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Synthesis of New Composites of Inorganic Polymers (Geopolymers) with Metal

Oxide Nanoparticles and their Photodegradation of Organic Pollutants

Abstract

This thesis describes the development and performance of novel photocatalytic inorganic
polymer (geopolymer) composites for photodegradation of environmentally harmful organic
materials. Nanometer-sized cubic cuprous oxide nanoparticles and spherical CuO/TiO2 nano-
heterostructures were synthesized via a precipitation method and then added to a
metakaolinite-based geopolymer matrix prior to curing at ambient temperature.

The morphology of the homogeneous oxide nanoparticle dispersion within the geopolymer
matrix was demonstrated by SEM/EDS and HRTEM. FTIR spectroscopy confirmed the
formation of a well-reacted geopolymer matrix that was unaffected by the insertion of the
Cu20 and CuxO/TiOz nanoparticles. The structures of these new composites were determined
by 2’Al and 2°Si MAS NMR spectroscopy. %Cu NQR spectroscopy and XRD confirmed that
the metal oxide nanoparticles are unchanged by their incorporation in the geopolymer
composite and after the photodegradation reactions. The nitrogen adsorption-desorption
isotherms were determined, providing information about the specific surface areas and total
pore volumes of the composites. The action of the composites in the adsorption and
photocatalytic destruction of the model organic compound MB was determined under dark
and UV illumination conditions. Experiments in dark conditions and under UV irradiation
showed that these materials efficiently remove a model organic pollutant (MB dye) from
solution by a dual process of adsorption on the geopolymer matrix, and photodecomposition
of the dye without destroying the geopolymer structure. The adsorption kinetics of the dye
are best described by a pseudo first-order model and the adsorption process by Langmuir-
Freundlich isotherms.

In a novel extension of this research, the metakaolinite-based geopolymer matrix was
modified with a surfactant (cetyltrimethylammonium bromide, CTAB), exploiting the cation
exchange capacity of the geopolymers structure. The nano oxide composites were synthesised
by adding different amounts of as-prepared metal oxide nanoparticles to the modified
geoplymer to produce a hydrophobic photocatalyst composite with improved photocatalytic

activity arising from the dispersion of the metal oxide nanoparticles in the external surfaces



and interlayers of the geopolymer matrix. This method has the advantage of producing
geopolymer composites with a stable pH which are more suitable for dye degradation studies.
At concentrations >20 wt%, the photo-oxide component decreases the adsorption rate by
blocking the active adsorption sites of the geopolymer. Under UV radiation, the composites
remove the MB by a combination of adsorption and photodegradation, without deterioration
of the geopolymer structure or the photoactive metal oxide component.

In addition these studies show that the metal oxide-geopolymer nano composites have
significantly improved photocatalytic activity compared with the oxide nanoparticles alone,
because of the unique properties of these inorganic polymers. These results demonstrate that
composites of nanosized Cu.O particles and photoreactive TiO2 in an aluminosilicate
inorganic polymer matrix constitute new and novel materials with potential environmental

protection applications to efficiently remove organic pollutants from water or the atmosphere.
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Chapter 1

Chapter 1
Introduction

1.1 Background to the research problem

Air pollution poses a serious warning to human health and the environment. Pollutants from
exhaust systems can cause unsightly blackening and costly degradation of walls and building
facades. In most developed areas, the main sources of pollutants are automobile emissions,
industrial activities, and heating systems.! These produce a mix of nitrogen oxides (NOx),
volatile organic compounds (VOCs), carbon monoxide (CO), sulphur oxides (SOx), and
particulate matter (PM).! The poisonous effects of these pollutants may spread out over the
source of emission.?2 NO, and VOCs react in the atmosphere and produce secondary
pollutants, such as acid rain, smog, and ozone. In order to create a more ecological world,
engineers and scientists must develop greener building materials?> by selecting suitable
construction materials to reduce the negative impact of air pollution. Concrete is one of the
most popular structural construction materials with a verified history over many years; it has
an ability to produce strong creative and cost effective systems. The main ingredient in
concrete is Portland cement, consisting of limestone (calcium carbonate, CaCO3) and
kaolinite clay which must be heated up to 1450 °C.3 Currently the contribution of Portland
cement production worldwide to the greenhouse gas problem is about 1.35 billion tons of
CO; annually or about 7% of the total greenhouse gas emissions into the earth’s atmosphere.”
Photocatalytic reactions can remove the air pollutants that are typically results in
discoloration of exposed surfaces from the atmosphere. The basic photocatalyst reactions
oxidize both organic and inorganic compounds by using the energy from ultraviolet (UV)
rays through the photocatalytic materials.> New photocatalytic cements containing a
photoactive oxide like TiO2 have been produced, saving on maintenance costs and providing
a cleaner environment.2 The organic and inorganic pollutants produce staining on the surface
of concrete. Novel self-cleaning concrete created to remove significant amounts of
environmental pollutants considered harmful to human health,2 should provide significant
improvements in urban air quality, as it also can reduce micro-organisms such as bacteria and
fungi and is capable of eliminating odours associated with pollutants. Other applications of
these photocatalytic cements include architectural concrete panels, pavements, road surfaces,
concrete masonry units, roof tiles and cement-based tiles.? The best application has developed

an artificial lighting system that generates enough UV light to activate the photocatalytic
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process. This product is a concrete with transparent property and the ability to transmit light;
this light can pass through it and also show objects behind it. The lighting system and
photocatalytic concrete cement have been used in the renovation of a heavily trafficked
tunnel in Rome.?

According to the air quality standards in some parts of the world (Milan lItaly), where
occasionally automobile traffic has to be shut down for a full day, this transparent concrete
can be helpful and also help with maintenance costs and a cleaner environment.? It is
estimated that if just 15% of the buildings and roads were resurfaced with photocatalytic
cement products Milan could become 50% cleaner. Nanoparticle photocatalytic cement
containing titanium oxide as the photocatalytic agent is already being used for applications
such as sound barriers, facade elements, pavement and road surfacing.?

Many research centres have been involved in examining the pollution-reducing capability of
photocatalytic compounds, particularly those containing TiO2. TiO; photocatalyts in the
presence of sun or artificial light react with air pollutants and oxidize the organic and
inorganic air pollutants, converting them into small amounts of relatively benign molecules.
Both laboratory and field experiments disclose that adding TiO- to the surface of a pavement
or building material can expressly reduce air pollution by up to 60% in some applications.® It
is obvious that reduction of the negative impact of air pollution with nano TiO; is effective.
Air pollution can be controlled by using photocatalytic TiO2 in concrete or as a surface
covering.® Figure 1.1. shows the photocatalysis reaction of precast and architectural Portland
concrete panels in the presence of sunlight and how a photocatalytic city would work. The
efficiency of the novel photocatalytic cement materials provides a real eco-sustainable value
and according to the researchers this material can reduce pollution up to 75% under just 3
min. UV irradiation.” This phenomenon is similar to photosynthesis in nature; therefore, the
light irradiation causes the oxidation process and decomposition of the pollutants, converting
them to benign compounds. Subsequently these contaminants can be removed and washed

away by rain.
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Figure 1.1. Inorganic pollutant: CO, VOC (benzene, toluene, etc), methyl mercaptan (gas),
organic chlorinated compounds, polycondensed aromatic compounds, acetaldehyde,
formaldehyde. Organic pollutant: NOx, SOx, NH3 (gas).’

Water is the one of the sources of all life on Earth; nevertheless, 1.3 billion people do not
have access to safe drinking water. Furthermore, polluted water is implicated in 80% of all
cases of sickness and disease according to the World Health Organization.® Water must be
purified to remove harmful materials and make it suitable for human use.® UV light is an
effective cleanser but is energy intensive, and its application in large-scale systems is
sometimes considered to be of unreasonable cost.2 Nanotechnology is opening new doors to
water decontamination, purification and providing improved detection of water-borne
harmful substances.® Photocatalytic nanomaterials enable UV light to destroy pesticides,
industrial solvents and germs. TiO. can be used to decontaminate bacteria-ridden water.
When exposed to light, it breaks down bacterial cell membranes, killing the bacteria by the
photochemical reactions which create hydroxyl radicals and superoxide anions under UV
irradiation.®

Researchers at the Queensland University of Technology have developed a novel form of
titanium dioxide and a process for producing an environmentally-friendly product that
purifies water (Figure 1.2).
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Figure 1.2. Titanium Dioxide nanoparticles used in an environmentally-friendly water
purification system.®

1.2 The goals of this research

Although Copper (I) oxide (Cu20) has not been as extensively considered as Titanium
Dioxide (TiO) as a photocatalytic oxide, its bandgap suggests that it might be as efficient, if
not more so, especially in conjunction with an environmentally-friendly matrix such as an
inorganic polymer (geopolymer). In this study, several approaches for the preparation and
characterization of different oxide nanoparticles (i.e., Cu20, Cu2O/TiO, and TiO2) were
investigated, and the most promising of these products were inserted at various
concentrations into unmodified and modified metakaolinite-based geopolymer prior to
curing. A modified geopolymer matrix was also prepared by using a small amount of
surfactant to expand the pore structure and control their size and shape.® The aim of this
project is therefore to develop and test new photocatalyst materials that combine an
geopolymer matrix with photoactive oxide nanoparticles to promote adsorption of
environmental pollutants and their photodegradation. By suspending oxide nanoparticles in
these geopolymers, the filtering action should be improved, allowing the destruction of
organic molecules, pesticides, dyes and other materials in wastewater. In other cases,
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photocatalysts have been used to increase the photodecomposition rate of pesticides or
pollutants.’® To verify the catalytic effect of these newly developed materials, reliable
methods to determine the photocatalytic activity were necessary.

Based on studies of other nano photocatalytic materials it was presumed that the Cu.O
nanoparticles used in this study should have similar photocatalytic properties to TiO2. By
comparison with TiO2, nanostructured Cu2O is even more attractive, being an inexpensive
readily available p-type semiconductor with a direct band gap of 2.2 eV and a high optical
absorption coefficient.!: 12 Cu,0 is also a powerful absorber of molecular Oz, and can
scavenge photoelectrons, thereby interfering with the combination of electrons and holes.*®
This suggests that CuO should act as a stable photocatalyst for the photochemical
decomposition of H.O with the generation of O, and H. under visible light irradiation, and
should also be a good candidate for the photocatalytic degradation of organic pollutants under
visible light irradiation. A further major attraction of Cu20 is its low toxicity, with a band gap
that can be tuned by adjusting its particle size.!* Cu.O nanoparticles can be prepared in a
range of colours from yellow to dark brown, raising the possibility of its use in coloured
geopolymer composites. Furthermore, geopolymers are porous, suggesting a possible use as
water purifying filters when used as a matrix in conjunction with Cu2O nanoparticles.

Based on these previously reported observations, a series of new composites of Cu,O/TiO>
nano-heterostructures incorporated into geopolymer matrix have also been prepared. The
CuO was synthesized as cubic nanocrystals, and the TiO. was commercial P25. The
combination of nanosized Cu.O particles and photoreactive P25 titania in an aluminosilicate
geopolymer matrix was found to be a more efficient photocatalyst under UV irradiation than
geopolymer composites containing either of the individual oxides alone. These new
geopolymer composites show promise as ecologically-friendly materials that can efficiently

remove organic pollutants from water or the atmosphere.

The use of geopolymer matrices modified by the inclusion of a large quaternary ammonium
ion, cetyltrimethylammonium bromide (CTAB) was also investigated in this work. These
modified Cu20-geopolymer and Cu.0/TiO2-geopolymer composites have much better
photocatalyst properties than Cu2O and Cu.O/TiO- alone due to the improved dispersion of
metal oxide nanoparticles at the external and interlayers of the geopolymer matrix.

The combination of ecologically-friendly geopolymers and nanocrystalline Cu.O and
CuxO/TiO. for absorption and photodegradation of harmful organic substances has not

previously been investigated in detail, neither has the use of CTAB to expand the
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geopolymers matrix previously been considered. The present work showed that both these

factor can be combined to produce extremely efficient materials for photodestruction of

harmful organic compounds.

1.3 Dissertation Objectives and Motivation

Extensive work on geopolymer research has been conducted so far. Therefore, this Thesis

focuses on a developing field that utilizes environmentally-friendly, cheap and plentiful

aluminosilicate materials to make a geopolymer matrix containing efficient nanoparticle

oxide photoactive components. The main objectives are:

>
>
>

To identify a suitable synthesis for nanoparticle Cu.O.

To develop a process for inserting the nanoparticles into a geopolymer matrix.

To characterise the product (XRD, FTIR, SEM/EDX, TEM, MAS NMR, Cu
NQR, BET)

To test the performance of these catalysts for photodegradation of methylene blue
(MB).

To improve the photocatalyst action by combining Cu20 with TiO,.

To improve the performance of the geopolymer matrix by modifying with CTAB.

No known work so far has been reported to make photoactive geopolymer matrices

containing Cu20 and Cu.O/TiO2 nanoparticles, which indicates the innovative nature of

this research. Although some publications have reported making photoactive geopolymers

using metakaolin and TiO2 (e.g., Cerny et al. 2009, Tirado et al. 2013), this work presents

the first effort to explore and validate a new potential application of metakaolin-based

geopolymers, which are used as photocatalysts for decomposition of organic pollutants.

Thus, the motivation of this dissertation can be summarized as follows:

>

Innovation

Produce geopolymer matrices using oxide nanoparticles that have never been
reported in the existing literature

Present the first effort to validate the possibility of a new photoactive geopolymer

composite.

Potential applications of the synthesized geopolymers
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e Construction materials

e Materials for photodecomposition of organic and some inorganic pollutants

1.4 Thesis Layout

This thesis consists of eight chapters, which papers have been published, or submitted to
peer-reviewed journals or conferences.

Chapter 2 provides a literature review, which focuses on the raw materials used to make
geopolymers and the oxide nanoparticles, the mechanism of geopolymer technology, the
photocatalytic process, and the mechanism of photo-oxidation processes.

Chapter 3 demonstrates a methodology that describes experimental details, chemicals,
materials and analysis techniques for characterization of the synthesised materials. This
chapter explains several methods for synthesis of Cu2O nanoparticles and combination of the
nano oxide particles with the geopolymer matrix.

Chapter 4 studies the effect of incorporation of Cu,O nanoparticles in a geopolymer matrix
evaluated by XRD, SEM, TEM, BET, NMR and NQR. The photocatalytic properties of the
composites were studied by the photodegradation of MB dye, which is commonly used for
such degradation studies.

Chapter 5 examines a new geopolymer composite which consists of Cu,O/TiO2 nanoparticles,
characterized with XRD, SEM, TEM, BET, NMR and NQR. This product shows even better
photocatalyst properties than geopolymers containing Cu20 and TiO2 alone.

Chapters 6 and 7 describe a new method for modifying the geopolymer matrix by using a
large cation surfactant (CTAB). The modified geopolymer was combined with the oxide
nanoparticles and the photocatalytic activities of the composites were investigated.

Chapter 8 presents a summary of all of the studies performed as part of this thesis and lists

suggestions for future work.
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Chapter 2

Literature Review
2.1 Fundamentals of the photocatalytic process

Currently one focus of global concern is the presence of harmful organic compounds in water
supplies and the discharge of wastewater from chemical industries, power plants, landfills,
and agricultural sources. Traditional water treatment processes are filtration, thermal and
catalytic oxidation, chemical treatment and biological treatment.®> Some of the materials used
in this process are chlorine, potassium permanganate, ozone, hydrogen peroxide and high-
energy UV light. However, there are some safety and economic restrictions on these water
treatment processes. Phase transfer methods eliminate undesirable organic pollutants from
wastewater, but they do not remove the pollutants entirely. Toxic organic compounds in
water can be oxidized by powerful chemical treatment based on aqueous phase hydroxyl
radical chemistry. This process uses either high-energy UV light or strong chemical oxidants
whose hazardous nature is undesirable.'®1” Moreover, during this process several, even more
hazardous intermediates are formed. An advanced oxidation technology process (AOT) has
been developed as an efficient method for removing organic pollutants from water streams,
based on a heterogeneous photocatalysis process using metal oxide semiconductor particles.’
Metal oxides, such as ZrO2, Al.0s, Cu20, TiO2 and SiO: are widely used catalyst supports.
These oxides are active towards many reactions, including oxidation of CO, selective
oxidation (alkenes, alcohols and even alkanes), water-gas shift, and removal of atmosphere
pollutants (NOx, VOCs).18

Varieties of air pollutants have been suspected to have harmful effects on human health and
the environment. These pollutants are mainly the products of combustion from power
generation, space heating or motor vehicle traffic.® Secondary pollutants such as acid rain or
ozone arise from the products created in the immediate area of the pollutant sources by
chemical reactions in the atmosphere. The principal pollutants released by vehicles are
carbon monoxide, oxides of nitrogen (NOx), volatile organic compounds (VOCs) and
particulates. These pollutants are having an increasing influence on urban air quality.
Photocatalytic materials can be added to the surface of pavements and building materials to
oxidise the pollutants by the action of light irradiation and forming precipitates on the surface

of the material, then these precipitates are eliminated from the surface by rain.*®
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Photocatalysis is a catalytic reaction including light absorption by a substrate containing a
catalyst. Reactions involving the participation of catalysts are called catalytic. Photocatalysis
is defined as a change in the rate of chemical reactions or their generation in the presence of
substances that absorb light quanta that are then involved in the chemical transformations of
the reaction participants.?® Photocatalytic degradation of environmental contaminants has
been studied in the past two or three decades. In 1972, Fujishima and Honda reported the
photocatalytic splitting of water on TiO; electrodes, which was the first suitable photocatalyst
for water splitting and the beginning of a new era of modern heterogeneous photocatalysis.?!
The use of photocatalytic oxidation to remove trace-level organic contaminants in air, energy
renewal and energy storage has recently received considerable attention since this technology
has a broad range of potential applications, including air purification in office buildings,
factories, homes, cars, and spacecraft.?2

The importance of semiconductor-based photocatalysts is their charge separation ability
(Figure 2.1). When a semiconductor is irradiated with light of energy greater than the
bandgap, the excitation of an electron occurs from the VBto the CBand leaves a hole in the
valence band.? This separated hole has strong oxidizing power; this power comes from the
electron of the absorbed species. The separated charge and hole can also recombine to release
energy in the form of heat. The photocatalysis reaction is improved if the electron-hole pair
recombination is inhibited. This can be achieved by trapping either the photogenerated
electrons or the photogenerated holes at trapping sites in the structure.

Electron .
Trap Barrier

Semiconductor

Figure 2.1. Metal-modified semiconductor photocatalyst particle.*®
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2.2 Heterogeneous photocatalysis

Photocatalytic reactions are divided into homogeneous and heterogeneous reactions.
Heterogeneous photocatalysis has been far more intensively studied in recent years because it
has potential applications in a variety of environmental and energy-related uses as well as in
organic synthesis. Heterogeneous photocatalysis reaction systems involve the development of
an interface between a solid photocatalyst (metal or semiconductor) and a fluid containing the
reactants and products of the reaction.?*

Heterogeneous photocatalysis can be carried out in different systems such as the gas phase,
pure organic liquid phases or aqueous solutions. The overall process can be explained in
several independent steps:

The reactants in the fluid phase are transferred to the surface of the photocatalyst, one or
more of the reactants are absorbed to react with the absorbed phase; the released products are
remove from the interface region. Thus, the photocatalytic reaction occurs in the adsorbed
phase.?*

In homogeneous photocatalysis the photocatalyst is in the same phase as the reactant, and
typically will exist as a gas or contained in a single liquid phase. Usually, homogeneous
photocatalysts are dissolved in a solvent together with the substrates. Most of the processes
using homogeneous photocatalysis occur in the liquid phase whereas in heterogeneous
catalysis the photocatalyst is usually in the solid form, and the reaction occurs either in the

liquid or gaseous phase.

In these systems a distinction must be made between adsorption and absorption. Adsorption
is a surface phenomenon and involves unequal distribution of the molecular species in the
bulk and at the surface; it is rapid to begin with but slows down as the system approaches
equilibrium. By contrast, absorption involves uniform distribution of the molecular species
throughout the body of material at a uniform rate.
Depending upon the nature of forces between the adsorbate molecules and the adsorbent, the
adsorption can be classified into two types:

e Physical adsorption or physisorption

e Chemical adsorption or chemisorption
Where the forces between the adsorbate and adsorbent are van der Waals, the adsorption is
called physisorption. Since the forces of this type are very weak, physisorption can be easily
reversed by heating or decreasing the pressure.
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If the forces between the adsorbate particles and the adsorbent are of similar strength as
chemical bonds, the adsorption is called chemisorption. Since these forces are very strong,
this type of adsorption cannot be easily reversed.?

The major advantages/disadvantages of heterogeneous and homogeneous photocatalysis

summarised in Table 2.1.%6

Table 2.1. Comparison of main advantages/disadvantages of heterogeneous and
homogenous photocatalysis.?

Property Homogenous Heterogeneous

Catalyst recovery  Difficult and expensive Easy and cheap

Thermal Stability  Poor good

Selectivity Excellent/good-single active site  Good/Poor -multiple active site

2.3 Fundamental Concepts
2.3.1 Insulators, conductors, and semiconductors

Figure 2.2 shows the band structures of the three main classes of electrical materials,
insulators, semiconductors and conductors. Due to the large band gaps in insulators, the
valence band (VB) is full, and the conduction band (CB) is empty. There are two possibilities
for conductors. One is that the valance band is not filled, so an electron in the VBcan be
parted from its atom by simply being raised to a higher energy level within the same band.
Another situation is that there is no energy gap between the VB and conduction band, and so
electrons can easily make transitions from the valence to the CBe.g. metals. The energy gaps
between the VB and CB are very small and different for different materials. Figure 2.2 (c)
indicates in red the overlap of the VB and CB in some conductors.?’

In semiconductors; (Figure 2.2d) the band gap is small enough to be navigated once an
electron is sufficiently energized but the bandgap is still large enough to obstruct the
conduction. This unique property makes semiconductors useful for many applications, such
as circuit elements, computer chips, chemical catalysts, and photovoltaic devices. Changing
the physical properties of semiconductors allows alteration of the width of the gap, as well as
the position of the band, edges.?

11
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Figure 2.2. Energy band diagrams for (a) Insulators; (b) and (c) conductors, and (d)
semiconductors.?

Semiconductors can be classified into two types, intrinsic and extrinsic. An intrinsic
semiconductor is pure enough for impurities not to have an effect on its electrical behaviour.
Elements (e.g. Si, Ge) and compounds (e.g. InSb, GaAs, SiC) are intrinsic semiconductors
that possess poor conductivity. At a temperature of absolute zero an intrinsic semiconductor
does not have any charge carriers and consequently, the material behaves as an insulator. In
energy band terms, the CB is empty of electrons and the VB is fully occupied by the valence
electrons. At a temperature above absolute zero, a VB electron (e”) may be thermally excited
into the CB, leaving an unoccupied state in the VBthat is called a hole (h*). Electrons and
holes flow in opposite directions in the presence of an electric field but contribute to a current
in the same direction since they are oppositely charged. Holes and electrons created in this
way known as intrinsic charge carriers. In intrinsic semiconductors, for each electron in CB

the corresponding hole exists in the valance band.?
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Figure 2.3. Three types of semiconductors: a) intrinsic semiconductors, b) n-type
semiconductors, and c) p-type semiconductors.?®

Extrinsic semiconductors can be formed by addition of impurity atoms into the intrinsic
semiconductor, in a doping process. Alteration of the relative concentrations of electrons and
holes in the material depends on the type and concentration of the dopant atom. The N-type
semiconductors are doped with donors. The acceptors can remove an electron from the
semiconductors and produce p-type semiconductors (p stands for positive holes). The
majority carriers in an n-type semiconductor are electrons and their concentration is equal to
the donor impurity concentration. Holes are minority carriers in n-type semiconductors.

Electrons are minority carriers in p-type semiconductors.?® (See Figure 2.3)
2.4 Semiconductor Physics
2.4.1 Band gaps

Electrons are locally bound to their corresponding atoms at the ground or lowest energy state
and do not travel through the bulk of the solid. These low-energy electronic states determine
the valance band, and if the electrons are energized sufficiently, they can leave the valance
band and transfer through the solid. Figure 2.4 explains photon absorption. In this figure, a
VBelectron (ew) absorbs light with energy hv > E4 and then jumps to the conduction band.
This situation creates a free roaming pair of charge carriers, namely a CBelectron (e«) and a
VBhole (hw"). These charge carriers, e and hw' are of fundamental importance in

semiconductor physics and photocatalysis.°
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E

@ hv> Eg

Figure 2.4. Photon absorption and charge carrier pair generation.*

2.4.2 Band Theory

Each band has a different energy, and the bands are filled with electrons from the lowest
energy to the highest, in the same way as electrons occupy the orbitals in a single atom. The
valance band (VB) is the filled band of highest energy, which is equivalent to the highest
occupied molecular orbital (HOMO) in a molecule. The next highest energy band is called
the CB which corresponds to the lowest unoccupied molecular orbital (LUMO) in a
molecule. The energy gap called the bandgap (Eg) separates the VB and the CB. Figure 2.5
shows band formation with increasing atom population.® A greater number of atoms results
in a larger number of possible electronic states collapsing the energy levels into a continuous
band.

LUMO ——
A
E E E,
B
HOMO
L] o
o - '\--,-/‘
o |
08,

Figure 2.5. Formation of bands in a semiconductor.*3
(blue = metal, red = oxygen, grey = hydrogen)
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2.5 Basic principles and mechanism for photocatalyzed dye degradation
2.5.1 Indirect dye degradation mechanism

The mechanism of indirect heterogeneous photocatalytic oxidation using semiconducting

materials can be summarized by four basic processes as follows:
I. Photoexcitation

The photocatalytic reaction is started by promotion of a photoelectron from the
semiconductor (Figure 2.6) photocatalyst filled VB to the vacant CB as a result of irradiation.
The energy (hv) of the absorbed photon is either equal to or greater than the band gap of the
semiconductor photocatalyst. This excitation process leaves a hole in the VB (hvs").

Accordingly electron and hole pairs (e/h*) are generated as specified by eq. (1) below3% 33-3
Photocatalyst + hv(UV) — Photocatalyst(e” (CB) + (h"VB)) (@))

I1. lonization of water

OH-’ radicals are produced by reaction of the photogenerated holes in the VVBwith water (eq.
2). (Figure 2.6)

H,O(ads) + h* (VB) — OH’(ads) + H" (ads) 2

The HO® radicals are extremely powerful oxidizing agents, and are produced on the surface of
the irradiated semiconductor. They have the ability to attack adsorbed organic molecules, and
also those located very close to the catalyst surface, non-selectively degrading these
molecules to an extent depending on their structure and stability. These powerful radicals not

only attack organic pollutants but can also attack and destroy microorganisms.*’

I11. Oxygen ion sorption

Anionic superoxide radicals (O2") are generated from oxygen via the electrons in the CB(ecg);
this occurs simultaneously with the creation of hydroxyl radicals by the reaction of

photogenerated holes (hve* ) with surface bound water or OH" (eq. 3). (Figure 2.6)

O, +e (CB) — O,(ads) (3)
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Typically, this superoxide ion not only participates in the further oxidation process but also
prevents electron-hole recombination, thereby maintaining electron neutrality within the

photocatalyst molecule.

IV. Protonation of the superoxide

The created superoxide (O%) becomes protonated and forms hydroperoxyl radicals, (HO2),
followed by the separation of H>O. into highly reactive hydroxyl radicals (OH"). Both
oxidation and reduction processes commonly occur on the surface of the photoexcited
semiconductor photocatalyst. The complete process is shown in Figure 2.7 and equations (4)
to (9):

O; (ads) + H" — HOO" (ads) ()
2HOO’ (ads) - H,0,(ads) + O, (5)
H,0, (ads) — 20H"(ads) (6)
Dye + OH" — CO, + H,0O(intermediates) (7)
Dye + h"(VB) — oxidation products 8)
Dye + e (CB) — reduction products 9)

2.5.2 Direct mechanism for dye degradation

Another photocatalyst mechanism of photocatalytic dye degradation is the excitation of the
dye under visible light (A > 400 nm) from the ground state (Dye) to the triplet excited state
(Dye*). The excited state dye species are converted into semi-oxidized radical cations (Dye")
by electron injection into the CBof photocatalyst material. The superoxide radical anions (Oz
) are created by reaction between dissolved oxygen and trapped electrons and are then
converted to hydroxyl radicals (OH"). The OH" is responsible for the oxidation of the organic

compounds. Figure 2.7 represents this mechanism. 343

Dye + hv — dye”

Dye”+ Photocatalyst — dye* + Photocatalyst (0

(11)
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Figure 2.6. Pictorial representation of direct dye degradation process.**

The oxidative pathway leads in many cases, to complete conversion of an organic entity to

COg2, H20, and in some instances, an inorganic acid. Table 2.2 gives the band energies and

band gaps of these catalysts.

Table 2.2. Bandgap energy of various photocatalysts.*!
Photocatalyst Band Gap Energy (eV) Photocatalyst Band Gap Energy (eV)

Diamond 54 WOs3 2.76
CdsS 2.42 Si 1.17
ZnSs 3.6 Ge 0.744
ZnO 3.436 Fe203 2.3
TiO2 3.03 PbS 0.286
Cds 2.582 PbSe 0.165
SnO2 3.54 ZrOz 3.87

CdSe 1.7 Cu20 2.172
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2.6 Cu20 Photocatalyst

A good photocatalyst should be photoreactive, capable of utilizing visible or near UV
radiation, biologically and chemically inert, photostable (i.e. not disposed to photo corrosion),
inexpensive and non-toxic.!® In the conversion of solar energy, it is essential to have a
photocatalyst that works under visible light irradiation (A > 400 nm); however such a
photocatalyst has not yet been created. Cuprous oxide has been investigated for decades for
its unique semiconductor and optical properties.*® Cu.0, a well-known p-type semiconductor
acts as a photocatalyst under visible light irradiation (<600 nm) and has shown great potential
for applications in electronics, communication, gas sensors, energy and environmental
protection because of its useful electronic and optical properties.*® In addition, the conduction
and VBedges of Cu20 are separated by a band gap energy of 2.0-2.2 eV and the oxide has a
considerable absorption coefficient (up to ~10 # cm™) in the visible-light region of the solar
spectrum.***® Cu,0 is a brownish-red colour and crystallizes in a high-symmetry cubic
structure.®® In cuprite-structured Cu,O, each oxygen is surrounded by a tetrahedron of Cu,
and each Cu has two oxygen neighbours, as shown by its unit cell model (Figure 2.6a).!

Table 2.3. summarises the physical and chemical properties of Cu,0.>

Figure 2.7.The unit cell of the cuprite Cu,O®® blue = copper, red = oxygen

18
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IUPAC name Copper (1) oxide

Synonyms Copper Copper oxide; cuprous oxide; dicopper oxide
CAS number 1317-39-1

Molecular Formula Cu0

Molecular weight(g/mol) 143.09

Appearance Yellow, red, or brown crystalline powder
Odor None

Boiling point STP2(C) 1800

Melting STP2(-C) 1235

Density (g/cm?) 6

Refractive index 2.705

Vapour Pressure Negligible

Solubility Soluble in dilute mineral acid to form copper (1) salt or
copper (I1) salt plus metallic copper; agueous ammonia
and its salts

Insoluble Insoluble in water and organic solvents

Stability Stable in dry air; in moist air oxidizes to cupric oxide

The reactivity and selectivity of a nanocatalyst can be tailored by controlling the shape,

which defines the number of atoms located at the edges or corners. Shape control can

determine the properties of a nanocrystal with great flexibility.>* The common shapes of face-

centred cubic (fcc) metals are surrounded by (111) and (100) facets and include a small

percentage of corner and edge sites (Figure 2.8). Surface energies corresponding to different

crystallographic facets usually increase in the order y(111) < yoo) < Y@10) < Y(hki), Where (hkl)

signifies high-index facets, with at least one h, k, and | value equal to two or greater.>* In the

case of crystal growth, it is suggested that the primary driver for the development of the

morphology is the reduction of surface energy. In principle, tuning the shape could be

achieved by modifying the relative order of the surface energy of the different

crystallographic facets.>® The rare occurrence of O—Cu—O 180° in linear coordination in

Cu0 gives its crystalline facets (111), (100), and (110) a unique chemical activity.>®
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cube cuboctahedron octahedron tetrahedron

decahedron icosahedron triangular plate hexagonal plate

Figure 2.8. Conventional shapes of face-centered cubic (fcc) metals, surface is enclosed by
(100) and (111) facets. Black and gray colors represent the (100) and (111) facets,
correspondingly.>*

Michael et al., (2009) have reported the synthesis of sub-micrometer-sized CuO crystals
with morphological evolution from cubic to hexapod structures using CuCl, as the precursor
and sodium dodecyl sulphate (SDS) as a surfactant and hydroxylamine (NH.OHeHCI)
reductant.>® (Figure 2.9)

Figure 2.9. SEM images of the Cu,O crystals with various morphologies: (a) cubes, (b) type
Il truncated octahedra, (c) truncated cubes, (d) type | truncated octahedra, (e) octahedra, (f)
cuboctahedra, (g) extended hexapods, and (h) short hexapods (scale bar) 1 pm.>*

20



Chapter 2

Figure 2.10 shows the XRD patterns of the different morphologies of Cu2O crystals reported
by Michael et al., (2009). The diffraction patterns clearly display a change in the relative
intensities of the (111) and the (200) peaks in relation to the morphology. As expected, cubes
show an extremely strong (200) reflection peak and a weak (111) reflection peak.>®

(110) (111) (200) 220) GIZD)
l [Extended Hexapods)|
\ &
| &

[Type Il Truncated Octahedral .
A

i [Type I Truncated Octahedral
A

L Cuboctahedra ‘ S :
| s |
Truncated Cubes m

Counts (a. u.)
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30 40 50 70 80 90
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2 B (degree)

Figure 2.10. Powder XRD patterns of the different morphologies of Cu.O crystals. A
standard diffraction pattern of Cu.O is also given.*®

Recently, many researchers®’-%8.59.%0 have studied Cu,O as a photocatalytic material because
of its following advantages:

a) Low toxicity, environmentally acceptable, inexpensive, plentiful, readily available,
and have antifouling properties when used in paints; these are the major attractions of
Cu20.%

b) Cu.0 can directly utilize visible light in the photocatalytic process, even though it is
commonly used as a sensitized semiconductor material for a solar cell fabrication.*
These properties are related to the band gap tuning of the Cu2O by factors such as
particle size. 6265

c) CuO effectively adsorbs oxygen molecules®® that scavenge the photogenerated
electrons to restrict the recombination of electron—-hole pairs, subsequently improving
the efficiency of photocatalytic processes.

Furthermore, Cu>O can act as a stable photocatalyst for the photochemical decomposition of

H.0 and generation of O, and H2 under visible light irradiation.® Therefore, it is of great

21



Chapter 2

interest to investigate the stability of Cu.O. In the field of photovoltaics, copper and copper
oxide (a metallic semiconductor) were some of the first photovoltaic cells, invented by
Pollack and Trivich in 1975.1! It has been reported that photocatalytic splitting water on
Cuz0 powder proceeded without any noticeable deactivation for more than 1900 h.*® Huang
et al. also reported that Cu2O particles with different sizes were used as photocatalysts to
directly degrade methyl orange. The results showed that the stability of Cu,O was different
under ambient atmosphere and photocatalytic conditions in solution. Cu2O nanoparticles can
readily be deactivated during the photocatalytic reaction because their photocorrosion rate is
very rapid. Therefore, it is great importance to investigate the stability of Cu,0™ and clarify
the mechanism of deactivation of Cu,0.%

Cu20 not only makes good use of visible light in the photolysis process but is also used as a
sensitized semiconductor material for solar cell fabrication; this is related to its band gap
tuning by factors such as its particle size and surface area.®®}*!2 Large surface areas can
provide more surface sites for the adsorption of reactant molecules and render the adsorption
process more efficient. Thus, porous structures with large surface areas have prospective
applications as photocatalysts.®” The band gap of a semiconductor determines its working
wavelength. Semiconductors with bandgaps that are either too large or too small are not
suitable for practical use. The reason is larger band gaps will not produce any photoreaction
while narrow band gap materials will have problems with light corrosion. Figure 2.11 shows

the band-edge positions of several semiconductors, along with the redox potentials of water.®
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Figure 2.11. Eg values (in eV) and position of CB (blue) and VB (pink) for various
semiconductors.®®
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TiO2 (3.0-3.2 eV) has a suitable band edge but its solar light consumption is limited by its
large band gap.” WOs has a small band gap of 2.6 eV, and can utilize ~12% solar light but
for the reduction of water it needs a more negative CB."* Fe;Os has a smaller band gap of 2.1
eV, which has the ability to absorb longer wavelengths, but one of its major drawbacks is that
its CB edge position is not negative enough for solar water splitting, and it needs a large
external bias to perform this function.”> Much work has been done during the past decades to
overcome these limitations in semiconductor photocatalysts, and significant progress has
been achieved.

One of the developments has been to increase the visible light photoactivity of metal oxides
with elemental doping and sensitization with small band gap semiconductors. Hoang et al.
created a CdS/TiO: electrode that exhibited good visible light photoactivity and excellent
stability without showing any CdS photodegradation.” Another improvement was the
development of a nanostructured electrode, since the nanostructure can offer a better surface
contact with the electrolyte and a smaller diffusion distance for photogenerated minority
carriers.®® Cu,0 is one of the semiconductors that has a small enough band gap of ~ 2.2 eV
and a CB that is negative enough for water splitting.

Additionally, Cu.O can effectively adsorb molecular oxygen, which can scavenge the
photogenerated electrons to maintain the recombination of electron-hole pairs, and
consequently facilitate the photocatalytic efficiency.®® Cu.O can generate electrons and holes
when irradiated by visible light.

The microstructure and morphology of Cu.O nanoparticles varies depending on the copper
source and the additives used to produce them. Zheng et al., (2009) reported the use of
Cu(CH3C0O0)2.H20 and CH3sCOOH as precursors to synthesise Cu,O particles.”* After one
hour irradiation with visible light, the Cu.O (100) and (110) facets gradually transform into
nanosheets and after 16 hour, the Cu.O microcrystals had completely changed into

nanosheets (Figure 2.12).7
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Figure 2.12. SEM images of Cu,O samples after irradiation for (a) 0, (b) 1, and (c) 16 hour.™

XRD analysis confirmed that Cu.O nanosheets are formed after 16 hour irradiation under
visible light (Figure 2.13).”* Cu,O (100) and (110) facets steadily convert into nanosheets
during the photodegradation of methyl orange (MO) under visible light irradiation. The
electrons and holes are generated when the intermediate CuO is irradiated by the visible light,
and the MO may capture the photogenerated holes. As the holes are consumed, CuO formed
on the (100) and (110) facets is reduced back to Cu20, ultimately forming Cu20 nanosheets.
With increased irradiation time, Cu>O microcrystals are completely transformed into

nanosheets.”
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Figure 2.13. (Left), XRD patterns of Cu,0O irradiated for (a) 0 h, (b) 1 h, (c) 16 h in MO
solution. (Right) schematic diagram showing charge separation among the different crystal
faces and regeneration of Cu.O nanosheets.”

By contrast with Cu.0, a drawback to the use of TiO- as a photocatalyst is its comparatively
large band gap energy (3.0-3.2 eV), allowing it to be activated only by UV radiation (A <
387nm); this greatly limits its efficiency in coupling with solar radiation, of which less than

4% occurs in the UV region. On the other hand, cuprous oxide (Cuz0) is a p-type
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semiconductor > 7® with a direct band gap of 2.2 eV and a high optical absorption coefficient
compared with TiO, allowing it to make direct use of visible light.”” "

Recently, Cu20 has shown promise as a visible light-driven photocatalyst for splitting water
and degrading organic contaminants.®® " 8 [ow toxicity, inexpensive and its environmental-
friendliness are some of the properties of Cu20 which make it a potential alternative to the
other photocatalysts such as TiO in photocatalytic degradation of organic contaminants®.
Different approaches are frequently used to overcome these disadvantages, including
elemental doping of large and small band gap semiconductors to produce the most efficient
photocatalysts. One possibility is to couple Cu2O with n-type semiconductors such as TiO:
since the two semiconductors possess matching band potentials.®? Han et al. reported
TiO2/Cu20 composite films demonstrated better photocatalytic efficiencies than TiO> and
Cu,0 alone under visible light irradiation.®® Bessekhouad and co-workers prepared
Cu20/TiO; heterojunctions via physical mixing that exhibited a higher activity for the
degradation of MB as a dye than Cu.O alone.?* Huang et al. also described Cu2O/TiO2 nano-
heterostructures based on a chemical precipitation method and reported these to show better
photocatalytic efficiencies than pure TiO, (P25).8° Xue and co-workers produced core—shell
TiO2/Cu20 heterostructures by an electrochemical method and reported that these had

excellent photoelectrochemical performances under visible light.®

2.6.1 The mechanism of photo-oxidation in Cu20

Wang et al. discussed the mechanism of deactivation of Cu.O during the photocatalyst
reactions. The thermodynamic possibility of both reduction and oxidation processes in the
photocatalyst sample is essential, and this phenomenon for Cu2O has been verified.!® The
photo-generated electrons can readily transfer to another semiconductor or be taken up by
molecular oxygen O2 and H2O. According to Figure 2.14 a type of overpotential occurs for
this reduction reaction, as shown in Egs. (13), (15) and (17). In reaction (13) the Cu2O is
reduced to Cu by electrons and the reduction reaction (15) of water to hydrogen seems to be
insignificant due to the competing reaction. On the other hand, the quantity of holes on the

Cu20 increases when the electrons are transferred and scavenged.
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Cu,0 + hv — ¢’ (CBCu,0) + h*(VBCu,0)
Cu,0 + H,0 + 2e" — 2Cu + 20H"

Cu,0 + 20H" — 2Cu0 + H,0 + 2¢’
2H,0 +2¢" — H,+ 20H"

2H,0 > O0,+ 4H" + 4e’

O,+e -0,

Chapter 2

(12)
(13)
(14)
(15)
(16)

(17

However, the holes are difficult to eliminate in the absence of other redox species, and

therefore reaction (14) will take place preferentially. On the other hand, Cu2O can also be

oxidized by the oxidizing potentials of OH" or H2O: that are more positive than those of

holes. Remarkably, in the photocatalysis of TiO2, OH" is produced while the holes oxidize

H>O. It is clear that the TiO2> VBedge level is higher than the oxidation potential of water, so

both TiO, holes and OH" are referred to “holes” without distinction.®”

0,+2H,0 + 2¢" — H,0,+ 20H"
0,+ 2H,0 + 4e" — 40H"
H,0,+0, — OH+ OH + 0,

OH’+ MO — Degradation

(18)
(19)
(20)

(21)

Whereas in the photocatalysis of Cu2O, the hole cannot be transferred to OH" because it

cannot oxidize H2O and the Cu2O VBedge level is lower than the oxidation potential of

water, more and more holes accumulate on the surface of the Cu20 so that the concentration

of holes is far greater than that of OH".
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Figure 2.14. Overview of the redox potentials of the relevant reactions with respect to the
estimated position of the Cu,O band edges.?’

2.7 The geopolymer matrix of the proposed new photocatalytic materials: Raw
materials used to make geopolymers

2.7.1 Metakaolin (dehydroxylated kaolinite)

Kaolinite is a 1:1 clay mineral which means each structural unit has one tetrahedral silica
layer and one octahedral alumina layer with the chemical composition Al2Si2Os(OH)as,
(Figure 2.15). Individual particles of kaolinite form layers held together by hydrogen bonds
and Van der Waals forces. The strength of these bonds prevents water from entering the
interlayer spaces and cause swelling.2® The dehydroxylated form of the clay mineral kaolinite
is metakaolin, formed by the reaction Al2Si2Os(OH)s — Al203.2Si02 + 2 H20. Halloysite
(Al2Si20s5(0OH)s), a hydrated form of kaolinite, loses most of its adsorbed water in the
temperature range 100-200 °C. Between 500-800 °C, kaolinite-type minerals lose their
hydroxyl water by dehydroxylation. A large amount of energy is required to remove the
chemically bonded hydroxyl ions, breaking down the crystal structure and producing an X-
ray amorphous transition phase consisting of silica and amorphous alumina in a reactive
form;® this has a high surface area, so the dehydroxylation of kaolinite to form metakaolin is

an endothermic process. Heating at a higher temperature will cause recrystallization into
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cristobalite (SiO2) and mullite (3Al203.2Si02, the higher temperature form which is more

thermodynamically stable than the lower-temperature form 2Al,03.Si0>).

Fig 2.15. Structure of the kaolinite unit *

2.8 Geopolymers

Geopolymers are alumino-silicate materials formed by the reaction of alumina and silicate
sources with an alkali metal activator. The solid source materials (typically aluminosilicates)
should be rich in Si and Al and may be by-products or waste materials such as fly ash, silica
fume, slag, rice husk ash, red mud, etc.®* Geopolymers are unique by comparison with other
aluminosilicates (e.g. aluminosilicate gels, glasses, and zeolites), since the concentration of
solids in the geopolymerization reaction is higher than in aluminosilicate gel or zeolite
synthesis.®? Geopolymers are amorphous three-dimensional aluminosilicate binder materials,
which were first discovered by Glukhovsky in the former Soviet Union in the 1950s.%? In
1979 Davidovits, a French scientist, created similar materials, giving them the name
“geopolymers”; these are a type of geopolymer containing SiO4 and AlO4 tetrahedra as the
structural units. In general, geopolymers are typically formed by reaction between an alkaline
solution (e.g., sodium hydroxide and sodium silicate) and a solid aluminosilicate source (e.qg.,
metakaolin, fly ash or slag). Currently, geopolymers are receiving increasing attention from
researchers because of their useful properties such as their strength and low environmental

impact. An important property is that geopolymer materials can be made at room temperature
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without firing; thus, an important reason for taking an interest in these materials is their low-
temperature formation and hence low energy requirement.®® Four essentials features have
been proposed for distinguishing geopolymers from other aluminosilicate systems (i.e.
zeolites, clays, etc.):%

i.  They are prepared by alkali activation of an aluminosilicate source.
ii.  They formed at temperatures between ambient and ~90 °C.
iii.  They consist of cross-linked tetrahedral Si and Al units with charge compensation
provided by alkali ions.

iv.  They are X-ray amorphous materials that display a lack of long range ordering.

In addition, due to their exceptionally high thermal and chemical stability, excellent
mechanical strength, adhesive behaviour and long-term durability, they may be used as a
viable economical alternative to organic polymers and inorganic cements in diverse
applications such as military,* aircraft,% 97-% high-tech ceramics, thermal insulating foams,*
fire-proof building materials,®* protective coatings,®® refractory adhesives!® and hybrid
inorganic-organic composites.'°%-1%2 Furthermore, early researchers have demonstrated that
geopolymers are cheap to produce and can be made from a vast number of minerals and
industrial by-products, including pozzolans,®-1% natural aluminosilicate minerals,
metakaolin, %1% fly ash and kaolinite mixtures.'%-1% Geopolymers are resistant to fire and
thermal shock and are used as a binder for the immobilisation of hazardous heavy metals and
radioactive wastes.’®® They also have very low corrosion properties compared to other
materials. Geopolymers may be modified or functionalized for applications as catalysts,'° for
purifying water'® or removing CO2, ammonia, or NOx gases from the atmosphere.’'! They
have attracted considerable attention as new, low CO. emission replacements for Portland
cement.'% Moreover, they are environmentally friendly materials from the point of view of
reducing the greenhouse effects caused by CO2 emission from the manufacture of Portland
cement.

The chemical compositions of geopolymers are similar to natural zeolitic materials, but the
microstructure is amorphous rather than crystalline.!'>32 According to Davidovits,'*3
geopolymers possess amorphous to semi-crystalline three-dimensional silico-aluminate
structures consisting of SiO4 and AlOs tetrahedra linked by sharing all the oxygen atoms,
giving units that can be designated as poly-sialate (-Si-O-Al-O-) (Si:Al = 1), poly-sialate-
siloxo (-Si-O-Al-0-Si-O-) (Si:Al = 2), poly-sialate-disiloxo (-Si-O-Al-O-Si-O-Si-O-) (Si:Al
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= 3), and sialate units (Si:Al > 3). Sialate is an abbreviation for silicon-oxo-aluminate. The

empirical formula for the geopolymer matrix is:
M; {-(Si0,),-AlO, -}

where M* = an alkali cation (K*, Na*) to balance the negative charge of A" in IV-fold
coordination, n = the degree of polymerization and z = the Si/Al ratio. By varying the Si/Al
ratios (i.e. z = 1 to 300),1** geopolymers exhibit different properties; low ratios (i.e., Si/Al <
3) result in three-dimensional cross-linked rigid networks and stiff and brittle properties (as in
cements and ceramics), while high ratios (i.e., Si/Al >3) result in 2-D networks and linearly
linked polymeric structures with adhesive and rubbery properties, respectively.

Geopolymers appear to be good candidates as binders for ecologically friendly concrete,
because of their durability. Furthermore, geopolymers can be used in concrete instead of
Portland cement to give “green” concrete. Geopolymer cement concretes (GPCC) are
geopolymer composites with the potential to form a substantial element of environmentally
sustainable construction, by replacing or supplementing conventional concretes. GPCCs have
high strength, with good resistance to chloride penetration, acid attack, etc.! Geopolymer

concrete has emerged as a new technology in construction materials.*®
2.8.1 Mechanism of Geopolymer Formation (Geopolymerization)

Geopolymerization is an exothermic process that proceeds via oligomers (dimers, trimmers)
which are the fundamental unit structures in the three-dimensional macromolecular
structure.!*® Davidovits suggested that geopolymerization could be regarded as the analogue
of synthesis of zeolites.!'” In other words, the geopolymer microstructure is amorphous or
semi-crystalline rather than crystalline.!*” The process of geopolymerization, represented
schematically in Figure 2.16,°! is proposed to occur by a complex series of concurrent and

coupled reactions, the mechanism of which is thought to involve several key processes.®? 106
117

I.  The generation of reactive species by alkali activation; this is the dissolution of
amorphous phases (e.g., aluminosilicates) by alkali to produce small units of reactive

silica and alumina.
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Il.  Reorientation, which is the transportation or orientation or condensation of precursor
ions into oligomers, and
1. The actual setting reaction, which is the polycondensation process leading to the

formation of amorphous to semi-crystalline aluminosilicate polymers.

However, these three steps can overlap with each other and occur almost simultaneously, thus
making it difficult to isolate and examine each of them separately.!'? The following two

reactions can illustrate the schematic formation of geopolymer materials.

]

n{DH},_-Si-D-Ail'-D-Si-{GH]J + NaOH or (KOH) — {Na*,K*]-[-S[i-D-A|1'-G-SIi-O-] +anH,0 (1)
o P Tl

{Geopolymer backbone)

n{Si,0.,ALO,) + 20510, + 4nH,0 + NaOH or (KOH) — Na" K+ n{OH),-5i-0-AI-0-Si-(OH), (11)
{5i-Al materials) I
(OH),

{Geopolymer precursor)

The two above reactions suggest that any material that contains mostly silica and alumina in

an amorphous form is a possible source for the production of geopolymers.
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Figure 2.16. Sketch of the typical reaction mechanism of geopolymerization.

During the dissolution step, both Si and Al species are produced when Si-Al raw materials
come into contact with the alkaline solution.'!® The concentration of the alkaline solution, the
alkali metal cation (e.g., Na*, K*), the mixing rate and time, and the intrinsic structure and
composition of the Si-Al raw materials are the main factors controlling the generation of the
Si and Al species. It has been suggested that the concentration of the alkaline solution and the
intrinsic properties of the Si-Al raw materials are the dominant factors in this reaction step.!8
The reorientation step involves the dispersion of dissolved Si and Al species (e.g., Al¥*, Si**)
into the oligomers, followed by the formation of a gel from the oligomers in the aqueous
phase, producing relatively large networks by condensation.? 1° Once the dissolved AI** and
Si** species on the surface of the source Si-Al materials are removed, further leaching of
reactive Al and Si species from the raw materials occurs.

Throughout the solidification step, the gelation process continues to rearrange and reorganize
the product, increasing the connectivity of the gel network and resulting in the amorphous or
semi-crystalline three-dimensional aluminosilicate network commonly attributed to the
geopolymer. At this stage, the temperature and air circulation are two major factors

determining the properties of the final geopolymeric products.*'® These three major steps
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occur simultaneously; for instance, during the solidification step, both dissolution and
reorientation are also occurring.*?

The resulting monolithic solids consist of cross-linked polymeric sialate chains of
tetrahedrally coordinated Si and Al units linked by O. These tetrahedral SiO4 and AlO4 units
have well-defined coordination geometries but form an extremely disordered network, shown
in Figure 2.17.1%°

The alkali cations remain in the structure in irregular sites within the networks cavities. They
take a range of hydrated states and provide the charge balance to the AlO4 or Si-O-Si bridges
depending on the amount of free OH in the geopolymer structure.?® Although a significant
quantity of the initial water content is lost during gelation and hardening due to evaporation,
large quantities are also retained as free and exchangeable water within the porous

microstructure of the monolith.
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Figure 2.17. (a) Proposed model for the location of the charge balancing Na* cation that
assumes the form of a semi attached Na aluminate species. (b) Proposed model for the site
of the charge balancing Na* cation that assumes the form of a modified bridging network. (c)

proposed a schematic structural model of AIP structure based on an original model by
Barbosa et al.'*
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2.8.2 Characteristics of geopolymers

A principal characteristic of geopolymers cured at ambient temperatures is that they are x-ray
amorphous. The XRD patterns of well-cured geopolymers do not normally show sharp peaks
but present a large hump in the background at around 30 °20. A typical pattern is shown in

Figure 2.18. The peak labelled “Q” is a quartz peak, from an impurity in the clay reactant.
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Figure 2.18. Typical XRD spectrum of a GP.'?2 Q = quartz (PDF no.33-1161)
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Geopolymers can be produced with various microstructures depending on the Al: Si ratio;
two and three-dimensional cross-linked geopolymer structures are formed in compositions of
high aluminium and silicon contents respectively. Because of the various microstructures,
different mechanical and physical properties can be achieved.’®® Since XRD cannot
determine the coordination state of atoms in amorphous materials, 2’Al and 2°Si solid state
nuclear magnetic resonance spectroscopy with magic angle spinning (MAS NMR) must be

used to provide this information.*?*

2.8.3 Application of geopolymers as photocatalytic materials

Geopolymers derived from clay minerals can maintain elements of the layered structures and
large surface areas of the precursor with the ability to absorb organic substances on both their

external surfaces or within their internal spaces.?®

In a potential application to decompose hazardous atmospheric pollutants, Tirado et al. 126127

have used an ion exchange procedure to incorporate photoactive TiO: into an aluminosilicate
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geopolymer (geopolymer). TiO2 and TiO2-based nanomaterials are noted photocatalysts for
effective treatment of wastewater polluted with toxic organic compounds. In another study,
Cerney et al. 1?® have reported a simple method for the preparation of photocatalytically
active layers of metakaolinite-based geopolymer composites containing TiO> powders
deposited on steel plate substrates. In both these studies the photoactive element was TiO>
and the geopolymer acted as the supporting matrix. In addition to geopolymers, other porous
matrices that have been used for supporting TiO; particles include silica 12 1% alumina 3%
132 “activated carbon 133 134 clays and zeolites 1¥-137, The use of high surface area supports in
conjunction with nanoparticle oxides provides more efficient adsorption sites by comparison

with bare TiO,.1%8

Tirado et al. prepared metakaolin-based geopolymers at different temperatures and ion-
exchanged them with solutions of (NH4)2TiO(C204)2.H20. This ion-exchange method
incorporated the anatase form of TiO; particles inside the geopolymers.*'® The EDS of these
materials (Figure 2.19) showed that the exchanged surfaces prepared at 90 °C from the NHa-
geopolymer contained a greater percentage of titanium than samples prepared from the Na

form of the geopolymer at same temperature.

b Elem Wt % At% || ——F—— Elem Wt % At%
0 27.67 56.45 o] 43.72 67.37
Na 1.83 26 Al 12.34 11.27
Al 4.81 5.82 1 s 18.43 16.17
Si 9.34 10.85 Au 20.55 257
Au 27.38 4,54 Al K 0.46 0.29
" Ti 28.96 19.73 Ti 451 232
:lii

1.60 3.20 as0 6.40  8.00 9.60 11.20 1280 14.40 16.00 1.60 3.20 4.80 6.40 8.00 960 11.20 1280 14.40

Figure 2.19. EDS element quantification of Ti ion-exchanged GPs: (right) 90 °C Na GP, (left)
90 °C NH,.1%0

Figure 2.20(a) shows that TiO: is present as anatase in the composites, in different amounts
as reflected in the XRD peak intensities. The UV—Vis reflectance spectra reported by Tirado
et al. (Figure 2.20(b, c)) show differences between the reference and ion-exchanged
geopolymers. The blue shifts in UV-visible spectra demonstrated the growth of TiO>
nanoparticles inside the micropores of the geopolymer which is related to quantum size
effects of the TiO particles. The presence of micropores and mesopores of <5 nm size in the
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geopolymers formed at 90°C restricts the TiO. particles growing inside them to nanoscale
dimensions.

The rate of degradation of MB by the sample with the highest amount of TiO> compared with
the blank geopolymer highlighted the photoactivity of the TiO2 particles inside the pores of

the ion-exchanged geopolymer.*°
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Figure 2.20. (a) XRD pattern of powdered ion-exchanged GPs, (b) UV-Vis reflectance
spectra of 90 °C Na-derived GP and 90 °C NHs—derived GP, (c) Photoactive bleaching of
MB by TiO. particles in Na-derived GP.1°

On the basis of the effectiveness of these geopolymer-TiO2 composites, it is thought that by
inserting Cu20 particles into a geopolymer matrix, the resulting composite photocatalyst with
a direct band gap of 2.17 eV should have the ability to show good photocatalytic activity in
visible light and result in a material suitable for efficiently degrading toxic organic

compounds.

2.9 Modification of the geopolymer matrix

Recently, clays such as kaolinite, montmorillonite, sepiolite, and mica have attracted much

interest due to their high surface area and porosity, layered structure and high adsorption
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ability 1%, Kaolinite is a clay with strong interactions between the layers, with both cationic

140 Moreover,

and anionic charge on the upper and the lower surfaces of the layers
dehydroxylated kaolinite reacts with alkali silicate solution under highly alkaline conditions
to produce geopolymers (geopolymers) that are X-ray amorphous and consist of a random

141 3s described in

three-dimensional tetrahedral network of aluminate and silicate units
Section 2.8. Immobilization of nanoparticles on the inner and outer surfaces of these
geopolymer matrices has the potential to produce improved heterogeneous photocatalysts.
The role of these nanocomposite matrices is of great interest in the study of photocatalytic
reactions for the removal of organic pollutants.}*? Nano-composite matrices can adsorb
organic substances either on their external surfaces or within their layer spaces via
interactions or exchange reactions.”® One possible method for increasing the porosity and
surface area of the composites by the use of a surfactant such as a large quaternary
ammonium ion in the synthesis process. The modification of clays with quaternary
ammonium ions has been reported by many research groups since the 1950’s (de Paiva et
al.,*® Jordan et al.,***). Organic compounds in aqueous solution are inserted in the interlayer
of the clay mineral during cation exchange. The amount of exchange is specified by the
hydrocarbon chain length and can be equal to or greater than the cation exchange capacity
(CEC) of the clay.*® 1% In general, synthesis and characterization of photocatalytic TiO
pillared clays, especially of montmorillonite type, by the use of small amounts of a
quaternary ammonium ion has been reported extensively. The clay modification process not
only expands the layers and controls the size of the clays but also can produce a hydrophobic
photocatalyst composite.®: 76 145-150

In 1986, TiO pillars (anatase) were formed between the montmorillonite layers by Johan
Sterte.’® The TiO-cross-linked montmorillonite was prepared by dispersion of the
montmorillonite powder into the distilled water, with a cross-linking agent of TiCls in HCI.
The mixture was then aged for 16 h and separated by centrifuging. The surface areas were in
the range of 200-350 m?/g and pore volumes were about 0.2 cm®/g, as determined by No-
desorption pore size analysis. The surface area increased, and the pore volume decreased with
increasing HCIl-concentration in the Ti-solution. A further increase of Ti added resulted in a
reduction in surface area, but the pore volume and the uptake of TiO. remained almost
constant. %

Later in 1999 Ooka et al.'>? prepared a novel pillared montmorillonite with crystallized TiO.

that showed effective photocatalytic activity. The synthesis was hydrothermal and the
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porosity of the pillared clay was retained. The pillared montmorillonites exhibited higher
catalytic activity by decreasing the TiO2 pillar size.'>?

In 2002, Zhu et al.**® reported the formation of bentonite pillared with a mixed solution of
silicon and titanium hydroxides treated with quaternary ammonium surfactants. They found
that titanium in these samples was highly dispersed in the silica matrix rather than existing in
the form of small particles of pure titania. Excellent activity for catalytic oxidation reactions,
increased porosity and improvement in thermal stability were reported to result from this
surfactant treatment. >3

Miao et al. successfully prepared titanium tetrabutyloxide by impregnating the interlayers of
montmorillonite (MMT), followed by hydrolysis of the precursor in water and calcination at
500 °C. XRD and electron microscopy showed that the layered structure of MMT was
destroyed in the composites. High-resolution transmission electron microscopy revealed the
loading of TiO; particles in the exfoliated layers of the MMT. The samples also exhibited
highly efficient removal of MB due to the adsorptive capacity of MMT and the catalytic
degradation ability of TiO, for MB.**®

Yan et al. reported the adsorption of benzoic acid from water on CTAB-exchanged
montmorillonite. The largest adsorption was achieved at pH 9, and the adsorption kinetic data
were fitted by a pseudo-second-order equation. The results confirmed that CTAB-
montmorillonite is a potential adsorbent for benzoic acid.*>*

Kibanova et al. reported a new method for the synthesis of photocatalytically active small-
sized TiO2 supported on hectorite and kaolinite. This method deposited the TiO2 on the clay
mineral surface by a sol-gel process using titanium isopropoxide as a precursor. The
synthesized clay-TiO> composites were compared with pure commercial TiO. (Degussa
P25). The results showed that the photocatalytic activity of the anatase phase TiO2 composite
was similar to that of commercial P25 Ti0,.1%®

Recently, Wang et al. developed a new method for immobilizing nano scaled TiO, on the
surface of montmorillonite clay. The CTAB cationic surfactant was inserted into the
montmorillonite clay by ion exchange and physical adsorption processes, then the as-
prepared TiO> solution was dispersed on the external and internal surface of the product after
removal of the surfactant. These authors suggested that the cationic surfactant has a
templating role, and can control the contents of the composite. The photocatalytic activities
of these TiO2 composites were higher than that of P25. The method consists of the
modification of the montmorillonite with the surfactant and then the formation of the TiO>

particles. According to their schematic model, as shown in Figure 2.21, montmorillonite has
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two siloxane tetrahedral sheets sandwiching an aluminum octahedral sheet with a negative

surface charge on the clay. The cationic surfactants increase the surface area of the clay and

the TiO; particles hydrolyze and condense around or on the surface of the surfactant.’*® Nano

scaled TiO> particles were created both on the surfaces and in between the montmorillonite

layers, as shown by the high-resolution TEM image (Figure 2.22) of the intercalation of the

titanium species between the layers of the clay. TiO2 is present both in the internal and

external surfaces of the clay.”

ion exchange

h
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Figure 2.22. (a,b) TEM images of Ti(25)C16(1.0)-MMT sample calcined at 600 °C."®

All these applications involve the formation or modification of a crystalline structure, but to

our knowledge, CTAB has never previously been used to modify an X-ray amorphous
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material such as an aluminosilicate geopolymer. One part of this work was intended to
exploit the ion-exchange properties of geopolymers by replacing the monovalent charge-
compensating ion by the much larger CTAB, thereby expanding the pore structure and
facilitating the entry of the photoactive Cu2O and/or P25 titania deeper into the structure. It
was also hoped that the presence of the CTAB might modify the mechanism by which the
photoactive oxides are attached to the geopolymer matrix, and help to stabilize the pH of the
solution, allowing the dye removal processes containing adsorption and photodegradation to
be separately measured.
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Chapter 3
Methodology
This chapter describes the experimental details, chemicals, materials and characterization

techniques used for this research.

3.1 Preparation of Sodium-Geopolymer (Na-GP)

The geopolymer matrix was prepared from New Zealand kaolinite-type halloysite clay
(Imerys Premium Grade) dehydroxylated at 600 °C for 24 hour, sodium hydroxide (BDH
reagent grade) and sodium silicate solution (FERNZ Chemical Co, NZ, Type “D”, Na,O/SiO>
= 0.48, solids content=41.1 mass %). These constituents, formulated to the molar oxide ratio
SiO2/Al03=2.91, Na20/Si02=0.34, Na,O/Al,03=1.01 and H20/Na,0=10.12 were
mechanically mixed for 15 min. before transferring to cylindrical plastic molds and vibrating
for 15 min. to remove entrained air. The sealed composites were then cured for 12 hour at 40
°C and after unsealing, dried for another 12 hour. The prepared geopolymers matrix was
finely ground and stored in sealed plastic bags for characterization. This molar composition
has been reported*?’ by Clelio et al. to produce geopolymers with optimal mechanical

properties.
3.2 Synthesis of Cu20 nanoparticles

Three published synthesis methods for Cu2O were investigated as outlined below: these were
the precipitation method of Bai et.al **’which produces cubic crystallites, the method of Luo
et.al % which gives octahedral crystallites, and the method of Shah et.al.™®® which gives
spherical crystals. Although all three syntheses are reported to produce nanosized crystals,
only the the method of Bai et al. was found to give nanoparticles with an average size of ~
80-150 nm; for this reason, this method was adopted because it was the only one that
produced nanosized particles, and was a facile synthesis involving a lower synthesis

temperature.
3.2.1 Synthesis of cubic Cu20 particles

An aqueous solution of copper acetate, Cu(CHsCOO)2..H.O (May and Baker) and
polyvinylpyrrolidone (PVP, K30, MW 10,000, Sigma-Aldrich) was stirred vigorously,

producing a blue suspension after dropwise addition of NaOH solution. The colour of this
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suspension progressively changed from blue to green, and after stirring for 30 min., to orange
upon dropwise addition of a solution of ascorbic acid, CeHsOs (Fisher, AR grade). The
precipitate was then centrifuged, washed three times with deionized water and dried in air.
The PVP surfactant is used to kinetically control the growth of the single crystal nanocubes,
since surfactants play an important role in the development of the average size and
morphology of nano crystals. When added to the solution, the active surfactant molecules are
adsorbed on to specific crystal planes of the developing nano crystals. The shape of the
crystal and the growth habit of the crystal planes are related to the type and amount of

surfactant used.®’
3.2.2 Synthesis of octahedral Cu20 particles

The synthesis was carried out by a simple solution-phase reduction system in which
CuCl2.2H,0 (Alfa), is reduced by AR grade glucose and NaHCOs. The non-ionic surfactant
octylphenyl ether Triton X-100, (x =100, Pure Science) was used as a capping agent to form
the hybrid building blocks. Uniform octahedral polycrystals precipitated from the resulting
blue—green mixture after heating at 60 °C for 4 hour under constant magnetic stirring. The
solution was centrifuged at 4000 rpm for 15 min., and the orange precipitate was rinsed

several times with distilled water and dried at room temperature for 12 hour.
3.2.3 Synthesis of spherical Cu20 particles

Polycrystalline spherical Cu2O particles were synthesized at 140 °C without any surfactant or
additives. Copper metal powder was added to distilled water, sonicated for about 25 min. and
transferred to a stainless steel bomb that was sealed under ambient conditions. The bomb was
then placed inside a preheated furnace at 140 °C for 15 hour. The resulting suspension was

centrifuged, washed and dried at room temperature.

Since the spherical and octahedral Cu,O products were found by SEM analysis to be in the
sub-micron size range, whereas the cubic oxide nanoparticles were of nanometer size, the
latter were chosen for incorporation into the geopolymer matrix. Another advantage of the

cubic Cu20 is its room- temperature synthesis, making it more ecologically friendly.
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3.2.4 Another Method for Synthesising Cu20 Nanoparticles: The Gas
Reduction Method

3.2.4.1 Preparation of brochantite (CusSO4(OH)s)

The first step in this synthesis was the preparation of brochantite (CusSO4(OH)s), as follows:
1.0 M NaOH solution was very slowly (~1 drop every 3 s) added to a 1.0 M aqueous of
copper sulphate solution. The solution was stirred magnetically throughout the titration and
the stirring continued for an additional 30 min. The reactant was heated to 60 °C on a hotplate

throughout the titration and stirring period. The product was filtered and air-dried.

3.2.4.2 One-step synthesis of tenorite (CuO) nanoparticles from Cu4(SO4)(OH)e

by a direct thermal-decomposition method

The product from the above step was calcined in air in a muffle furnace for 6 hour during
which time the temperature was raised from 120-750 °C to form CuO nanoparticles. The
reaction pathway of the thermal decomposition of brochantite to CuO includes thermal

dehydration and desulfuration processes (Eqgs. 22—24).1%°

80-170 C

Cu(S0),(OH), xH,0 — CuSO,.3Cu(OH), +xH,0 (22)
250-400 C

CuS0,.3Cu(OH),  — CuSO,.2Cu(OH), +CuO +H,0 (23)
610-700 C

CuSO,.2Cu(OH), — 3Cu0+2H,0+50,+ %0, (24)

3.2.4.3 Formation of stable Cu20 by reduction of CuO nanoparticles

The loose CuO powder was loaded into an open tube with an inner diameter of 2 cm. One
end of the tube was connected to an inlet with a gas mixture of 5% H> and 95% N2 (99.999%
purity) while the other end was connected to a flow meter. The powder was heated in the tube
furnace from room temperature to 250 °C for 135 min. Every 45 min. a small fraction of the

produced precursor was collected for analysis.
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The Cu0 particles prepared by this method was not chosen for the continuing experiment
because the preparation method was time-consuming and requires a temperature of about 750
°C, militating against one of the main objectives of this research which was to prepare eco-
friendly materials.

3.3 Synthesis of spherical Cu20/TiO2 nano-heterostructures

Representative CuO/TiO2 nano-heterostructures were prepared by an alcohol-aqueous based
chemical precipitation method reported by Huang et al.:®

A calculated amount of copper acetate (May and Baker AR grade) was dissolved in 100 ml
absolute ethanol to form a deep green solution and stirred for around 30 min. sufficient TiO>
(Degussa P25) was added to this solution such that the mass composition of the
heterostructure was 50/50 Cu.O:TiO2 and the solution was sonicated to achieve a uniform
suspension. 100 ml aqueous glucose solution was then added drop wise to the suspension
heated at 60°C in a water bath, followed by the drop wise addition of NaOH dissolved in
70 ml absolute ethanol and 50 ml distilled water. The resulting yellow precipitate was
centrifuged from the solvent and washed several times with distilled water to remove residual

acetate, glucose and NaOH. The light orange product was then oven-dried at 50 °C overnight.
3.4 Preparation of Na-Geopolymer Composites Containing Cu20

The photocatalytic geopolymer/Cu,O composites were prepared by blending the uncured
geopolymer mixture, prepared as described in Section 3.1, with 10, 20 and 30 wt% of cubic
nano crystalline Cu2O powder prepared as described in Section 3.2.1, stirring for 15 min.
before transferring to cylindrical plastic moulds and vibrating for 15 min. to remove entrained
air. The composites were then cured for 12 hour at ambient temperature, finely ground and
stored in sealed plastic bags. In an alternative approach, an attempt was made to synthesize
the geopolymer/Cu,0 composites by mixing the matrix and Cu,O-forming reagents in situ in
a single step; this was abandoned however because of the high water content which militated
against the formation of a well-reacted geopolymer as determined by 2’Al and 2°Si MAS
NMR spectroscopy.

3.5 Preparation of Na-Geopolymer Composites Containing Cu20/TiO2

The photocatalytic geopolymer/Cu,O/TiO> was prepared as described in section 3.4 except
that the 10, 20 and 30 wt% nanoparticle oxide additions were of Cu2O/TiO2 nano-
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heterostructures synthesised as described in Section 3.3. For comparison, a corresponding set

of composites containing only P25 titania was synthesized and tested.
3.6 Preparation of CTAB-Modified Na-Geopolymer Matrix

The CTAB-modified geopolymer matrix was synthesised by mixing together New Zealand
kaolinite-type halloysite clay (Imerys Premium Grade) dehydroxylated at 600 °C for 24 hour,
sodium hydroxide (BDH reagent grade) and sodium silicate solution (FERNZ Chemical Co,
NZ, Type “D”, Na,O/SiO; = 0.48, solids content = 41.1 mass %), in proportions such that the
molar oxide ratio was SiO2/Al,03 = 2.91, Na,O/SiO2 = 0.34, Na2O/Al>03 = 1.01, H2O/Na20 =
10.18. A calculated amount of cetyltrimethylammonium bromide (CTAB) (Merck) based on
the cation exchange capacity of the starting clay was added and the resulting paste mixed for
15 min. before transferring to cylindrical plastic moulds and vibrating for 15 min. to remove
entrained air. The moulds were then sealed and their contents cured for 12 hour at 40 °C,

unsealed and dried for 12 hour.
The quantity of CTAB added to the geopolymer matrix was determined by:

f: MCation (25)
CECM,_, GMW._ . X

clay Cation

where fis the fraction cation exchange capacity (dimensionless), Mcation the mass organic
cation required to achieve desired fraction of CEC (mass), CEC the cation exchange capacity
of clay (equivalents/mass), Mciay the mass clay (mass), GMWcation the gram molecular weight
of organic cation (mass/mol) and X is the moles of charge per equivalent = 1 mol/equiv. for

the cations used in this study (mol/equiv.).°

3.7 Preparation of CTAB-modified Na-Geopolymer Composites Containing
Cu20

The CTAB-modified geopolymer-Cu2O photocatalyst composite was prepared by powdering
the matrix geopolymer and dispersing it as a 1% suspension in distilled water. To this
suspension, after stirring for 2 hour at ~ 50 °C, was added 10, 20 and 30 wt% of cubic nano
crystalline Cu2O powder prepared as described in Section 3.2.1, stirring for 15 min. before
transferring to cylindrical plastic moulds and vibrating for 15 min. to remove entrained air.
The composites were then cured for 12 hour at ambient temperature, finely ground and stored

in sealed plastic bags.
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3.8 Preparation of CTAB-modified Na-Geopolymer Composites Containing

Cu20/TiO2

The procedure for preparing the photocatalyst composite of CTAB-modified geopolymer
with Cu20O/TiO: followed the method described in the section 3.7 except that the 10, 20 and

30 wt% nanoparticle oxide additions were of Cu20/TiO2 nano-heterostructures synthesised as

described in Section 3.3. For comparison, a corresponding set of composites containing only

P25 titania was synthesized and tested.

3.9 Sample Characterization Techniques

A number of techniques were used to characterise the crystalline phases, surface

morphologies, and molecular structure and photocatalytic properties of composites. The

instruments employed in this research are shown in Table 3.1.

Table 3.1. List of instruments used in this work.

Test
X-ray diffraction (XRD)

Scanning Electron Microscopy (SEM)

Transition Electron Microscopy (TEM)
Fourier Transform Infrared Spectroscopy (FTIR)

Nuclear Magnetic Resonance Spectroscopy (MAS NMR)
UV-Visible spectroscopy
Brunauer—Emmett-Teller (BET)

Nuclear quadrupole resonance (NQR)

3.10 Powder XRD Analysis (PXRD)

Model
PANalytical X Pert

JEOL 6500 F, JEOL JSM-
6610 LA

JEOL 2010, JEOL 2100 F
Perkin-Elmer model 2000

Bruker Avance 500
Agilent 8453
Micromeritics ASAP 2010

Chemagnetics CMX

XRD is an important method used for structural studies including crystal imperfections,

preferred orientation in polycrystalline sheets and the network of atoms in solids. X-rays are
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electromagnetic waves, but have smaller wavelengths (10° m) that are of the same
magnitude as the interatomic spacing in crystals. Using XRD, crystallographic phases can be
identified and quantitatively determined in materials such as metals, clays, ceramics or
mineral mixtures. 6!

XRD is based on the diffraction of x-rays from crystalline phases containing long-range
order, hence characterization of amorphous phases with diffuse scattering patterns is not
possible. Amorphous phases in such materials appear as broad humps and a raised
background rather than well-defined peaks. However, the presence of a broad amorphous
hump allows this technique to indicate the presence of the amorphous geopolymers. Any
partially reacted crystalline phases still present in geopolymers will also be detected as sharp

peaks, or as peaks related to the mineral phases present as impurities in the reactants.

3.10.1 Basic Principles

The x-ray beam interacts with a crystalline substance and the reflection of the beam results in
a characteristic diffraction pattern of intensities at particular diffraction angles. Subsequently
each crystalline material produces its unique diffraction pattern; each crystalline phase can be
identified or determined within a substance containing multiple crystalline phases. X-ray
patterns of pure substances are therefore like fingerprints. The resulting pattern is
characteristic of the sample material and thus can be used for the identification by
comparison with a pattern database. By measuring the spacing of the lines in the diffraction
pattern, identification of the size and shape of the unit cell are achieved. The Bragg equation
(eq. 26) is the central equation in analysing the results for a powder diffraction experiment.*6?
X-rays are effective for analysis of crystal structures because their wave lengths of about 1A
are of the same order as the spacing of atomic planes in crystalline materials. One of the most
commonly used interpretations of XRD is the Bragg Reflection Analogy, which describes the
uniqueness of XRD in terms of the reflection of X-rays by planes of atoms in minerals.
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Incident X-rays

Figure 3.1. XRD by lattice planes. Schematic illustration of Bragg’s Law.53

XRD analysis is based on the principles of XRD by a diffraction grating. Suitable “gratings”
for x-ray beams are the planes of atoms in the crystal structures of crystalline phases. Without
any diffraction effects, the incidence of a primary x-ray beam onto a sample volume would
produce scattering in all directions. The directions in which the reflections can be observed
depend on the intervals between the lattice planes scattering x-ray beams and interference of
the scattering by scattering from neighbouring lattice planes.®

The most common expression of Bragg’s Law is given by:

nA=2dsin6 (26)

Where A is the wave length of the X-rays, d is the distance between parallel atomic planes, 0
is the angle between the incident rays and parallel atomic planes, and n is an integer. The
values of d and the number and types of atoms in each plane are unique for every mineral.
Since each mineral has its specific spacing of interatomic planes in three dimensions, the

angles at which diffraction occurs can be used for identification.®*

3.10.2 Preparation of the XRD Sample

Phase analysis of powders using XRD requires sample preparation. To prevent contamination
of the samples and give deceptive results, it is necessary to work in a clean environment. The
solid pieces of starting material must be powdered using a mortar. Ideally the particles should
not be larger than about Sum; a good indication of sufficient fineness is when the powder
feels floury. The sample holder is filled with a slight excess of powder which is then
compressed using a clean glass microscope slide. It is important that the powder is only

pushed down; sliding or turning the glass slide across the powder bed should be avoided to
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prevent preferred orientation of crystals. To check if the powder is attached to the holder, it

can be gently tipped.

Amorphous phases in geopolymer materials appear as broad humps in the background.
However, the presence of such a broad amorphous hump allows this technique to indicate the
presence of the amorphous geopolymers. Data were collected from powdered samples using a
Panalytical Pro MPD diffractometer with CuKa-radiation and a PIXcel detector. Scans were
determined in the region 10-80 °26 with a 0.013 °step operated at 45 kV and 40 mA. The
details of the identified crystalline phases and reflection data for the principal components

encountered in the present samples are summarized in Table 3.2.

Table 3.2. Assigned crystalline phases and measured reflections

Crystalline Phase | JCPDS File No. | Measured 26 (hkl) d-Spacing
degrees for Cu nm
Kalpha
Cristobalite 01-075-0923 21.96 (101) 0.28
Quartz 01-078-2076 26.75 (100) 0.34
Cu20 (Cubic) 01-073-6237 29.41 (110) 0.30
36.28 (112) 0.24
42.18 (200) 0.21
52.39 (211) 0.17
61.30 (220) 0.15
73.49 (311) 0.13
77.35 (222) 0.12
TiO2 (Rutile) 04-006-1919 27.51 (110) 0.33
36.15 (101) 0.25
41.31 (112) 0.22
44.13 (211) 0.20
54.01 (210) 0.16
54.34 (211) 0.17
56.68 (220) 0.16
62.78 (002) 0.15
64.09 (310) 0.15
TiO2 (Anatase) 00-021-1272 25.37 (101) 0.35
37.02 (103) 0.24
37.89 (004) 0.24
38.62 (112) 0.23
48.13 (200) 0.19
55.05 (211) 0.17
55.15 (211) 0.17
68.76 (116) 0.14
70.31 (220) 0.13
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3.11 Scanning Electron Microscopy (SEM)

SEM is electron microscopy that images the sample surface by scanning it with a high-energy
beam of electrons. The electrons interact with sample, producing various signals including
secondary electrons, and back-scattered electrons, characteristic X-ray signals that contain
information about the sample surface topography (e.g. microstructure or a composition).

From these signals we can image the sample and determine atomic composition. The SEM

can produce images with a resolution up to 1 nm.*%*_ENREF 120

3.11.1 Energy-dispersive X-ray Spectroscopy (EDXS)

Highly energetic electrons re-emitted from the sample surface after being scattered within the
specimen. In backscattered imaging mode regions with higher average atomic number
appears brighter than regions with lower average atomic number.

EDXS is a type of X-ray detector used for quantitative elemental microanalysis.!®* Areas of
interest of a sample are exposed to the atoms in the sample have unexcited electrons (or
electrons in ground state) in their electron shells. The highly energetic beam excites these
electrons and forces them into a higher energy level (higher shell) which causes an electron
gap. This gap is filled by another electron from a higher energy level (higher shell). The
energy difference between these two shells is expressed by the emission of specific x-ray
radiation characteristic of the energy difference. Every element has a specific x-ray radiation
energy if its electrons are excited in this way which can therefore be used as a “fingerprint”
or unique identifier.

SEM images of the geopolymer composites and oxide nanoparticles were acquired under
high vacuum using high and low resolution analytical SEM. The probe current was 15 kV,
and the working distance was 10 mm. The sample powders were placed on carbon tape
attached to an aluminium stub and coated with 7-9 nm carbon using high-vacuum carbon
coater. Elemental analysis was achieved by the EDXS unit operating in the backscattered

mode.

3.12 Transition Electron Microscopy (TEM)

TEM images were obtained using a JEOL 2010 or JEOL 2100 F electron microscope with an
integrated EDXS detector and operated at 200 keV. For sample preparation the powdered

sample was suspended in 5 ml absolute ethanol, and the suspension was dropped onto 400
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mesh ProSciTech copper grids and 200 mesh ProSciTech gold grids with a holey carbon film.
Lattice fringes and selected area electron diffraction (SAED) measurements were performed

and analysed using Digital Micrograph software.

3.13 Fourier Transform Infrared Spectroscopy (FTIR)

Infra-red spectroscopy exploits the interaction of infrared radiation with matter, whereupon
absorption takes place, which then causes the chemical bonds in the material to vibrate. The
functional groups present in the constituent molecules absorb infrared radiation at diagnostic
frequencies. Thus, the structure of an unknown molecule can be determined by its infra-red
spectrum.®® Infra-red spectroscopy provides molecular structural information by determining

the frequency of the vibrational modes of a compound.

3.13.1 FTIR Principle

When IR radiation interacts with a compound at the proper frequency, it results in the transfer
of energy to the molecule.'®® When the frequency of the IR radiation matches the vibrational
frequency of a functional group in a compound, absorption occurs. Absorbing of this energy
causes the molecule to transition between two vibrational energy levels.

IR spectroscopy has three typical spectral regions based on wavelength. The infrared region
is subdivided into the near infra- red, infrared and far- infrared spectrum.¢’

The IR spectrum records absorbed light which tells how energy was absorbed at each
wavelength when the IR radiation passes through the sample. The fingerprint region is 1450
to 600 cm™ and is unique to a given molecule. Absorption bands in the region 4000 to 1450

cm* are known as the group frequency region.®®_ENREF 123
3.13.2 FTIR instrumentation
An FTIR spectrophotometer has four main components, namely, a radiation source, analyser,

detector and electronics for signal processing which can change according to the instrument

type and application.*6°

51



Chapter 3

t Moveable mirror

Beam splitter

i IR source | — ’I Fixed mirror

Figure 3.2. Diagram of an FTIR spectrophotometer. 168

The IR radiation source consists of a Nernst glower or a Glowbar unit (silicon carbide rod).
The interferometer combines the separate waves together. The monochromatic light, after
being split into two beams, is then recombined to form a visible pattern of areas of
constructive and destructive interference of bright and dark fingers. The signal is fed to a
computer where the data are Fourier transformed and a spectrum having a transmission
versus wavenumber is obtained. The IR spectrum records transmitted light which shows how
energy was absorbed at each wavelength when the IR radiation passes through the sample.
The fingerprint region is 1450 to 600 cm™ and is unique to any given molecule. Absorption
bands in the region 4000 to 1450 cm™ are known as the group frequency region.®

Powdered samples are suspended in 1.000 £ 0.003 g of potassium bromide in approximately
0.1 — 0.3 wt% concentration. The sample is prepared by grinding with the KBr powder using
a mortar and a pestle. The mixture is then placed between a punch and die and compacted
into a translucent film using a mechanical die press. Spectra were collected in the range 4000
— 400 cm™ in the absorbance mode. The main IR characteristic peaks corresponding to
metakaolin and geopolymeric matrices are summarised in Table 3.3.
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Table 3.3. IR characteristic bands and corresponding species of metakaolin and
geopolymeric matrices

Assignment Wavenumber(cm™) Characteristic band

—OH 3700-3600 Stretching vibration (—OH)

—OH, HOH 3600-2200 Stretching vibration (-OH, HOH)

HOH 1700-1600 Bending vibration (HOH)

Si-O-Si & 1200-950 Asymmetric stretching (Si—O-Si and

Al-O-Si Al-0-Si)

Si-O 1086 (symmetrical vibration)

Si(Al)-O 1008 (asymmetrical vibration)

Al-OH 914 (six-coordinated Al-OH stretching
vibration)

Si-OH 840 (bending vibration)

Al-O 798 (six-coordinated Al-O stretching
vibration)

Si-O 694 (symmetrically stretching vibration)

Si-O-Al 540 (bending vibration)

Si-O 469 (in-plane bending vibration)

Note: The assignments of the IR characteristic bands are based on references.?* 170 171

3.14 Nuclear Magnetic Resonance Spectroscopy (MAS NMR)

Solid state nuclear magnetic resonance spectroscopy (NMR) is a relatively new method for
exploring solid materials. As comparison between XRD and NMR analysis, NMR provides
structural information that is not available from x-ray diffractometry especially for
amorphous materials, for specific NMR-active elements.!’?

NMR is a radio frequency spectroscopy and exploits the nuclear spin of specific nuclei to
determine factors such as their bonding to surrounding atoms and coordination state. When
nuclei with a nuclear spin are located in a strong magnetic field, the energy levels of the
different spin states separate. In the strong magnetic field, the nuclear spin has an associated
magnetic moment and therefore the nucleus spins around an axis of the magnetic field at a
specific frequency (the Larmor frequency). The sample is then irradiated with a pulse of
plane polarised rf radiation at the Larmor frequency, causing a tipping of the spin system with
respect to the magnetic field axis. At the end of the pulse, the spin system returns to its
original axis with a characteristic time constant and the emission of a decaying pulse. Since
the nucleus of an atom is shielded from the applied magnetic field by its surrounding

electrons, this changes the emitted frequency slightly by an amount called the chemical shift.
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Figure 3.3. Fourier transformation of free induction decay (FID) in the time domain to an
NMR spectrum in the frequency domain.'’®

This emitted frequency is detected by a coil surrounding the sample as a decaying voltage
and is called free induction decay (FID) which is transformed from the time domain to the
frequency domain using Fourier transformation.*”

Solid state NMR spectra are broadened due to a number of interactions including dipole
moments and, in quadrupolar nuclides, quadrupole moments.*?* Some of these broadening
effects can be cancelled out by spinning the sample at high speeds (up to 20000 revolutions
s 1) The sample is spun at the specific angle of 54.7 ° to the magnetic field axis (called the
“magic angle”) to reduce the broadening of the NMR peaks and give a sharp spectrum. This
technique is known as magic angle spinning (MAS) and produces sharp peaks in the spectra
of solids. However, not all elements possess nuclei suitable for NMR spectroscopy. The

NMR- active nuclei in the present system are 2’Al and ?°Si in various environments'?*,

3.14.1 Solid-state NMR sample preparation

NMR spectra are acquired using similar powder samples as are used for x-ray diffraction. It is
most important that the powders are finely ground and oven dried. High spinning speeds and
residual water cause the sample to solidify in the rotor. The powder is gently tamped into the
rotor in layers and the rotor cap fitted.

Solid-state 2’Al and *Si MAS NMR spectroscopy were used to study the chemical
environment of these elements in the system before and after their use as photocatalysts. The
NMR spectra were acquired using similar powdered samples as are used for XRD. The
spectra were acquired at a magnetic field of 11.7 T using a Bruker Avance Il 500
spectrometer operating at a 2’Al frequency of 130.24 MHz and a ?°Si frequency of 99.29
MHz. The ?’Al solid-state spectra were acquired using a 4 mm Doty MAS probe with a
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silicon nitride rotor spun at 10-12 kHz, a 1 ps pulse and a 1 s recycle time, the spectra
referenced with respect to Al(H.0)s%". The #Si spectra were acquired with a 5 mm Doty
MAS probe and a zirconia rotor spun at ~6 kHz. The excitation pulse for 2°Si was 7 us with a
recycle time of 30 s and the spectra were referenced with respect to tetramethyl silane (TMS).

3.15 Nuclear quadrupole resonance (NQR)
3.15.1 Principle of NQR

Unlike NMR, in which the nuclei have spins of > Iwith energy levels split by an external
magnetic field, NQR is used to study nuclei with spins < 1 such as ®3Cu, which have an
electric quadrupole moment so that their energies are split by the electric field gradient
associated with the immediate environment of the nucleus. As in the case of NMR, the
nuclear spin states are perturbed by the application of a radio frequency pulse of appropriate
energy to excite the particular nucleus under investigation, but unlike NMR, the NQR

experiment is conducted in the absence of an external magnetic field.

The state of the copper (Cu) in the present samples before and after their use as
photocatalysts was studied by ®Cu NQR spectroscopy. %Cu (and %°Cu) quadrupole
frequencies (vq) were obtained at ambient temperature through the use of a Chemagnetics
CMX console pulsing into a probe arrangement that was well-removed from the magnet (>5
m) and shielded from extraneous magnetic and radio frequency interference by a mumetal
container. The quadrupole frequency range scanned was determined from previous %3¢°Cu
NQR and NMR studies of two, three and four coordinate Cu (1) systems.**1"" The location
of both %Cu and ®Cu isotope resonances (related by the ratio vqescu) voescy) = 1.081)
verified that true copper NQR frequencies were being observed. A scan of ~+500 kHz around
the central Cu2O frequency was undertaken for each sample by stepping the spectrometer
frequency in 100 kHz increments through this range and retuning the probe at each
frequency. A Hahn echo (6-1-20-t-acquire) sequence with extended phase cycling was
employed to obtain undistorted echoes,'’® where the recycle delay was 0.5 s and hard 6/20

pulses of 2/4 us duration, respectively, were implemented.
3.16 UV-Visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy was used to acquire the absorbance spectra of
compounds in solution. UV-visible adsorption of the solutions were acquired using an

Agilent 8453 spectrophotometer operated in single beam mode using 1 cm quartz cuvettes
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(frosted opposite faces) of 1 cm thickness (path length) and the spectra were recorded
between 200 and 800 nm. This technique measures the absorbance of light energy or
electromagnetic radiation, which excites electrons from the ground state to the first singlet
excited state of the compound. The UV-vis region of energy for the electromagnetic spectrum
covers the range 1.5 - 6.2 eV, which relates to a wavelength range of 200-800 nm.

The Beer-Lambert equation is the principle behind absorbance spectroscopy:
A =¢bc (27)
For a single wavelength, A is the absorbance, ¢ is the molar absorptivity of the compound or

molecule in solution (Mcm™), b is the path length of the cuvette or sample holder (usually 1

cm), and c is the concentration of the solution (M).17

EE——

Light Focusing Filter Cuvette Detector Read-out
source lens system device

Figure 3.4. lllustration of a single beam UV-visible instrument.&

3.16.1 Photodegradation measurements

The photoactivity of the composites was evaluated by measuring the bleaching of a model
organic compound (MB dye) under dark and UV illumination by UV-visible spectroscopy.
MB (MB) was preferred for these experiments since its colour is stable at the high pH of the

geopolymer matrix.

The interaction of the composites with the MB was carried out by the batch method in which
100 mg of the powdered sample was mixed with 100 ml of 0.1 mM aqueous MB solution in a
round bottom flask and magnetically stirred throughout the experiment. The experiments
were carried out both in the dark and under UV illumination using a 150 W xenon lamp as

the light source.
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Photodegradation experiments are normally carried out by allowing the photocatalyst sample
in contact with the solution to be degraded (in this case MB dye) under dark conditions, then
exposing the system to UV irradiation and monitoring the removal of the dye colour by
spectrophotometry. This approach proved not to be possible with the present samples based
on an unmodified geopolymer matrix, since equilibrium under dark conditions was never
reached because the pH of the system never stabilized, but the geopolymer continued to
remove the dye by adsorption. For this reason, two sets of experiments were carried out in
attempt to separate the two processes occurring with these samples, namely adsorption of the
dye and its photodecomposition. In one set of experiments the adsorption of the dye by
photocomposites of the unmodified geopolymer with the oxide nanoparticles was measured
in the dark and the adsorption characteristic (kinetics and adsorption isotherms) were
determined from these data. In a second set of experiments, new samples were exposed to
fresh MB dye and immediately irradiated with UV radiation; the decolouration of the dye in
this case was due to a combination of adsorption by the geopolymer composite and the
photodegradation process. The situation was found to be different in the composites based on
the modified geopolymer matrices, in which a stable pH was achieved under dark conditions,
allowing the system to come to equilibrium, and photodegradation measurements to be made
in the usual manner. In these experiments, the photocatalys/MB system was equilibrated

overnight in the dark, and then exposed to UV irradiation.

After varying reaction periods, 5 mL aliquots of the sample were taken, the suspension
centrifuged off and the concentration of the dye remaining in the solution determined by
measuring the height of the absorbance maximum at 664 nm in the UV-visible spectrum
using a spectrometer between 200 and 800 nm. The amount of dye uptake (g) and the

removal efficiency (n) of the dye were then calculated by eq. 28 and 29:

Co' Ct
m

x \/ (28)

q:

C,—-C
n = MxlOO (29)
CO
V is the volume of dye solution (mL), and m is the mass (g) of the adsorbent, Co and C; are
the concentration of the dye solution at the initial time and after time t of absorption

respectively.
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3.16.2 Dye adsorption kinetics under dark conditions

The kinetics of dye adsorption on the geopolymer composites measured under dark
conditions were analysed using two kinetic models previously proposed, namely, pseudo-

first-order (eq. 30) and pseudo-second-order models (eq. 31)*8!

q=q, (1 — exp(-klt)) (30)

k,q,’t
q:ﬁ (31)
Where q is the amount of dye adsorbed (mg/g) at time t (min), ge is the amount of dye
adsorbed at equilibrium (mg g?), ki is the equilibrium rate constant for pseudo-first-order
kinetics (min™) and k; is the equilibrium rate constant for pseudo-second-order kinetics (g.
mg™! mint). The adsorption data were fitted to these two equations by a nonlinear method
with successive interactions calculated by the Levenberg-Marquardt algorithm?®®? using

OriginPro 2015 software.
3.16.3 Dye adsorption isotherms under dark conditions

The relationship between the amount of solute adsorbed and the concentration of the solution
in the liquid phase at a given constant temperature can be described by an adsorption
isotherm. The present experimental data for dye adsorption on the geopolymer composites
were fitted to three equations commonly used to describe adsorption isotherms, namely, the
Langmuir isotherm, which assumes that the adsorption process occurs at specific
homogeneous sites within the adsorbent,”® the Freundlich isotherm which is an empirical
equation used to describe heterogeneous systems, and the Langmuir-Freundlich isotherm
which provides a more flexible analytical modelling framework by use of a three-parameter
equation that can give a better fit to the data.

The Langmuir isotherm takes the form:

(Q:kC)
1+kC

9= (32)
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where q is the adsorbed amount of the dye (mg/g), C is the equilibrium concentration of the
dye in solution (mg/L), Qs is the adsorption capacity (mg/g) and k is a constant related to the

free energy of adsorption (L/mg).

The Freundlich isotherm can be written:
q= kC" (33)

where kand n are constants specifying the extent of the adsorption and the degree of

nonlinearity between the solution concentration and q the adsorption.

The Langmuir-Freundlich equation takes the form:

_(Qke')
Q—m (34)

3.17 Brunauer-Emmett-Teller (BET) Surface Area Analysis

Nitrogen adsorption/desorption isotherms were recorded for powdered samples using a
Micrometrics model ASAP2010 analyzer at 77 K. The samples were degassed at ~ 100 °C
overnight prior to the measurement. The surface area was obtained by the Brunauer-Emmett—
Teller (BET) method, and pore size distribution was calculated from the adsorption branch of

the isotherm by the Barret-Joyner—Halenda (BJH) model.
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Chapter 4

Synthesis and characterization of new photoactive inorganic
polymer composites with Cu20O nanoparticles

Introduction

This chapter describes the synthesis of geopolymer composites produced by incorporating
Cu20 nanoparticles and the characterization of these novel composites. It should be noted the
use of ecologically-friendly geopolymers in conjunction with nanocrystalline Cu.O for photo-
degradation of harmful organic substances has not previously been reported. The synthesis
method was outlined in chapter 3, section 3.4 and the morphology of the product composites
was assessed using SEM and TEM. The crystallinity and structure of the samples was
evaluated using XRD and FTIR. MAS NMR and NQR spectroscopy confirm the formation of
well-reacted geopolymer composites containing Cu.O nanoparticles. The specific surface
areas were determined by the adsorption and desorption of nitrogen gas on the composites,
and their important photocatalytic properties and degradation processes of MB dye were

determined using UV- visible absorption spectra.
4.1 Results and Discussion
4.1.1 XRD Analysis

XRD was used to confirm the crystallinity of the Cu>O and the structure of the geopolymer
matrix and Cu.O/geopolymer composites. A selection of typical powder XRD patterns of the
geopolymer matrix and composites with different Cu.O loadings are shown in Figure 4.1.
Geopolymers are usually described as x-ray amorphous, with an XRD pattern consisting of a
largely featureless hump at about 20-35° 26 (Figure 4.1, (black line). Impurities in the clay
starting material are responsible for the sharp peaks at 26.75° 26 (quartz) and 21.96° 26
(cristobalite). The as-synthesized cubic Cu2O (Figure 4.1, yellow line) and the geopolymer-
Cu20 composites 10-30 wt% (Figure 4.1. red, blue, and green line) contain all the expected
peaks from cubic bcc Cu20 (PDF no. 01-073-6237), (Table 3.1) confirming the successful

synthesis of Cu20, with no peaks from CuO, Cu or other impurities.

The intensities of the Cu»O reflections increase with the addition of 30 wt% and with the 10

wit% addition of Cu20 showing the lowest Cu20 intensity. As expected, the intensities of the
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geopolymer quartz reflections decrease with increasing oxide content of the composite
(Figure 4.1).

C C c
b K Q cC ‘ JL_ A 9_._.
|I C C
K Q ¢ I 'l' \ ¢ C
VN W S I\ N &

f
C
C C
C C
g | 1 T L L 1 1
20 30 40 50 60 70 80
2-Theta

Figure 4.1. Normalized XRD patterns of GP and Cu,O and Cu,O supported by GP with
different loading contents; (a) GP, (b) GP-10 wt% Cu.0, ( (c) GP-20 wt% Cu.0, (d) GP-30
wt% Cu20, (e) GP-30 wt% Cu.O-under UV with MB, (f) GP-20 wt% Cu,O-under UV with MB,
(g9) Cu20. Q = quartz, K = cristobalite, C = cuprous oxide.
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4.2 Scanning electron microscopy

SEM micrographs (Figure 4.2) confirm the success of the Cu2O synthesis methods of Luo et
al.%* and Shah et al.*®8, Cu,O crystals with uniform octahedral shape are shown in Figure 4.2.
a,b, the average particle size of 200-500 nm. The uniform spherical Cu20 crystals are shown
by SEM in Figure 4.2c and d with an average size of ~600 nm. Cu20 crystals synthesized by
the method of Bai et al.’*" are shown by SEM (Figure 4.3) to be nanocrystals of uniform
cubic morphology with an edge length of 80-150 nm. This unique morphology is a result of
ripening and surface reconstruction processes in the Cu?* solution capped with PVP. The
addition of OH forms a blue insoluble Cu(OH), precipitate which changes through light
yellow to orange with increasing particle size. 18 The nanometer size of the cubic crystals

confirms the decision to use these in the subsequent experiments.

COMPO 150KV X10,000 Tpm WD 9.6mm

NONE SEI 15.0kV  X5,000

Figure 4.2. SEM micrographs of Cu,0O octahedral (a, b) and spherical (c, d) synthesized via
a typical procedure described in the experimental section 3.2.2 and 3.2.3.
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COMPO 150kv  X10,000

COMPO 150KV  X30,000 100nm WD 9.2mm MOME g 150KV ¥50,000  100nm WD 9.2mm

Figure 4.3. (a-d) SEM micrographs of Cu,O nanocubes at different magnifications
synthesized via a typical procedure described in the experimental section 3.2.1.

Figure 4.4 (a-c) shows high resolution TEM micrographs of the Cu,O nanocubes synthesized
by the method of Bai et al.’®® The HRTEM image of Cu.O area (Figure 4.4e) confirmed its
crystalline structure (region 1) in which lattice planes could be detected with a d-spacing of
0.21 nm corresponding to the (200) plane of the cubic Cu20 phase. Figure 4.4(g,i) shows the
corresponding Fast Fourier Transformation (FFT) patterns of regions I,11 in Figure 4.4e.
These FFT patterns verified that region | consisted of crystalline Cu.O. Selected Area
Diffraction patterns (SAED) (Figure 4.4d) show principally three rings which are attributed
to the (111), (200) and (110) of the cubic Cu20. These lattice spacing are in agreement with
the (cubic) structure of Cu20O (JCPDS file 01-073-6237). This HRTEM analysis provides a
reliable confirmation of the XRD analysis.(Figure 4.5)
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/i /

Figure 4.4. (a-c) TEM micrographs of the Cu.O nanocubes, (d) SAED pattern, (e) HRTEM
image of Cu,0, (f, g) corresponding Fast Fourier Transformation (FFT) patterns of region |
and Il in panel e.
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Figure 4.5. XRD pattern of as-prepared Cu,O nanocubes synthesised by the method of Bai
et al.**®

The morphology of the as-synthesized Na-geopolymer without Cu>O (Figure 4.6a) shows a
homogenous microstructure of particles with a few voids, which suggests a high degree of gel
reorganization during the geopolymerization processes.

The SEM images of the Na-geopolymer composites with a Cu>O loading of 10, 20 and 30
wt% (Figure 4.6 (b-d) respectively) reveal well-dispersed Cu2O nanocubes throughout the
geopolymer matrix. SEM micrographs of the 10 wt% of Cu,O/geopolymer composite (Figure
4.6) confirm the entry of ~100 nm Cu2O nanocubes into the pore structure of the geopolymer

matrix even at 10 wt% Cu20 concentration.
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COMPO 15.0kV X10,000 1um WD 9.5mm NONE COMPO 150KV X10,000 Tum WD 9.5mm

NOMNE COMPO 150KV X10,000 Tem WD 9. Amm COMPO 15.0kvV  X10,000 Tpm WD 93mm

Figure 4.6. SEM micrographs of (a) GP matrix, (b) GP-10 wt% Cu.0, (c) GP-20 wt% Cu.0,
(d) GP-30 wt% Cuz0.

EDS analysis of the surface of the geopolymer-Cu.O composites reveals the presence of Si,
Al, Na, and Cu atoms (Figure 4.8), with no change in the surface morphology after
incorporation of Cu20 but an increase in the height of the Cu peak with increased loadings.
The Cu2O particles of 90-150 nm average size appear to cover most of the geopolymer
surfaces, especially at the highest loading of 30 wt%. This homogenous distribution of Cu,O
particles on the composite surface should facilitate the photocatalytic activity. The average
atomic number of Cu.O and the geopolymer composite is approximately 22 and 8
respectively. As shows in the BSE map, the Cu2O will appear as bright spots on the darker

geopolymer matrix.
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! = - ® .
e 10 pm SiK 10 pm

Figure 4.7. (a) Backscattered SEM image of ground GP- 30 wt% Cu.O with corresponding,
(b) Na, (c) Al, (d) Si, (e) Cu elemental map.

Figure 4.8 shows the EDS spectra and the percentage of Cu particles spread over the
geopolymer matrix. It is clear that increasing the percentage of Cu20 loading into the matrix,

the height of the Cu peak increases as expected.
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Figure 4.8. EDS data of (a) GP, (b) GP- 10 wt% Cu20 (c) GP- 20 wt% Cu20 (d) GP- 30
wt% Cu.0.
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4.3 FTIR spectra of these samples

In order to investigate the structure of the as-prepared materials the FTIR spectra were
acquired in the range 400-4000 cm™. Representative FTIR spectra of these samples are
shown in Figure 4.9. The positions of the main IR bands and corresponding species are listed
in Chapter 3, Table 3.3.

1002
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Figure 4.9. FTIR spectra of (a) GP, (b) GP- 10 wt% Cu.0, (c) GP- 20 wt% Cu.0, (d) GP- 30
wt% CUQO, (e) Cu0.
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The peaks at about 1000 cm™ are typical of the geopolymer matrix, with the presence of both
Al-O and Si-O asymmetric stretch'® (Figure 4.9). This peak appeared at 1002 cm™ in the
reference geopolymer and with 10 wt% addition of Cu0 it was shifted to 1010 and 977 cm™
for 20 and 30 wt% addition of Cu.O respectively, indicating that the presence of the oxide
particles does affect the structure. Three fundamental vibration modes indicate the presence
of water molecules; the spectral regions are the OH stretching region, H-O-H bending region
of H20, and the structural OH-bending region of the structural OH groups.'® The absorption
bands related to the H-O-H bending vibration of water appears at 1645 cm™, and are all very
similar, resulting from the slight differences in water content in these geopolymer

preparations.

The FTIR spectra also display a band at 3440 cm™ in the geopolymer matrix due to the
symmetric O-H stretching vibration of H-bonded water.!8 This wave number shifted to 3441,
3451, and 3437 cm™ for different percentages Cu.O addition from 10 to 3 wt% which
corresponds to the hydroxyl group involved in water-water hydrogen band.'® The absorption
band at 629 cm™ appearing in pure Cu2O is assigned to the phase bending vibration of surface
OH group. The OH; stretching band at 2967 cm™ is assigned to asymmetric stretching of OH;
groups and this peak disappears in the samples with 10 and 20 wt% additions of Cu2O and
was shifted to 2965 cm™ in the 30 wt% Cu,O sample.

4.4 53 Cu NQR Spectroscopy

%3Cu NQR spectra of the Cu20 and Cu.O/geopolymer composites (Figure 4.10) show the
expected single line in the reported position for the pure oxide'® (Figure 4.10a) which is
unchanged by its incorporation in the geopolymer matrix (Figure 4.10c), indicating that the

Cu20 has not been incorporated into the geopolymer matrix.
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Figure 4.10. Cu NQR spectra of nanoparticle Cu,O and Cu,O/GP composites. (a) as-
synthesized Cu.O, (b) Cu,O after UV irradiation, (c) Cu,O/GP composite before UV
irradiation, (d) Cu,O/GP composite after UV irradiation.

4.5 29Sj and ?’Al solid state MAS NMR

Representative 2’Si MAS NMR spectra of the geopolymer and geopolymer composites
(Figure 4.11.) show that these are all well-formed geopolymers with a broad principal
resonance at about -85 to -87 ppm, corresponding to a framework structure significantly
saturated in Al, but broadened by the presence of several slightly different Si-O-Al

environments. !
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Figure 4.11.11.7 T #Si MAS NMR spectra. (a) GP, (b) GP-10 wt% Cu:0, (c) GP-20 wt%
Cu.0, (d) GP-30 wi% Cu,O

A feature at about -100 to -107 ppm which broadens into a shoulder in the composites with
higher Cu20 content (Figure 4.11) denotes the presence of a greater number of sites in which

the silicon atoms are bonded through oxygen to other silicon.'®

The corresponding 2’Al MAS NMR spectra (Figure 4.12) all contain a predominant sharp
resonance at about 59 ppm corresponding to the tetrahedral Al-O units of a well-developed
geopolymer structure.'?* The small broad feature in some of the samples arises from Al-O in

octahedral coordination,®® as a residual trace of unreacted metakaolin.'?
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Figure 4.12.11.7 T Al MAS NMR spectra. (a) GP, (b) GP-10 wt% Cu:0, (c) GP-20 wt%
Cu:0, (d) GP-30 wt% Cu,O

To summarize, these results confirm the successful formation of aluminosilicate geopolymer

composites containing homogeneously distributed nanosized cubic Cu20 particles.

4.6 Dye Adsorption experiments

Reference geopolymers which do not contain Cu,O can remove MB from aqueous solution

by adsorption. This suggests a dual mechanism for the present geopolymer composites,
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whereby the geopolymer matrix removes the dye by adsorption under dark conditions,
whereas under UV illumination, photodegradation also occurs concomitantly with the
adsorption process.’®® Thus, in the present experiments an initial attempt was made to
distinguish the two processes by carrying out separate experiments under dark conditions and
UV illumination. As noted in Chapter 3, section 3.16.1, it did not prove possible to bring the
samples to equilibrium under dark conditions in order to measure the photodegradation step,
so the experiments under UV illumination were carried out on fresh samples and dye
solutions without equilibration in the dark, and therefore represent a combination of the two

dye removal processes.

Adsorption of MB by the composites and geopolymers alone was investigated under dark
conditions by the batch method. The results for the MB complex of geopolymer and Cu20-
GEOPOLYMER at an initial MB concentration of 0.1 mM solution are plotted as a function
of adsorption time in Figure 4.13. The absorption spectra show a maximum absorption band
at approximately 664 nm. A shoulder at 620 nm which indicates a blue shift after 4 hour
stirring in the dark is more obvious in the geopolymer containing 20 wt% Cu20. At this stage
dye penetrates into the pores of the geopolymer composite and causes this spectral shift.
Since the solution pH remains in the range of 9-11 during the sorption experiments, it appears
that the positively charged surface hydroxyl groups on the edges of the geopolymer may repel
the similarly charged MB cations, which can then enter the pores of the composite where
there are no outer exchange sites.*®® The adsorption mechanism of a cationic dye such as MB
is related to its point of zero charge (PZC) with respect to that of the adsorbent. No PZC
values for geopolymers are available in the literature, but those of zeolites, with which
geopolymers are closely related, are known to vary widely with the Al/Si ratio. At higher pH
values corresponding to the alkaline geopolymers, electrostatic adsorption of cationic species
is likely to occur on the silanol groups present, and these are probably the adsorption sites in
the present composites.

The absorption spectrum shape remains unchanged for the first 2 hour but its intensity
decreases as adsorption occurs. The percentage removal of dye is fast at the beginning but
steadily diminishes with time. Rapid adsorption of the dye at the initial contact time may be
due to the initial availability of the active surface of the adsorbents. In the later stages, the
slower rate of adsorption is a result of less accessibility of the active sites of the adsorbent,
accompanied by the slow diffusion of the dye molecules into the porous structure of the
adsorbent. After 120 min. 83, 86, 77 and 96% of the dye is removed in the dark by the
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geopolymer matrix, geopolymer-Cu>O 10 wt%, geopolymer-Cu,0O 20 wt% and geopolymer-

Cu20 30 wt%.
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Figure 4.13. UV-vis absorption spectra of the MB solution during adsorption in the dark by
(a) GP, (b) GP-10 wt% Cu:0, (c) GP-20 wt% Cu20, (d) GP-30 wt% Cuz0.

All adsorbents have a limited number of active sites which become saturated at a certain
concentration of adsorbate. Dark adsorption experiments involving all the catalysts indicate
that the effective surface area and adsorption capacity of the supported Cu.O were much
higher than that of the bare Cu2O. Figure 4.14. shows the variation in the relative
concentration (C/Co) of MB dye solution with time for the geopolymer matrix, geopolymer-
Cu20 10 wt%, geopolymer-Cu20 20 wt% and geopolymer-Cu.O 30 wt%. This indicates that
the composite containing 20 wt% Cu.O shows the most rapid adsorption of MB; the
decreased adsorption rate resulting from the inclusion of further Cu,O may be due to

blocking of the active adsorption sites by the additional oxide.
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Figure 4.14. Plots of the residual concentration (C/Cy) vs. time (t) onto the GP matrix, GP-
Cu20 10, 20, and 30 wt%. (monitored at 664 nm in the dark)

4.6.1 Dye adsorption kinetics under dark conditions

The adsorption data (Figure 4.15) were fitted to pseudo-first-order (eq. 27) and pseudo-
second-order (eq. 28) kinetic equations by a nonlinear method with successive interactions
calculated by the Levenberg-Marquardt algorithm?®2 using OriginPro 2015 software. The
resulting plots of the data fitted to these two equations are shown in Figure 4.15, with the
resulting pseudo-first and pseudo-second order rate constants, the ge values, and the
correlation coefficients R? shown in Table 4.1. Comparison of the ge values calculated from
these equations with the experimental values gexp (Table 4.1) shows that in all samples the
pseudo-first order model provides a better fit to the experimental data; this is also supported
by the superior fit of the experimental and calculated curve shapes (Figure 4.15a). The first-
order rate constants (Table 4.1) increase slightly with increasing Cu,O content of the

geopolymer/Cu.O composites, reflecting the improved adsorption by the composites.
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Figure 4.15. (a) Pseudo first-order kinetics, (b) Pseudo second-order kinetics by the
nonlinear method and experimental kinetics for the adsorption of MB onto the GP matrix and
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Table 4.1. Parameters for kinetic models of MB adsorption on samples

Sample Kinetic model Oexp (mglg) Qe (mg/g) k

GP 1%-order 14.74 15.33 0.015
“ 2"9-order “ 19.85 7.05¢04

GP/10%Cu,0 1%-order 14.05 13.59 0.026
“ oo 2"9-order “ 15.69 0.002
GP/20%Cu,0 1%-order 13.91 13.10 0.021
“ oo 2"%order “ 16.14 0.001
GP/30%Cu.0 1%-order 14.76 15.51 0.028
“ oo 2"%order “ 17.73 0.001

4.6.2 Dye adsorption isotherms under dark conditions

The relationship between the amount of solute adsorbed and the concentration of the solution
in the liquid phase at a given constant temperature can be described by an adsorption
isotherm. As described in Section 3.16.3, three isotherm equations commonly used to
describe adsorption isotherms are the Langmuir isotherm (eq. 31), which assumes that the
adsorption process occurs at specific homogeneous sites within the adsorbent,'’® the
Freundlich isotherm (eg. 32) which is an empirical equation used to describe heterogeneous
systems, and the Langmuir-Freundlich isotherm (eg. 33) which provides a more flexible
analytical modelling framework by use of a three-parameter equation that can give a better fit
to the data.

Figure 4.16 (a-c) shows the experimental MB adsorption data for the geopolymer matrix, and
all the geopolymer/Cu.O composites fitted to the Langmuir and Langmuir-Freundlich
equations. When the present dye adsorption data were fitted to these three isotherm
equations, the goodness of fit, evidenced by the R? values, varies with the amount of Cu,0 in
the composite (Table 4.2), those composites containing 20 and 30 wt % Cu20 being well
described by all three isotherms. The fit of these composite compositions to the Langmuir

isotherm suggests that at these high Cu.O contents, adsorption of the dye is occurring on
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specific sites which are associated with the oxide itself. At lower concentrations of Cu.0O, the
Freundlich isotherm does not fit the data as well as the empirical Langmuir and Langmuir-
Freundlich isotherms, suggesting that adsorption in these composites is not occurring by a
single identifiable mechanism. The plots of the data (Figure 4.16) indicate that the more
empirical Langmuir-type isotherms are in general the most appropriate to describe the

absorption of the dye on the geopolymer and geopolymer composites.

Table 4.2. Calculated isotherm parameters for MB adsorption on

samples
Freundlich equation (g=kC")
n R?
GP-Dark 2.9 0.85
GP-Cu-10%-Dark 1.22 0.80
GP-Cu-20%-Dark 2.40 0.95
GP-Cu-30%-Dark 2.52 0.97
Langmuir-Freundlich Equation (g=(QskC"/(1+kC"))
Qs(mg/g) n R?
GP-Dark 0.94 3.68 0.97
GP-Cu-10%-Dark 0.97 2.29 0.98
GP-Cu-20%-Dark 1.08 2.94 0.96
GP-Cu-30%-Dark 1.02 1.42 0.99
Langmuir Equation (g=(QskC/(1+kC))
Qs(mg/g) R?
GP-Dark 1.18 0.90
GP-Cu-10%-Dark 1.27 0.79
GP-Cu-20%-Dark 1.77 0.91
GP-Cu-30%-Dark 1.06 0.99

78



Chapter 4

1.2
a
1.0 = /,— ,’k—"’ .. -
1 fo2" .2 -
’ s
oy * .-
i el
o i, .
=Y o z’
Eo06-/®
— I
o 1
i
0.4 —r:
' m  Gp-Dark
3 ® Gp-Cu-10%-Dark
0.2 A Gp-Cu-20%-Dark
™ v  Gp-Cu-30%-Dark
- - = - Freundlich
0.0 T T I T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time(min)
1.2 1.2
b C
1.0 4 ‘.A'--"‘_-:'*:':—:E_—caﬂ—‘-‘:t' [ 1.0 ,;""'__—-:‘-‘—_-;#----l. [ ]
Aem-Za A g T
e L
0.8 VAP 1 08448 "
Py oy = "
= oty ) 'l
"By J En i
Eos Eooq e
o o o i
1l ‘
0.4 -r; 0.4 +
' B Gp-Dark \ = Gp-Dark
h ®  Gp-Cu-10%-Dark \ ®  Gp-Cu-10%-Dark
02 A Gp-Cu-20%-Dark 0.2 : 4  Gp-Cu-20%-Dark
- ¥ Gp-Cu-30%-Dark e v  Gp-Cu-30%-Dark
- - - -Langmuir U = = = Langmuir-Freundlich
0.0 T T T T T T T T T 0.0 4 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time(min) Time(min)

Figure 4.16. (a) adsorption isotherms for MB adsorption and the corresponding Langmuir,

(b-c) adsorption isotherms for MB adsorption and the corresponding Freundlich and
Langmuir-Freundlich models fits (dashed lines)

4.6.3 Reactions under UV irradiation

Figure 4.17 shows MB removal under UV irradiation by the geopolymer containing different

amounts of added Cu20O. Changes in the UV-vis spectra of the dye solutions at different

reaction times are presented in Figure 4.17(a-d).
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Figure 4.17.The UV-vis absorption spectra of the MB solution during the photocatalytic
degradation in the presence of (a) GP, (b) GP-10 wt% Cu.0, (c) GP-20 wt% Cu.0, (d) GP-
30 wt% Cu20 under UV light irradiation.

As shown in Figure 4.17, when the dye solution in the presence of the photocatalyst materials
was exposed to UV irradiation, it was degraded within 120 min. with a maximum degradation
rate of 100% in the presence of the geopolymer containing 10% Cu20. The color of the MB
dye changed from dark blue to colorless, confirming its photodestruction. The degree of
degradation was 77%, 79% and 98% for the geopolymer matrix, and the geopolymer
containing 20% and 30% Cu.O respectively. In the reference geopolymer the UV peak was
not completely removed but with increasing the reaction time it shifted to a lower

wavelength.
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The two processes operating in the decoloration of the MB dye under UV irradiation can be

seen in Figure4.18. which illustrates the difference between the behavior of the geopolymer
matrix and the composite containing 30 wt% Cu20 in the dark and under UV illumination.
The geopolymer matrix behaves essentially similarly in dark and UV conditions, showing the

adsorption of the dye but no evidence of photoactive properties, as would be expected. By

contrast, the Cu,O-containing composite is more efficient in removing the dye, due to a
combination of the adsorption and photodegradation processes.
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Figure 4.18. Plots of the residual concentration (C/Co) vs. time (t) onto the GP, Cu,O-GP-
10, 20, 30 wt%. (monitored at 664 nm under UV)

After adsorption or photodegradation of the MB, the structures of the geopolymer matrix and
the Cu20/geopolymer composites are essentially unchanged, according to their XRD patterns
(Figure 4.1, purple line). The photoactive Cu.O itself is unaffected by exposure to the MB,

either in the dark or under UV irradiation, as evidenced by ®3Cu NQR spectroscopy (Figure
4.10 b,d). Thus, these composites should continue to remove organic substances from their

immediate environment by a combination of adsorption and photodegradation without

deterioration of their structure or of the photoactive component. Figure 4.19 shows the
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combined adsorption and photodegradation processes of the MB dye under UV irradiation in
the composite containing 30 wt% Cu20. The geopolymer matrix should behave essentially
similarly in dark and UV conditions, adsorbing the dye but should show no evidence of
photoactive degradation. By contrast, the Cu>O-containing composite is more efficient in

removing the dye due to the combination of adsorption and photodegradation processes.
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Figure 4.19. Residual concentration (C/Cy) of MB upon exposure to the GP matrix (GP) and
the 30 wt% Cu,O GP compaosite versus time in the dark and under UV illumination.

Figure 4.20 compares the removal of MB by the composites after 60 min. The geopolymer
matrix and Cuz0 itself in the dark and under UV irradiation, showing the ability of the
samples to eliminate MB from the aqueous solution under UV irradiation by a combination of
adsorption and photodegradation.'* It was found that only about 10% MB is removed in the
dark by Cu20 alone, indicating that Cu2O by itself only weakly adsorbs MB, by comparison
with the geopolymer matrix alone, which removes about 40% MB within 30 min. More than
54% of the MB was removed within 60 min. with the addition of 10% Cu.O to the
geopolymer, this number changing to 66% and 83% for composites containing 20% and 30

wt% Cu0 respectively. This confirms the result that the MB is strongly adsorbed from its
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aqueous solution by the geopolymer matrix, and is then degraded by the Cu2O photoactive

component in the composites.

Under both dark conditions and UV irradiation, the colour of the geopolymer matrix becomes
progressively bluer due to adsorption of the MB. However, a similar observation was not
recorded for the geopolymer composites, since their yellowish-brown color obscured any

other changes in colour due to the presence of MB.
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Figure 4.20. Comparison of MB removal in the dark and under UV irradiation by the GP
matrix, GP-(10-30 wt%) Cu,O composites and Cu.O after 60 min. reaction.

Conclusions

This chapter describes the successful synthesis of cubic Cu.O nanoparticles and their
incorporation into aluminosilicate geopolymer matrices. The homogeneity of the oxide
nanoparticle dispersion within the geopolymer matrix was demonstrated by SEM/EDS and
TEM. Other experimental techniques (XRD, FTIR, 2’Al and ?°Si MAS NMR and ®3Cu NQR
spectroscopy) confirmed the formation of a well-reacted geopolymer matrix with a structure

that was unaffected by the insertion of the Cu>O nanoparticles, or by the adsorption or
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photodegradation of a model organic compound (MB, chosen for its color stability at high
pH).

Experiments to determine the photodegradation of MB dye by these composites showed that
the solid/dye interaction occurs by two processes, namely, adsorption by the matrix (in the
dark) and photodegradation (under UV irradiation). Since the adsorption process in the dark
did not come to equilibrium, conventional photodegradation experiments were not possible,
but the dye adsorption step, monitored by experiments in the dark, were found to follow
pseudo first-order kinetics. The adsorption data were fitted to adsorption isotherms which
depended on the concentration of Cu>O present; at higher concentrations (20-30 wt%) the
data were described by Langmuir-type isotherms, whereas at lower concentrations, the
empirical Langmuir-Freundlich isotherms were more appropriate. Although the nano-Cu,O
particles themselves do not adsorb the MB dye, their incorporation of up to 20 wt% into the
geopolymer composites increases their adsorption ability, probably by increasing the porosity
of the matrix. At concentrations >20 wt%, the oxide decreases the adsorption by blocking the
active adsorption sites of the geopolymer. Under UV radiation, the composites remove the
MB by a combination of adsorption and photodegradation, evidenced by a more rapid dye
removal by comparison with the adsorption process alone. The combined
adsorption/photodegradation process occurs without deterioration of the geopolymer structure
or the photoactive Cu2O component, confirming the original premise that these geopolymer
composites should function as efficient new materials for the removal of organic pollutants

from water or the atmosphere.
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Chapter 5

Synthesis, characterization and photoactive properties of
geopolymercomposites with Cu.O/TiO2 nano-heterostructures and
P25 titania

Introduction

In the previous chapter, the feasibility of producing viable composites of geopolymers with
Cu20 was established and the structures and photoactivity of these products was determined.
In this chapter, attention is turned towards improving the photocatalytic performance of the
photoactive component by combining the Cu2O with another well-known photoactive
compound, TiO2. The form of TiO> that has been found to perform most efficiently as a
photocatalyst is a mixture of the anatase and rutile poymorphs, synthesized by an Aerosil
process and known commercially as P25. This material consists of a mixture of 80% anatase
and 20% rutile, present as a thin layer covering the anatase particles.!®® The enhanced
photocatalytic effect has been suggested to arise from the enhanced space-charge potential
resulting from the contact between the two phases; the resulting electron transfer from the
anatase to lower-energy electron trapping sites in the rutile reduces the recombination rate in
the anatase, improving the efficiency of the electron-hole separation and thus the catalytic
activity.® A more recent study using electron paramagnetic resonance spectroscopy suggests
that the presence of nanoclusters of rutile crystallites act as transition points for the rapid
exchange of electrons to the anatase,'® but a study in which the anatase and rutile
components of P25 were separated and their individual photocatalytic behavior determined
has cast doubt on the role of anatase-rutile interactions.'®? In the present work we prepared a
series of composites of Cu2O/TiO2 nano-heterostructures incorporated into an aluminosilicate
geopolymer host. The Cu>O/TiO- heterostructures were synthesized as spherical nanocrystals
combined with commercial P25 titania as described in chapter 3, Section 3.3. The Cu.O
particles in this part of the study result from the synthesis method used to prepare the
Ti02/Cu20 nano-heterostructures, as described in Chapter 3. The structures of the resulting
nanocomposites were characterized by XRD, FTIR, SEM/EDS and HRTEM and the
photocatalytic properties of the composites for the destruction of MB were determined as in
the previous chapter both in the dark and under UV radiation. For comparison, a

corresponding series of samples containing P25 titania only were prepared and studied.
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5 Results and Discussion
5.1 XRD Analysis

Figure 5.1 shows representative XRD patterns of the starting Cu.O/TiO2 and geopolymer
composites with different CuO/TiO2 contents. The geopolymer matrix is typically x-ray
amorphous, with superimposed sharp peaks at 26.75° 26 (quartz) and 21.96° 26 (cristobalite)
arise from as-prepared impurities in the clay starting materials. Figure 5.1 (Purple line) shows
that the as-synthesised Cu.O contains no other peaks related to Cu or CuO. The diffraction
peaks for P25 TiO; correspond to anatase and rutile. The Cu.O/TiO; heterostructure (Figure
5.1, yellow line) shows the presence of both Cu.O and TiO: with no other impurities.
Geopolymer-Cu.O/TiO, composites 10-30 wt% (Figure 5.1. (Red, blue, and green line)
contain all the expected peaks from cubic bcc Cu,O (PDF no. 01-073-6237) and the anatase
and rutile phases of P25 TiO. confirming the synthesis of Cu>O/TiO,. The intensities of the
geopolymer quartz reflections decrease with increasing oxide content of the composite but

the Cu20 and TiO- intensities remain constant.
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Figure 5.1. XRD patterns of GP and GP composites with different loading contents; (a) GP,
(b) Cu.O/TiO2-GP (10 wt %), (c) Cu0/TiO2-GP (20 wt %), (d) Cu.O/TiO2-GP (30 wt %), (e)
Cu20/TiOg, (f) Cu20, (g)TiO2(P25).

Key: Q = quartz , K = cristobalite and A = (TiOz-anatase) and R = (TiO-rutile).

5.2. Scanning electron microscopy

The morphology of the Cu2O/TiO; heterostructure (Figure 5.2) shows small interconnected
sub-micron spherical Cu20 and TiO> particles (bright spots), the Cu20 particles of 200-300
nm size and the TiO» particles 25-50 nm in size (Figure 5.2 (a-c). No obvious aggregation of

TiO2 or Cu20 is seen in the Cu.O/TiO, sample, suggesting that the TiO2 and CuO are
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homogenously deposited through the heterostructure. This is confirmed by Cu and Ti EDXS
maps, indicating that both elements are present in the sample with a homogenous distribution.
The XRD pattern of the sub-micron Cu.O/TiO> heterostructure (Figure 5.4e) confirms the

coexistence of Cu20 and the two polymorphs of TiO present in P25.
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Figure 5.2. (a-c) SEM micrographs of spherical Cu.O/TiO- at different magnifications,
synthesized via the procedure described in Chapter 3.
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Figure 5.3. (a) STEM image of Cu.O/TiOz, with (b, c) corresponding Cu, Ti elemental
maps.
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Figure 5.4. XRD pattern of Cu,O/TiO,.

The SEM images of the GP composites with a Cu20/TiO. loading of 10, 20 and 30 wt%

(Figure 5.5 (a-c) respectively) show Cu>O/TiO2 nanoparticles deposited mainly on the

geopolymer surface of the geopolymer matrix.
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Figure 5.5. Backscattered SEM micrographs of (a) GP-10 wt% CuO/TiO, composite, (b)
GP-20 wt% Cu2O/TiO2 composite, (c) GP-30 wt% Cu.O/TiO2 composite, (d) EDS element
spectra of the indicated area of image.
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EDS elemental map of the GP- 30 wt% Cu2O/TiO2 composite (Figure 5.6) shows the
expected presence of Si, Al, Na, Ti and Cu. The lighter spherical regions signify the presence
of Cu2O/TiO- throughout the geopolymer matrix and which is evidenced by the Cu and Ti

elemental maps.
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Figure 5.6. (a) Backscattered SEM image of ground GP-30 wt% Cu.O/TiO; and (b) Ti, (c)
Cu, EDS maps, (d) EDS element spectra of the indicated area of image.

5.3 High-Resolution Transmission Electron Microscopy

Figure 5.7 is a series of lower magnification and higher magnification TEM micrographs of
the GP-10%Cu20/TiO2 sample. In the low magnification image (Figure 5.7a) small dark
spots are observed evenly dispersed though a lighter matrix. It is assumed that the lighter
matrix is the GP and the small grains are either the TiO2 or the Cu20. From initial grain size
analysis (Figure 5.2) there appears to be a bimodal grain size distribution, the TiO2 being

considerably smaller than the Cu20O grains (200 — 300 nm).

To confirm that both TiOz and Cu20 are present, HRTEM images were acquired (Figure 5.7
b). Image analysis from this HRTEM confirms a d-spacing of 0.22 and 0.45 nm in two
different regions which corresponds to the Cu20 (200) and TiO2 (110) respectively. Both
these grains are smaller than 20 nm in size. As these grains are small, and as the GP is reacted
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after the nanoparticles have been added, it is proposed that the nanoparticles are not only
present on the sample surface (as observed in SEM), but also dispersed throughout the GP
bulk.

TiO, (110)
0.45 nm

Figure 5.7. (a,b) TEM images of GP-10%-Cu,O/TiO, composite, (c-e) HRTEM image of a
selected area in (b).
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5.4 FTIR spectroscopy
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Figure 5.8. FTIR spectra of (a) GP matrix, (b) GP-10 wt % Cu.O/TiO,, (c) GP-20 wt %
Cu20/TiO2, (d) GP-30 wt % Cu0/TiO2, (e) Cu0O/TiO2

The FTIR spectra of these samples (Figure 5.8) show a principal band in the region 997-1018
cm? arising from the Si-O-Si and Si-O-Al asymmetric stretching vibrations.'?® The (H-O-H)
bending and (OH) stretching bands at 1641-1657 and 3431-3462 cm™ respectively indicate
that the geopolymer retains absorbed water following polycondensation of the (OH)
groups.'®® Addition of 10 and 20 wt% Cu,O/TiO> to the geopolymer causes a small shift in
the position of the asymmetric Si—-O-Si stretching vibration at 1000 cm™ and a reduction in
the intensity of this band. At lower wave numbers, the Si-O-Si bands of the geopolymer
matrix are observed at 444 cm™ and 798 cm™ (Si—-O-Si symmetric stretching mode), while
other significant asymmetric bands appear at 576-615 cm™ in the Cu.O/TiO2 composites;

these probably arise from the superposition of Cu/Ti—-O—Cu/Ti, since they progressively shift

92



Chapter 5

from 576 to 615 cm™ with the addition of 10 wt% to 30 wt% of Cu/Ti to the nanocomposites.
These spectra are consistent with a conventional geopolymer matrix in which the

CuxO/TiO2 heterostructure has not significantly distorted the matrix structure.

5.5 Adsorption of MB
5.5.1 Reactions under dark conditions (adsorption on the matrix)

As described in the previous chapter, an identical series of experiments on the removal of MB
dye was carried out using these Cu20O/TiO, composites. As concluded from the results of the
previous chapter, the geopolymer matrix should be an efficient absorbers of organic dyes in
its own right since its surface hydroxyl groups can attract and hold cationic organic
species.!’® As in the experiments of chapter 4, the adsorption of MB on the composites was
monitored by measuring the decolorization of the MB dye under dark conditions (Figure 5.9).
Incorporation of 10 wt% Cu2O/TiO2 nanoparticles into the geopolymer matrix results in a
significant slowing of the rate of dye adsorption (Figure 5.9), probably because of blocking of
the adsorption sites by the non-adsorbing oxide particles as was the case with Cu.O alone.
However, this effect is reversed by the addition of larger concentrations of Cu.O/TiO>
(Figure5.9), suggesting that the Cu.O/TiO> heterostructures are now acting to open up the

geopolymer matrix structure, facilitating access of the dye to the internal adsorption sites.

93



Chapter 5

T T T T T T I T T

1.0+ --®m-- Gp-Dark i
e, --@-- Gp-Cu-Ti-10%-Dark
' % --A-- Gp-Cu-Ti-20%-Dark
0.8 - Nle --v-- Gp-Cu-Ti-30%-Dark |
‘\\ E:\‘ . .. \
Yo \ ".\
UD 0.6 1 *\ \\\\\-1- SN 1

0.4 1

-
-
-
-
P
-,
-
”
-
- -
.
-
/
/!
-
. < I
]
I}
1
!
[
|

\ T il 2
N =
R )
0.2 1 \*\i_..—— :\“\\ T -
*1} ‘:11¥:::::::::=
0-0 ! 1 ' | ! | '* I ' | '
0 50 100 150 200 250 300
Time (min)

Figure 5.9. Plot of the residual concentration (C/Co) vs. time (t) on the GP, Cu,O/TiO.-GP
10, 20, and 30 wt% (monitored at 664 nm) under dark conditions.

Following the procedure outlined in the previous chapter, the MB adsorption data were fitted
to pseudo-first order and pseudo-second-order models (equations 29 and 30 respectively in
chapter 3).181 182 The resulting plots of g versus time (t) for the adsorption of MB on these
adsorbents are presented in Figure 5.10 (a, b). Comparison of the ge values calculated from
these equations with the experimental values of gexp (Table 5.1) shows that for all the samples
the pseudo-first order model provides a better fit to the experimental data. Apart from the 10
% Cu20/TiO2 geopolymer composite, which has already been noted as being less absorptive
for MB dye, the first-order rate constants (Table 5.1) are very similar, as are the correlation

coefficients R? for both the pseudo-first order and pseudo-second order models.
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Figure 5.10. (a) Pseudo first-order kinetics and (b) Pseudo second-order kinetics by the
nonlinear method and experimental kinetics for the adsorption of MB on the geopolymer

matrix and geopolymer composites containing Cu,O/TiO- heterostructures.

Table 5.1. Kinetic parameters for adsorption of MB under dark conditions by
geopolymer composites with CuO/TiO-

Sample Kinetic model |  Qexp (mgrg) Qe (mg/g) k R?
GP 1%-order 14.74 15.33 0.015 0.90
“ 2"%order “ 19.85 7.05e% 0.89
GP/10%CuO/TiOz | 1%-order 14.76 14.92 0.006 0.97
“ oo 2"dorder “ 21.56 2.00e% 0.97
GP/20%Cu,0/TiO, | 1%-order 14.76 16.23 0.016 0.93
“ oo 2"9-order “ 22.31 6.24¢04 0.93
GP/30%Cu,0/TiO, | 1-order 14.76 17.13 0.010 0.95
“ oo 2"9-order “ 25.43 2.71e% 0.94

5.5.2 MB dye adsorption isotherms under dark conditions

As in the previous chapter, the experimental MB adsorption data determined under dark
conditions were fitted to the Freundlich, Langmuir and Langmuir-Freundlich isotherms
(equations 31-33 in chapter 3).1" 1’® The resulting plots of the data are shown in Figure 5.11

a, b and c respectively. The correlation coefficient (R?) of all these fits for the geopolymer-
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10% Cu20/TiO2 composite is >0.98, indicating that the adsorption of MB by this composite
can be described equally well by all three isotherms; however, the R? values for all the
composites fitted by all three isotherms are satisfactorily high (0.90-0.99), suggesting that the
most appropriate isotherm cannot be identified from a consideration of the R? values alone.
The slightly better adsorption characteristics of the geopolymer-10% Cu.O/TiO, composite
are consistent with the differences already noted between the adsorption behaviour of the

geopolymer-10% Cu.O/TiO, composite and those containing higher Cu2O/TiO>
concentrations.
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Figure 5.11. (a-c). Adsorption isotherms for MB adsorption and the corresponding Langmuir,
Freundlich and Langmuir-Freundlich models fit (dashed lines).
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5.5.3 Reactions under UV radiation

As discussed in Chapter 4, the decolouration of MB dye under UV radiation shown in Figure
5.12 was determined in a separate series of experiments in which fresh MB solutions were
mixed with fresh composite samples and immediately exposed to UV irradiation. As with the
composites containing only Cu>O (Chapter 4), removal of the dye is due to a combination of
adsorption and photodegradation processes and should therefore be more rapid than in the
dark. Comparison of Figure 5.12 with the process in the dark (Figure 5.9) shows this to be the

case, particularly in the geopolymer-20% Cu.O/TiO> composite, in which the destruction of
the MB is markedly faster than in the dark.
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Figure 5.12. Plots of the residual concentration (C/Co) vs. time (t) on the GP matrix and
Cux0/TiO2-GP 10, 20, and 30 wt% composites (monitored at 664 nm) under UV irradiation.

Figure 5.13, which compares the behavior of the all the materials towards MB in the dark and
under UV radiation after 60 min., clearly shows the expected increase in photodegradation
with increasing Cu2O/TiO2 content of the composites, with 98% dye removal achieved by the
geopolymer-20% Cu2O/TiO2 composite in this time interval. The photodegradation properties
of the Cu20O/TiO2 component alone are not as marked as those of the composites, since these

results represent a combination of adsorption and photodegradation, and this component of

the composites does not adsorb the dye (Figure 5.13). The response of the geopolymer
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matrix to the MB is similar under both dark conditions and UV radiation, suggesting that

irradiation has little effect on the dye adsorption characteristics of the geopolymer.

Dark

80 - \

CuwTi

= ] 7 \

Gp-Cuw/Ti-10% \\\4

Figure 5.13. MB removal after 60 min. by the GP matrix, (10-30 wt%) GP-Cu,O/TiO;
composites and the Cu,O/TiO2 nano-heterostructure.

5.5.4 Adsorption and degradation of MB dye by P25 titania, Cu20 and their

geopolymer composites

For comparison with the Cu2O/TiO2 nanocomposites, the behaviour of P25 titania alone and
in conjunction with the geopolymers matrix was measured under dark conditions and UV
radiation and compared with and the Cu.O results of the previous chapter (Figure 5.14).
Under dark conditions, neither TiO2 nor Cu2O alone nor their mixture removes MB from
solution, indicating that the nanostructure and surface properties of these oxides is not
effective in absorbing the dye. However, in combination with the geopolymer matrix,
adsorption occurs on the geopolymer (Figure 5.13a). When fitted to pseudo- first and pseudo-
second order Kinetic equations, the data of Figure 5.13a behave similarly to the geopolymer

Cu2O/TiO. composites, being best described by the pseudo first-order equation (Table 5.1).
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Likewise, these data are well fitted by Freundlich-type isotherms, confirming that the
behaviour of these geopolymer composites under dark conditions represent adsorption of the

dye on the matrix.

Under UV irradiation (Figure 5.14b) both the TiO, and CuO alone, and their nano-
heterostructure exhibit the expected photodegradation of the MB dye, the Cu.O being
markedly less efficient that the P25 titania. However, combination of Cu2O with P25 titania
greatly improves its performance (Figure 5.14b), but the incorporation of this nano oxide
combination into the geopolymer matrix produces an even greater effect than with the
Cu2O/TiO2 combination by itself, particularly in composites containing 20 wt% Cu2O/TiOx.
Since it was shown in Figure 5.14 that the photoactive oxides Cu20 and TiO; separately and
in combination do not have any significant absorption characteristics compared with the
geopolymer matrix, their removal of MB under UV irradiation is solely due to
photodegradation.

The excellent performance of the geopolymer-Cu.O/TiO> composites in destroying the model
organic compound result is probably due to the ability of the matrix to trap and hold the dye
during the photocatalysis process. The facilitating effect of the matrix, in terms of its pore
size and structure will be addressed in the following chapters. The present results suggest
however that composites of nanosized Cu20O particles and photoreactive P25 titania in an
aluminosilicate geopolymer matrix have been successfully synthesised, and have an
improved potential as materials for environmental protection applications to efficiently

remove organic pollutants from water or the atmosphere.
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Figure 5.14. Residual concentration (C/Co) vs. time (t) of MB dye adsorbed and

photodegraded on the TiO,, Cu.O and Cu,O/TiO2, compared with the GP-Cu,O/TiO,
composites under (a) dark conditions, (b) UV radiation.
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5.6 Geopolymer composites of P25 titania alone
5.6.1 XRD Analysis

The XRD traces of geopolymer composites containing only P25 titania (Figure 5.15) are as
expected, containing only the broad X-ray amorphous feature overlaid by the sharp peaks of

the anatase and rutile forms of titania.

llﬂ 2‘0 3:0 4I0 1";0 6I|] 7:0 8I(]
2-Theta
Figure 5.15. XRD patterns of GP and TiO; and TiO; supported by GP with different loading

contents; (a) GP, (b) GP-10 wt % TiO», (c) GP-20 wt % TiO, (d) GP-30 wt % TiO., (e) TiO..
Q = quartz, K = cristobalite, A = TiO2 anatase, R = TiO; Rutile
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5.6.2 Scanning electron microscopy

SEM micrographs (Figure 5.16) confirm the homogeneous dispersion of the P25 TiO;
particles on the surface of the geopolymer composites with no obvious particle aggregation
(Figure 5.16). As expected, increasing the oxide concentration part is evidenced by a greater
concentration of TiO- particles, especially on the surface of the composite matrix, as shown
by the backscattered images (Figure 5.16 b,d,f).

NONE SEl ] 150k X10.000  Tem WD 95mm MONE COMPO 150Ky X10000  Tpm

CDHF‘O 150V X10000 Tem WD 93mm

150K X10000  Tem WD 94mm COMPO 150kV  XI10.000 1em WD 94mm

Figure 5.16. SEM micrograph of (a) GP-10 wt % TiO3, (b) BSE of GP-10 wt % TiO,, (c) SEM

micrograph of GP-20 wt % TiO,, (d) BSE of GP-20 wt % TiO3, (e) SEM micrograph of GP-30

wt % TiO, (f) BSE of GP-30 wt % TiO,, showing TiO2 nanoparticles deposited mainly on the
GP surface.
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Figure 5.17a is a BSE micrograph of the GP-30% TiO> sample. The bright regions in the BSE
image correspond to the TiO> rich regions, which have a higher average atomic number than
the GP matrix. Figure 5.17 b — e are the corresponding EDS elemental maps from Na, Al, Si
and Ti. There are some higher concentration regions in the Na, Al, Si EDS maps, which may
be attributed to the sample morphology or to phase segregation yielding the observed quartz
and cristobalite XRD peaks. The TiO> grains look evenly distributed on the sample surface,
but it is interesting to note that the Ti EDS maps do not always directly correspond with the
bright regions in the BSE image. As the BSE interaction volume region is larger than the
EDS interaction volume, it is proposed that the TiO> grains are embedded to some extent in

the GP matrix.
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Figure 5.17. (a) Backscattered electron image of GP composite containing 30 wt%TiO» and
(b) sodium, (c) aluminium, (d) silicon, (e) titanium EDS maps, (f) EDS element spectra of the
indicated area of image.
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5.6.3 High-Resolution Transmission Electron Microscopy

Figure 5.18 shows a series of low magnification and high magnification TEM micrographs.
Figure 5.18 shows dark ca. 10 — 20 nm sized grains embedded within a lighter matrix. It is
proposed that the lighter matrix is the GP, whereas the dark particles are the TiO grains. This
is confirmed in Figure 5.18 b which shows lattice fringes with a d-spacing of 0.42 — 0.45
corresponding to the TiO2> {110} plane. The GP pore size has experimentally been
determined to range from 24 — 55 nm. As such, it is possible that the 10 — 20 nm sized TiO>

could be incorporated into the GP matrix.

TiO, (110)

<
-

Figure 5.18. (a,b) TEM images of GP-10%-TiO, composite
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5.6.4 Nitrogen Adsorption/Desorption Isotherms

Information about the pore structures of the composites was obtained by measuring the N>
adsorption-desorption isotherms of the composites containing 10 wt% Cu.O and 10 wt%
TiO2 (Figure 5.19). The specific surface areas were obtained by several different methods:
single point BET, multiple-point BET, Langmuir, BJH adsorption and BJH desorption
measurements (Table 5.3). All these techniques show similar trends, with a significant
increase in area from the geopolymer matrix alone to the composite containing 10 wt% TiO>
and a significant decrease in the area of the composite containing 10 wt% Cu20, the latter
possibly due to blocking the pores by the Cu.O particles as previously suggested. This
observation is also consistent with the much smaller pore volumes recorded for the Cu.O
composites, and the decreased adsorption of MB dye under dark conditions in this composite
(Figure 4.14). The increased surface area of the titania-geopolymer composite (Table 5.3)
suggests that in this composite the titania nanoparticles are more readily able to enter into and
expand the internal structures of the geopolymer matrix, or that the surface area of the titania
itself is contributing to this result. The present experiments do not allow these possibilities to

be distinguished.

160
—a— Reference Geopolymer(ads)

140 1 —59— Reference Geopolymer(des)
—o— Gp-10% Cu,O (ads)
—0— Gp-10% Cu,O (des)
100 4 - 4= - Gp-10% TiO, (ads)
- 2= -Gp-10% TiO, (des)

3]
o
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Volume Adsorbed(cm’/g)
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0 &BWWQ W '

Relative Pressure (P/P )
Figure 5.19. Nitrogen sorption isotherms of the GP matrix (M, adsorption O, desorption),

GP-10 wt% Cu,O- (@, adsorption O, desorption ) and GP-10 wt% TiO»- (A, adsorption A,
desorption)
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Table 5.2. Specific surface areas and pore parameters of geopolymer and
geopolymer composites

GP-Reference | GP-10%-TiO2 | GP-10%-Cu20
Single Point Surface Area | 18.44 m#/g 39.60 m2/g 5.14 m¥/g
S BET 17.23 m3/g 41.75 m3/g 5.21 m3/g
S Langmuir 21.92 m2/g 57.98 m2/g 6.82 m3/g
S BIH Adsorption Cumulative

23.06 m3/g 30.87 m2/g 5.79 m3g
S BJH Desorption Cumulative

38.94 m2/g 46.55 m2/g 17.76 m3/g
Volume
Single Point Adsorption | ¢ 54 /g 0.23 cm¥/g 0.081 cm¥g
Vv pore BJH Adsorption Cumulative 0.236 Cm3/g 0.23 Cm3/g 0.061 Cm3/g
\Y pore BJH Desorption Cumulative 0236 Cmg/g 023 Cm3/g 0081 Cm3/g
Pore Size
D Aadsorption 55 nm 22 nm 62 nm
D B2 Adsorption 41 nm 30 nm 42 nm
D B2t pesorption 24 nm 20 nm 18 nm

Conclusions

This chapter demonstrates that composites of spherical nanoparticle Cu.O with P25 titania
homogeneously distributed within a well-formed aluminosilicate geopolymer matrix can
successfully be prepared, as shown by SEM/EDS and HRTEM. XRD and FTIR confirmed
the formation of a well-reacted geopolymer matrix that was unaffected by the insertion of the
Cu2O/TiO2 heterostructures or by the adsorption or photodegradation of MB dye. The entry
of the Cu.O/TiO: heterostructures into the geopolymer matrix is shown to facilitate the
removal of MB dye from solution under dark conditions, but P25 titania or Cu20 alone do not
show this facility for dye adsorption. Under dark conditions, the geopolymer matrix, and, in
particular, the Cu2O/TiO2 geopolymer composites, remove the dye by an adsorption process

which can best be described by pseudo first-order kinetics and Freundlich-type isotherms, as
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was shown in the previous chapter to be the case for Cu.O/geopolymer composites. Nitrogen
adsorption/desorption isotherms of the composites containing 10 wt% TiO2 show a
significantly larger specific surface area than the geopolymer matrix alone, possibly due to
expansion of the pore structure by the titania, whereas the specific surface area of the
composite containing 10 wt% Cu.0 is significantly decreased, possibly due to blocking of the
pores by the Cu.O nanoparticles. These observations provide a qualitative explanation for the

differences in dye absorption behaviour of the different composites.

Under UV irradiation, the composites remove the MB dye by a combination of adsorption
and photodegradation, as was found for Cu>O/geopolymer composites (chapter 4). The
combination of a nano-heterostructure composed of Cu.O particles and photoreactive P25
titania in an aluminosilicate geopolymer matrix was found to be a more efficient
photocatalyst under UV irradiation than geopolymer composites of the individual oxides
alone, and represents an improvement in the performance of these composite photocatalysts

over those containing Cu20 alone.
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Chapter 6
Composites containing Cu20 nanoparticles supported on an
expanded geopolymer matrix

Introduction

In previous chapters it was shown that composites of geopolymers with nanoparticles of
Cu20 can efficiently remove MB dye from solution by a combination of adsorption (in the
dark) and photodegradation (under UV irradiation), and the efficiency of this process is
considerably improved by combining the Cu>O with a photoreactive form of titania (P25). In
this chapter, attention is turned to the role of the geopolymer matrix, to determine whether by
modifying its pore structure, the efficiency of the photoactive component might be improved
further.

Although geopolymers, are X-ray amorphous, the negative charges on the aluminate units
which are compensated by the presence of cations leads to similarities with zeolite structures,
particularly with respect to cation exchange behaviour, which in turn suggests a possible
procedure for expanding the pore structure of the geopolymer by the use of a large quaternary
ammonium cation such as the cetyltrimethylammonium ion (CTAB), normally used as the
bromide salt. CTAB is extensively used to expand the basal spacings of layer-lattice clay
minerals such as montmorillonite,'?> 40 rectorite’® and kaolinite.® Okada et al. synthesised
TiO2/mesoporous silica composites using the surfactant properties of CTAB as a structure
directing agent under alkaline hydrothermal conditions,*® and it is commonly used in a
similar role in the hydrothermal synthesis of zeolites.’3> All these applications involve the
formation or modification of a crystalline structure, but to our knowledge, CTAB has never
previously been used to modify an X-tray amorphous material such as an aluminosilicate
geopolymer which does not possess a layer structure, but contains pores which might be
modified by yje inclusion of a large quaternary ammonium cation. The work presented in this
chapter exploits the ion-exchange properties of geopolymers by replacing the monovalent
charge-compensating ion by the much larger CTAB, thereby expanding the pore structure
and facilitating the entry of the photoactive Cu2O deeper into the structure. It was also hoped
that the presence of the CTAB might modify the pore surfaces of the geopolymer and thus the

mechanism by which the photoactive oxide is attached to the geopolymer matrix, resulting in
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a geopolymer matrix of stable pH which would act as a pH buffer, allowing the two dye
removal processes to be separately measured.

Immobilization of oxide nanoparticles on the inner and outer surfaces of these inorganic
materials has been shown in previous chapters to produce efficient photocatalysts. Nano
composite matrices adsorb organic substances either on their external surfaces or within their
internal spaces via interactions or exchange.!®® Reports in the literature show that small
amounts of surfactant such as CTAB can expand the layers of a clay mineral and control their
separation, producing hydrophobic photocatalyst composites.!8% 19 Such a modified nano
Cu20-geopolymer-composite is expected to show better photocatalyst properties than the
unmodified Cu0-geopolymer composites developed in chapters 4 and 5, due to the
improved dispersion of the metal oxide nanoparticles at external and interlayers of the
geopolymer matrix.

The CTAB-expanded geopolymer matrices were synthesised as described in Chapter 3, and
the structure and properties of the resulting composites of Cu,O with the modified matrix

were determined as described in chapters 4 and 5.

6 Result and Discussion
6.1 Elemental Analysis

The major element analyses by XRF (Table 6.1) show similar matrix compositions of the
CTAB-modified geopolymer and, for comparison, a unmodified Na-geopolymer, apart from
the Br content of the modified geopolymer; this decreases to almost zero upon formation of
the oxide composite, indicating the effectiveness of the washing procedure followed in this
part of the synthesis. Composite formation is also accompanied by a reduction in the Na
content, again a result of the washing step. The Cu and Ti contents show the expected

increase with increasing Cu2O/TiO- contents of the composites.
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Table 6.1. XRF analysis (wt%) of major elements of geopolymer samples with different
compositions

GP M-GP M-GP-10 wt% Cu20  M-GP-15 wt% Cu20

Na2O 15.2 16.8 12.0 10.8
Al,03 23.7 23.0 20.5 18.8
SiO2 46.2 44.8 40.8 37.8
TiO: 0.043 0.048 0.050 0.047
Fe203 0.193 0.194 0.183 0.169
Cu20 0.005 - 6.24 8.01
Br - 0.342 0.006 0.005
ZrOz 0.007 0.005 0.007 0.005

LOI 14.46 14.68 20.14 24.25
SiO2/Al203 1.95 1.95 1.98 2.01

6.2 XRD Analysis

The XRD patterns of the starting Cu.O, CTAB-modified geopolymer and corresponding
Cu20 composites (Figure 6.1) show that the modified geopolymer matrix is typically X-ray
amorphous and similar to the unmodified matrix (chapters 4 and 5). The Cu20 reflections and
the absence of peaks of CuO or Cu confirm the successful synthesis of the Cu-O.
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Figure 6.1. XRD patterns of (a) Cu20, (b) M-GP-50 wt% Cu.0O, (c) M-GP-30 wt% Cu.0, (d)
M-GP-15 wt% Cu.0, (e) M-GP-10 wt% Cu.0, (f) M-GP-5 wt% Cu.0, (g) M-GP, (h) GP.Q =

quartz, K = cristobalite, C = cuprous oxide.
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6.3 Scanning electron microscopy

Figure 6.2a shows a BSE image of the CTAB-modified geopolymer. EDS mapping and point
analysis (Figure 6.2 b-c) confirm the presence of sodium (Na), silicon (Si), aluminum (Al)

without any other impurities.

— SiKa
D

— AlKa

— NaKa

Figure 6.2. (a) Backscattered SEM image of M-GP and elemental maps of (b) Na, (c) Al, (d)
si, (e) EDS element spectrum. Red rectangular areas in the elemental maps correspond to
the EDS spectrum (e)
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Figure 6.3. (a,b) M-GP-5 wt% Cu.O composite, (c,d) M-GP-10 wt% Cu,O composite, (e,f)
M-GP-15 wt% Cu,O composite, (g,h) M-GP-50 wt% Cu20O composite. Micrographs b,d,f,h

are BSE images, micrographs a,c,e,g are SE images.
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Figure 6.3 is a series of SE and BSE micrographs of CTAB-GP with 5, 10, 15, 50 wt %
Cu20. The left hand micrographs are SE micrographs and the right hand micrographs are the
corresponding BSE micrographs. As Cu20 has a higher average atomic number than the GP,

the Cu.0 particles appear bright in comparison to the GP matrix.

Figure 6.4a is a BSE micrograph of the CTAB-GP- 50 wt% Cu.O sample. Very bright
regions are observed in the BSE image, suggesting Cu,O phase aggregation. This is
confirmed from the EDS mapping, where strong Cu-rich regions (Figure 6.4e) are seen. The
Na, Al and Si elemental maps (Figure 6.4 (b-d)), show no strong phase segregation. From

EDS elemental analysis no impurity phases are observed (Figure 6.4 f).

———— 20 pm Al K

— SiKa

l} — CuKb

* — CuKa

Figure 6.4. (a) Backscattered SEM image of ground M-GP-50% Cu,O and elemental maps
of (b) Na, (c) Al, (d) Si, (e) Cu, (f) EDS element spectrum of M-GP-50 wt% Cu.O.
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6.4 High-Resolution Transmission Electron Microscopy

The TEM image of the geopolymer-CTAB10%-Cu,O composite (Figure 6.5a) shows the
presence of dark nanocubes corresponding to Cu2O nanoparticles. That the dark black dots
represent the Cu2O nanoparticles is confirmed by measurement of the lattice fringes in the
HRTEM images (Figure 6.5).

Figure 6.5a is a low magnification TEM micrograph of the GP-CTAB10%-Cu20 sample. The
image is characterised by dark cubic regions in a lighter GP matrix. From HRTEM work
these cubic regions are confirmed to be Cu2O (Figure 6.5¢ and inset). The inset in Figure 6.5¢
is an inverse Fourier transform (IFFT) with a d-spacing of 0.24 nm which corresponds to the
Cu20 (111) plane. The Cu20 are approximately 100 nm in size which agrees with the initial
synthesis work described in Section 4.2. The smaller spherical grains observed in Figure 6.5b

are Cu20.

Figure 6.5. (a-c) TEM images of GP-CTAB10%-Cu.O composite, (d) HTREM of selected
area in (c).

The aligned lattice fringes of the Cu.O nanoparticles are clearly illustrated in Figure 6.5.
which shows adjacent fringe spacings of about 0.21 nm, measured by digital micrograph
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software by calculating the average parameters between 10 lattice fringes. These lattice
spacings are in agreement with the (cubic) structure of Cu.O (JCPDS file 01-073-6237) and
the HRTEM analysis thus provides a reliable confirmation of the XRD analysis.

BFZ —————10pum NaK cC————1.0um AJK
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Figure 6.6. STEM and EDX elemental mapping images of M-GP-10 wt%-Cu,O composite.
Red circled areas in the elemental maps correspond to the EDS spectrum (f)

6.5 FTIR spectra of these samples

Figure 6.7 shows the FTIR spectra of unmodified geopolymer, CTAB-modified geopolymer
and Cu20 composites with CTAB-modified geopolymer (5-50 wt% Cu20). The band in the
unmodified geopolymer at 1644 cm™ is related to the H-O-H bending vibration of water
molecules adsorbed on the geopolymer®. This vibration band is shifted to the higher number

due to the presence of CTAB. The frequency shift trend indicates the hydrophobicity of the
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resultant material by the surfactant loading.’® However, all the FTIR frequencies of the
composites decrease with increasing Cu.O content, suggesting a reduction in the
hydrophobicity of the Cu2O composites by replacement of some surfactant. The adsorption
band for the O-H stretching vibration of H-bonded water® appears in all the samples. This
band occurs at 3439 cm™ in the unmodified geopolymer and is shifted to higher frequencies
for the composites containing CTAB and Cu20. The presence of the surfactant causes a

decrease in the hydrogen bonding strength of the composite.°

Table 6.2. Positions and assignments of the IR vibration bands observed in the range of 400-4000

cm?
Unmodified GP- GP- GP- GP- GP- Cu20 CTAB
GP CTAB CTAB- CTAB- CTAB- CTAB-
5%Cu20 | 10%Cu20 | 15%Cu20 | 50%Cu.0
3834 3772 3774 3778 3560
3439 3444 3479 3466 3464 3448 3433
3015 3016
2967 2964 2966 2968 2968 2968
2929 2919
1644 1652 1653 1651 1649 1649 2848
1384 1384 1460 1462 1475
1002 1003 1009 1007 1007 1007 962
872 874 874 874 910
694 700 700 698 698 698 725
617 621 627 627
578 588 586
521
482
437 440 434 442 444 444 422

—OH: 3700-3600, —OH, HOH: 3600-2200, HOH: 1700-1600, Si—O—Si &Al-O-Si: 1200-950

The CTAB surfactant replaces the hydrated cations and causes a reduction of the H,O
content, so the H-bonding is strongly reduced, and the surface of the composite is changed
from hydrophilic to hydrophobic'®. Furthermore, the pore structure of the geopolymer may be
altered, allowing nano oxides such as Cu>O greater access to the cavities. The CTAB cation
can be coordinated to the oxygen of the geopolymer from one side and the water molecules
on the other side, decreasing the polarising ability and weakening the H-bonds in the isolated
hydrated species,'® so the O-H stretching band is shifted to higher wavenumbers.The

vibration corresponding to the CH: stretching mode of the amine is located at 2918 and 2929
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cm™ in CTAB and the M-GP respectively. The presence of this band indicates the presence of
CTAB at the surface or inside the geopolymer matrix. The —CH- stretching vibration
disappears in the M-GP-Cu20O composites, due to the interaction between the surfactant and
Cu,0.

The most significant peak which confirms the formation of the geopolymer is related to the
Al-O and Si-O asymmetric stretching vibration!! at about 1000 cm™ is located in the matrix
and all the composites. This band is shifted to higher numbers by the addition of Cu,O to the
modified geopolymer composite, evidencing a small change in the geopolymer structure. The
vibration associated with the Cu-O stretch is situated at 627 cm™ in the reference Cu,O. This
vibration appears at almost the same position in the composites containing 10, 15 and 50 wt%
Cu.0.
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Adsorption

3(JI(}0 34I[)0 Z(JIO{J 24IOO 1 9IOO 1 4I00 9(.}[} 400
‘Wavelength cm-1
Figure 6.7. FTIR spectra of unmodified GP, M-GP, Cu,0 and Cu,O supported by GP matrix
with different loading contents; (a) Cu.0, (b) M-GP-50 wt% Cu.0, (c¢) M-GP-30 wt% Cu.0,
(d) M-GP-15 wt% Cu.0, (e) M-GP-10 wt% Cu.0, (f) M-GP-5 wt% Cu.0, (g) M-GP, (h) GP,
(i) CTAB.
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6.6 2°Si and 2’Al solid state MAS NMR

The 2°Si MAS NMR spectra of the geopolymer and geopolymer composites are shown in
Figure 6.8. All the samples contain a principal resonance at about -87 ppm, confirming the
considerable saturation of the framework structure in Al, but this peak is broadened due to the
presence of several slightly different Si-O-Al environments.*?! This peak remains essentially
unchanged after adding different percentages of Cu.O nanoparticles. As was found for the
Cu20 composites in a unmodified geopolymer matrix (chapter 4), the general characteristics
of these 2°Si MAS NMR spectra are similar, as are the 2’Al MAS NMR spectra of the CTAB-
modified geopolymer composites (Figure 6.9). The Al MAS NMR spectrum of the
unmodified geopolymer matrix is noticeably narrower than those of the CTAB-modified
matrix and corresponding composites; this probably reflects a progressive disruption of the

structure by the insertion of the CTAB.

50 0 -50 -100 -150 -200

Figure 6.8. 11.7 T #Si MAS NMR spectra (a) GP, (b) M-GP, (c) M-GP-10 wt% Cu.0, (d) M-
GP-30 wt% Cu,0, () M-GP-50 wt% Cu,0
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Thus, these spectra confirm the successful formation of aluminosilicate geopolymer

composites in the presence of the CTAB surfactant.
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Figure 6.9. 11.7 T Al MAS NMR spectra (a) GP, (b) M-GP, (c) M-GP-10 wt% Cu:0, (d) M-
GP-30 wt% Cu20, (e) M-GP-50 wt% Cu.0.

6.7 Adsorption of MB
6.7.1 Reactions under dark conditions

As with the composites formed with the unmodified geopolymer matrix discussed in chapter
4, a corresponding set of experiments was conducted on the composites formed with the
CTAB-modified geopolymer matrix. The CTAB-modified composites are expected to
decolorize the MB dye by a combination of adsorption on the geopolymer matrix (in the
dark), and by photodegradation (under UV irradiation). For this reason, the adsorption
characteristics of these composites were first investigated in the dark. Figure 6.10 shows the
change in the relative concentration (C/Co) of MB dye solution with time in the dark for the
CTAB-modified geopolymer matrix and the corresponding composites with 5, 10, 15 and 50

wt% Cu0. By contrast with the experiments using the unmodified geopolymer matrix which
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did not reach equilibrium, but adsorbed the dye continuously (Chapter 4), the CTAB-matrix
samples reached equilibrium after 12 hour. The most rapid decrease in MB colour and
greatest degree of adsorption reached at equilibrium was observed in the composites
containing 5-10 wt% Cu»O. The slower adsorption rates and lower degree of adsorption at
equilibrium in the samples containing higher concentrations of Cu.O may be due to blocking
of the active adsorption sites by the presence of the additional oxide and is particularly

noticeable in the sample containing 50 wt% Cu.O.
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Figure 6.10. Plots of the residual concentration (C/Co) vs. time (t) onto the GP matrix, M-GP
5, 10, 15 and 50 wt% Cu.O (monitored at 664 nm in dark)

As with the composites of unmodified geopolymer, the adsorption data were fitted to both
pseudo-first order and pseudo-second order kinetic equations,*% 182 but the fits to the pseudo-
first-order model were poorer, as suggested by comparison of the experimental values Qexp
with the ge values and the correlation coefficients R? (Table 6.3). In addition, the correlation
coefficients for the second order kinetic model are >0.99 (Table 6.3) confirming the superior

fit to the second order kinetic model. (see Figure 6.11.)

The difference between the adsorption kinetic model followed by the composites based on
the unmodified geopolymer matrix (pseudo first-order) and the present CTAB-modified
matrix is interesting, and arises from differences in the matrix itself. This is not unexpected;
the kinetic order of adsorption is known to depend on the nature of the matrix since in the
case of dye adsorption on a fly ash geopolymer matrix, second order Kinetics were followed,

reflecting the presence of impurities in the fly ash.!%®
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Figure 6.11. (a) Pseudo first-order kinetics, (b) Pseudo second-order kinetics by the
nonlinear method and experimental kinetics for the adsorption of MB onto M-GP and GP
composites.

Table 6.3. Parameters for kinetic models of MB adsorption on CTAB-based samples

Sample Kinetic Qexp (mglg) 0 (mafg) k R?
model

M-GP 1-order 14.40 12.86 240.78 0.97

“ 2"d-order “ 14.91 0.52 0.97

M-GP-5 wt%Cu.0 1-order 16.08 14.45 163.43 0.92
“ o« 2"d-order “ 17.50 99.56 0.99
M-GP-10 wt%Cu,0 | 1%-order 16.98 16.02 704.05 0.99
“ oo« 2"-order “ 16.84 3.39 0.92
M-GP-15 wt%Cu,0 | 1%-order 16.28 13.71 984.54 0.96
“ oo« 2"-order “ 18.59 80.49 0.97
M-GP-50 wt%Cu,O | 1%-order 10.43 9.049 337.56 0.95
“ o 2nd-order “ 11.28 1.38 0.99
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6.7.2 MB dye adsorption isotherms under dark conditions

As for the previous composites (chapter 4) the equilibrium adsorption data were fitted to the
three isotherms (Langmuir, Freundlich and Langmuir-Freundlich, egs. 31-33)!" 178 The
results of the three models are displayed in Figure 6.12. The adsorption of MB dye in the
dark on the CTAB-modified geopolymer matrix is well fitted by both the Langmuir and
Freundlich models, with a high R? value (0.99). The CTAB-modified geopolymer composites
containing 5, 10 and 50 wt% Cu>O are fitted by the Langmuir-Freundlich model which gives
the highest R? values (1.0, 0.99 and 0.99 respectively) but the 15%-Cu,O-CTAB-modified
geopolymer is better fitted to the Freundlich model (R?= 0.97). The similarity of all these fits
as reflected by their R? values militates against distinguishing any one isotherm as being the
most appropriate to describe the MB adsorption on these composite, but visual inspection of
the plots of the isotherm data (Figure 6.12) suggests that the Langmuir-Freundlich may be the

more appropriate description for all samples.
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Figure 6.12. (a,b) adsorption isotherms for MB adsorption and the corresponding
Freundlich and Langmuir models fit (dashed lines).
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Figure 6.12. (Continued) (c) adsorption isotherms for MB adsorption and the corresponding
Langmuir-Freundlich models fit (dashed lines).

6.7.3 Reactions under UV radiation

By contrast with the behaviour of composites based on the unmodified geopolymer matrix
(Chapter 4) in which adsorption occurred continuously and never reached equilibrium, the
composites based on CTAB-modified geopolymer matrices reached equilibrium under dark
conditions, as demonstrated in section 6.7.1. This property of the matrix results from
modification of the pore surfaces by the CTAB, producing a stable pH matrix which may act
as a pH buffer and allow the two dye removal processes to be separated. The degradation of
MB by the photocatalyst composites at room temperature was therefore determined in a
separate set of experiments in which the fresh catalyst/dye solution was allowed to equilibrate
in the dark for 12 hour to determine the amount of MB adsorbed onto the composites before
photodegradation. After equilibration, the system was subjected to UV irradiation and the
further change in MB concentration resulting from the photodegradation step was monitored
by removing aliquots, centrifuging and measuring their absorbance. Each experiment was
repeated a minimum of three times.

Figure 6.13 shows the results of MB degradation by these samples under both dark and UV
conditions as a function of time. Under dark conditions, none of the metal oxide samples
removes MB from solution, indicating that the nano structure and surface properties of these
oxides is not effective in absorbing the dye.

Incorporation of 10 and 15 wt% Cu2O nanoparticles into the CTAB-modified geopolymer

produced much better photocatalytic activity than other samples, suggesting that the CTAB is
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acting to open the geopolymer matrix structure, facilitating access of the dye to the internal
adsorption sites. In addition, by being able to separate the two processes of adsorption and
photodegradation, these results confirm the Cu.O-geopolymer nano composites have
significantly improved photocatalytic activity under UV irradiation compared with the Cu.O

nanoparticles alone.
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Figure 6.13. Plots of the residual concentration (C/Cy) vs. time (t) onto the M-GP, Cu,0 and
M-GP-5, 10, 15, 50 wt% Cu,O (monitored at 664 nm) under different conditions.

Figure 6.14 compares the removal of MB by the CTAB-modified geopolymer, the CTAB-
modified geopolymer composite containing different amounts of Cu.0, and Cu.O itself after
60 min. in the dark and under UV irradiation. This figure shows that the elimination of MB
from aqueous solution under UV irradiation by the composites of the CTAB-modified
geopolymer with Cu0 is more effective than by Cu>O alone. It can be seen that only about
10% MB is removed in the dark by Cu,O alone while in the geopolymer composites more
than half the MB is removed by adsorption on the geopolymer. The adsorption process is
more efficient in the composites containing lower Cu.O contents (5-10 wt%) and decreases
with increasing Cu20 content. The highest degree of MB removal by both the adsorption and
photodegradation processes occurs in the CTAB-modified geopolymer containing 10% Cu-O.

The poorer performance of the compounds containing higher Cu20 contents is probably due
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to the blocking of the active sites for adsorption and photodegradation by the oxide

nanoparticles.
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Figure 6.14. MB removal by the M-GP matrix, M-GP composites containing 5, 10, 15 and 50
wt% Cu20 and Cu20 alone after 60 min.

6.7.4 Nitrogen Adsorption/Desorption Isotherms

Possible explanations for the improved behaviour of the CTAB-modified geopolymer matrix
were sought by making measurements of the surface area and porosity of the unmodified and
CTAB-modified geopolymers and their Cu2O-containing composites by determining their N2
adsorption-desorption isotherms (Table 6.5).
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The specific surface areas derived from these adsorption/desorption isotherms (Figure 6.15)
indicate that these are relatively similar in the unmodified and CTAB-modified geopolymer
matrices, whereas the inclusion of CTAB results in a decrease in the pore volume and pore
size (Table 6.5). Incorporation of 10 and 15 wt% Cu20 results in an increase in the BET
surface area from 17.02 m2/g in the CTAB-modified geopolymer matrix to 27.27 m#g and
23.73 m2/g in the composites containing 10 and 15 wt% Cu2O respectively. Similar trends are
seen in the Langmuir surface areas and the cumulative surface areas of the pores calculated
by the BJH method (Table 6.5). This is accompanied by a corresponding decrease in the pore
size from 43.09 nm in the CTAB-modified geopolymer matrix to 31.56 nm in the composite
containing 10 wt% Cu20, remaining approximately constant at 32.67 nm in the composite
containing 15 wt% CuO. Thus, the superior performance of the composite containing 10
wt% Cu20 under both dark and UV conditions, appears to be due to the improved ability
ability of the oxide to enter the matrix pore structure, without causing too much constriction

of the pore volume, as occurs at higher oxide concentrations.
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Figure 6.15. Nitrogen sorption isotherms of the M-GP (M, adsorption O, desorption), M-GP-

10 wt% Cu20 (@, adsorption O, desorption ) and M-GP-15 wt% Cu,0 (A, adsorption A,
desorption)
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Table 6.4. Specific surface areas and pore parameters of geopolymer and geopolymer

composites
M-GP-10 wt%- | M-GP-15 wt%-
GP M-GP Cu20 Cu20
Single Point Surface Area | 18.44 m?/g | 16.14 m?/g 26.59 m?/g 23.52 m3/g
S BET 17.23 m?/g | 17.025 m3/g 27.27 m2/g 23.73 m2/g
S Langmuir 21.92 m?/g | 23.44 m3g 37.07 m3/g 31.95 m#/g
S BJH Adsorption Cumulative
23.06 m3/g | 21.41 m3g 28.72 m2/g 23.96 m3/g
S BJH Desorption Cumulative
38.94 m?/g | 33.63 m3g 43.60 m3/g 39.70 m¥/g
Volume
Single Point Adsorption | 0.24 cm3/g | 0.18 cm?/g 0.22 cmd/g 0.19 cm3/g
V pore BH Adsorption Cumulative | () 54 cm¥/g | 0.18 cmd/g 0.22cm3/g 0.19 cmd/g
V pore BIH Desorption Cumulative | () 94 cm®/g | 0.18 cmd/g 0.22 cmd/g 0.19 cmd/g
Pore Size
D adsorption 55 nm 43 nm 32 nm 33 nm
D B2 Adsorption 41 nm 34 nm 30 nm 32 nm
D B3t Desorption 24 nm 22 nm 20 nm 20 nm

Conclusions

This chapter confirms the successful preparation of a new geopolymer matrix with a pore
structure expanded by the inclusion of the large quaternary ammonium ion CTAB.
Composites of Cu20 nanoparticles with this expanded matrix have an increased surface area
facilitating the entry of Cu2O nanoparticles into the internal pores of the geopolymer matrix.
This phenomenon is also reflected by a decrease in the pore diameter after the addition of the
nanoparticles. The uniform dispersion of the oxide nanoparticles in the composites was
demonstrated by SEM/EDS and TEM. One major benefit of the use of this CTAB-modified
matrix in MB dye removal experiments is its maintenance of a stable pH, enabling it to
separate the two processes of adsorption and photodegradation in these composites. Unlike
composites of unmodified geopolymers, the adsorption of MB dye on composites with
CTAB-modified geopolymer matrices in the dark follow pseudo second-order kinetics, but

are similar to composites with unmodified matrices in being described by Freundlich-
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Langmuir type isotherms. Incorporation of 10 wt% Cu2O into the geopolymer composites
removes the highest percentage of MB under UV irradiation, and this is achieved by a

combination of adsorption and photodegradation.
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Chapter 7
Composites of CTAB-modified geopolymer matrices containing

Cu20 /TiO2 nano-heterostructures and P25 titania

Introduction

The previous chapter demonstrated the previously unexplored possibility of producing a
geopolymer matrix in which the pore structure is modified by the insertion of the large
quaternary ammonium cation CTAB. Composites of this matrix with Cu.O nanoparticles
were synthesised and their structures and photoactive properties were investigated. A
particular advantage of composites based on this modified matrix was shown to be its ability
to act as a pH buffer, allowing the dual processes of MB dye adsorption and
photodegradation to be distinguished. This chapter brings together the advantage of this new
matrix with the improved photoactivity obtained by combining Cu,O with P25 TiO; into a
Cu20/TiO2 nano-heterostructure, as demonstrated in chapter 5. The spherical nanocrystalline
Cu2O/TiO2 heterostructures were synthesized as described in chapter 3, section 3.3 and the
structural characteristics of the resulting composites were determined as previously by XRD,
FTIR, SEM/EDS and HRTEM. The photocatalytic properties of the composites in the
degradation of MB were determined as in chapter 6 by bringing the adsorption step to
equilibrium in the dark, then initiating the photodegradation step by exposing the samples to
UV radiation. For comparison, a corresponding set of samples containing P25 titania alone

were prepared and studied.
7 Results and Discussion
7.1 Elemental Analysis

The chemical composition of all samples obtained by X-ray fluorescence (Table 7.1),
confirmed the incorporation of Cu and Ti in different amounts in each composite. The Na
content was dramatically decreased due to exchange by Cu* and Ti*" ions. The increase in the
Ti/Si and Cu/Si ratio confirmed the increase in the oxide elements and the presence of Cu-Ti
oxides within the geopolymer matrix. The percentage of bromide decreased after addition of
the nano oxide particles and confirmed the removal of bromide ions in the washing step

accompanying the insertion of the metal oxide nanoparticles.
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Table 7.1. XRF analysis (wt %) of the major elements in the geopolymer samples of different

composition
Halloysite GP M-GP M-GP- M-GP-
clay unmodified 10 wt% Cu/Ti | 15 wt% Cu/Ti
Na.O 0.04 15.2 16.8 11.6 10.2
AlzO3 35.5 23.7 23.0 22.0 20.0
SiOz 49.5 46.2 44.8 42.5 38.8
TiO; 0.09 0.043 0.048 3.97 5.45
Fe203 0.29 0.193 0.194 0.194 0.192
Cu20 - 0.005 - 2.52 3.69
Br - - 0.342 0.014 0.007
ZrO; 0.007 0.005 0.008 0.007
LOI 13.8 14.46 14.68 17.05 21.5
SiO2/Al203 1.39 1.95 1.95 1.93 1.93
TiO2SiO2 - - - 0.09 0.14
Cu20/Si0O2 - - - 0.06 0.09

7.2 XRD Analysis

Figure 7.1 shows the XRD patterns of the CTAB-modified geopolymer composites with
different Cu.O/TiOz contents. As found for the CTAB-modified geopolymer containing Cu.O
(chapter 6), the XRD traces of the composites show that the modified geopolymer matrix is
typically X-ray amorphous and similar to the unmodified matrix (chapters 4 and 5). The
characteristic diffraction peaks for anatase at 20 = 25.29, (111), Cu20 at 26 = 36.50 and the
(310) reflection of rutile at 26 = 64.00 are present in the XRD patterns of the composites
containing the Cu.O/TiO,. However for the M-GP-Cu>O/TiO. composites containing 5 and
10 wt% Cu20/TiOo, there is insufficient nano-heterostructure present for these reflections to
be observed by XRD.
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Figure 7.1. XRD patterns of M-GP, Cu.O/TiO; and Cu,O/TiO; supported by M-GP matrix
with different loading contents; (a) Cu,O/TiO,, (b) M-GP-50 wt% Cu.O/TiO, (c) M-GP-15
wt% Cu20/TiO2, (d) M-GP-10 wt% Cu20/TiO: (e) M-GP-5 wt% Cu.O/TiOz, (f) M-GP, (g) GP.
Q = quartz, K = cristobalite, C = cuprous oxide, A = anatase, R = rutile.
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7.3 Scanning electron microscopy

Figure 7.2a is a BSE micrograph showing bright regions on a light grey background in
sample M-GP-10 wt% Cu2O/TiO>. The lighter regions are from the higher atomic number
TiO2 and Cu0O, which is confirmed by EDS elemental mapping (Figure 7.2e and f). The
particles are homogenously dispersed on the GP surface with no obvious Cu or Ti
aggregation. No additional impurities are found in the sample. As observed previously the

Cu20 grains (200 — 300 nm) are considerably larger than the TiO2 grains (ca. 25 nm).

NaK C————10um AlK

|:|10pm SiKk T 10 pm TiK C———— 10 ym Cul

Figure 7.2. (a) BSE image of powdered M-GP-10 wt% CuO/TiO2, (b) Na, (c) Al, (d) Si, (e)
Ti, (f) Cu.

Figure 7.3 is a series of SE and BSE micrographs of M-GP with 5, 10, 15, 50 wt %
Cu20/TiO,. The left hand micrographs are SE micrographs and the right hand micrographs
are the corresponding BSE micrographs. As Cu20O and TiO> have a higher average atomic
number than the GP, these particles appear bright in comparison to the GP matrix. The

surface morphology (Figure 7.3, SE micrographs) show a spongy-like structure.
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Figure 7.3. SEM micrographs of (a,b) M-GP-5 wt%Cu,O/TiO,, (c,d) M-GP-10 wt%
CuxO/TiOy, (e,f) M-GP-15 wt% Cu,O/TiO», (g,h) M-GP-50 wt% Cu.O/TiO,. Micrographs on
left-hand side of figure are SEM, those on the right hand side are BSE.
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7.4 High Resolution Transmission Electron Microscopy

TEM images of the 10 % Cu>O/TiO.-modified geopolymer composite are shown in Figure
7.4 (a,b). These images show the penetration of the photoactive nano-hetrostructures into the
geopolymer matrix, confirming that the preparation method achieved the desired
photocatalyst morphology. The lattice fringes were measured by digital micrograph software
by calculating the average parameters between 10 lattice fringes, resulting in lattice fringe
spacings of 0.22 nm for the Cu2O area and 0.18 nm for the TiO, area. These spacings
correspond to the (312) lattice plane of TiO2 and the (200) plane of Cu.O. This HRTEM
analysis provides a reliable confirmation of the XRD analysis. These lattice spacings are in
agreement with the cubic structure of Cu2O (JCPDS file no. 01-073-6237) and the tetragonal
structure of the anatase and rutile phases of TiO. (JCPDS file no. 00-021-1272 and 04-006-
1919 respectively).
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Figure 7.4. (a,b) TEM images of M-GP-10 wt% Cu.O/TiO, composite

Further evidence for the successful synthesis of the Cu>O/TiO> heterostructures is provided
by STEM imaging in conjugation with EDS mapping (Fig. 7.5) which clearly shows that the
composite contains a high concentration of Cu20/TiO2 nanoparticles. EDX element mapping
of the sample further shows the spatial distributions of Si, Al, Na, Cu and Ti in the
composite. The Ti and Cu atoms are distributed within the geopolymer composite, but the Ti
appears to be more closely associated with the Si elements of the geopolymer matrix,
whereas the Cu is more homogeneously distributed over the complete matrix. The Si map
suggests the presence of regions of the sample that are richer in Si, which are also associated
with the Ti component, but there is no obvious explanation for this interesting observation.
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Figure 7.5. (a) STEM image of M-GP-10 wt%-Cu>O/TiO, composite, (b-f) corresponding
EDX elemental maps and (g) EDX spectrum of the area indicated in red.

7.5 FTIR spectroscopy

FTIR spectra of the unmodified geopolymer, CTAB-modified geopolymer and Cu.O-TiO>
M-GP composites (5-50 wt% Cu20) are presented in Figure 7.6. As with the previous
samples prepared with CTAB-modified matrices, the FTIR spectra show three principal
bands in the region (a) 3439-3463 cm™, (b) 1644-1652 cm™and (c) 1002-1008 cm™ (Table
7.2). Region (a) arises from the (OH) stretching vibration of H-bonded water'®® and appears
in all composites. This band is shifted to higher frequencies in most of the samples containing
CTAB and Cu20/TiOz. Loading with the surfactant causes a decrease of hydrogen bonding

strength in the composite. 8> 193
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Figure 7.6. FTIR spectra of GP, M-GP, Cu,O/TiO, and Cu2O/TiO, supported by GP matrix
with different loading contents; (a) Cu.O, (b) M-GP 50 wt% Cu.0, (c) M-GP 30 wt% Cu.0,
(d) M-GP 15 wt% Cu.0, (e) M-GP 10 wt% Cu.0O, (f) M-GP 5 wt% Cu20, (g) M- GP, (h)

CTAB.
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The surfactant changes the composite surface from hydrophilic to hydrophobic by replacing
the hydrated cations which are the cause of the reduction of H-bonding.'®® As previously
noted in chapter 6, the photoactive constituents Cu.O and TiO> can enter the cavities in
geopolymer matrix and coordinate to the surface of the oxygen from one side and the water
molecules on the other side, decreasing the polarising ability and weakening the H-bonds in
the isolated hydrated band,’®* so that the O-H stretching band is shifted to higher

wavenumbers.

Table 7.2. Positions and assignments of the IR vibration bands observed in the range of 400-

4000 cm™
GP M-GP M-GP M-GP M-GP M-GP Cu,0/ TiO, CTAB
5 wt% 10 wt% 15 wt% 50 wt%
CU20/ TiOZ CUzO/ Ti02 CUzO/ Ti02 CUZO/ Ti02
3834
3439 3445 3450 3456 3447 3464 3429
3015 3016
2967 2964 2968 2968 2968 29682 2964
2930 2932 2933 2932 2930 2918
1644 1653 1649 1651 1645 1653 1605 2849
1384 1385 1456 1381 1475
1002 1003 1007 1007 1009 1007 962
872 872 870 874 870 910
694 700 696 694 694 696 725
621
578 588 582 581 582 581
437 440 442 445 445 444 459

—OH: 3700-3600, —OH, HOH: 3600-2200, HOH: 1700-1600, Si—O-Si &Al-O-Si: 1200-950

Area (b) (Figure 7.6) arises from H-O-H bending vibrations and indicates that the
geopolymer retains absorbed water following polycondensation of the (OH) groups.'8 This
vibration band is shifted to higher wave numbers due to the presence of CTAB. This
frequency shift trend indicates the hydrophobicity of the materials resulting from the CTAB

surfactant loading.*®®

Region (c¢) (Figure 7.6) arises from the Si-O-Si and Si-O-Al asymmetric stretching
vibrations.'?® 18 The addition of Cu,O/TiO- to the geopolymer produces a small shift in the
position of the asymmetric Si-O-Si stretching vibration at 1000 cm™ and a reduction in the
intensity of this band. This fact is evidence of a small change in the geopolymer structure. As

previously observed (chapter 6), the vibration corresponding to the CH> stretching mode of
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the amine is located at 2918 and 2929 cm™ in the reference CTAB and CTAB-modified
geopolymer respectively. The presence of this band confirms the presence of CTAB at the

surface or inside the geopolymer matrix.

At lower wave numbers, the Si-O-Si bands of the geopolymer matrix are observed at 437 cm-
1and 694 cm™ (Si—-O-Si symmetric stretching mode) with slight shift to the higher wave
number, probably due to the superposition of Cu/Ti—-O-Cu/Ti.

7.6 2°Si and 27Al solid state MAS NMR

The 2°Si MAS NMR spectra of the geopolymer and geopolymer composites are presented in
Figure 7.7. The spectra of these samples are essentially identical to those shown in chapter 6,
showing a principal resonance at about -87 ppm except the sample containing 50%
Cu20/TiO; in which the peak is slightly shifted to a less-shielded position of -89 ppm. This
peak remains essentially unchanged after the addition of different percentages of the
Cu20/TiO2 nano-heterostructure. As discussed in earlier chapters, the small broad peak at
about -107 ppm corresponds to SiO4 units, and the presence of CTAB in the geopolymer
matrix results in a small peak at about -72 ppm corresponding to a range of monosilicates of
the single tetrahedra type of silicon-oxygen (Q°).6 This peak is slightly shifted to -70 and -71
ppm by the shielding effect of additions of 10 and 15 wt% Cu2O/TiO, nano-heterostructures.
The positions of the 2°Si NMR resonances are shown in Table 7.3. With increasing content of
Cup0O/TiO2, the 2°Si spectra become broader, reflecting an increased randomness of the
matrix structure; this appears to result in a change in the relative intensities of the peaks at -
89 and -107 ppm; this is however an artefact caused by the more poorly resolved spectra of

the composites containing the higher Cu/Ti contents.
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Figure 7.7. 11.7 T ?°Si MAS NMR spectra (a) M-GP 50 wt% Cu,O/TiO2 (b) M-GP 15 wt%
Cu20/TiO2, (¢) M-GP 10 wt% Cu,O/TiOz, (d) M-GP, (€) GP.

Table 7.3. Peaks related to the 11.7 T 29Si MAS NMR spectra

GP M-GP M-GP 10 wt% M-GP 15 wt% M-GP 50 wt%
Cu20/TiO2 Cu20/TiO2 Cu20/TiO2
-87 -87.2 -87.4 -87.8 -85.9
-89.2
-72.3 -70.4 -71.3
- -107.6 -105.5 -107.9 -106.3
107.6

The corresponding 2’Al MAS NMR spectra (Figure 7.8) are identical to the spectra already
discussed in previous chapters, the principal sharp resonance at about 59 ppm corresponding
to tetrahedral AlO4 units of a well-developed geopolymer structure!® 1% The positions of
this resonance in the various samples are shown in Table 7.4. The small broad feature in
some of the samples arises from Al-O in octahedral coordination,?° from a trace of unreacted

metakaolin.’*!  These spectra confirm the successful formation of aluminosilicate
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geopolymer composites in the presence of the CTAB surfactant and are unchanged by the

presence of homogeneously distributed nanosized Cu.O/TiO- particles.

T T T

1200 1801300 80 30 20 -7

Figure 7.8. 11.7 T 2’Al MAS NMR spectra (a) M-GP 50 wt% Cu,O/TiO2 (b) M-GP 15 wt%
Cu,O/TiO,, (c) M-GP 10 wt% Cu,O/TiO, (d) M-GP, (e) GP.

Table 7.4. Peaks related to the 11.7 T 2’Al MAS NMR spectra

GP 59.6
M-GP 59.65
M-GP 10 wt% Cu20/TiO2 59.18
M-GP 15wt% Cu20/TiO2 58.65
M-GP 50 wt% Cu20/TiO2 59.24

7.7 Nuclear quadrupole resonance (3Cu NQR)

83Cu NQR spectra of the Cu20 and CTAB-modified geopolymer/Cu,0 and CTAB-modified
geopolymer/Cu20O/TiO2 composites (Figure 7.9) show the expected single line for pure Cu.O
(Figure 7.9a) and the Cu,O component of the composite containing CuO before UV
irradiation (Figure 7.9b). However, by contrast with the ®*Cu NQR spectra of the composites

formed with the unmodified geopolymer matrix (chapter 4), UV irradiation of these samples
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results in the loss of the NQR spectrum (Figure 7.9 c,e). There are three possible explanations
for this behaviour: (i) it may be due to a change of the copper valence upon UV irradiation,
thus transforming the original Cu2O to an entity that is sufficiently structurally different to
produce a different quadrupole frequency and be obscured by paramagnetic broadening (i.e.
Cu0), (ii) complete destruction of the Cu20 due to the presence of an increased concentration
of residual acid sites and/or OH concentration by virtue of the different synthesis route (i.e.
the inclusion of TiO> resulting in a different OH/AI/Si ratio) or (iii) dilution of the Cu.O
content by its inclusion in the geopolymer/Cu2O/TiO2 composite is the reason why it is not
detected in these samples. In view of the fact that the presence of Cu20 is suggested by XRD
in all the samples, both unirradiated and UV irradiated, explanation (iii) may be the most
likely. It is worth noting however that these samples appear to be darker in colour, raising the
possibility that the Ti*" is being reduced to paramagnetic Ti**; since the Ti and Cu species are
in reasonable proximity to each other in the pore spaces of the matrix, Ti**-Ti** reduction
could be triggered by the more energetically favourable Cu*-Cu?* oxidation in these dark

samples, producing paramagnetic species (both Ti** and Cu?*) and removing the NQR signal.

144



Chapter 7

Ww

ewm}\ﬂ

| | ] ] i ¥
26.2 26.1 26.0 25.9 25.8
MHz

Figure 7.9. 3Cu NQR spectra of nanoparticle Cu,O and M-GP composites. (a) as-
synthesized Cu,0, (b) M-GP-Cu.0 before UV irradiation, (c) M-GP-Cu,0 after UV
irradiation, (d) M-GP-Cu20/TiO- before UV irradiation, (e) M-GP-Cu,O/TiO, after UV
irradiation

7.8 Adsorption of MB
7.8.1 Reactions under dark conditions

As described in the previous chapter, composites based on geopolymer matrices modified
with CTAB removed MB dye from solution by a combination of adsorption (in the dark) and
photodegradation (under UV illumination), but unlike the composites based on the
unmodified geopolymer matrix, these two processes could be distinguished in the same
experiment in the CTAB-matrix composites. Therefore, a series of experiments similar to
those outlined in Chapter 6 were carried out on the CTAB-modified Cu2O/TiO2 composites,
in which the composite was initially exposed to MB dye in the dark, and the system was
allowed to equilibrate. Measurements of MB dye removal made in this step correspond to

adsorption but not photodecomposition.
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As found in the previous chapter, the metal oxide particles alone cannot adsorb MB from
solution in the dark, but when combined with the CTAB-modified geopolymer matrix, they
show substantial dye adsorption abilities (Figure 7.10). The CTAB-modified geopolymers
composite containing 5-15 wt% of the Cu>O/TiO> heterostructure show the greatest degree of
MB removal after 12 hour, but at higher heterostructure loadings, the adsorption process
becomes more hindered (Figure 7.10).

T T T T T T
T T = Gp-CTAB
T -~ & - Gp-CTAB-5% Cuy0-TiO,
et I L. & Gp-cTAB-10% Cuy0-TiO,
3 2
Gp-CTAB-15% CuyO-TiO
- 4--#- Gp-CTAB-50% Cu;y0-TiOy
) . i
& i; |4 Cuy0
~ \\‘i‘ﬁ .
. “‘l—-—i'::%:::’"*’—ﬁ o ""i_ TiO,
N e e ] Cu,O-TiO;
Eb . : 2 e
- i - = ~~A 1
0.2 oLl e e
-
ﬁi:
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Figure 7.10. Plots of the residual concentration (C/Co) vs. time (t) onto the M-GP matrix, M-
GP 5,10, 15, and 50 wt% Cu.O (monitored at 664 nm in dark)

Figure 7.11 shows the results of fitting the experimental data for MB adsorption on the
CTAB-modified geopolymer matrix and geopolymer composites by pseudo-first-order and
pseudo-second-order kinetic models (egs. 27 and 28).182 19 The resulting plots of the data
(Figure 7.11 a,b) are only poorly fitted by the pseudo-first-order model but very good fits are
obtained to the pseudo-second-order model. The amount of MB adsorbed at equilibrium (qe)
obtained from the pseudo-first and second-order model and the correlation coefficients R? are
presented in Table 7.5, showing that the R? values of the pseudo-second-order kinetic model
are all >0.90 except for the composite containing 15% Cu20O/TiO,. Moreover, comparison of
the experimental values gexp With the ge values calculated from equations (eq. 27-28) (Table
7.5) indicates that pseudo-second-order model delivers a better fit to the experimental data
under dark conditions, as was found to be the case with CTAB-modified composites

containing Cu20 (Chapter 6).
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Table 7.5. Parameters for kinetic models of MB adsorption on samples

Sample Kinetic Cexp (Mg/g) Ce (mg/g) k R?
model
M-GP 1%-order 14.40 12.86 240.78 0.97
“ 2"d-order “ 14.91 0.52 0.97
M-GP-5 wt% 1%-order 19.70 18.54 87.30 0.79
Cu0/TiO;
“ o« 2"9-order “ 20.11 0.002 0.98
M-GP-10 wt% 1%-order 18.12 16.92 0.02 0.91
Cu0/TiO;
“« oo 2"-order “« 18.38 0.002 0.96
M-GP-15 wt% 1%t-order 8.66 3.53 120.94 0.96
Cu0/TiO;
“ oo 2"-order “ 6.55 2.49%07 0.70
M-GP-50 wt% 1%-order 14.34 11.88 44.68 0.90
Cu0/TiO;
“ oo« 2nd-order “ 16.70 5.96%0%4 0.92
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Gp-CTAB-Dark
Gp-CTAB-5% Cu,O/TiO,
Gp-CTAB-10% Cu,0/TiO,
Gp-CTAB-15% Cu,0/TiO,
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- First Order-Nonlinear

Gp-CTAB-Dark
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- Second-Order-Nonlinear

Figure 7.11. Experimental data for the adsorption of MB dye in the dark on to the M-GP
matrix and the M-GP-Cu,O/TiO; composites fitted to (a) pseudo first-order kinetic model, (b)
pseudo second-order kinetic model.

7.8.2 MB dye adsorption isotherms under dark conditions

As outlined in previous chapters, the adsorption isotherms of the CTAB-modified
geopolymer and geopolymer composites were determined using the Langmuir, Freundlich
and Langmuir-Freundlich equations (egs. 29-31)!" 178 (Figure 7.12 (a-c)). The resulting
adsorption parameters and correlation coefficients from these three equations are shown in
Table 7.6.
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Figure 7.12. (a-c) Adsorption isotherms for MB adsorption fitted to Freundlich, Langmuir and
Langmuir-Freundlich models (dashed lines).

Adsorption by the CTAB-modified geopolymer is fitted well by the Langmuir and Freundlich

models which have R? values >0.99. The Cu2O/TiO,-geopolymer
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composites (5, 10 and 50 wt%) are fitted best by the three-parameter Langmuir-Freundlich
model, giving higher R? values (0.99, 0.99 and 0.96 respectively). The Langmuir and
Langmuir-Freundlich constants provide an indication of the actual adsorption mechanisms
and indicate the favourable adsorption of MB on the geopolymer composites.

7.8.3 Reactions under UV irradiation

As described in the previous chapter, the photodegradation of MB under UV irradiation by
the CTAB-modified composites was determined at ambient temperature after allowing the
system to equilibrate in the dark for 12 hour Figure 7.13 shows the MB degradation under
both dark and UV conditions as a function of elapsed time. As previously found, under dark
conditions neither of the metal oxides or their mixture is particularly effective in removing
MB from solution but in combination with the geopolymer matrix, adsorption occurs on the
geopolymer by a pseudo-second order kinetic model (see section 7.2.1 above). Under UV
illumination, significant photodegradation occurs in all the samples (Figure 7.13), particularly
at a concentration of 15 wt% Cu.O/TiOz, but this sample has already proved to be one of the
most efficient composites in removing MB in the previous adsorption step. Considering the
photodegradation step alone, the sample containing 50 wt% Cu>O/TiO: is the most efficient,
which is not unexpected in view of its highest content of photoactive components. These
results show enhanced photocatalytic behaviour of the Cu.O/TiO.-CTAB-modified
geopolymer composites compared with nanoparticle Cu2O/TiO2 heterostructures alone and

also with Cu2O/Ti102 composites synthesised with an unmodified geopolymer matrix.
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Figure 7.13. Plots of the residual concentration (C/Cy) vs. time (t) onto the M-GP, M-GP-5,
10, 15 and 50 wt% Cu,0, Cu;0, TiO2, Cu20/TiO2 (monitored at 664 nm).

These points are illustrated more clearly in Figure 7.14 which compares the removal of MB
after 60 min. by the CTAB-modified geopolymer composites containing different
percentages of Cu2O/TiO. and the metal oxide components alone, in the dark and under UV
irradiation. This figure confirms the result that after 60 min. the adsorption step of MB
removal is most eficient in the composites containing 5-15 wt% Cu>O/TiO., by comparison
wih the CTAB-modified geopolymer matrix alone, and the Cu20, TiO, and Cu20O/TiO:
photoactive elements alone. The removal of MB dye by photodegradation is equally efficient
in the geopolymers containing 5-15 wt% Cu,O/TiO> (Figure 7.14), and all these composites
are more efficient than TiO alone. Thus, the performance of all these composites, in both the
adsorption and photodegradation steps, is superior to that of the oxides when they are not
combined with the geopolymer matrix.
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Figure 7.14. MB removal by the M-GP matrix, M-GP composites containing 5,10,15 and 50
wt% Cu.O/TiO2, Cu20, TiO2, and Cu.O/TiO, alone after 60 min.

7.8.4 Nitrogen Adsorption/Desorption Isotherms

N2 adsorption-desorption isotherms of the composites formed using the CTAB-modified
geopolymer matrix are presented in Figure 7.15. The specific surface areas resulting from the
adsorption/desorption isotherms (Table 7.6) indicate an increase in the surface area from 17.0
m?/g in the CTAB-modified geopolymer matrix to 34.8 m2/g and 33.6 m2/g in the composites
containing 10 and 15 wt% Cu20/TiO> respectively. Similar trends are seen in the Langmuir
surface areas and the cumulative surface areas of the pores calculated by the BJH method.
Increasing specific surface areas confirm the dispersion of Cu2O/TiO> inside the geopolymer
matrix, but the average pore diameters, calculated by the BET method, decrease from 43.09
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nm in the CTAB-modified geopolymer matrix to 29.7 nm in the composite containing 10
wt% Cu0, remaining approximately constant at 27.9 nm in the composite containing 15
wt% Cu20. Thus, the presence of the oxide nanoparticles in the pore structure of the
geopolymer matrix increases the surface area of the pores available for adsorption and
decreases the average pore size. Therefore, the greater photoactivity of the composite
containing 10 wt% Cu.O under both dark and UV conditions is related to the dispersion of
the oxide in the geopolymer matrix, as confirmed by the decreased the pore diameter and

increased surface area.
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Figure 7.15. Nitrogen sorption isotherms of the M-GP (M, adsorption O, desorption), M-GP-
10 wt% Cu.O/TiO, (@, adsorption O, desorption ) and M-GP-15 wt% Cu,O/TiO- (A,
adsorption A, desorption) GP (0, adsorption ¢, desorption)
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Table 7.6. Specific surface areas and pore parameters of CTAB-modified geopolymer matrix
and geopolymer composites

M-GP-10 wt%

M-GP-15 wt%

el? JELR Cu20/TiO2 Cu20/TiO2
2;%'8 PointSurface | 14 4 verg | 161 melg | 33.2melg 32.5 ma/g
S BET 17.2 m3/g 17.0m?/g | 34.8 m?/g 33.6 m?/g
S Langmuir 21.9 m3/g 23.4m3/g | 48.1 m¥g 45.9 m?/g
S BJH Adsorption Cumulative

23.1 m3/g 21.4m3g | 35.3 m?/g 31.1 m3/g
S BJH Desorption Cumulative

38.9 m¥/g 33.6 m?/g | 53.1 m%/g 47.8 m3/g
Volume
Single Point 0.18
Adsorption 0.24 cm3/g crﬁ3 19 0.26 cm3/g 0.23cm3/g
\% pore BJH Adsorption 0.18
Cumulative 0.24 cm3/g cmelg 0.26 cm?3/g 0.23 cm3/g
\Y pore BJH Desorption 0.18
Cumulative 0.24 cm3/g ch3 /9 0.26 cm?3/g 0.23 cm3/g
Pore Size
D Aadsorption 55 nm 43 nm 30 nm 28 nm
D Bkt Adsorpton 41 nm 34 nm 29 nm 30 nm
D &k Desorption 24 nm 22 nm 20 nm 20 nm

7.9 CTAB-Modified-geopolymer composites of P25 titania alone

7.9.1 XRD Analysis

Figure 7.16 shows the XRD patterns of CTAB-modified composites containing different

percentages of P25 TiOz. The specific broad X-ray amorphous feature for geopolymer and

the sharp reflections of rutile and anatase of titania are as expected.
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Figure 7.16. XRD patterns of TiO, and TiO, supported by M-GP with different loading

contents; (a) TiOz, (b-d) M-GP 50, 10 and 5 wt% TiO, (e) M- GP.

7.9.2 Scanning electron microscopy

The SEM micrographs of Figure 7.17 confirm the dispersion of the P25 TiO> particles over

the surface of the CTAB-modified geopolymer composites with no sign of particle

aggregation. The backscattered images (Figure7.17 b,d,f) show the increased presence of

bright spots corresponding to the TiO2 particles.
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Figure 7.17. SEM micrographs of (a-f) M-GP composite containing 5, 10, 15 wt% TiO-. Right

hand micrographs are BSE, left hand are SE.

The EDS elemental analysis and the Figure 7.18 confirms the presence of all the expected

elements (Si, Al, Na, and Ti) in the CTAB-modified geopolymer composite and the absence

of any additional impurities.
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Figure 7.18 (a) Backscattered image, (b) Na, (c) Al, (d) Si, (e) Ti elemental map (f) EDS
spectrum of the red-circled area of M-GP-15 wt% TiO,.

7.9.3 High-Resolution Transmission Electron Microscopy

The HRTEM micrographs (Figure 7.19) confirm the entry of the TiO: particles into the pore
structure of the geopolymer matrix. The average lattice fringe spacings measured for 10
lattice fringes show distance of 0.18, 0.38 and 0.37 nm between them arising from the (201)
and (101) plane of the TiO,, consistent with the result obtained for the unmodified

geopolymer composite containing P25 TiOx.
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TiO; (101)

Figure 7.19. (a-c) TEM images of GP-10%-TiO, composite with, (d-f) HRTEM images of
selected area in c.
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7.9.4 Adsorption and degradation of MB dye by P25 titania, Cu20, Cu20/TiO2

and their CTAB-modified geopolymer composites

The behaviour of P25 titania alone and incorporated in the CTAB-modified geopolymer
matrix was measured in the both dark and UV condition and compared with the Cu2O/TiO>
and Cu,O CTAB-modified geopolymer composites (Figure 7.20). The metal oxide
nanoparticles themselves do not have the ability to remove MB from solution under dark
conditions, but, in combination with the CTAB-modified geopolymer matrix, adsorption
occurs by a process that can be described by the pseudo-second order kinetic equation. In
addition, these data are well fitted to isotherms of the Langmuir-Freundlich type, as was
found to be the case for composites of Cu.O with CTAB-modified geopolymer matrices
(chapter 6).
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Figure 7.20. Plots of the residual concentration (C/Co) vs. time (t) onto the M-GP, TiO, and
M-GP 5, 10, 15 and 50 wt% TiO, (monitored at 664 nm).

Under the UV irradiation, the most rapid destruction of MB dye, starting from the
equilibrium position, is by the composite containing 10 wt% P25 TiOz (Figure 7.21), but this
composite has the advantage of starting from a vale in which a good deal of the MB has
already been adsorbed under dark conditions. Figure 7.21 shows that all the photocatalysts

prepared from CTAB-modified geopolymer have very rapid photodegradation properties.
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Figure 7.21. Plots of the residual concentration (C/Co) vs. time (t) onto the M-GP, Cu;0,
TiO2, Cu20/ i02, M-GP-10 wt% Cu.0, M-GP-5 wt% Cu,O/TiO2, M-GP-10 wt% TiO>

(monitored at 664 nm).

Figure 7.22 compares the removal of MB after 60 min. CTAB-modified geopolymer
containing different percentages of TiO> and TiO2 alone, in the dark and under UV
irradiation. This figure confirms the removal of MB dye by photodegradation in the the
CTAB-modified geopolymers containing 5-50 wt% is correspondingly effective and all these
composites are more efficient than TiO. alone (Figure 7.22) The adsorption process is more

efficient in the composites containing 15 wt% TiO2 and the highest degree of MB removal by

both the adsorption and photodegradation processes occurs in the CTAB-modified

geopolymer containing 10 wt% TiO> contents.
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Figure 7.22. MB removal by the M-GP, M-GP-5,10,15 and 50 wt% TiO2, TiO- alone after 60
min.

7.9.5 Nitrogen Adsorption/Desorption Isotherms

The nitrogen adsorption/desorption isotherms of these composites are shown in Figure 7.21.
The specific surface areas derived from these isotherms (Table 7.8) show a major decrease
from 16.14 m?/g in the CTAB-modified geopolymer composite to 0.46 m?/g in the composite
containing 15 wt% TiO». This is possibly due to blocking of the pores by the TiO> particles,
and is in marked contrast to the increase in surface area produced by the inclusion of 15 wt%
Cu0O (Table 7.6). The composites containing TiO2 also show anomalous behaviour in their
pore size and volume, the former being much larger than in the CTAB-modified matrix and
the latter being much smaller than the matrix (Table 7.6). Both these effects may be
understood in terms of the ready entry of the titania particles into the matrix, causing the
pores to expand but blocking the access of the nitrogen gas to the pore surfaces, as reflected

in the decreased BET surface area.
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Table 7.7. Specific surface areas and pore parameters of GP, M-GP and their composites

containing TiO2, Cu20 and Cu20/TiO-

M-GP- M-GP- M-GP-
GP M-GP 15 wt% 15 wt% 15 wt%
Cu20 Cu20/TiO2 TiO2
i'r”eg'e PointSurface | 18 44 myg | 16.14 malg | 2352 melg | 32.54 mely | 0.46 melg
S BET 17.23 m?/g | 17.02 m2/g | 23.73 m3/g | 33.57 m?/g 0.30 m#/g
S Langmuir 21.92 m?/g | 23.44 m3/g | 31.95 m?/g | 45.89 m¥/g 0.32 m¥g
S BIH Adsorption Cumulative
23.06 m?/g | 21.41 m?/g | 23.96 m3/g | 31.09 m¥/g 0.40 m¥/g
S BIH Desorption Cumulative
38.94 m2/g | 33.63 m2/g | 39.70 m2/g | 47.77 m3/g 1.01m¥/g
Volume
Single Point
Adsorption 0.24 cm3/g | 0.18 cm3/g | 0.19 cm3/g | 0.23cm3/g 0.019 cm3/g
\Y pore BJH Adsorption
Cumulative 0.24 cm3/g | 0.18 cm3/g | 0.19 cm3/g | 0.23 cm¥/g | 0.016 cm?3/g
\Y pore BJH Desorption
Cumulative 0.24 cm3/g | 0.18 cm?¥/g | 0.19 cm3/g | 0.23 cm?/g 0.018 cmd/g
Pore Size
D Adsorption 55 nm 43 nm 33 nm 28 nm 27 nm
D BaH Agsorpion 41nm | 34nm 32 nm 30 nm 165 nm
D Bk Desorption 24 nm 22 nm 20 nm 20 nm 71 nm

Conclusions

This chapter establishes the effective synthesis and structure of composites based on a

combination of the most promising materials identified in the previous chapters, namely, a

matrix of CTAB-modified geopolymer with a photoactive component of a spherical

Cu2O/TiO2 nano-heterostructure. As in the previous chapters, SEM/EDS and TEM was used

to confirm the homogenous distribution of the nano oxide particles within the geopolymer

matrix and on the surface of the composite. The entry of the Cu2O/TiO2 nanoparticles into the
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internal pores of the geopolymer matrix was evidenced by an increase of the composite
surface area and a decrease of the pore size upon the addition of the oxide nanoparticles. As
in the previous chapter, the use of CTAB to modify the pore structure and facilitate the
ingress of the nano oxides also has the effect of maintaining a stable pH during MB dye
removal from solution, and also permits the adsorption and desorption processes to be
separately observed. The adsorption of MB by these CTAB-modified composites follows
pseudo second-order kinetics and Freundlich-Langmuir type isotherms. The most effective
composite in removing MB dye from solution under UV irradiation contains 5 wt%
Cux0O/TiO,, representing the most efficient combination of the adsorption and

photodegradation steps.
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Chapter 8

Overall Conclusions from This Research and Possible Directions
for Further Work

8.1 Conclusions from This Research

The initial aim of this research was to develop metakaolin-based geopolymer composites
containing Cu2O nanoparticles as the photoactive element able to remove organic pollutants
from water or the atmosphere. The first part of the project was therefore to determine a
suitable synthesis protocol for the Cu.O oxide nanoparticles and to characterize their size
and shape using electron microscopy. The synthesis method producing nanoparticles of the
most suitable size (~ 100 nm) was found to be one that produced cubic morphologies.
Composites of these cubic nanocrystals were prepared with a geoplymer matrix of standard
composition (“unmodified geopolymer”) by pre-synthesising the nanoparticles and
mechanically mixing them with the geopolymer matrix prior to curing. The homogeneity of
the oxide nanoparticle distribution within the geopolymer matrix was confirmed by
SEM/EDS and TEM, while XRD, FTIR, ?’Al and #*Si MAS NMR and %Cu NQR
spectroscopy showed that the geopolymer matrix was well-reacted geopolymer matrix and
was unaffected by the insertion of the Cu,O nanoparticles. These composites proved to be
very successful in removing from solution a model organic pollutant (MB dye, chosen for its
colour stability at the high pH of the geopolymer matrix). The removal of the dye followed a
two-step process, namely, adsorption by the geopolymer matrix (under dark conditions) and
photodegradation by the CuO (under UV illumination) but since these two processes
occurred simultaneously, they could not be studied separately. The adsorption process carried
out in the dark was shown to follow a pseudo-first order kinetic model and be described by an
empirical Langmuir-type isotherm.

As an approach to improving the photocatalytic performance of these composites, a
combination of Cu20 with P25 TiOz in a 50% weight ratio as produced in the form of a nano-
heterostructure, following a procedure documented in the literature. This Cu.O/TiO2
photoactive component was incorporated in varying amounts in the unmodified geopolymer

matrix, and the resulting composites proved to have improved photoactivity over composites
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containing either Cu2O or TiO: alone, although the dual processes of dye adsorption and
photodegradation were still indistinguishable, being a property of the matrix rather than the
photoactive element. As with the composites containing Cu20 alone, the pseudo-first-order
kinetic model was more appropriate for describing the adsorption data, and they were also

best described by a Langmuir-type isotherm.

Attention was then turned to the effect of the geopolymer matrix on the performance of these
composites, and a novel approach was adopted to modify the geopolymer structure by the use
of the large quaternary ammonium cation CTAB. This had not previously been used with
geopolymers, but proved to be successful in acting as a pH buffer, enabling the two processes
of dye adsorption and photodegradation to be distinguished by allowing the adsorption step to
reach equilibrium under dark conditions before phototodegradation under UV illumination.
By contrast with the composites of unmodified geopolymer matrices, the dye adsorption
kinetics on composites with CTAB-modified geopolymer matrices followed a pseudo-second

order kinetic model and could be described by Freundlich-Langmuir type isotherms.

N2 adsorption-desorption isotherms of the composites formed using the CTAB-modified
geopolymer matrix showed thir specific surface areas to increase significantly with the
insertion of the photoactive Cu.O/TiO2 nano-heterostructures, suggesting that the modified
matrix structure facilitates the entry of the nano oxides into the matrix. On the other hand, the
average pore diameters decrease significantly with the entry of the nano oxides, possibly due

to blocking of the pores by the oxide nanoparticles.

The photoactive efficiency of these composites was found to depend on a number of factors,
including the content of the photactive component, in addition to the nature of the
photocatalyst and the matrix, which was capable of removing >99% of MB dye under UV

irradiation.

Overall, the most effective composite in removing MB dye from solution under UV
irradiation contained 5 wt% Cu20/TiOz, supported on a CTAB-modified geopolymer matrix,

which was capable of removing >98% of the dye under UV irradiation after 4 hour.

These results demonstrate that composites of nanosized Cu.O particles combined with
photoreactive TiO> supported by an aluminosilicate geopolymer matrix modified with CTAB
constitute new and novel materials with potential environmental protection applications to

efficiently remove organic pollutants from water or the atmosphere.
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To summarise,

Composites of nanoparticle sized Cu2O in a geopolymer matrix have successfully been
synthesised and their structures characterized before and after their use as photocatalysts,
using XRD, SEM, TEM, FTIR, MAS NMR and %3Cu NQR

These composites act to photodegrade a model organic chemical (MB dye) by a dual
mechanism of adsorption and photodegradation which cannot be distinguished but the
kinetics of dye adsorption on the matrix could be measured under dark conditions.

More efficient removal of MB dye was achieved using a photoactive nano-heterostructure of
Cu20 and TiOz in the geopolymer matrix

Modification of the geopolymer matrix with CTAB enables the two processes of adsorption
and photodegradation to be distinguished and produces even more efficient removal of MB

from solution.

8.2 Recommendations for Future Work

Based on the results and conclusions of this present study, it is recommended that the
following possibilities be further investigated in future studies:

Other combinations of small band gap semiconducting oxides could be tried with the CTAB-
modified geopolymer matrix to improve the photoactivity of the composite.

Experiments could be carried out under solar radiation wavelengths to develop photoactive
devices of greater efficiency under real conditions.

Additional modification studies could be carried out to explore other means of modifying the
geopolymer matrix to improve its acceptance of oxide nanoparticles and improve the
photocatalytic properties of the resulting composites.

The use of CTAB could be investigated to modify the structure of other geopolymer matrices
derived from even cheaper materials, e.g. fly ash.

The next major challenge in the development of “green” geopolymer concrete is to
incorporate the metal oxides into coatings for building materials and apply the principles

developed here to practical situations.
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