6 42.3 34.3 16.3
K120 57 2.54 34.7 40.1 34.2 14.1
K120 14 -
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NMR results for both EBA-MCM-41 and Conv-MCM-41 showed the presence of both

extra-framework octahedral aluminium and tetrahedrally bonded aluminium within the
MCM-41 framework. The ratios of these two species remain approximately constant with
respect to the amount of Red Clay added. Therefore there is an increased uptake into the

MCM-41 material.

There is a peak at 39 ppm which lies between the two peaks at 2 ppm (octahedral) and at
54 ppm (tetrahedral) for EBA-MCM-41 with Si/Al = 573. This implies more complicated
bonding of a significant amount of the aluminium in the structure. A peak between the
two peaks described would normally relate to a 5-coordinate system. There is a shoulder
in the spectrum for EBA-MCM-41 with Si/Al = 115 which also falls in this region. Also of
note is an increasing positive shift which occurs for the octahedral peak from 2 ppm for
EBA-MCM-41 with Si/Al = 573 to 7.5 ppm for EBA-MCM-41 with Si/Al = 14. These effects
may be due to aluminium bonding in the residue red clay and not integrated in the MCM-

41.

— EBA-MCM-41 (Red Clay Si/Al = 573)

—— EBA-MCM-41 (Red Clay Si/Al = 115)
EBA-MCM-41 (Red Clay Si/Al = 57)

— EBA-MCM-41 (Red Clay Si/Al = 14)

Intensity

300 200 100 0 -100 -200 -300

ppm

Figure 4.37  Solid state 2’ Aluminium NMR spectra for EBA-MCM-41 with addition of
Red Clay at varied Si/Al ratios as specified in the legend
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The Conv-MCM-41 materials with higher Si/Al show similar peaks in between the

octahedral and tetrahedral peaks. These peaks are most pronounced for Conv-MCM-41
with Si/Al = 573. For this sample there are two observable peaks at 6.9 ppm and 38 ppm
which become shoulders for Conv-MCM-41 with Si/Al = 115. There is also a shift of the
octahedral peak on decreasing Si/Al from -11.4 ppm to 8 ppm. This may just be due to

background noise as the signals for Si/Al = 573 and 115 are significantly lower than Si/Al =

57 and 14.

Conv-MCM-41 (Red Clay Si/Al = 573)
Conv-MCM-41 (Red Clay Si/Al = 115)
Conv-MCM-41 (Red Clay Si/Al = 57)
Conv-MCM-41 (Red Clay Si/Al = 14)

B

z

(o]

=

| 1 | |
100 0 -100 -200 -300

ppm

1
300 200

Figure 4.38  Solid State ?’ Aluminium NMR spectra for Conv-MCM-41 with addition of
Red Clay at varied Si/Al ratios as specified in the legend

Since there is a residue of red clay in the MCM-41 samples after synthesis it is difficult to
ascertain whether any metals have been absorbed into the structure alongside the
aluminium. It is clear from XRF analysis that on increased addition of red clay there is

additional presence of iron and aluminium in the samples (Table 4.16).

188



Chapter 4 Synthesis of MCM-41 from Biomass Ashes
Table 4.16  XRF analysis of MCM-41 materials synthesised with different amounts of
Red Clay

Si Source | Si/Al Br KO | CaO | Fe;03 | ALO; | SiO; SO; | MnO | Co,0;

EBA 573 | 0.00 | 0.12 | 0.01 | 0.23 0.28 | 65.90 | 0.00 | 0.00 0.00

EBA 115 | 0.02 | 0.37 | 0.06 | 2.04 0.70 | 96.70 | 0.05 | 0.01 0.01

EBA 57 0.05 | 0.57 | 0.09 | 3.48 1.30 | 94.40 | 0.05 | 0.01 0.02

K120 573 | 0.17 | 0.49 | 0.02 | 0.45 0.35 | 97.90 | 0.01 | 0.01 0.00

K120 115 | 0.02 | 0.23 | 0.04 | 1.53 0.80 | 87.10 | 0.02 | 0.01 0.01

K120 57 0.00 | 0.53 | 0.07 | 3.00 1.75 | 74.10 | 0.04 | 0.01 0.00

4.4.8 Conclusion

MCM-41 materials have been successfully synthesised using a bio-derived alkali silicate
solution (EBA) and a commercially available alkali silicate solution (K120). These materials
have been compared using appropriate analytical techniques such as XRD, N, adsorption
porosimetry, and FT-IR and found to be similar in their properties of crystallinity, porosity
and elemental composition. The materials were found to be similar and reproducible
despite certain reaction conditions such as a change in pH. The introduction of
aluminium, and more specifically the use of red clay as an aluminium source, was
explored and discussed. Sodium aluminate was found to incorporate most effectively into
the material but this led to a weakening of the pore structure whereas aluminium
hydroxide integrated least well which meant the pore structure remained stable. The
introduction of aluminium from red clay into the structure was successful and, again, led
to a weakening of the pore structure. The presence of the undissolved red clay also had

an effect on the porosity results.
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5 Synthesis of SBA-15 from
Miscanthus Alkali Silicate Solutions
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5.1 Context

Further to the investigation into the synthesis of Zeolite X from RHA bio-derived alkali
silicate, and MCM-41 from EBA bio-derived alkali silicate, other porous silica materials
were considered for the adaptation of the silica source to bio-derived alkali silicate. One
that has many useful applications is SBA-15 and this was initially synthesised according to

a recipe devised by Zhao et al.>*

SBA-15 has the same hexagonal pore structure as MCM-
41 with the difference that the pores are bigger. This is due to a change in template
leading to larger micelles. Due to its stability and pore structure, SBA-15 has many
applications, as described in the Introduction Section 1.7.3, such as in catalysis, drug

delivery, and ion exchange.

The synthesis is traditionally carried out using tetraethyl orthosilicate (TEOS) as the silicon
source whose own energy and resource intensive synthesis is outlined in the Introduction
Section 1.3.1. TEOS was used to synthesise a conventional SBA-15 as described in Section
6.4.1 to function as a reference material. The synthesis was then adapted in several ways
with the objective of refining the method for alkali silicates extracted from Miscanthus
combustion ashes. This would be a cheaper and more environmentally benign method of

synthesising SBA-15.

Described in the Introduction (Section 1.7.4) is the work done already in synthesising SBA-
15 from ashes. Coal ashes and rice hull ashes have been used but often with an addition
of a secondary silicon source such as sodium metasilicate. This work uses no other silicon
source and synthesises SBA-15 from a novel power plant biomass ash (Miscanthus

Bottom Ash from Ely Power Station).

The main challenge in this work is the alkaline pH of the bio-derived alkali silicate reaction
mixture. Conventionally TEOS is used as the silicon source for this synthesis. TEOS is a
neutral compound which precipitates to SiO, in the presence of water (and acid) and
ethanol is produced as a by-product (Figure 5.1). These SiO, monomers are a notional
intermediate. In solution the monomers polymerise to form dimers, trimers, and more

complex polymers.
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Sodium or potassium silicate solutions are strongly basic and hydrolyse under different
conditions. If a bio-derived alkali silicate solution is to replace TEOS then there needs to

be careful consideration of the pH environment as well as the presence of salts.

SBA-15 is formed from TEOS in acid media below pH 1. Above the isoelectric point of silica

(pH > 2) no precipitation occurs. At neutral pH amorphous silica is obtained.

L

@]

D—lSi-D + 5 O~
: H” H 0
9]

T

Figure 5.1 Schematic diagram of hydrolysis of TEOS

Si‘o + 4 “V"D“H

The synthesis of SBA-15 occurs via a micelle templated method as described in the
Introduction Section 1.7.1. The surfactant used is Pluronic P123 which is a triblock
copolymer based on the structure poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol). Micelles form a template that the silicon can condense around and,

in this case, form the two dimensional hexagonal SBA-15 pore structure.

5.2 Replacement of TEOS with EBA alkali silicate

Firstly, a straightforward substitution of silicon source was performed in order to check
whether the synthesis was directly transferable. EBA alkali silicate solution (from
Miscanthus ash, 1.14 x10° ppm Silicon, SiO,/KOH = 0.035) was used as the novel bio-
derived silicon source instead of tetraethyl orthosilicate (TEOS). This SBA-15 material was
named EBA-SBA-15 and the reference sample, TEOS-SBA-15. The organic triblock

copolymer Pluronic P123 was used as the template for all samples.

The XRD pattern for the reference material, TEOS-SBA-15 (Figure 5.2), showed a clear
reflection at around 1.1° 26 (d(10)) and two shoulders after this reflection up to around 2°
20. If the reflection at 1.1° 20 is the d(10) reflection and the material is hexagonal, then
there should be further reflections at 1.9° 26 and 2.2° 26 (corresponding to the d(11) and
d(20) reflections, respectively). The shoulders are located at approximately 1.75 ° 26 and

2.05° 28 which, within error and given the broad nature of the shoulders, supports the
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Chapter 5
hexagonal nature of the material. The reflections are consistent with observations in the

literature and give a d-spacing of around 8.03 nm.>*”* This XRD pattern will be used for

comparison with the bio-derived SBA materials synthesised below.

Intensity

0RO 1 1112121418161 F 1819 2 20 23 1324353k 2T 1R 29 3
20

Figure 5.2 Low angle, high-resolution XRD pattern of calcined TEOS-SBA-15

When comparing the XRD patterns of the reference material TEOS-SBA-15 with the initial

bio-derived EBA-SBA-15, it is clear there are no reflections at all (Figure 5.3), implying that

there is no order in the material.
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Figure 5.3 Low-angle XRD pattern of calcined EBA-SBA-15 and TEOS-SBA-15

Transmission electron micrographs (TEM) (Figure 5.4) showed both samples contained
pores. There is clearly a parallel pore arrangement present in the TEOS-SBA-15 sample

whereas there is no such evidence for the EBA-SBA-15 material which has visible pores

but no order.
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TEOS-SBA-15 .\ TEOS-SBA-15

Figure 5.4 TEM images of TEOS-SBA-15 and EBA-SBA-15. Scale bar is 1 um in length
(1000 nm)

Porosimetry results for the two materials (Table 5.1) show significant differences. There is
approximately half the surface area and pore volume for EBA-SBA-15 when compared to
TEOS-SBA-15, which implies that either there is something blocking the pores of the bio-
derived sample or that less pore structure has formed. The latter conclusion is confirmed
by the XRD and TEM results described above which show there is no order in the
material. The average pore diameters are similar but there is significantly less pore
volume. Other bio-derived SBA-15 materials also showed lower surface areas of 483 m?g™

and 645 m’g™ but not as low as that found for EBA-SBA-15.5% ¢’

Table 5.1 Porosimetry data for TEOS-SBA-15 and EBA-SBA-15

Surface Area | Pore Volume | Average Pore Diameter
m’g™ cm’g? nm
TEOS-SBA-15 840 0.8 4.1
EBA-SBA-15 300 0.39 5.2
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N, adsorption/desorption isotherms (Figure 5.5) show a significant difference in the
nature of the porosity for the two materials. The TEOS-SBA-15 sample shows the
characteristic sharp steep rise of the isotherm at around 0.6 relative pressure. This
signifies a mesopore system with a consistent pore size. The Type B or H4 hysteresis loop
is present which, like the MCM-41 materials, indicates that narrow mesopores open at
both ends are formed.®* The EBA-SBA-15 sample also has a hysteresis loop and so has the
same shape mesopores but, as there is more of a gradual increase in volume of adsorbed
N, over a much wider range of relative pressure, there is a much wider range of pore size

in the material &

550 —— TEOS-SBA-15 (Adsorption)
-------- TEOS-SBA-15 (Desorption)
— EBA-SBA-15 (Adsorption)
4504 | - EBA-SBA-15 (Desorption)

400 —

500

350 —-
300 —-
250 —-
200 —-

150

Volume Adsorbed cm3/g STP

100

50 4

-50 , ; , : , : , : , : ,
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure

Figure 5.5 N, Adsorption / Desorption Isotherms of TEOS-SBA-15 and EBA-SBA-15

This effect is clearly shown in the pore size distribution of the two materials (Figure 5.6).
There is a clear peak for the TEOS-SBA-15 sample which represents a small range of pore
sizes nearly all falling within the region 3-7 nm whereas the pore size distribution for the
EBA-SBA-15 sample is over a much wider range of 2-100 nm. There is a sharply defined
pore size peak at around 3.5 nm which is lower than that for TEOS-SBA-15 which is

around 5-5.5 nm.
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Figure 5.6 BJH calculated Pore size distribution for TEOS-SBA-15 and EBA-SBA-15

Integrating the results from these three techniques it appears that replacing the silicon
source of TEOS with EBA bio-derived alkali silicate has caused the material to lose its
linearity and order. There is still significant porosity despite the lack of linearity of the
pores and this implies that the material may have formed wormhole pores via a neutral
template method (SOI0 mechanism) described in section 1.7.1. This would imply a higher
pH environment in the synthesis solution which would be expected as the basic silicate

solution mixes with the acidic solution containing the template.

It appears that the first step of micelle formation occurs for both materials and that the
alkali silicate in solution does hydrolyse around the template formed. The difference in
properties of the materials formed appears to occur due to the difference in structure of
the aligned micelles and the mechanism of interaction of silicate with template. This
difference could be due to some difference in synthesis environment such as pH or the

presence of other ions in solution.

199



Chapter 5 Synthesis of SBA-15 from Miscanthus Silicate Solution

5.3 Effect of KOH on synthesis environment

In order to investigate whether the presence of KOH in the synthesis solution could be
the cause of this problem in formation of the SBA-15 structure in EBA-SBA-15, TEOS-SBA-
15 was synthesised in the presence of potassium hydroxide which had the dual effect of
increasing the pH to a more basic environment similar to the alkali silicate solutions used
in the EBA syntheses and to introduce the presence of potassium cations in the solution
which were also present in the alkali silicate solution. An increased pH would have the
effect of decreasing the level of protonation of the template surface and silicate ions. The
extra potassium cations could interact with chloride ions and thus remove them from the

traditional SBA-15 synthesis mechanism (Figure 1.14 and Figure 1.16).

The XRD pattern of the TEOS-SBA-15 material synthesised in the presence of potassium
hydroxide shows a similar location and intensity of the main reflection when compared to

the reference sample (Figure 5.7), but does nothing to induce order into the EBA sample.

——EBA-SBA-15
—TEOS-SBA-15

——TEOS-SBA-15 (KOH)

Intensity
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Figure 5.7 XRD patterns of TEOS-SBA-15, EBA-SBA-15, and TEOS-SBA-15 synthesised
in the presence of KOH
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Porosimetry results (Figure 5.2) showed the effect of addition of potassium hydroxide to
the solution was a reduction in surface area and pore volume of approximately one third.

The pore sizes remained consistent.

Table 5.2 Porosimetry results for TEOS-SBA-15 (KOH) and TEOS-SBA-15 as a

comparison
Surface Area | Pore Volume | Average Pore Diameter
m’g? cm’g? nm
TEOS-SBA-15 769 0.8 4.1
TEOS-SBA-15 (KOH) 592 0.53 3.4
EBA-SBA-15 300 0.39 5.2

The isotherm for this material (Figure 5.8) showed the presence of KOH did not affect the
nature of the mesoporosity as the shape of the isotherm clearly resembles the reference
sample (TEOS-SBA-15), but there is a significant loss in the extent of the porosity. There is
some microporous structure present for all materials and this is due to silica forming

around and within the template as described in the Introduction Section 1.7.1.
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1 —— TEQS-SBA-15 (adsorption)
""""" TEOS-SBA-15 (desorption)
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Figure 5.8 N, Adsorption / Desorption Isotherms of TEOS-SBA-15 with KOH and
TEOS-SBA-15 and EBA-SBA-15 for comparison

The pore size distribution (Figure 5.9) showed that the pores had formed within a small
range as with the reference sample. The peak is marginally sharper for the sample
synthesised in the presence of KOH, with a marginally smaller range and a smaller

average pore size.
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Figure 5.9 BJH calculated Pore size distribution for TEOS-SBA-15 and TEOS-SBA-15
with KOH

TEM images for the sample (Figure 5.10) show the presence of ordered hexagonal pores

and also linearity of the pores not present in the EBA-SBA-15 material.
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TEOS-SBA-15 TEOS-SBA-15
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~ TEOSS

BA-15 (KOH)

Figure 5.10 TEM images of TEOS-SBA-15 and TEOS-SBA-15 with KOH. Scale bar is 1
pm in length (1000 nm)

It appears, after examining the analysis of the TEOS-SBA-15 synthesised in the presence
of KOH that this change in synthesis environment has had the effect of reducing the
porosity but not to the same extent or in the same way as the substitution of TEOS for
EBA alkali silicate. The isotherms are similar in shape although for the TEOS-SBA-15 less
nitrogen is adsorbed into the pores. There may have been some increase in wall thickness
due to the introduction of KOH into the synthesis environment as the average pore
diameter is smaller. If potassium cations had interacted with chloride ions and the pH had
been raised removing protonating species, some neutral templating may have occurred
instead of the ionic templating route described in the introduction (Section 1.7.1) but this
appears unlikely from the TEM images. The TEM images show clear parallel ordered pores
as confirmed by the XRD reflection at 1.1° 26 which was present for both TEOS derived
samples but not for the EBA derived sample (Figure 5.3). Therefore the presence of KOH

appears to have decreased the level of order achieved within the material.
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5.4 Effect of ethanol on synthesis environment

The observation that when TEOS hydrolyses, ethanol is produced, led to an experiment to
test whether the presence of ethanol enabled the formation of the SBA structure. Ethanol
was, therefore, introduced into the EBA-SBA-15 synthesis environment and the resultant

material compared to EBA-SBA-15.

The effect of introducing an amount of ethanol into the synthesis mixture for EBA-SBA-15
seems to have had a very significantly detrimental effect on the order of the material. The
XRD patterns (Figure 5.11) appear to be comparable for both materials in that the

reflection at 1.1° 2 8 is absent.

——EBA-5BA-1%

——EBA-5BA-1% (Et(FH)
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Figure 5.11  XRD patterns of calcined EBA-SBA-15 with and without the presence of
Ethanol in the synthesis environment

Examining the porosimetry results (Table 5.3, Figure 5.12, and Figure 5.13) it would
appear that the porosity is significantly decreased. There is a small amount of
mesoporosity and the characteristic hysteresis loop, representative of the narrow

mesopores open at both ends created by the micelle template, is present. The pore size
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distribution shows a much smaller range of pore sizes for the sample synthesised in the

presence of ethanol.

Table 5.3 Porosimetry results for EBA-SBA-15 (EtOH) and TEOS-SBA-15 and EBA-
SBA-15 as a comparison

Surface Area Pore Volume Average Pore Diameter
m’g? cm’g? nm
TEOS-SBA-15 769 0.8 4.1
EBA-SBA-15 300 0.39 5.2
EBA-SBA-15 (EtOH) 146 0.11 3.1

300
— EBA-SBA-15 (adsorption)
""""" EBA-SBA-15 (desorption)
250 — EBA-SBA-15 (EtOH) (adsorption)
fffffff EBA-SBA-15 (EtOH) (desorption)

N

(=]

o
1

150

100

Volume Adsorbed cma/g STP

50 4

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure

Figure 5.12 N, Adsorption / Desorption Isotherms of EBA-SBA-15 with and without
the presence of Ethanol in the synthesis environment
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k — EBA-SBA-15
0.08 ——— EBA-SBA-15 (EtOH)

Pore Volume cmg/g

Pore Diameter nm

Figure 5.13  BJH calculated Pore size distribution for EBA-SBA-15 with and without
the presence of Ethanol in the synthesis environment
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Transmission electron micrographs (Figure 5.14) show no pore structure for either

material.

Figure 5.14 Transmission electron microscopy images of the materials. Scale bar is 1
pum in length (1000 nm)

These results show the presence of ethanol is not the factor which is inhibiting the
organisation of the micelles, in fact it appears to reduce it further. This has had the effect

of reducing the porosity and order within the material for an EBA derived SBA-15.

In order to further investigate the main problem with the synthesis and how to solve it in
order to synthesise SBA-15 from a bio-derived alkali silicate more experiments were done
using commercial alkali silicate solutions. This was in order to simplify the level of
variables, eliminate any effects of the unique properties of the ash derived alkali silicates

and to focus on the transition to alkali silicate solutions from TEOS.
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5.5 Optimisation of SBA-15 synthesis using commercial alkali silicate
solutions

Two alkali silicate solutions were chosen to be investigated in the synthesis of SBA-15.
These were named C501, a sodium silicate solution which was used in the synthesis of
Zeolite X (Chapter 3), and K120, a potassium silicate solution which is similar to EBA alkali
silicate solution and was used for the reference MCM-41 sample synthesised in Chapter 4.
More information on these alkali silicate solutions can be found in Chapter 2. Since pH is
likely to be a significant factor, these alkali silicate solutions were treated with 1M HCI
overnight in order to change the pH from strongly basic to acidic. The silicate would
precipitate on addition of the HCl and proceed to redissolve after 12 hours. The silicate

would then re-precipitate and crystallise on addition of the template in dilute acid.

XRD patterns of the SBA-15 materials synthesised form commercial alkali silicates K120

and C501 (Figure 5.15) have no reflections and therefore have no long-range order.

= TEOS-5BA-15
— EBA-5HA-15
CS01-5BA-15

Y,

= = “KIN-5BA-15

Imtensity

OB 0% 1 11121314 1516 1.F 18 19 2 21 22 23 2425 :2b &F 28128 3

20

Figure 5.15 XRD patterns of C501-SBA-15 and K120-SBA-15 and, for comparison,
TEOS-SBA-15 and EBA-SBA-15
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On closer inspection of the patterns there is a slight peak/shoulder visible at 1.1° 26 for
the C501-SBA-15 sample which could signal some ordering of pores pores (Figure 5.16).
There is a slight shoulder at this angle for the K120-SBA-15 sample.

= LH-EBA-15
——KIM-5BA-15

Y,

Intensity
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20

Figure 5.16 XRD patterns of C501-SBA-15 and K120-SBA-15

The porosimetry analysis shows isotherms are more comparable with the TEOS-SBA-15
(Figure 5.17). There is clearly a small region of porosity signified by the steep increase in
volume of adsorbed N, over a short-range in relative pressure. The hysteresis loop is also
similar to the reference sample signifying the presence of narrow mesopores open at
both ends. The pore size distribution is also similar to the reference material (Figure 5.18).

The range has shifted from 3-8 nm for the reference material to 5-9 nm for the two alkali

silicate derived materials.
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BJH calculated Pore size distribution for C501-SBA-15 and K120-SBA-15
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As can be seen from the summary of the porosimetry results below (Table 5.4) there is a
decrease of around one third in the surface area and pore volume. The average pore

diameters remain similar. Therefore there is a decrease in the amount of porosity.

Table 5.4 Porosimetry results for C501-SBA-15 and K120-SBA-15, and TEOS-SBA-15
as a comparison

Surface Area Pore Volume Average Pore Diameter
m’g? cm’g? nm
TEOS-SBA-15 769 0.8 4.1
C501-SBA-15 510 0.45 3.6
K120-SBA-15 465 0.43 3.7

TEM images of SBA-15 synthesised from the commercial alkali silicates ‘C501” and ‘K120’
(Figure 5.19) show the presence of ordered hexagonal pores and some linear pore
structures. This would imply the synthesis with these alkali silicate solutions is more

successful than that for prior EBA alkali silicate derived SBA-15 materials.
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Figure 5.19 TEM images of C501-SBA-15 and K120-SBA-15. Scale bar is 1 um in length
(1000 nm)

It appears that the SBA-15 synthesised from commercial alkali silicate solutions
crystallised into the SBA-15 structure well. The XRD, porosimetry, and TEM data confirm
the presence of ordered linear hexagonal pores. The XRD patterns appear to contradict
these observations although this may be due to the fact that less of the structure has
crystallised and this can be seen from the porosimetry isotherms and TEM. Therefore
there has been successful synthesis of the SBA-15 structure over a shorter range but the
long-range order obtained using TEOS has failed for these materials synthesised from
alkali silicate solutions. The key improvement in this synthesis was a transfer from basic
to acidic pH of the alkali silicate solutions prior to the addition of the template and

crystallisation period.

5.6 Acidic EBA Silicate Solution in Synthesis of SBA-15

The conclusions made in Section 1.4 were applied to the bio-derived alkali silicate
solution ‘EBA’ by adding a dilute mineral acid to the basic silicate solution to obtain a low

pH value. This solution was stirred for 24 hours in order to allow any silica which may
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have precipitated during the decrease in pH to re-dissolve into solution. The synthesis
then followed the conventional recipe with addition of Pluronic P123 and a crystallisation
period at 80 °C. The material synthesised was washed with water and calcined at 550 °C

and named ‘EBA-SBA-15 (acidic)’.

The XRD pattern of EBA-SBA-15 (acidic) (Figure 5.20) shows a very slight shoulder at 1.1°
26 which shows that the sample could contain a small amount of the ordered pore
structure of the standard SBA-15 but this order is minimal and short range. The surface
area and pore volume of EBA-SBA-15 (acidic) are 753 m’g™ and 1.03 cm’g™ respectively,

which is significant but lower than that for TEOS-SBA-15 (840 m%g™* and 0.8 cm’g™) (Table

5.5).
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Figure 5.20  XRD pattern of EBA-SBA-15 (acidic)
Table 5.5 Porosimetry results for EBA-SBA-15 (acidic)
Surface Area Pore Volume Average Pore Diameter
ng'1 cm"’g'1 nm
EBA-SBA-15 (acidic) 753 1.03 6.9
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The N, adsorption / desorption isotherm for EBA-SBA-15 (Figure 5.21) is significantly
different to that of the TEOS-SBA-15 material. There is clearly a range of pore systems
present. There is adsorption of up to 200 cm3g™ in the microporous region and this is
likely due to the interconnecting micropores which form from silica condensing within the
micelles around the Pluronic P123 chains (Section 1.7.1). A steep rise occurs at 0.65
relative pressure which relates to the small range of mesopores formed around the
Pluronic P123 micelle template. There is then a steep rise at much higher relative

pressure which is due to textural porosity within the material.
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Figure 5.21 N, Adsorption / Desorption Isotherm of EBA-SBA-15 (acidic)

The BJH calculated pore size distribution (Figure 5.22) clearly shows a peak at 6.9 nm
which is concurrent with the mesoporous template pore structure. There is also a

shoulder of a large peak in the microporous region as described above.
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Figure 5.22  BJH calculated pore size distribution of EBA-SBA-15 (acidic)

TEM images (Figure 5.23) show more linear and ordered hexagonal pore structures than
have been seen for any EBA-SBA-15 so far in this work but it is still difficult to ascertain

the extent of the level of order. There are clearly visible elongated pores and ordered

hexagonal arrays present in the material.

Figure 5.23 TEM images of EBA-SBA-15 (acidic) Scale bar is 1 pm (1000 nm) on left
and 500 nm on right
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Combining analysis from porosimetry, XRD, and TEM, it is clear that the SBA-15 structure
was not synthesised from an acidified silicate solution from Miscanthus ash but that there

may the potential for the successful synthesis of the structure in the future.

5.7 Conclusion

A reference SBA-15 was synthesised from TEOS for comparison with materials
synthesised from bio-derived silicate solutions. Initially, it was not possible to prepare
SBA-15 using a bio-derived alkali silicate solution, despite attempts to liken the synthesis
environment to that of the conventional synthesis by addition of ethanol. It was found
that the pH of the synthesis environment was the most important factor. After the
acidification of the commercial alkali silicate solutions, C501 and K120, was successful in
producing the ordered SBA-15 structure, the synthesis was attempted using EBA
potassium silicate solution. The process of acidifying the alkali silicate solution before
addition to the synthesis was applied to the bio-silicate solution. Analysis showed a lack
of order as there was no reflection at 1.1° 20 in the XRD pattern and although there was
substantial surface area, this was over a range of pore sizes. There was minimal evidence
of order in the TEM images. These results prove it is possible to synthesise ordered
mesoporous silica materials which are normally derived from neutral silica sources such
as TEOS from alkali silicates and that there is potential to synthesise the materials from
bio-derived alkali silicates. This widens the potential array of materials which can be

synthesised by a silicate solution extracted from waste ashes.
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6.1 Biomass Ashes and Alkali Silicate Extraction and Analysis

6.1.1 Alkali Silicate Extraction

Once ashes had been obtained it was necessary to extract the silicon in the form of alkali
silicates and this can be done using either microwaves or conventional heating using, for

example, a heating mantle and oil bath.

Alkali silicate solutions and all synthesised materials were stored in propylene bottles and

sealed using lab film.

All chemicals were purchased from Sigma-Aldrich and Fisher and used without

purification. Commercial alkali silicate solutions were obtained from PQ Corporation.

6.1.1.1 Microwave Extraction

A method was followed from Dr. Jennie Dodson and is as follows; rice hull ash (0.32 g)
was mixed with NaOH pellets (0.12 g) and water (2.4 g) in a microwave tube. The
microwave was set to 150 °C and ran for durations of between 2 and 10 minutes.

Extraction was conducted in a CEM Discover single mode microwave reactor.

The method was then scaled up to enable a larger amount of alkali silicate to be
extracted. Rice hull ash (16.14 g) was mixed with NaOH pellets (38.23 g) and water (153 g)
in a propylene bottle, which was then placed in a glass container. This container then
span within the microwave in order to mix the contents. The microwave was set to 500
Watts for between 2 and 10 minutes. Extraction was conducted in a Milestone RotoSynth

multi mode microwave reactor.

6.1.1.2 Hydrothermal extraction

In order to extract the alkali silicate solution hydrothermally, Ely Bottom Ash (75g) and
5M KOH (125ml) or rice hull ash (16.14 g), NaOH pellets (38.23 g) and water (153 g) were
mixed in a Teflon round bottomed flask and refluxed for 24 hours using a temperature

controlled oil bath and heating mantle.
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6.2 Synthesis of Zeolites from Biomass Ashes

6.2.1 Synthesis of reference zeolite

The commercial sodium silicate solution ‘PQ Corp. C501" was used throughout this
chapter. C501 had a given SiO, / M,O0 ratio of 1.6 and a calculated ratio of 1.4 using XRF
(Chapter 2 Section 2.4).”

The synthesis of the reference Zeolite X followed the recipe from the 1ZA.” Water (12.5 g)
was mixed with NaOH (12.5 g) in a propylene bottle and sodium aluminate (12.2 g) was
added to this solution and stirred at 100 °C in an oil bath. The solution was then allowed
to cool to room temperature. Water (25.3 g) was added and stirred. This solution (12.5 g)
was weighed out and added to water (76.5 g) and NaOH (7.39 g) in a propylene bottle. In
a separate propylene bottle ‘C501’ sodium silicate (27.46g) was added to water (76.5 g)
and NaOH (7.39 g). The two solutions were then mixed together and stirred for 30
minutes. This solution was left in an oil bath at 90 °C for 8 hours. The solution was
washed and filtered using a sintered funnel. The sample was then dried in an oven at 150

°C for 2 hours and calcined in a furnace at 600 °C for 4 hours.

6.2.2 Synthesis of Zeolites from Biomass Ash

6.2.2.1 Initial Synthesis

The synthesis was then adjusted for alkali silicates extracted from rice hull ash (Chapter 2

Section 2.5.1) as follows.

NaOH (25 g) was added to water (25 g) and sodium aluminate (24.375 g) and stirred at
100 °C until the sodium aluminate had dissolved. Water (50.625 g) was then added to the
solution. This solution (25 g) was then mixed with water (153 g) and NaOH (14.75 g). This
solution was then mixed with RHA alkali silicate solution (30 g) and stirred at room
temperature for 40 minutes. The solution was then left in an oil bath for 8 hours at 90 °C.
Samples were filtered and washed with water then dried in an oven at 150 °C for 2 hours

and calcined in a furnace at 600 °C for 4 hours.
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6.2.2.2 Synthesis of RHA Zeolites with Different Si/Al ratios

Since the synthesis described above (Section 6.2.2.2) produced more mass of zeolite than

necessary for the analysis, it was scaled down as follows.

NaOH (5 g) was added to water (5 g) and a specified amount of sodium aluminate (Table
6.1) and stirred at 100 °C until the sodium aluminate had dissolved. Water (10.125 g) was
then added to the solution. This solution (5 g) was then mixed with water (30.6 g) and
NaOH (2.95 g). This solution was then mixed with RHA alkali silicate solution (6 g-16.14 g
RHA, 153 g water, 38.23 g NaOH) and stirred at room temperature for 40 minutes. The
solution was then left in an oil bath for 8 hours at 90 °C. Samples were filtered and

washed with water then calcined in a furnace at 600 °C for 4 hours.

Table 6.1 Ratio of silica to aluminium and amount of sodium aluminate for addition
in the synthesis

Sodium Aluminate g/ 16.14 g
Si/Al RHA
6.3 2.10
3 4.88
1.7 10.27
1.2 20.55
0.9 41.10

6.2.2.3 Synthesis of RHA Zeolites with Further Different Si/Al ratios

Synthesis was carried out as described in Section 6.2.2.2 but with sodium aluminate

amounts as shown in Table 6.2.

Table 6.2 Ratio of silica to aluminium and amount of sodium aluminate for addition
in the synthesis

Si/Al | Sodium Aluminate g / 16.14 g RHA
2.7 4.88
3.6 3.41
4.6 2.56
5.6 2.05
6.6 1.71
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6.2.2.4 Investigation into methods of cooling

Synthesis was carried out as described in Section 6.2.2.2 for Si/Al = 4.6.

After samples had been in an oil bath for 8 hours at 90 °C, they were either cooled in an
ice bath and filtered with ice cold water, filtered hot and washed with hot water, or left to
cool slowly in the oil bath and then filtered. The samples were then calcined in a furnace

at 600 °C for 4 hours as described above.

6.2.3 Optimised RHA-Zeolite Synthesis and comparison with Conv-Zeolite

The zeolite filtered hot from Section 6.2.2.4 was used as the RHA-Zeolite and the Conv-

Zeolite was that synthesised as in Section 6.2.1.

6.3 Synthesis of Mesoporous MCM-41 from Biomass Ashes

6.3.1 Synthesis of MCM-41 in different pH environments and initial
Synthesis of MCM-41 from biomass ash derived alkali silicate
solution

A synthesis was based on the research by Hui et al as follows.?! Since Hui et al used alkali
silicate solution (82ml) with a silica concentration of 5470 mgl™ (analyzed by ICP-AES) and
K120 and EBA had silica concentrations of 272,000 ppm and 114,000 ppm respectively
(calculated using technique described in Chapter 2 Section 2.5 with K120 calibration curve
since EBA resembles K120 in speciation and thus in IR spectra curve), K120 (1.64 ml) and
EBA alkali silicate solution (3.91 ml) was used in the synthesis. A suitable amount of water
was added to the alkali silicate solutions to dilute them to a similar concentration to that

used by Hui et al.

K120 (1.64 ml) or EBA alkali silicate solution (3.91 ml) were mixed with CTAB (1 g) and
H,O (40 ml) at 85 °C. Ethyl acetate (3.1 ml) was added to this mixture with rapid stirring
for 10 minutes. The solutions were left cool to room temperature. The RXN mixture
(10ml) was adjusted to pH with concentrated H,SO, or concentrated NaOH. The solutions
were then left to age at room temperature for 24 hours. Following this the precipitates
were filtered and washed with water. They were then dried for 2 hours at 100 °C and

calcined at 550 °C for 4 hours.
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6.3.2 Introduction of aluminium into bio-derived MCM-41 synthesis

EBA alkali silicate solution (3.91ml) or K120 alkali silicate solution (1.64ml) was used as in
the synthesis described in Section 6.3.1. Before the addition of ethyl acetate, sodium
aluminate (0.2g), aluminium hydroxide (0.2g), or Red Clay (0.2g) and concentrated NaOH

solution (2 drops) was added.

6.3.2.1 Effect of red clay residue on Porosimetry results

Red clay (2 g) was added to a solution of sodium hydroxide and potassium hydroxide
(both at pH = 12) and stirred at room temperature for 24 hours. The potassium hydroxide
solution also contained the CTAB template (1 g). Solutions were then filtered and the

solid and liquid analysed.

6.3.2.2 Varied Si/Al ratios of MCM-41 with Red Clay

Synthesis was as described in Section 6.3.2 but with additions of red clay as shown in

Table 6.3.
Table 6.3 Ratio of silica to aluminium and amount of red clay added in the
synthesis
Si/Al (wt) | Red Clay
g
573 0.01
115 0.05
57 0.1
14 0.4
6.4 SBA-15

6.4.1 Synthesis of SBA-15 using TEOS and EBA derived alkali silicate
solution

The synthesis from Zhao et al was followed for the initial synthesis using TEOS and K120
as follows.>*>® Pluronic P123 (4.0 g) was dissolved in water (29.8 ml) and 1M HCl (116.5
ml) at 35 °C under stirring. Once the template was completely dissolved (approximately 2

hours), tetraethylorthosilicate (TEOS) (9.05 ml) was added to the mixture and the solution
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left to stir for 20 hours at 35 °C. The white solution formed from this process was aged at
80 °C, for 24 hours, in a sealed bottle (propylene bottles are best and the complete
synthesis can be carried out in them) in an oil bath without stirring. The resulting solution
was filtered under vacuum, washed with water, dried at room temperature overnight,

and calcined at 500 °C for 6 hours in air.

This synthesis was adapted for the EBA alkali silicate solution by replacing TEOS (9.05ml)
with EBA alkali silicate solution (10ml). All other elements of the thesis remained the

same.

6.4.2 Effect of KOH on synthesis environment

The synthesis was carried out as above (Section 6.4.1) with TEOS but with the addition of

KOH (2.5 g) before the solution set to stir for 20 hours.

6.4.3 Effect of ethanol on synthesis environment

The synthesis was carried out as above (Section 6.4.1) with EBA but with the addition of

ethanol (29.8 ml) instead of water.

6.4.4 Optimisation of SBA-15 synthesis using commercial alkali silicate
solutions

The synthesis was carried out as above (Section 6.4.1) with the following adjustment.
C501 (10 ml) and K120 (10 ml) were stirred with 1 M HCI (50 ml) at room temperature for

24 hours prior to addition to the synthesis.

6.4.5 Use of Acidic EBA Silicate Solution in Synthesis of SBA-15

1 M HCI (50 ml) was stirred with EBA (9.35 ml) at room temperature overnight prior to
addition of Pluronic P123 (2.3 g) and stirred at 35 °C for 24 hours. The mixture was then
aged at 80 °C for 24 hours. The resulting solution was filtered under vacuum, washed with

water, dried at room temperature overnight, and calcined at 500 °C for 6 hours in air.
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6.5 Analysis Techniques

6.5.1 pH Analysis

pH values were taken using Fisherbrand pH indicator paper.

6.5.2 Infrared Spectroscopy (IR)

A Bruker Vertex 70 FTIR spectrometer equipped with a MKIl Golden Gate Single
Reflection ATR System with a 45° diamond crystal was used to obtain infrared spectra.
Solid powder samples were placed on the crystal surface and then clamped using a
sapphire anvil. A drop of a liquid sample was placed on the crystal surface for analysis.
Spectra were taken from 4000 cm™ to 600 cm™ at 64 scans with a spectral resolution of 4
cm’’. A water or blank spectrum was used for the background. Bruker OPUS software was

used for analysis of spectra.

6.5.3 In Situ IR experiments

Dry ground powder samples were pressed into a disc under high pressure and placed in a
foil envelope. The envelope was then placed in a sealed glass tube for heat treatment.
Samples were exposed to heat treatments of 150 °C, 300 °C, or 500 °C under vacuum for
three hours. The samples were then kept in a vacuum until they were dosed with gas or
analysis was over. Spectra were recorded using a Bruker Equinox 55 spectrometer using a

resolution of 2 cm™.

6.5.4 Porosimetry

Nitrogen adsorption analyses were carried out at 77 K using a Micromeritics Tristar
volumetric adsorption analyser. Prior to analysis, finely ground samples were outgassed
at 180 °C for 1 h under nitrogen flow. Specific surface areas (Sger) were analysed using the
Brunauer, Emmett and Teller (BET) method and pore size was analysed using the Barrett,

Joyner and Halenda method (BJH) method.

6.5.5 XRD

X-ray diffraction patterns were obtained using a Bruker-AXS D8 Advance diffractometer

with a Kristalloflex 760 X-ray generator which produces monochromatic Ka X-rays from a
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copper source. A powder sample was placed and levelled within a small round hole
bevelled out of an aluminium sample holder. Scans were taken across the range 5 - 50 20
for materials in Chapter 3 and 0.3 — 8 28 for those in Chapters 4 and 5. A 45 kV voltage
and 20 mA current were used during analysis. The software EVA and the Chemical

Database Service were used to identify the phases present in the samples.

6.5.6 XRF

A Rigaku NEX-CG X-ray fluorescence spectrometer was used to obtain non organic
elemental analysis of solid and liquid samples. Samples were analysed in a Helium

atmosphere.

6.5.7 XPS

A Kratos Axis Ultra-DLD X-Ray Photon Spectrometer was used to obtain elemental
analysis of the top surface layers of solids by Dr David J Morgan at Cardiff University.

Samples were analysed under vacuum.

6.5.8 TEM

Transmission electron microscopy was carried out by Dr Meg Stark at the Department of
Biology, University of York. A small sample was suspended in ethanol and dropped onto a

carbon grid to evaporate before analysis under vacuum.

6.5.9 NMR

Solid state /Al NMR was carried out by the Solid State NMR Research Service at the

University of Durham using a Varian Unity Inova spectrometer operating at 59.56 MHz.

6.5.10 TGA

Thermo gravimetric analysis was conducted using a Netsch STA 409 under nitrogen. Exit

gases were analysed using a Bruker Equinox 55 IR spectrometer.
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7.1 Conclusion

The objectives of this project were to synthesise zeolites and aluminosilicate materials
from silicon sources derived from biomass ashes. In particular, Zeolite X from the
Faujasite family, MCM-41, and SBA-15 were studied with a view to proving the concept of
successful synthesis from waste products of both micro- and meso-porous materials, via
templated and untemplated routes, and in both basic and neutral pH environments.
Included in this study was the first synthesis of mesoporous materials from alkali silicate
solutions derived from power plant biomass ashes, in this case from the large-scale
combustion of miscanthus. This research is important as it is the first stage in proving the

synthesis can be scaled up for industrial use.

For the synthesis of all the materials in this project it was necessary to have stock
solutions of bio-derived alkali silicates and analysis of the ashes and these extracted alkali
silicate solutions. Initially a method was optimised to extract alkali silicate solutions from
biomass ashes. This involved hydrothermal treatment overnight with addition of sodium
or potassium hydroxide. A quick, accurate, and straightforward analysis technique was
developed in collaboration with Dr Jennie Dodson to obtain concentrations of silicon from
alkali silicate solutions. The technique involved the use of integrals of infrared spectra
between 1250 cm™ and 650 cm™ and calibration curves from a range of commercial alkali
silicate solutions. This novel method was compared with a commonly used analysis
technique, atomic absorption spectroscopy, and found to be comparable in accuracy and

reliability as well being as much easier to use.

The first material to be synthesised from a bio-derived alkali silicate was Zeolite X, a
commonly used zeolite synthesised commercially on a large-scale from alkali silicates,
which does not require a template in its synthesis. The synthesis was developed and
compared to a commercial alkali silicate derived equivalent. It was found to be less pure
in its crystalline phases including impurities such as Sodalite. It also had significantly less
porosity. These results showed it was possible to synthesise a specific phase from the bio-
derived alkali silicate but in order to refine the material to obtain the pure phase would
require significantly more research. An in-depth in situ probe FT-IR study concluded there
was a significant amount of strongly bonded carbonate within the pores which affected

the porosity measurements. This carbonate is likely to have come from carbonate
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materials in the ashes, The two materials were found to have some similarities in their
interactions with the probe molecules CO and CO,; such as the location of sodium cations
within the structure and a lack of hydroxyl groups on the surface. This is the first study of

a bio-derived zeolite using this technique.

The second material to be synthesised was the mesoporous silica MCM-41, which is
synthesised commercially from alkali silicates using an amine-based template. MCM-41
was synthesised successfully from a bio-derived alkali silicate. The transfer from
commercial alkali silicate to bio-derived alkali silicate was straightforward and successful.
In this case it was found that the synthesis pH environment did not affect the overall
properties of the material in any consistent way. The bio-derived MCM-41 was compared
to a commercial alkali silicate derived MCM-41 and found to have a similar surface area,
pore volume, and pore structure as shown by XRD, N, adsorption porosimetry, and TEM.
The addition of three types of aluminium source into the bio-derived MCM-41 structure
was investigated in order to improve the catalytic activity of the materials. It was found
that sodium aluminate was the aluminium source which was most incorporated into the
structure, but this increased incorporation led to a decrease in crystallinity and stability of
the material. Red clay, a waste product containing aluminium, iron, and silicon, was
described, characterised and found to leach aluminium which was incorporated into the
structure during the synthesis. As with sodium aluminate, there was a correlation
between the level of aluminium added to the structure and the instability of the pore
structure. These results show a clear advantage in synthesising MCM-41 commercially
from waste biomass ashes as the change is silica source has no discernable effect on the
final product and is a lot more environmentally friendly and potentially more economical.
The potential use of red mud, a large-scale waste source, to provide aluminium for
introduction to the MCM-41 structure has been shown. This modification could improve

the properties of the material whilst also providing a use for a waste product.

The most significant difference in synthesis was found for the third type of material
synthesised, SBA-15, a mesoporous silica which is conventionally synthesised from the
neutral silicon source, TEOS, with a triblock copolymer template. Initially the synthesis
was attempted in basic solution and, since the template Pluronic P123 was dissolved in
acid, this led to a near neutral pH environment in which templating occurred producing

wormbhole porosity within the silica structure. In order to adapt the synthesis for an alkali
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silicate solution it was necessary to lower the pH of the solution using mineral acids to
values <7. This modification was successful in synthesising the SBA-15 structure from
commercial alkali silicates but unsuccessful for the bio-derived alkali silicate. These results
show the potential to synthesis SBA-15 from bio-derived acidic silicate solutions but that

more research needs to be done to obtain the ordered SBA-15 structure.

MCM-41 and SBA-15 materials synthesised in this project are the first mesoporous silica
materials to have been synthesised from Miscanthus ashes and more generally from a
biomass ash from large-scale combustion. These materials show promise as suitable
replacements for their conventionally synthesised counterparts and, as such, are a
greener alternative. These materials have wide ranging applicability, particularly in

catalysis and sorption.

7.2 Further Work

There are various strands of work which could occur based on the results from this
project. One important opportunity would be to find applications for the bio-derived
materials synthesised. There is already ongoing work at the Green Chemistry Centre of

Excellence in testing these materials as catalysts in various reactions.

It would also be important to prove the syntheses can be carried out on a larger scale
whilst retaining consistency and reliability in properties of the final product. This will
become easier to carry out once an industrial partner tests the extraction of ashes to

produce alkali silicate solutions on an industrial scale which is imminent.

There are also many other zeolites and mesoporous aluminosilicate materials which have
numerous applications and would benefit from being derived from waste products such

as biomass ashes.

An exciting development of the work described here would be to incorporate the
extraction of aluminium and other metals from red clay simultaneously with the
extraction of silicon from the biomass ashes for synthesis of zeolies and mesoporous

aluminosilicate materials.
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AAS Atomic Absorption Spectroscopy

ao Lattice Parameter

BET Brunauer, Emmett and Teller

BJH Barrett, Joyner and Helenda

CTAB Cetyl Trimethylammonium Bromide

Dp Average Pore Diameter

EBA Ely Bottom Ash

EU European Union

FT-IR Fourier Transform Infrared spectroscopy

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy
IUPAC International Union of Pure and Applied Chemistry

ND Not Detected

NMR Nuclear Magnetic Resonance

ppm parts per million

RHA Rice Hull Ash

SeeT BET Surface Area

TEM Transmission Electron Microscopy

TEOS Tetraethyl Orthosilicate
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TGA Thermogravimetric Analysis

Thy, Pore Wall Thickness

Vy Pore Volume

Wy Pore Size

wit% Weight in %

XPS X-Ray Photoelectron Spectroscopy

XRD X-Ray Diffraction

XRF X-Ray Fluorescence Spectroscopy
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