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ABSTRACT

The results presented in this Ph.D. thesis are focused on the use of nanostructured
titanium dioxide for environmental remediation and for biomedical applications.

In the first part, the importance of the choice of a suitable and reliable synthetic
route for obtaining nanomaterials with tailored properties for a specific application
is highlighted. Several research projects on the design and sol-gel synthesis of TiO,
nanoparticles have been carried out.

The experimental evidences suggest that sol-gel synthesis allow tailoring the
morphological and superficial properties of the samples. The latter are strictly
correlated to the photocatalytic activity of TiO, home-made samples for the
degradation of pollutants in air (e.g., toluene and nitrogen oxides). Moreover,
exploiting the capability of sol-gel synthesis, the light absorption of the
photocatalyst is extended from UV to the visible spectrum via a nitrogen doping.
The morphology, bulk superficial properties, and photocatalytic activity of TiO;
nanoparticle are also influenced by the direct physical/chemical effects of
ultrasounds. Interestingly, using ultrasonic spray pyrolysis (USP), we can exploit
indirect effects of ultrasounds to synthesized nanostructured materials. Here, it is
presented the design, synthesis, characterization, and application in photocatalysis
of porous TiO, microsphere with tunable physico-chemical properties obtained
through USP.

The second part of this Ph.D. thesis is focused on the study of the interaction
among inorganic surfaces and biomolecules or, in general, biological systems.

In a first work, we have synthesized sol-gel TiO, nanoparticles with different
morphology and use them for preliminary study of acetyl salicylic acid delivery.
Moreover, the possibility to use TiO, as a material for scaffold for bone
regeneration is reported. This study has led to unravel a new bio-inspired
crystallization pathway toward the bioactivity of synthetic bone substitutes. Other
examples in the biomedical field are reported in Appendix A.
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Chapter 1

Introduction






Nanotechnology is multidisciplinary and interdisciplinary and covers diverse fields
including chemistry, physics, materials science, engineering, biology, and medicine
(Fig. 1.1). Nanotechnology makes use of the unique chemical and physical
properties (enhanced chemical reactivity and catalytic activity, high surface area,
surface plasmon resonance properties, superparamagnetism, self-assembly, etc.) of
nanoscale (1-100 nm) materials that cannot be achieved in their bulk counterparts.
In this regard, nanostructured materials have been extensively studied since they
offer an incomparable route to tailor materials properties and functionalities toward
a specific application.*

Physics o

Materials
Science

Figure 1.1: Nanotechnology is a field of study at the intersection between many different
basic sciences.

Nanostructured materials have been prepared by a variety of synthetic methods,
including sol-gel synthesis,? gas phase techniques (e.g., molten metal evaporation,
flash vacuum thermal and laser pyrolysis decomposition of volatile
organometallics), liquid phase methods (e.g., reduction of metal halides with
various strong reductants, colloidal techniques with controlled nucleation), and
mixed phase approaches (e.g., synthesis of conventional heterogeneous catalysts on
oxide supports, metal atom vapor deposition into cryogenic liquids, explosive
shock synthesis).> One could claim that selecting an appropriate synthetic route
ultimately determines the success or failure of nanostructured materials synthesis,
because physical properties and applications of nanostructured materials are
heavily dependent upon how they are prepared. The importance of choosing a
proper synthetic route in designing nanostructured materials has been a driving
force for the development of new methodologies for several decades. Indeed, this
has led scientists’ interest to the development of versatile and generalized synthetic
methods readily adaptable for the preparation of a variety of nanostructured
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materials. Among a variety of approaches, the sol-gel synthesis and the utilization
of ultrasound for materials synthesis have been extensively examined over many
years, and are now positioned as some of the most powerful and versatile tools in
nanostructured materials synthesis. For all these reasons, during my Ph.D. | have
study the synthesis and characterization of nanostructured titanium dioxide (TiO,)
for photocatalysis and biomedical applications obtained through these two
synthetic methods.

1.1 Nanostructured TiO, as a multifunctional materials

If we go beyond the concept of synthesizing a nanostructured material with a
specific functionality, we can think to assemble various nanostructured materials
with different properties in order to obtain multifunctional nanoplatforms. These
nano-objects could offer synergetic mechanisms to accomplish several functions
simultaneously. There are many examples of such devices in nanobiotechnology
where usually a multifunctional material is designed to perform at the same time
multimodal imaging, diagnosis and therapy.*

Solar Cells Water Splitting

DSSCs Sensors ( -
hybridSCs Vs Cosmetic
...... “"O

Lm

L D - \ Femens Gene Delivery
Coatings oL ™

[T Q‘@

i

Environmental __T'
remediation \
organics in liquid Nanop,atform
VOCs, NO for MRI Y,
Al
Ti02/‘i )
Ceramic Tissue Drug Delivery
Engineering

Health product

Figure 1.2: schematic representation of the many fields of application of nanostructured
TiO.,.

Similarly, nanomaterials having several functions that accomplish the requirements
for being used in a wide range of applications can be considered multifunctional
materials. Among these, titanium dioxide (TiO,) is of primary interest for its
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unusual electronic properties, cheapness, non-toxicity, and structural stability. It is
already present in many different commercial products such as paints, cosmetics,
ceramics, coatings, etc. Moreover, its potential applications range from
photocatalysis in environmental remediation,® water splitting,®® solar cells (e.g.
dye-sensitized solar cells,*®™ hybrid solar cells,** quantum dots solar cells'®), gas
sensors, to biomedical applications in tissue engineering,** magnetic resonance
imaging,'®and drug/gene therapy (Fig. 1.2).1%’
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1.2 Heterogeneous photocatalytic degradation of organic
pollutants over TiO,

As recalcitrant organic pollutants continue to increase in air and wastewater
streams, environmental laws and regulations become more stringent.**® As a
response, the development of newer eco-friendly methods of destroying these
pollutants became an imperative task. Ultimately, research activities centered on
advanced oxidation processes (AOPs) for the destruction of synthetic organic
species resistant to conventional methods. AOPs rely on in situ generation of
highly reactive radical species, mainly HOe by using solar, chemical or other forms
of energy.?*?2 The most attractive feature of AOPs is that this highly potent and
strongly oxidizing radical allows the destruction of a wide range of organic
chemical substrate with no selectivity. Among AOPs, heterogeneous photocatalysis
has proved to be of real interest as efficient tool for degrading both aquatic and
atmospheric organic contaminants.”® Heterogeneous photocatalysis involve the
acceleration of photoreaction in presence of semiconductor photocatalyst. One of
the major applications of heterogeneous catalysis is photocatalytic oxidation to
effect partial or total mineralization of gas phase or liquid phase contaminants to
benign substances. Even though degradation begins with a partial degradation, the
term ‘photocatalytic degradation’ usually refers to complete photocatalytic
oxidation or photomineralization, essentially to CO,, H,O, small inorganic acids
and halide ions.**

Titania (TiOy) photocatalysis also referred to as the “Honda—Fujishima effect” was
first unfolded by the pioneering research of Fujishima and Honda.® They revealed
the possibility of water splitting by photoelectrochemical cell having an inert
cathode and rutile titania anode. Consequently, the application of titania
photocatalysis extended to environmental frontiers. Frank and Bard® for the first
time reported the application of TiO, in photocatalytic oxidation of CN™ and SO3*~
in agueous medium under sunlight. Subsequent reports of photocatalytic reduction
of CO, by Inoue et al.?® attracted more interest to titania photocatalysis. As part of
the dawn, the photo-induced decarboxylation route to butane reported by Izuml et
al.?” and the suggestion of its reaction mechanism based on hydroxyl radical
generation opened a new chapter in organic synthesis. The earliest description of
photodecomposition of organic compounds and studies of effects of reaction
parameters was reported by Kraeutler and Bard.?®
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1.2.1 Basic principles of photocatalysis

Heterogeneous photocatalysis is a discipline which includes a large variety of
reactions: organic synthesis, water splitting, photoreduction, hydrogen transfer,
0,0, and deuterium-alkane isotopic exchange, metal deposition, disinfection
and anti-cancer therapy, water detoxification, gaseous pollutant removal, etc.?*?
Among these appearances titania-assisted heterogeneous photocatalytic oxidation
has received much attention for many years as alternative method for purification
of both air and water streams. The basic photophysical and photochemical
principles underlying photocatalysis are already established and have been reported
in many literatures.*® Vinodgopal and Kamat®! reported that the dependence of the
rate of 1,3-diphenylisobenzofuran photodegradation on the surface coverage. In
other words, only the molecules that are in direct contact with the catalyst surface
undergo photocatalytic degradation.

Photocatalytic reaction (Fig. 1.3) is initiated when a photoexcited electron is
promoted from the filled valence band of semiconductor photocatalyst to the empty
conduction band as the absorbed photon energy, hv, equals or exceeds the band gap
of the semiconductor photocatalyst leaving behind a hole in the valence band. Thus
in concert, electron and hole pair (e —h") is generated.

reduction
A A
\ f

o CB

-® VB hy

~—p
\

B"
oxidation

hv

Figure 1.3: schematic representation of processes involved in photocatalysis assisted by
TiO.,.

The following chain reactions have been widely postulated.

Photoexcitation: TiOy+hv—e +h' (1)
Oxygen ionosorption : (O2)ags + & — Oz 2)
lonization of water : H,O —» OH +H" (3)
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Protonation of superoxides: O,s + H" — HOO- 4)

The hydroperoxyl radical formed in (4) also has scavenging property as O, thus
doubly prolonging the lifetime of photogenerated hole:

HOOs + ¢ — HO, (5)

HOO + H'— H>0, (6)

Both the oxidation and reduction can take place at the surface of the photoexcited
semiconductor photocatalyst (Fig. 1).Recombination between electron and hole
occurs unless oxygen is available to scavenge the electrons to form superoxides
(Oz¢) its protonated form the hydroperoxyl radical (HO¢) and subsequently H,0s.

1.2.2 Mechanism of titania-assisted photocatalytic degradation

Titania has been widely used as a photocatalyst for generating charge carriers
thereby inducing reductive and oxidative processes, respectively. Many elementary
mechanistic processes have been described in the photocatalytic degradation of
organic compounds over TiO, surface. The characteristic time for each elementary
reaction has been reported in previous literature (Table 1.1).>%

Table 1.1: Primary processes and time domains in titania-catalyzed mineralization of
organic pollutant.

Primary process Characteristic time

Charge carrier generation

TiOy +hv — e~ +h* fs (very fast)
Charge carrier trapping

h* +>TiVOH — {>Ti"VOH**} 10 ns (fast)

e~ +>Ti'VOH = >TiOH""} 100 ps (shallowtrap; dynamic

equilibrium)

e~ +>TiV - Tilll 10 ns (deep trap)
Charge carrier recombination

e+ {>TiVOH**} — >TiVOH 100 ns (slow)

h* +>Ti""OH — Ti'VOH 10 ns (fast)
Interfacial charge transfer

{>TiVOH**} + organic molecule 100 ns (slow)

— >Ti"VOH + oxidized molecule
{>Ti""OH} + 0, — >TiVOH+0,*~ ms (very slow)

The {>Ti"YOH."} and {>Ti"'OH} represent the surface-trapped valence band
electron and surface-trapped conduction band electrons, respectively. The surface-
bound OHe radical represented by {>Ti'VOH+'} is chemically equivalent to the
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surface-trapped hole allowing the use of the former and latter terms
interchangeably. According to Lawless and Serpone® the trapped hole and a
surface-bound OHe radical are indistinguishable species. A good correlation
between charge carrier dynamics, their surface densities and the efficiency of the
photocatalytic degradation over TiO, exit. In the last two decades, aqueous
suspensions of TiO, have been probed by picosecond and more recently
femtosecond absorption spectroscopies.>*** Traditionally, an electron scavenger
has been employed in such study. A femtosecond spectroscopic study of
TiOo/SCN™ aqueous system by Colombo and Bowman® indicated dramatic
increase in the population of trapped charge carriers within the first few
picoseconds.

The results also confirmed that for species adsorbed to TiO,, the hole-transfer
reaction can successfully compete with the picosecond electron—hole
recombination process. The following interfacial photochemical reactions were
described:

Photoexcitation: TiO, + hv — ¢ cg + h™vs (7)
Charge carrier trapping: € cs — € 1r (8)
Charge carrier trapping: h*vg — h*1g 9)

Electron—hole recombination:

e TR+ h+VB (h+TR) — e ¢g + heat (10)
Bahnemann et al.*® provided evidence for the trapped charge carriers using flash
radiolysis. Primarily, the fission of bonds in organic molecules is due to the
interaction of the trapped e 1 (Ti*") and h*r (presumably *OH) pairs near TiO;
particle. In agreement with the foregoing, Furube et al.*” observed that trapped
carriers mainly exist near the particle surface and do not undergo rapid (~1ps)
recombination immediately after photoexcitation. The important consequences of
surface trapped holes (h*tr) and electrons (e Tr) to the photooxidation of organic
compounds have been highlighted by Serpone et al.*®

In most applications, photocatalytic degradation reactions are carried out in
presence of water, air, the target contaminant and the photocatalyst. Photogenerated
holes have great potential to oxidize organic species directly or indirectly via the
combination with OHe predominant in aqueous solution:*

H,0 + h*— OHe + H' (12)
21



R-H + OH* — R’ + H,0 (13)

R + h*— R"« — Degradation products (14)

The primary photoreactions (1)—(10) indicate the critical role of charge carriers
(electron—hole pair) in photo-oxidative degradation. Essentially, hydroxyl radicals
(OHs), holes (h"), superoxide ions (O; ) and hydroperoxyl radicals (*OOH) are
highly reactive intermediates that will act concomitantly to oxidize large variety of
organic pollutants including volatile organic compounds (VOCs), nitrogen oxides
and bioaerosols.

The reaction mechanism for the photo-oxidative degradation of many organic
pollutants over titania particle has been extensively reviewed. The number of
intermediates in the reaction and ease of decomposition depends upon the nature
organic contaminant studied. The photocatalytic degradation of formaldehyde and
phenol are interesting mechanistic examples on the role of hole, superoxide and
hydroxyl radicals in titania-assisted photomineralization of aliphatic and aromatic
organic templates. The mechanisms are illustrated in Figs. 1.4 and 1.5,
respectively. In the degradation of phenol, several intermediates have been reported
(Fig. 1.5). The OHe radical attacks the phenyl ring of the phenol (a), yielding
catechol (b), resorcinol (c), benzene-1,2,3-triol (d) and hydroquinone (e),then the
phenyl rings in these compounds break up to give maleic acid (f), then short-chain
organic acids such as, 3-hydroxy propyl carboxylic acid (g), 2-hydroxy propanal
(1), 2-hydroxy-ethanoic acid glycol acid (j), finally CO, and H,0. Even though He
produced during the attack of bonds by OHe participates in the process, it is
scavenged by oxygen to form HO,e radicals, which finally convert to OHe radicals.

HCHO + ‘' OH ——— ‘CHO + H,O
‘CHO + OH ——» HCOOOH
HCHO + 'O ———> HCO;

HCO; + H ——» HCOOH

HCOOOH + HCHO ——— HCOOH
-H OH

HCOOH —> HCOO
h4~

HCOO ——= H' +°COy

H,0 + -COy

"OH,h",[0]

0, — co,
Figure 1.4: Photocatalytic oxidation of formaldehyde over TiO,.
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The kinetics of photocatalytic degradation of organic compounds in the liquid
phase usually follows the Langmuir—Hinshelwood scheme.*

dc _ kKC
dt ~ 1+KC

(15)

where r represents the initial rate of photooxidation, C the concentration of the
reactant, t the irradiation time, k the rate constant of the reaction and K is the
adsorption coefficient of the reactant. At mM concentrations C<<1, the equation
can be simplified to the apparent rate order equation:

Ct = Coe_K“Wt (16)

where Kapp is the apparent first order rate constant given by the slope of the graph
of InCo/C versus t and Cy is the initial concentration of the organic pollutant.
Consequently under the same condition, the initial degradation rate could be
written in a form conforming to the apparent first order rate law:

A quasi-exhaustive consideration of photodestruction studies of organic
contaminants proved that the first order rate equation above holds true.**** At any
rate, Langmuir-Hinshelwood model serves as a basis for the photodegradation of
organic compounds even if it could not directly give adequate fitting.**
Nevertheless, for suspended titania-mediated photocatalytic degradation of organic
compounds pseudo-zeroth order is reported.*

OH OH OH OH OH
‘OH OH OH
OH OH
(a) (b) (© (d) ()
OH
HOGE H 1HQ CH20H
H oy e CH2CH + HOHC 3C—< +
—= g COOH COOH CH oH
®) @ (h) (i)
— = Ho — >  —»> CO;+HO
COOH

0)
Figure 1.5: degradation of phenol in wastewater over TiO,.
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1.2.3 The photocatalyst design

Many different processes are involved in the photocatalytic degradation of a
pollutant over TiO,. However, it is possible consider the entire process of
photocatalysis composed by three main processes (Fig. 1.6). The first one (i) is
referred to the possibility to engineer the band-gap of the photocatalyst. The band
structure is just a thermodynamic requirement but not a sufficient condition. The
band gap of a visible-light-driven photocatalyst should be narrower than 3.0 eV
(A=415 nm). Therefore, suitable band engineering is necessary for the design of
photocatalysts with visible light response. The second step (ii) in Fig. 1.6 consists
of charge separation and migration of photogenerated carriers. Crystal structure,
crystallinity and particle size strongly affect the step. The higher the crystalline
quality is, the smaller the amount of defects is. The defects operate as trapping and
recombination centers between photogenerated electrons and holes, resulting in a
decrease in the photocatalytic activity. If the particle size becomes small, the
distance that photogenerated electrons and holes have to migrate to reaction sites
on the surface becomes short and this results in a decrease in the recombination
probability. The final step (iii) in Fig. 1.6 involves the surface chemical reactions.

(i) Efficient photon absorption
(generation of e and h*)

hv
(iii) Construction of surface sites ¥ (iiiy Construction of surface sites
for reduction for oxidation
8
A— “\ ’ <B*

(ii) Charge separation and migration to {
surface reaction sites /
(ii) Suppression of recombination
Figure 1.6: main processes involved in photocatalysis assisted by TiO,.

The important points for this step are surface character (active sites) and quantity
(surface area). Even if the photogenerated electrons and holes possess
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thermodynamically sufficient potentials for water splitting, they will have to
recombine with each other if the active sites for redox reactions do not exist on the
surface.The final goal in the study of photocatalytic processes should be obtaining
as many information as possible on the relationship between the structure of the
photocatalyst and the photocatalytic activity. In this way, we could design an
efficient photocatalyst for a specific application in environmental remediation (also
solar cells, water splitting, etc.). It is possible optimize a photocatalyst working
over the morphological and structural properties that influence the main processes
involved in photocatalysis. For these reason, the choice of the synthetic route to be
employed in the synthesis of nanostructured TiO, is crucial.

Among the wide variety of synthetic method reported in literature, during my Ph.D.
I have focused my interest in the use of sol-gel synthesis and ultrasound (both high
intensity and low intensity, e.g. ultrasonic spray pyrolysis) since they offer a great
flexibility in the initial reaction conditions and .
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1.3 Biomedical applications

1.3.1 An overview on the interactions between nanomaterials and biological
environments

At the interface between nanomaterials and biological systems, the organic and
synthetic worlds merge into a new science concerned with the safe use of
nanotechnology and nanomaterial design for biological applications.

Table 1.2: Main biophysicochemical influences on the interface between nanomaterials
and biological systems.

Nanomaterials

Size, shape and surface area

Surface charge, energy, roughness and porosity
Valence and conductance states

Functional groups

Ligands

Crystallinity and defects

Hydrophobicity and hydrophilicity

Suspending media

Water molecules

Acids and bases

Salts and multivalent ions

Natural organic matter (humics, proteins, lipids)
Surfactants

Polymers

Polyelectrolytes

Solid-liquid interface

Surface hydration and dehydration

Surface reconstruction and release of free surface energy
lon adsorption and charge neutralization

Electrical double-layer formation, zeta potential, isoelectric point
Sorption of steric molecules and toxins

Electrostatic, steric and electrosteric interactions
Aggregation, dispersion and dissolution

Hydrophilic and hydrophobic interactions

Nano-bio interface

Membrane interactions: specific and nonspecific forces
Receptor—ligand binding interactions

Membrane wrapping: resistive and promotive forces
Biomolecule interactions (lipids, proteins, DNA) leading to structural and functional effects
Free energy transfer to biomolecules

Conformational change in biomolecules

Oxidant injury to biomolecules

Mitochondrial and lysosomal damage, decrease in ATP

The ‘nano-bio’ interface comprises the dynamic physicochemical interactions,
kinetics and thermodynamic exchanges between nanomaterial surfaces and the
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surfaces of biological components (e.g., proteins, membranes, phospholipids,
endocytic vesicles, organelles, DNA and biological fluids).*®

The nano-bio interface comprises three dynamically interacting components: (i)
the nanomaterial surface, the characteristics of which are determined by its
physicochemical composition; (ii) the solid—liquid interface and the changes that
occur when the material interacts with components in the surrounding medium; (iii)
the solid-liquid interface’s contact zone with biological substrates (Table 1.2).

In a given medium, the most important nanomaterials characteristics that determine
the surface properties are the material’s chemical composition, surface
functionalization, shape and angle of curvature, porosity and surface crystallinity,
heterogeneity, roughness, and hydrophobicity or hydrophilicity.*”*°* Other
quantifiable properties, such as effective surface charge (zeta potential), particle
aggregation, state of dispersion, stability/biodegradability, dissolution
characteristics, hydration and valence of the surface layer, are determined by the
characteristics of the suspending media,*’ including the ionic strength, pH,
temperature and the presence of large organic molecules (for example proteins) or
detergents.*®

The particle characteristics contribute actively to the interactions with the medium
through: (i) promoting the adsorption of ions, proteins, natural organic materials
and detergents; (ii) double-layer formation; (iii) dissolution; or (iv) minimizing free
surface energy by surface restructuring.> 2

Many of these newly acquired particle properties or transformed states determine
the forces that operate at the particle-medium interface with characteristic decay
lengths. These forces include long-range forces arising from attractive van der
Waals (VDW) and (generally) repulsive electrostatic double-layer interactions, plus
short-range forces arising from charge, steric, depletion and solvent interactions
(Table 1.3).°**® Media interactions (e.g., protein interactions) could also induce
large-scale changes, such as nanoparticle dissolution, ion leaching, phase
transformation and agglomeration. Characterizing the solid—liquid interface is a
key challenge in understanding the nano—bio interface. Although we often assume
steady-state behaviour when assessing the bulk properties of suspensions (e.g., net
charge, isoelectric point or average aggregate size), this approach must be adjusted
when considering the nano-bio interface. The already metastable solid-liquid
interface is subjected to an inhomogeneous and dynamic or transient environment
that contributes to the formation of the nano-bio interface. Such interfacial
inhomogeneity results from the distribution and distinct spatial localization of
proteins, lipids and glycosylated structures on the surface membrane. Moreover,
the interface is not at steady state. It undergoes continuous changes as a result of
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cellular housekeeping and environmental influences; for example, secreted cell
products may further change a suspending medium’s properties,® and the
nanomaterial may bind to these biomolecules in suspension or on the cell
membrane. Likewise, the interacting biological components might be influenced by
the nature of the particle, for example through binding to surface ligands, contact
with hydrophobic or charged regions, changes in free surface energy inducing
conformational changes or oxidant injury caused by reactive oxygen species
(ROS).

The study of the interactions at the nano-bio interface is one the major issue in the
field of biomedical application of nanotechnology. Only by a deep understanding
of the forces that play at the nanoscale level between synthetic materials and
biological environment we will be able to exploit the enormous potential behind
the use of nanomaterials in imaging, therapy, diagnosis,>® and tissue
engineering.”’

Table 1.3: Main force governing the interactions between nanomaterials and biological

systems.

Force Origin and nature Range (nm) Possible impact on the interface
Hydrodynamic ~ Convective drag, shear, lift and Brownian diffusionare  10?to10¢ Increase the frequency of collisions between nanoparticles and
interactions often hindered or enhanced at nanoscale separations other surfaces responsible for transport

between interacting interfaces
Electrodynamic  VDW interactions arising from each of the interacting  1to 100 Universally attractive in aqueous media; substantially smaller for
interactions materials and the intervening media biological media and cells owing to high water content
Electrostatic Charged interfaces attract counter-ions and repel 1t0100 Overlapping double layers are generally repulsive as most materials
interactions co-ions through Coulombic forces, giving rise to the acquire negative charge in aqueous media, but can be attractive for

formation of an electrostatic double layer oppositely charged materials
Solvent Lyophilic materials interact favourably with 1t010 Lyophilic materials are thermodynamically stable in the solvent and
interactions solvent molecules do not aggregate

Lyophobic materials interact unfavourably with Lyophobic materials are spontaneously expelled from the bulk of

solvent molecules the solvent and forced to aggregate or accumulate at an interface
Steric Polymeric species adsorbed to inorganic particles 1t0100* Generally increase stability of individual particles but can interfere
interactions or biopolymers expressed at the surfaces of cells in cellular uptake, especially when surface polymers are highly

give rise to spring-like repulsive interactions with water-soluble

other interfaces
Polymer bridging Polymeric species adsorbed to inorganic particles 1t0100 Generally promote aggregation or deposition, particularly when
interactions or biopolymers expressed at the surfaces of cells charge functionality is carboxylic acid and dispersed in aqueous

containing charged functional groups can be attracted media containing calciumions

by oppositely charged moieties on a substrate surface

*Depending on the length of adsorbed or expressed polymeric species

1.3.2 Nanotechnology in biomedical application

Nanotechnology is poised to make potentially revolutionary innovations in areas of
biomedical science such as diagnostics, drug therapy, imaging, and tissue
engineering (Table 1.4).
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Table 1.4: Nanoscale application in medicine.*®

Drug Nanoscale delivery vehicles can (1) enhance the therapeutic efficacy and minimize

delivery adversities associated with available drugs; (2) enable new classes of therapeutics; and
(3) encourage the re-investigation of pharmaceutically suboptimal but biologically active
new molecular entities that were previously considered undevelopable.

In vitro Nanotechnology-based sensors (e.g., nanowires, nanotubes, nanoparticles, cantilevers,
diagnostics and micro/nanoarrays) can enable fast and high throughput detection of disease

biomarkers with higher sensitivity and lower sample consumption. Nanotechnology also
offers hope for the early detection of viruses, bacteria, and circulating tumor cells, as
well as for single cell analysis.

In vivo Targeted imaging nanoprobes (e.g., magnetic nanoparticles, quantum dots, and carbon

imaging nanotubes) could provide a faster, less invasive, and more accurate way to diagnose
discases (e.g., cancer) at their earliest stages and monitor disease progression. Some
other possible opportunities include reporting in vivo efficacy of therapeutics and
tracking nanocarrier biodistribution in the body. In addition, imaging nanoprobes could
help surgeons to locate tumors and their margins, identify important adjacent structures,
and map sentinel lymph nodes.

Therapy Certain nanomaterials have unique therapeutic properties that differ from conventional

techniques drugs, and can, therefore, be directly used to treat diseases. For example, hafnium oxide-
and gold-based nanoparticles can greatly enhance X-ray therapy; gold
nanoshells/nanorods, carbon nanotubes, magnetic nanoparticles can induce hypothermia
to kill cancer cells; and nanocrystalline silver is being used as an antimicrobial agent.

Biomaterials Biocompatible nanomaterials that have optimal mechanical properties can be used as
medical implants, such as dental restoratives and bone substitutes (also categorized as
hard-tissue engineering.). Nanocoatings or nanostructured surfaces can also improve the
biocompatibility and adhesion of biomaterials.

Tissue Nanotechnology can enable the design and fabrication of biocompatible scaffolds at the
engineering nanoscale and control the spatiotemporal release of biological factors, resembling native

extracellular matrix, to direct cell behaviors, and eventually lead to the creation of
implantable tissues.

In the future, nanotechnology using different biomarkers will be able to diagnose
patients in much earlier stages of disease. Microchip-based diagnostic tests using
biomarkers conjugated to nanoparticles or quantum dots can detect abnormalities at
molecular levels that potentially can lead to disease progression. Nanotechnology
can overcome anatomical and physiological barriers to deliver drugs more
effectively to the target sites to reduce nonspecific effects. Many drugs, especially
modern therapeutics, cannot be successful unless mechanisms for their effective
delivery are developed. Nanotechnology can be a powerful tool to address
delivery-related issues such as poor solubility or stability in biological
environments. Imaging plays an important role in detection of pathologies such as
tumors or vascular pathologies. Magnetic nanoparticles are under extensive
investigation to enhance and improve the magnetic resonance imaging (MRI)
capability for early detection of diseases.
Scientists have developed the ability to design new systems, smart bioresponsive
polymers that respond to changes in the bioenvironment stimulated by disease
conditions, and we have a better understanding of their action mechanisms,
interactions with cells and tissue, body distribution, and clearance. The progress in
the field of nanotechnology is evident from the range of nanotechnologies under
various stages of clinical development from diagnostic to drug delivery
applications. The field is certainly interdisciplinary by bringing together chemistry,
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biology, medicine, physics, and materials science. Collaborative efforts address
issues from various angles, and they may develop more effective solutions to
exploit the enourmous potential of nanotechnology in the healh issue.

During my Ph.D. thesis | have worked on the possibility to use titania nanoparticles
in drug delivery and on the synthesis and characterization of TiO, scaffold for
tissue engineering for bone regeneration. The results obtained in this research work
are presented in the section 3.3. This is just an example of the use of TiO, for
biomedical application, but other research projects are ongoing such as the study of
titania bioconjugates for targeted delivery.

1.3.2.1 Drug Delivery

Since liposomes were first described in the 1960s and proposed as carriers of
proteins and drugs for disease treatment,”® nanotechnology has made a significant
impact on the development of drug delivery systems. A variety of
organic/inorganic nanomaterials and devices have been used as delivery vehicles to
develop effective therapeutic modalities. So far, there are over two dozen
nanotechnology-based therapeutic products approved by Food and Drug
Administration (FDA) for clinical use, and more are in clinical trials.®®®? Of these
products, the majorities is composed of a nontargeted delivery system (e.g.,
liposomes and polymers) and a drug, and are therefore considered first generation
nanotherapeutics.®

Compared to conventional drug delivery, the first generation nanosystems provide
a number of advantages. In particular, they can enhance the therapeutic activity by
prolonging drug half-life, improving solubility of hydrophobic drugs, reducing
potential immunogenicity, and/or releasing drugs in a sustained or stimuli-triggered
fashion. Thus, the toxic side effects of drugs can be reduced, as well as the
administration frequency. In addition, nanoscale particles can passively accumulate
in specific tissues (e.g., tumors) through the enhanced permeability and retention
(EPR) effect.** Beyond these clinically efficacious nanosystems, nanotechnology
has been utilized to enable new therapies and to develop next generation
nanosystems for “smart” drug delivery.

Targeted Delivery. It is widely believed that active targeting, through the
modification of nanoparticles with ligands, has the potential to enhance the
therapeutic efficacy and reduce the side effects relative to conventional
therapeutics.®® The ability to actively target specific cells rather than tissues also
allows ligand-conjugated nanocarriers to outperform first generation, nontargeted
nanosystems. While the necessity of targeted delivery depends on various factors
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(e.g., delivery vehicles, drugs, and diseases), a myriad of important benefits have
been demonstrated.®®>®® In cancer therapy, the presence of targeting ligands can
greatly enhance the retention and cellular uptake of nanoparticles via receptor-
mediated endocytosis, even though tumor accumulation is largely determined by
the physicochemical properties of nanoparticles.®>® This can then lead to higher
intracellular drug concentration and increase therapeutic activity, which is
particularly important for bioactive macromolecules (e.g., DNA and siRNA) that
require intracellular delivery for bioactivity.” In the case of endothelial targeting
for cardiovascular diseases or immunological tissue targeting, nanoparticle
localization is guided by ligand-receptor interactions rather than EPR.®® Similarly,
ligand-mediated targeting is of importance for the transcytosis of nanodrugs across
tight epithelial and endothelial barriers (e.g., blood-brain barrier).®® Additionally,
targeted delivery has been applied, in some instances, to combat multidrug
resistance (MDR).*> It is also envisioned that long-circulating targeted
nanoparticles may be able to locate and fight migrating cancer cells.

Despite three targeted nanoparticle systems now in phase /Il clinical trials,®? the
clinical translation of targeted delivery is not as smooth as we expect. One possible
barrier stems from the complexity behind manufacturing viable targeted
nanoparticles. Targeted nanoparticle fabrication usually requires multiple steps,
including biomaterial assembly, ligand coupling/insertion, and purification, which
could cause batch-to-batch variation and quality concerns. The recent development
of single-step synthesis of targeted nanoparticles by self- assembling pre-
functionalized biomaterials provides a simple and scalable manufacturing
strategy.®®’® Another important consideration is targeting ligands. Among others,
some variables that must be considered include ligand biocompatibility, cell
specificity, binding affinity, mass production, and purity.”* For example, to achieve
maximal specificity, the ideal ligand would be able to recognize the most
overexpressed receptors on target cells relative to healthy ones. Other factors that
could also affect cell targeting include ligand surface density and arrangement, as
well as spacer type and length dividing ligand molecules and nanoparticles.”
Nevertheless, with advances in ligand engineering and screening, and nanoparticle
optimization, targeted delivery will become a mainstay in the next generation of
drug therapy.

Co-delivery. Combination therapy has shown several potential advantages (e.g.,
synergistic effects and reversal of drug resistance) and may prove more effective
than single drug therapy.” However, due to the distinct pharmacokinetic profiles of
individual drugs, the synergistic drug ratio optimized in vitro will undoubtedly
change after the conventional administration of drug “cocktails”, an outcome that
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could in turn lead to insufficient therapeutic results in vivo. To this end, lipid-
and/or polymer-based nanoscale systems, previously developed for single drug
delivery, have been applied to facilitate co-delivery. For some drug combinations,
we can successfully tune the relative dosage of various drugs in single particle
levels, and simultaneously deliver them to target sites with a maintained drug
ratio.”* For other combinations, we need to develop novel delivery vehicles with
desired functionalities that enable co-encapsulation of hydrophobic and hydrophilic
drugs, active targeting, and/or temporally controlled release.”® Such features are
especially essential for the co-delivery of drugs and nucleic acids, which requires
intracellular delivery to elicit bioactivity.””’® For example, in the case of co-
delivering chemotherapy and RNAI therapy to treat multidrug resistant cancers, the
ideal nanoparticle would be expected to first release SIRNA to reduce the
expression of MDR transporters, followed by the release of anticancer drugs.
Another exciting advancement in co-delivery is the ability to combine targeted
imaging and therapeutic agents within the same particle, allowing us to visualize
sites of targeted drug delivery and deliver therapeutics simultaneously
(“theranostics™).” This technology is innovative in concept and holds significant
promise for making large medical impacts within the next few decades. It could
provide us with critical information on intracellular targets, ensure that therapeutic
agents are efficiently reaching their target sites, and enable the effective early
detection and treatment of diseases. Current research is primarily focused on the
design of such multifunctional nanosystems and proof-of-concept tests,®*® but
more systematic in vivo studies are needed.

Future research in this arena will also likely help us trace the absorption,
distribution, metabolism, and excretion of nanoparticles in vivo. It is important that
we understand the pharmacokinetics of a given drug delivery system to improve
upon formulations, estimate clinical doses, and guarantee safety.®* Currently,
radionuclide labeling is the only technique that can be used to provide in situ
quantitative information; but radio emitters may be too unstable to conjugate with
nanomaterials. With the help of recently developed in vivo imaging probes like
magnetic nanoparticles,®® quantum dots,*® gold nanoparticles,® and carbon
nanotubes,®” more imaging modalities may become available to track the
distribution of nanotherapeutics in the body.

1.3.2.2 Tissue Engineering

Tissue engineering is an evolving interdisciplinary field integrating biology,
engineering, materials science, and medicine, that focuses on the development of
biological substitutes to restore, replace, maintain, or enhance tissue and organ
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function.® Over the past few decades, continued progress in this specific field has
led to the creation of implantable tissues, some of which are already used in
humans (e.g., skin and cartilage) or have entered clinical trials (e.g., bladder and
blood vessels).”® Nevertheless, most tissue engineering strategies rely on the
principle that under appropriate bioreactor conditions, cells seeded or recruited into
three dimensional (3D) biocompatible scaffolds are able to reassemble into
functional structures resembling native tissues. Early artificial scaffolds were
designed to provide cells structural integrity on a macroscopic level, but only
achieved moderate success. It is now widely accepted that to recapitulate proper
tissue functionality, scaffolds should also establish a tissue specific
microenvironment to maintain and regulate cell behavior and function.*

Within tissues, cells are surrounded by extracellular matrix (ECM) which is
characterized by a natural web of hierarchically organized nanofibers.”" This
integral nanoarchitecture is important because it provides cell support and directs
cell behavior via cell-ECM interactions. Furthermore, ECM plays a vital role in
storing, releasing, and activating a wide range of biological factors, along with
aiding cell-cell and cell-soluble factor interactions.”® Thus, the ability to engineer
biomaterials that closely emulate the complexity and functionality of ECM is
pivotal for successful regeneration of tissues. Recent advances in nanotechnology,
however, have enabled the design and fabrication of biomimetic microenvironment
at the nanoscale, providing an analog to ECM.*

Notably, these technologies have been applied to create nanotopographic surfaces
and nanofeatured scaffolds, and to encapsulate and control the spatiotemporal
release of drugs (e.g., growth factors). In turn, these nanodevices offer a means to
direct cellular behaviors that range from cell adhesion to gene expression.
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2.1 Sol-gel technology

2.1.1 Introduction

A process that has, in the past years, gained much notoriety especially in the glass
and ceramic fields is the sol-gel reaction.**. This chemistry produces a variety of
inorganic networks from metal alkoxide monomer precursors. Although first
discovered in the late 1800s and extensively studied since the early 1930s, a
renewed interest1**® surfaced in the early 1970s when monolithic inorganic gels
were formed at low temperatures and converted to glasses without a high
temperature melting process.** Through this process, homogeneous inorganic oxide
materials with desirable properties of hardness, optical transparency, chemical
durability, tailored porosity, and thermal resistance, can be produced at room
temperatures, as opposed to the much higher melting temperatures required in the
production of conventional inorganic glasses.’>™*” The specific uses of these sol-gel
produced glasses and ceramics are derived from the various material shapes
generated in the gel state, i.e., monoliths, films, fibers, and nanosized powders.
Many specific applications include optics, protective and porous films, optical
coatings, window insulators, dielectric and electronic coatings, high temperature
superconductors, reinforcement fibers, fillers, and catalysts.*’

2.1.2 The general mechanism

The sol-gel process, as the name implies, involves the evolution of inorganic
networks through the formation of a colloidal suspension (sol) and gelation of the
sol to form a network in a continuous liquid phase (gel)."**** The precursors for
synthesizing these colloids consist of a metal or metalloid element surrounded by
various reactive ligands.

e the inorganic route with metal salts in aqueous solution (chloride,
oxychloride, nitrate); much cheaper and easier to handle than metal
alkoxides, but their reactions are more difficult to control;

e the metal-organic route with metal alkoxides in organic solvent; the
alkoxides are most popular because they react readily with water. The most
widely used metal alkoxides are the alkoxysilanes, such as
tetramethoxysilane (TMQOS) and tetraethoxysilane (TEOS). However, other
alkoxides such as aluminates, titanates, and borates are also commonly used
in the sol-gel process, often mixed with TEOS.

The general mechanisms in the metal-organic route are based on the growth of
metal oxo-polymers in a solvent:
e inorganic step polymerization reactions through hydrolysis and

condensation of metal alkoxides M(OR)z, where M = Si, Ti, Zr, Al, Sn, Ce.,
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OR is an alkoxy group and Z is the valence or the oxidation state of the
metal;
o first step: hydroxylation upon the hydrolysis of alkoxy groups

M-OR + H,0 — M-OH + R-OH
e second step: polycondensation process leading to the formation of branched

oligomers and polymers with a metal oxo-based skeleton and reactive
residual hydroxo and alkoxy groups; two competitive mechanisms

a) water condensation with the formation of oxygen bridges
M-OH + HO-M — M-O-M + H,0

b) alcohol condensation

M-OH + RO-M — M-0O-M + ROH

Generally speaking, the hydrolysis reaction, through the addition of water, replaces
alkoxide groups (OR) with hydroxyl groups (OH). Subsequent condensation
reactions an involving the M-OH groups produce M-O-M bonds plus the by-
products water or alcohol. Under most conditions, condensation commences before
hydrolysis is complete. However, conditions such as, pH, H,O/M molar ratio, and
catalyst can force completion of hydrolysis before condensation begins.4-8,16
Additionally, because water and alkoxides are immiscible, a mutual solvent such as
an alcohol is utilized. With the presence of this homogenizing agent, alcohol,
hydrolysis is facilitated15 due to the miscibility of the alkoxide and water. As the
number of M-O-M bonds increases, the individual molecules are bridged and
jointly aggregate in the sol. When the sol particles aggregate, or inter-knit into a
network, a gel is formed. Upon drying, trapped volatiles (water, alcohol, etc.) are
driven off and the network shrinks as further condensation can occur.

2.1.3 Gelation, aging, drying and calcinations steps

a) Gelation: for example, the mechanisms of the silicate systems are reported:
under acid catalysed conditions there is the formation of a “polymeric” gel,*
as shown as in Fig. 2.1.
Under basic conditions and/or with higher additions of water: more highly
branched clusters, which do not interpenetrate prior to gelation and thus
behave as discrete species.
If the total concentration of alkoxysilane is low (< ~0.3 M) gelation leads to
the formation of colloidal silica (Fig. 2.2). But for higher alkoxysilane
concentrations there is the formation of a “colloidal” gel,* as shown in Fig.
2.3.
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b) ageing: structure modifications with time depending on temperature, solvent
and pH conditions:

gel separation into regions of high and low polymer density because it is
expected that as the critical point is approached (e.g. during a change in
concentration), fluctuations in polymer density grow larger in amplitude
(than those resulting merely from thermal motions);

promotion of additional crosslinking as unreacted terminal groups (-OH and
-OR) come in contact in regions of higher polymer density;

acceleration of the phase separation process and creation of liquid-solid
interfaces;

further structural changes attributed primarily to surface energy effects: it is
well known that surfaces exhibiting positive radii of curvature dissolve
more readily than surfaces exhibiting negative radii of curvature. Therefore
as the dissolution rate is increased (e.g. by increased temperature or pH)
dissolution-repricipitation results in neck formation causing the gel
structure to become fibrillar and the pore formation. Of course, when
dissolution is extensive, the gel network would breakdown and ripens to
form a colloidal sol.

c) drying: this is the step of removing of the solvent from the gel-network. The
methods adopted for the elimination of the residual solvent are influenced by
the intended use of the dried material:

if powdered ceramics are desired, no special care need be exercised to
prevent fragmentation;

if monoliths from colloidal gels are desired, the drying procedures are
largely determined by the need to minimize internal stresses associated with
the volume changes on drying ;

if monoliths from polymeric gels are desired: the polymeric species are
weakly cross-linked and as solvent is removed, they can deform readily and
form a dense gel structure while polymer itself shrinks and forms more
crosslinks.

d) calcinations step: heating, in a different temperature range, to convert the dried

gel to a crystalline material. For gels, the following reactions possibly occur:

desorption of physically adsorbed solvent and water from the walls of
micropores (100-200°C);

decomposition of residual organic groups into CO2 (300-500°C);

collapse of small pores (400-500°C);

collapse of larger pores (700-900°C);

continued polycondensation (100-700°C).

Sintering and densification phenomena also take place, via typical sintering
mechanisms such as evaporation condensation, surface diffusion, grain boundary
and bulk diffusion. The small particle size of the powders lead to high reactivities
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and enhanced sintering and/or coarsening rates (the principal process involved in
densification is often viscous sintering).

2.14

Advantages and limitations of sol-gel technique.

a) Advantages: Sol-gel processes allow the synthesis of materials with:

high purity, because organometallic alkoxy precursors can be purified by
distillation or recrystallization;

high degree of homogeneity, because reagents are mixed at the molecular
level;

the possibility to control simultaneously the bulk properties, such as the
phase composition, and the surface characteristics, such as the surface area,
the total pore volume distribution, etc;

low or high porosity, by using appropriate heat treatment and firing times;
the capability of obtaining fully-dense amorphous solids at temperatures
lower by hundreds of centigrade degrees than those required for
conventional compaction/densification or for melting;

the ability to obtain materials with novel distributions of phases contained
therein.

b)_ Drawbacks:

high cost for the majority of alkoxide precursors;
long processing steps.
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2.2 Application of ultrasound to the synthesis of nanostructured
materials

2.2.1 A brief introduction to ultrasound

Chemistry deals with the interaction between energy and matter, and chemical
reactions require some form of energy (e.g., heat, light, radiation, electric potential,
etc.) to proceed.’®? Precise control over chemical reactions is a key to the success
of nanostructured materials synthesis, but currently such control is limited to the
manipulations of various reaction parameters including time, energy input, and
pressure. These parameters, however, are adjustable only within a certain
boundaries defined by the energy source employed in reactions. Each type of

energy has its own realm of reaction conditions determined by its inherent reaction
parameters, as depicted in Fig. 2.4.%

I
CRCN

S - 9,

Pressure \A\mosp\\eres\
23 o

Figure 2.4: Islands of chemistry as a function of time, pressure, and energy.?

Compared to traditional energy sources, ultrasonic irradiation provides rather
unusual reaction conditions (a short duration of extremely high temperatures and
pressures in liquids) that cannot be realized by other methods. Interestingly, such
extraordinary conditions are not derived directly from ultrasound itself: acoustic
wavelengths are much larger than molecular dimensions. Thus, no direct,
molecular-level interaction between ultrasound and the chemical species takes
place. Instead, acoustic cavitation (i.e., the formation, growth, and implosive
collapse of bubbles in liquids), driven by high intensity ultrasound accounts for the
chemical effects of ultrasound.”” When liquids are irradiated with ultrasound, the
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alternating expansive and compressive acoustic waves creates bubbles (i.e.,
cavities) and makes the bubbles oscillate (Fig. 2.5). The oscillating bubbles can
accumulate ultrasonic energy effectively while growing to a certain size (typically
tens of mm). Under the right conditions, a bubble can overgrow and subsequently
collapse, releasing the concentrated energy stored in the bubble within a very short
time (with a heating and cooling rate of >10*° K-s™). This cavitational implosion is
very localized and transient with a temperature of ~5000 K and a pressure of ~1000
bar.?’ These extreme conditions created during acoustic cavitation can give rise to
light emission. This intriguing physical phenomenon, known as sonoluminescence,
was first observed during the ultrasonic irradiation of water in 1934 by Frenzel and
Schultes,® and afterward, has been systematically investigated by several research
groups. Because of the transient nature of acoustic cavitation, sonoluminescence
has been explored as a spectroscopic probe to investigate reaction conditions (e.g.,
temperature and pressure) during ultrasonic irradiation.?*®* A variety of
sonochemical apparatuses are commercially available with several designs:
ultrasonic cleaning baths, direct-immersion ultrasonic horns, and flow reactors are
common examples.

TAAAAAAAAA
ITTllII111}

IMPLOSION

Acoustic
Pressure

Liquid
Density

150 =

100 =
grON™
SHOCKWAVE

50 =

Bubble Radius (um)
#_ FORMATION

HOT RAPID
SPOT QUENCHING

0 1(')0 2:)0 3(;0 460
Time (us)
Figure 2.5: Schematic representation of transient acoustic cavitation.*
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Cleaning baths have insufficient intensity for most applications, but are useful for
liquid-solid reactions with easily passivated but reactive solids (e.g., Li, Mg). A
typical laboratory-scale sonochemical apparatus (Figure 2.6a) consists of a high-
intensity ultrasonic titanium horn driven by a piezoelectric transducer which is
directly introduced into a thermostated glass reactor having gas inlets and outlets.?
Cavitation occurs over a very wide range of frequencies, from tens of Hz to tens of
MHz; above that frequency regime, the intrinsic viscosity of liquids prevents
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cavitation from occurring. Most high intensity ultrasonic horns operate at 20 or 40
kHz, most cleaning baths near 40 kHz, and there is specialized equipment available
in the few hundred kHz to few MHz regime. In general, physical effects of
ultrasound (e.g., emulsification and surface damage) are more dominant at lower
frequencies, whereas cavitational heating of collapsing bubbles occurs over the full
frequency range. The chemical effects of ultrasound were explored for many years,
nearly always in water.3?* Ultrasonic irradiation of aqueous liquids generates free
radicals, and the formation of free radicals by sonolysis of water has been
particularly well-studied.

Primary sonolysis products in water are H + and OH -« radicals.*®> These radicals
can recombine to return to their original form or combine to produce H, and H,0..
They can also produce HO, + by combination with O,. These strong oxidants and
reductants are utilized for various sonochemical reactions in aqueous solutions.
Major advancements in sonochemistry have been achieved by moving to less
volatile organic liquids, so that the bubble contents are dominated by the intended
reactants rather than the solvent vapour.
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Figure 2.6: a) Typical high-intensity ultrasonic rig and b) sonochemical synthesis of
various nanostructured inorganic materials.*’

Suslick and coworkers extensively explored the sonochemistry of metal carbonyl
compounds (e.g., Fe(CO)s, Co(CO)3NO, Mo(CO)s, and W(CO)s) and utilized this
non-conventional technique to produce unusual nanostructured inorganic
materials.?%*>**3" They observed that volatile organometallic compounds can fully
dissociate their carbonyl ligands inside a bubble during acoustic cavitation, and the
resulting metal atoms agglomerate to form a variety of nanostructured materials. A
powerful aspect of the sonochemical synthesis resides in its versatility; various
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forms of nanostructured metals, oxides, sulfides and carbides can be prepared
simply by changing reaction conditions (Fig. 2.6b).”%?>%3 For instance,
sonochemical decomposition of Fe(CO)s in hexadecane yields amorphous iron
metal powder.***° In the presence of organic or polymeric stabilizers (e.g., oleic
acid or polyvinylpyrrolidone), colloidal iron nanoparticles are obtained instead.*
Adding a sulfur source into the precursor solution produces nanophase iron sulfide,
and replacing argon gas with oxygen as the purging gas leads to the formation of
nanoscale iron oxide. Further, when Fe(CO)s is irradiated with a solid support
material (e.g., silica), nanometer-sized iron particles are deposited on the support.

2.2.2 Ultrasonic Spray Pyrolysis

2.2.2.1 Introduction

In contrast with sonochemistry, where ultrasound directly induces chemical
reactions, in Ultrasonic Spray Pyrolysis (USP), the ultrasound is not directly
employed in chemical reactions, which are in fact thermally driven. Instead, the
role of the ultrasound in USP is to provide the phase isolation of one microdroplet
reactor from another. While high intensity ultrasound with a low frequency
(typically 20 kHz) is used in sonochemistry, USP generally utilizes lower intensity
ultrasound with a high frequency (e.g., ~2 MHz). In USP, ultrasound nebulizes
precursor solutions to produce the micron-sized droplets that act as isolated,
individual micron-sized chemical reactors. Both cavitation-induced sonochemistry
and USP, in general, are involved phase-separated (i.e., two- and sometimes
multiphase) chemical reactions. In USP, liquid droplets generated by ultrasonic
nebulization are heated in a gas flow, and subsequently solid-phase or sometimes
liquid-phase (when precursors melt prior to decomposition or when high boiling
point liquids are used) chemical reactions occur. The major differences between
two synthetic methods are summarized in Table 2.1.
Spray pyrolysis has been widely used in industry for ultrafine and nanoparticle
production as well as film deposition, in part because the apparatus is simple and
continuous and can be scaled easily for mass production. In general, spray
pyrolysis involves the thermal decomposition of aerosols (i.e., solid or liquid
particles suspended in a gas) generated by a nebulizer (e.g., pneumatic, ultrasonic,
or electrostatic nebulizers) in a gas flow.*> Among the various nebulization
techniques, the use of ultrasonic nebulizers has been favored because of their out-
standing energy-efficiency in aerosol generation over other nebulization tools,
affordability (e.g., the use of household humidifiers), and the inherently low
velocity of the initial aerosol. As a synthetic tool, USP has several advantages over
other traditional methods: production of micron- or submicron-sized spherical
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particles, high product purity, continuous operation, and ease of controlling
composition.****

Table 2.1: Comparison of the complementarities of sonochemistry and ultrasonic spray
pyrolysis. Images: multi-bubble sonoluminescence in 85wt% phosphonic acid and
ultrasonic mist produced at 1.7 MHz, respectively.

Sonochemistry Ultrasonic spray pyrolysis

Reaction site Gas bubbles Liquid microdroplets

Conditions ~5000K, 1000 bar 500-1300K, 1bar

Reactants Volatiles primarily Nonvolatile solutes

Cooling rates >10"0K s’ 10*K ™!

Templating Easy Easy, easy nanocomposites
Heating zone Single extreme hot zone Multiple hot zones possible
Scalability Scalable: kg/day Easily scalable: ton/day

Particle size control Nano- and submicron-sized particels Typically submicron-size, but nanoparticles possible
Composition control Easy Easy

Anisotropic shapes Yes No

Hollow structures Yes Yes

Core/shell structures Yes Yes

Unlike conventional solid- or liquid-phase synthetic methods (e.g., precipitation,
hydrothermal method, and solid-state reaction) where batch reactions are
performed to produce materials, the USP technique is a continuous flow process
that enables both large and small scale production of products with excellent
reproducibility. In addition, the facile control over chemical and physical
compositions in the USP method makes USP particularly useful in the preparation
of multicomponent or composite materials.*?

The droplet formation by low frequency ultrasound was first described by Wood
and Loomis in 1927.%* In 1962, Lang experimentally established the relationship
between ultrasonic frequency and droplet size.*® Ultrasonic nebulization (Fig. 2.7)
is a result of capillary waves (i.e., waves travelling along the interface between two
fluids) at the surface of liquids; in other words, nebulization is a result of
momentum transfer. The capillary waves generated by ultrasonic vibrations at the
liquid’s surface consist of crests and troughs. When the amplitude of the surface
capillary waves is sufficiently high, the crests (peaks) of the capillary waves can
break off, resulting in liquid droplets. Since the capillary wavelength is inversely
proportional to frequency, finer droplets can be produced at higher frequencies.
Several other parameters (e.g., surface tension and density) also affect the droplet
size along with frequency, which is well-described by the Lang equation:*°
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where D is mean droplet diameter, y (N m™) is surface tension, p(kg m™®) is solution
density, and f (MHz) is the ultrasonic frequency. For nanomaterial synthesis, high
frequencies (e.g., >1 MHz) are generally used, but commercial large scale
nebulizers are also available in the 25 kHz region and are used for spray drying and
painting. A typical USP apparatus consists of an ultrasonic transducer at the base of
a vessel containing precursor solutions and fitted with a gas stream to carry the
mist into a tubular furnace; a collector is positioned at the furnace outlet (e.g.,
bubbler, filter, electrostatic precipitator, etc); for film deposition, substrates such as
silicon and glass are usually placed inside the furnace (Fig. 2.8a). The liquid
droplets generated by ultrasonic nebulization are carried through a heated zone by a
gas flow (e.g., Ar, N,O,, etc). Often, additional furnaces are attached to the end of
the single furnace to increase residence time of the droplets in the heated zone or to
achieve multi-zone temperatures. In a laboratory-scale USP rig used in the Suslick
research group, for example, an inexpensive high frequency ultrasound generator
from a household humidifier can be used to create a useful source for USP,
eliminating the need for expensive, commercial ultrasonic nebulizers. The USP
synthetic process involves droplet generation, evaporation of solvents, diffusion of
solutes, precipitation, decomposition, and densification (Fig. 2.8b).*> The entire
USP process, however, is more complicated, and some of the processes are still
poorly understood. A simplified and qualitative description of the USP process will
be discussed here; more detailed descriptions are available in several excellent
books and reviews.”?****8 The first process that occurs during USP is the
formation of liquid droplets by ultrasonic nebulization. As previously mentioned,
the size of the droplets can be controlled by changing several parameters, but
typically, in the case of water, spherical droplets with an initial diameter of ~5 um
are obtained at a frequency of ~2 MHz. The liquid droplets are then carried into a
heated zone by a gas flow with subsequent solvent evaporation from the surface of
the droplets. During solvent evaporation, the droplets rapidly shrink, and further
heating leads to supersaturation, at which point precipitation of solute takes place,
often at the surface of the droplet. Decomposition of precursors may follow to
produce porous or hollow intermediate particles, which may subsequently undergo
densification to yield solid particles. The formation of dense solid particles versus
hollow shells is intimately related to solvent evaporation rate and solubility of
precursors.*>**4" These factors can affect the degree of supersaturation, which
significantly influences the morphology of final products.
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Figure 2.7: Photograph of an ultrasonlc fountain and mist produced at 1.7 MHz.*
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Figure 2.8: Schematic illustration of (a) typical USP apparatus and (b) a simplified USP
process.*
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2.2.2.2 Preparation of nanostructured materials by USP

Despite the advantages of the USP technique, its utilization had long been confined
to the production of micron-sized powders and thin films. During the last 10 years,
however, USP has been revived by several research groups as a generalized
synthetic method for the preparation of nanostructured materials. This conspicuous
transformation of the USP technique into a powerful synthetic tool has originated
from its outstanding ability to produce nanocomposites. In a majority of cases, the
nanocomposites are composed of desired materials (e.g., metal oxides, sulfides, or
carbon) combined with sacrificial materials (e.g., surfactants, colloidal silica,
polymers, or metal salts). The sacrificial materials are subsequently removed by
several methods (e.g., chemical etching, calcination, or dissolution), introducing
various nanostructures (e.g., porosity) into final products.

In the following paragraphs will be reported some examples of materials that have
been synthesized by USP.

a) Nanostructured Materials from Organic-Inorganic Hybrid Nanocomposites

Mesostructured framework solids consist of nanometer-sized, thin walls integrated
continuously in an orderly fashion. Well-ordered mesoporous materials often have
unique properties with important applications to catalysis, sorption, gas sensing,
optics, and photovoltaics.’®™? Often, the physical and chemical properties of the
well-ordered mesoporous materials are significantly different from their nonporous,
solid counterparts.>® Typical synthetic procedures for mesostructured materials are
batch reactions where self-assembled organic-inorganic hybrid nanocomposites are
produced with the assistance of pre-organized organic species (e.g., surfactants and
amphiphilic block copolymers), which are then burnt out of the final mesoporous
material. Despite their versatility and reproducibility, the batch synthetic routes
possess several critical drawbacks: tedious and time-consuming templating
processes, difficulties of their use to produce thin films, and limited utilization for
the production of patterned nanocomposites.>* Brinker and coworkers addressed
such problems by combining an evaporation-induced self- assembly (EISA)
process and aerosol techniques.®*° In this pioneering work, they sprayed
homogeneous water/ethanol mixture solutions containing silica precursors and
surfactants whose initial concentrations were considerably less than the critical
micelle concentration into a heated zone. As the aerosol droplets are heated in the
furnace, rapid solvent evaporation takes place, causing the surfactant concentration
to exceed the critical micelle concentration at the droplet surface.
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Figure 2.9: Representative TEM images of mesostructured silica particles and film. (a)
faceted, calcined silica particles with a hexagonal mesophase; (b) calcined silica particles
showing cubic mesostructure; (c) calcined particles showing a vesicular mesophase; (d)
cross-section of porous silica film deposited on a silicon substrate.*

Further solvent evaporation renders the entire surfactant concentration greater than
the critical micelle concentration throughout the droplet, initiating micelle
formation. The micelles subsequently organize into liquid-crystalline
mesostructures. Strictly speaking, this synthetic process should not be called USP
because no decomposition (i.e., pyrolysis) is involved in this aerosol process;
rather, this is more accurately an aerosol-assisted sol-gel reaction. Heat-treatment
(i.e., calcination under oxygen) of the obtained organic-inorganic hybrid
nanocomposites produces various forms of mesostructured silica spheres,
depending on the surfactant used in the synthesis (Fig. 2.9a—c).” For instance,
when cetyltrimethylammonium bromide (CTAB), a cationic surfactant, was used as
a structure-directing agent, spherical particles with a highly ordered hexagonal
mesophase were produced. Non-ionic surfactants, on the other hand, produced
silica particles showing a layered, vesicular mesostructure. Interestingly, adding
swelling agents (e.g., polypropylene glycol dimethylacrylate and polypropylene
oxide) into the precursor solutions gave control over the mesopore diameters.®’
Along with the powder production, this aerosol-assisted synthetic route proved to
be very useful even for the formation of ordered mesostructured thin films (Fig.
2.9d); the droplet coalescence on substrates results in the formation of uniformly
well-ordered thin films.>® Another advantage of this synthetic route is the ability to
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incorporate metal species, organic dye molecules, or polymers within the
mesostructured framework.>>**® \ith metal complexes added to precursor
solutions, for instance, metal/silica nanocomposites (e.g., gold/silica and
palladium/silica) can be easily obtained.”>*® Simultaneous control over metal
loadings and pore structures provides sophisticated level of control with this
synthetic approach unavailable through other conventional methods such as
incipient wetness.

b) Nanostructured Materials from Silica-based Nanocomposites

Hard templates, especially colloidal silica, have also proven useful in the USP
preparation of nanostructured materials. Silica nanoparticles will close-pack in an
evaporating droplet and can provide a nanostructured scaffold in situ. Suslick and
Skrabalak utilized silica particles as a sacrificial component in USP-produced
nanocomposites to prepare porous MoS, via USP.%® While USP without templating
produces only submicron-sized, spherical solid MoS; spheres, USP with templating
yields SiO,/MoS; nanocomposite from the decomposition of a single-source MoS,
precursor dissolved in an aqueous suspension of nanometer-sized, colloidal silica
particles. Subsequent HF etching selectively leaches silica nanostructures out of the
nanocomposite, resulting in porousMoS; network. The nature of the resulting MoS,
nanostructure (e.g., porosity and surface area) can be easily tuned by changing the
size and concentration of silica particles. The porous MoS, produced by the USP
technique was shown to be an extremely active catalyst for hydrodesulfurization
reaction compared to its nonporous counterpart. Upon doping with cobalt, the
porous MoS; exhibits a superior catalytic activity and selectivity than even RuS,,
known as the most intrinsically active catalyst for hydrodesulfurization.

Recently, nanostructured ZnS:Ni®* photocatalysts were prepared in a similar
manner and evaluated for hydrogen evolution under visible light (Fig. 2.10).%*
Because of their high energy conversion efficiency and the relatively negative
redox potential of their conduction band, ZnS photocatalysts have been examined
for a variety of applications, including degradation of water pollutants, reduction of
toxic heavy metals, and water-splitting for H, evolution. In the USP synthesis of
ZnS:Ni®* photocatalysts, mesoporous hollow microspheres (Fig. 2.10a and b) were
obtained at a low temperature after silica template removal, whereas nanoparticles
(Fig. 2.10c and d) are produced at a high temperature. This temperature-dependent
morphology change is related to the rapid crystal growth of ZnS at high
temperatures, which results in ZnS nanoparticles larger than the silica colloid
template; such composites are not sufficiently strongly held together to sustain the
hollow microsphere structure after the silica template is removed. In addition to the
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rapid crystal growth, gas released during the decomposition of the ZnS precursors
may also lead to the destruction of the porous microspheres. Photocatalytic activity
of USP products of ZnS:Ni** toward water-splitting under visible light was
examined in the presence of sacrificial electron donors (K,SO3; and Na,S). The
most efficient of the ZnS:Ni** morphologies are nanoparticles, which are well-
balanced between crystallinity and surface area. The USP nanoparticles were
further compared to conventional powders, and it was found that the photocatalytic
activity of the USP nanoparticles for H, production is substantially superior to
those of ZnS:Ni** powders. These results clearly demonstrate that USP is a robust
and efficient method for production of highly active photocatalysts.

Figure 2.10: Electron micrographs of nanostructured ZnS:Ni** hollow microspheres and
nanoparticles produced by USP.*

The utilization of a silica template has been further extended for the synthesis of
nanostructured metal oxides. Suslick and coworkers reported the USP synthesis of
various forms of titania nanostructures, including porous, hollow, and ball-in-ball
architectures (Fig. 2.11).°> When an aqueous solution containing a titanium
complex and silica nanoparticles is nebulized and decomposed via the USP
process, a titania/silica nanocomposite is produced (Fig. 2.11a). This normally
produces a porous titania microsphere after the silica is selectively etched with HF
from the nanocomposite (Fig. 2.11b). In the presence of some transition metal ions
in the precursor solution, however, an unusual phase separation occurs during USP
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with the formation of an outer titania enriched shell and an inner silica core. Upon
etching, this generates initially a ball-in-ball with an inner silica core and an outer
porous titania shell (Fig. 2.11c and d); on full etching, the core is gone and only a
porous titania spherical shell remains; the exact mechanism by which the transition
metal ions induce the phase separation remains unknown. Cytotoxicity studies
revealed that these nanostructured microspheres possess negligible effects on the
viability of various cell lines, which led to the further examination of these
materials as potential drug delivery agents. The microspheres loaded with a
potential drug for Alzheimer’s disease showed an outstanding ability to selectively
deliver the drug to cytosol rather than cell nuclei. In another use of silica colloid
templating, Lu and coworkers synthesized various kinds of porous carbon spheres
from silica/ sucrose nanocomposites.®®®" By changing the type of silica template
and manipulating the ratio of template to sucrose, they were able to simply control
the pore structures of carbon spheres and their macroscopic morphology. Hydrogen
physisorption on these carbon materials has been recently evaluated, presenting a
potential use of these USP carbons for hydrogen storage applications.®’
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Figure 2.11: Electron micrographs of (a) silica-titanié composite produced by USP and

(b) porous titania obtained by HF treatment; (c) SEM and (d) TEM image of ball-in-ball

silica-titania composite decorated with Co oxide nanoparticles after partial etching with
HF.®

c) Nanostructured Materials from Metal Salt-based Nanocomposites
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In the traditional USP process, one initial droplet yields one final particle. While
multiple nucleation occur at an early stage of the USP process, the resulting
multiple nanocrystallites grow and aggregate into a larger micron-sized single
particle as thermal heating in the droplet proceeds. This distinctive nature of the
USP process has excluded the use of USP for the production of nanoparticles.
There have been some attempts to produce nanometer-sized particles by USP (e.g.,
low-pressure spray pyrolysis):?®® " however, the requirement of a vacuum system
and the difficulties in controlling experimental parameters in this method have
prevented its wide spread use for nanoparticle production. To address such issues,
Okuyama and coworkers proposed a facile, rapid, and generalizable USP method.
In their synthetic strategy named °‘salt-assisted aerosol decomposition’’, metal
salts (e.g., chlorides or nitrates of Li, Na, K) or their eutectic mixtures are simply
introduced into precursor solutions to prevent the agglomeration of nanocrystallites
produced at the early stage of USP process.”* The added metal salts play a role as
hot liquid solvents where nanocrystallites can dissolve and precipitate during USP
process. Such multiple series of dissolution/ precipitation events occurring in the
molten droplets lead to the production of separated nanoparticles trapped in a salt
matrix. The molten salts and the non-agglomerated nanoparticles then solidify as
the aerosol droplets are cooled, and the salt matrix is subsequently removed by
several cycles of washing, resulting in separated nanoparticles. A wide variety of
nanoparticles have been prepared, including Ni, Ag-Pd, NiO, CeO,, ZnO,
LiC00,,Y,05-Zr0,, (BaixSr)TiOs, CdS, and ZnS.”>™-*7 |n addition to the
versatility of this novel route, the molten salts serve as an effective liquid flux to
improve mass transport.”* Due to the greatly enhanced mass transfer rates, the
materials produced via the salt-assisted aerosol decomposition method are often
much more crystalline than the USP products obtained by the conventional USP
method, which can improve their physical properties substantially. Judicious
control over the quantity of metal salts can create porous architectures (e.g.,
mesopores or hollow interiors) into the final USP products rather than producing
fully separated nanoparticles.

Unlike the salt-assisted methods discussed above where pre-existing metal salts are
employed to create pore structures, a newly devised USP method for porous
carbons utilizes in situ generated metal salts as a template. Suslick and Skrabalak
reported USP synthesis of various nanostructured carbons from the decomposition
of alkali halocarboxylates (Fig. 2.12).”” While traditional procedures for porous
carbon synthesis require a series of tedious steps (e.g., creation of porous
framework, infiltration of carbon precursors, carbonization, and template removal),
the new approach is a one-step process and does not require relatively expensive
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template materials. Depending on the types of alkali halocarboxylates, a variety of
nanostructures (mesoporous, macroporous, and hollow) are created (Fig. 2.12a-f).
The USP products of an aqueous solution of alkali metal chloroacetates
(H.CICCO,M, M = Li, Na, K) are hollow carbon spheres (Fig. 2.12a) and
macroporous carbon cages (Fig. 2.12c-f), whereas the pyrolysis of a lithium
dichloroacetate (HCI,CCO,Li) solution yields mesoporous carbon spheres (Fig.
2.12b).

e 500 nm % 00 nn
Figure 2.12: SEM images of USP porous carbons from various precursors: a) lithium
chloroacetate, b) lithium dichloroacetate, and c) sodium chloroacetate, d) sodium
dichloroacetate, e) potassium chloroacetate, and f) potassium dichloroacetate.”

In-depth studies on a decomposition pathway of precursor solutions (using
differential scanning calorimetry and thermal gravimetric analysis) revealed that
the formation of pore structures is intimately related to the relative order of
precursor melting and decomposition processes. In case of mesoporous carbon
shown in Fig. 2.12b, for instance, the decomposition of lithium dichloroacetate
generates LiCl, which then acts as a temporary pore template as carbon network
growth occurs. In the macroporous carbon shown in Fig. 2.12bc-f, on the other
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hand, no melting occurs before precursor decomposition; as a result, the carbon
network forms through solid-state reactions, resulting in macropore formation. USP
decomposition of aqueous solutions of substituted alkali benzoate salts also
produced various porous or hollow carbon spheres.” Interestingly, the size of the
carbon spheres is linearly correlated to the concentration of precursor solutions. In
addition, both the cation and the ring substituents of a given precursor influence
product morphology. In contrast with the porous carbons produced from the
decomposition of alkali halocarboxylates, electron micrographs revealed that in
situ generated salts do not account for pore or bowl formation, suggesting that their
formation is involved in different mechanisms. Thermogravimetric analysis of
precursors suggests that the relative temperature of decomposition steps releasing
gas determines morphology differences. Porous carbon powders produced by USP
were evaluated as catalyst supports for a direct methanol fuel cell (DMFC) catalyst
and as pore formers in a membrane electrode assembly (MEA).” The effect of
these materials on unit cell performance was compared to traditional Vulcan XC-72
carbon nanoparticle powder. It has been demonstrated that the inclusion of these
carbon microspheres in electrodes is a simple, effective way to facilitate the mass
transport of air and methanol during fuel cell operation.

d) Semiconductor Nanoparticles from Chemical Aerosol Flow Synthesis

Despite the success of the salt-assisted aerosol decomposition method for
nanoparticle production, it had remained a serious challenge to produce high
quality semiconductor nanoparticles (or quantum dots). Traditional synthetic routes
(e.g., high-temperature decomposition of organometallic compounds) in general
require rapid nucleation through thermal or concentration spikes to produce
monodispersed nanoparticles.® In this respect, USP would be a suitable synthetic
approach because the rapid heating and cooling of nebulized droplets that occurs
during the USP process (with a timescale of seconds) can easily create the rapid
nucleation required. Despite this potential advantage of USP method, however, the
production of highly luminescent quantum dots via the USP route had not been
realized until recently, mainly because of the use of aqueous precursor solutions in
semiconductor preparation.®

To address this long-standing problem, Didenko and Suslick proposed a novel
synthetic concept named ‘‘chemical aerosol flow synthesis’”,®? using organic
solutions of high boiling point liquids (e.g., octadecane) containing nanoparticle
precursors instead of aqueous precursor solutions. Prior to ultrasonic nebulization,
the organic precursor solutions are diluted with a low boiling point liquid (e.g.,
toluene) to make them less viscous. Nebulized droplets of the organic solutions
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first lose the low boiling point solvent as they pass through a heating zone, leaving
a concentrated precursor solution in the high boiling point solvent behind. At this
point, chemical reactions take place in high boiling point organic liquid to produce
highly crystalline nanoparticles, and the reactions are then rapidly quenched in
cold, solvent-filled bubblers. Highly fluorescent Cd-based quantum dots (e.g., CdS,
CdSe, and CdTe as well as mixed chalcogenides) have been successfully prepared
via this method (Fig. 2.13a), and their particle size and consequently their
photoluminescent emission can be easily tuned by simply changing the furnace
temperature (Figure 20b). With this approach, one droplet is capable of yielding
thousands of nanoparticles and high boiling point liquids containing surfactants
prevent the agglomeration of nanoparticles. In addition, highly reproducible, gram-
scale synthesis became possible (with a production rate of ~100 mg/h even with a
laboratory-scale experimental setup), which had been significant limitations with
traditional syntheses of quantum dots.

0.0
450

T
550 6 750
Wavelength, nm

Figure 2.13: a) TEM image of CdSe QDs produced by USP at 340 °C and b)
photoluminescence spectra of CdSe QDs obtained at temperatures of 240, 260, 280, 300,
320, and 340 °C (from left to right) in toluene solution (Inset: photograph of
photoluminescence of the corresponding QDs in toluene solution).®?
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Very recently, this synthetic method has been further extended to prepare ternary
CdTeSe and CdTeS quantum dots emitting at far-red and near-infrared (NIR)
wavelength regions.®® Far-red and NIR emitting QDs have the advantage that in
biological systems the NIR is a clear window for in vivo imaging because
autofluorescence, light absorption, and scattering from cells and cellular
components is minimized. In the previous report,® CdTe nanocrystals stabilized by
octadecylphosphonic acid (ODPA) with ~40% quantum efficiency had been
successfully synthesized; the emission, however, could not be shifted further into
the red than ~610nm. The strong coordination bond in Cd-ODPA precursors
significantly decreases the reactivity of the monomers, and the residence time of
aerosolized precursors during the flow synthesis was insufficient for CdTe QDs to
grow to the large-sized particles necessary for far-red and NIR emission.
Furthermore, it has been noted that the stability of the ODPA-stabilized CdTe QDs
in air is relatively poor compared to the fatty-acid-coated QDs. In this recent study,
oleic acid was used as a stabilizer instead of octadecylphosphonic acid to provide
greater stability. Also, upon adding a third element (Se) to the CdTe precursor
solution and changing the reaction temperature, the photoluminescence of CdTe
can be tuned from red to near-IR. The quantum efficiency of CdTe QDs was
greatly improved by adding sulfur instead of selenium to the precursor solution
because of better surface passivation of the CdS outer shell, which is grown during
the flow synthesis over the initially formed CdTe core.
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2.4 Degradation of pollutants in air by photocatalysis assisted by
TiO,

2.4.1 Photocatalytic Degradation of Toluene in the Gas Phase: Relationship
between Surface Species and Catalyst Features

S. Ardizzone, C. L. Bianchi, G. Cappelletti, A. Naldoni, C. Pirola, Environmental Science
& Technology 2008, 42 (17), 6671-6676.

2.4.1.1 Introduction

Toluene is a common solvent, able to dissolve paints, paint thinners, many
chemical reactants, rubber, printing ink, adhesives, lacquers, leather tanners, and
disinfectants. Toluene is used as an octane booster in gasoline fuels for internal
combustion engines: in the United States this use covers up to the 95% of the entire
toluene industrial production. EPA (Environmental Protection Agency) reported
that toluene was found in well water, surface water, or soil and its relative vapors
are also present in air. Because of its usage in consumer products, toluene
concentrations in indoor air may exceed those in outdoor air. When exposure to
both indoor levels of toluene from consumer products and outdoor levels due to
releases from vehicle exhaust or unburned gasoline vapors are taken into account,
an average absorbed dose from inhalation exposure is estimated at about 300
pg/day. Heterogeneous photocatalysis, in the presence of semi-conductor oxides, is
becoming one of the most promising fields in environmental remediation,
especially in the case of organic pollutants in both water and air. TiO; is, up to
now, one of the most attractive and efficient semiconductor materials for the
photodegradation of pollutants as it provides photogenerated holes with high
oxidizing power due to its wide band-gap energy, its stability toward
photocorrosion, insolubility in water, low toxicity, and costs.'® Many papers are
present in the recent literature on the photodegradation of toluene by TiO; in the
gas phase.*® Some of the different studied aspects can be mentioned: conditions of
the reaction and the photodegradation mechanism,® catalyst deactivation and
regeneration,® use of different kinds of UV sources,” and combination of
photocatalytic degradation with other oxidation processes.® A significant
proportion of literature results concerning toluenephotodegradationbyTiO, are
performed by adopting P25 or other commercial brands. Less reported are instead
studies in which homemade TiO, samples are used. Keller et al.* report the
comparison between different synthesized samples and show that promotion by
sulfates and the use of nanosized anatase TiO, strongly increase the toluene
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removal efficiency. Inaba et al.,'® in the case of nanosized anatase prepared in
reverse micelle systems, show that when the particles are submitted to heat
treatments, the activity for toluene degradation is improved even though the surface
area decreased. No results could be found in the literature concerning, instead, the
role played by the particle features (phase composition, crystallite size,
hydrophilicity, etc.) on the nature of intermediate products or on the possible
reaction pathway. Palmisano and co-workers,***" in comparing the activity of two
commercial TiO, samples, P25 and a pure anatase sample (Merck), with respect to
the photocatalytic degradation of toluene in both gas and liquid phases, suggest the
occurrence of different degradation pathways depending on the Kkind of
photocatalyst. In the present case the photodegradation of toluene in the gas phase
is performed by adopting as photocatalysts both commercial and homemadeTiO,
samples.*”*® Pure anatase samples with small (9 nm) and large crystallites (86 nm)
and anatase/brookite composites with varying degree of hydrophilicity are
employed together with the well-known P25 by Degussa. The degradation is
performed at room temperature, with both UV and solar irradiation, with a high
concentration of toluene (1000ppm) to verify the photoactive material efficiency in
extreme conditions of pollutant concentration (accidental pourings). On the
grounds of HPLC studies of surface species washed from the deactivated catalysts
and of Fourier transform infrared attenuated total reflectance (FTIR-ATR)
spectroscopic results obtained on selected samples, possible reaction pathways as a
function of the catalysts features are proposed.

2.4.1.2 Experimental Section

Sample Preparation. All the chemicals were of reagent-grade purity and were
used without further purification; doubly distilled water passed through a Milli-Q
apparatus was used to prepare solutions and suspensions. Titania samples, except
for the well-known P25 Degussa commercial sample (anatase-rutile composite),
were named as follows: the letters indicate the polymorphs and the ensuing value
the surface area of the samples. Synthesis of the anatase-brookite mixed powders
(AB_200, AB_145) was reported previously by us.>}’ The sol-gel precursor
obtained by the hydrolysis of a solution of Ti(OCsH7); and 2-propanol
(water/alkoxide molar ratio = 49 and water/propanol molar ratio = 15) was dried as
a xerogel. One fraction of the xerogel was submitted to a hydrothermal treatment in
water for 500h (spontaneous pH, T=60 °C) (AB_200), and a second fraction was
submitted to thermal treatment at 300 °C for 5 h in O, stream (AB_145). The
samples prepared in the laboratory are compared with pure-phase commercial
samples A_287 and A_9 (Alfa Aesar).
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Sample Characterization. Room-temperature X-ray powder diffraction (XRPD)
patterns were collected between 10° and 80° (26 range, A20 = 0.02°) with a
Siemens D500 diffractometer using Cu Ka radiation. Rietveld refinement has been
performed with the GSAS software suite and its graphical interface EXPGUI.*
The average diameter of the crystallites, d, was estimated from the most intense
reflection (101) of the TiO, anatase phase by use of the Scherrer equation.?
Specific surface areas were determined by the classical Brunauer-Emmett-Teller
(BET) procedure with a Coulter SA 3100 apparatus. Diffuse reflectance spectra of
the powders were measured on a UV-vis scanning spectrophotometer (Perkin-
Elmer, Lambda 35), which was equipped with a diffuse reflectance accessory. A
TiO, thin film was placed in the sample holder on integrated sphere for the
reflectance measurements. A “total white” Perkin-Elmer reference material was
used as the reference.?’ X-ray photoelectron spectra were taken in an M-probe
apparatus (Surface Science Instruments). The source was monochromatic Al Ka
radiation (1486.6 eV). The binding energies (BE) were corrected for specimen
charging by referencing the C 1s peak to 284.6 eV, and the background was
subtracted by Shirley’s method, as reported previously.'® The chemical structure of
the organic compounds remaining on the TiO, surface was analyzed by using
Fourier transform infrared spectroscopy [FTIR; Jasco 4200, accessorized by
attenuated total reflectance (ATR) module].

Photocatalytic Experiments. Photocatalytic degradations of toluene were
conducted in a Pyrex glass cylindrical reactor with diameter of 200 mm and
effective volume of 5 L. The amount of catalyst (in the form of powder deposited
from 2-propanol slurry on flat glass disk) used in the tests was 0.5 g. However,
previous studies demonstrated that only the exposed/external fraction of the
catalyst works in the photocatalytic degradation of the pollutant.? The gaseous
mixture in the reactor was obtained by mixing hot chromatographic air, humidified
at 37%, and a fixed amount of volatilized (250 °C) toluene, in order to avoid
condensation. The actual concentration of toluene in the reactor is determined
directly by micro-GC sampling. The initial concentration of toluene in the
reactorwas1000 ppm. Photon sources were provided by a 500 W iron halogenide
lamp (Jelosil, model HG 500) emitting in the 315-400 nm wavelength range (UV-
A) and by a 300 W solar lamp(Radium Sanolux HRC 300-280) emitting in the 380-
600 nm wavelength range. Toluene and its intermediate oxidation products were
analyzed on the eluate solution obtained by washing the catalyst with Milli-Q
water, by means of HPLC (Agilent, Model HP1100; column: ACE 5C18, 150x4
mm, 60/40 methanol/ H,O, toluene peak at 10.3 min). Toluene adsorption onto the
TiO, layer was determined through dark experiments: no appreciable amount was
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detected. The accuracy of the analytical determination of CO, by gas
chromatography was not such as to provide reliable data concerning CO, levels at
the end of the reaction time.

2.4.1.3 Results and Discussion
Choice of Reaction Conditions and Catalyst Regeneration.

The present project presents some significantly different aspects with respect to the
major part of literature data. The first aspect concerns the light source. Two
different irradiation devices were adopted: a classical UV 500 W lamp (315-400
nm) and a lamp simulating solar emission (360-600 nm). This aspect is considered
to be relevant in relation to the possible use of photocatalytic TiO, in open-air
paints, cements, and asphalts. A second aspect regards the toluene level in the
reacting chamber. The major part of literature results pertain to several hundred
parts per billion (ppb) levels or to a few parts per million (ppm).>"*%** In this work,
significantly higher toluene levels (1000 ppm) were adopted in order to bring to
light catalyst deactivation processes on a short timescale, to precisely identify the
nature of the reaction intermediates and also to evaluate the possible feasibility of a
photocatalytic degradation process even in severe pollution conditions. The
preliminary part of the work, dedicated to the choice of reaction conditions, was
performed by adopting as the photocatalyst the commercial P25 TiO, Degussa.
Figure 1 reports the trend of percent degradation of toluene for the two different
irradiation sources and for dry and humid conditions.
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Figure 1. UV and solar P25-assisted photodegradation of toluene in humid and dry
conditions. [C;Hg]° = 1000 ppm, T = (30 + 3) °C, 0.5 g of TiO..

The figure shows that irradiation by the UV lamp leads to a conversion about twice
that by the solar lamp, for both dry and humid conditions. This observation is in
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agreement with results by Keller et al.,* who observed very low toluene removal
efficiency by TiO, upon visible light irradiation. It is immediately evident that
reactions performed in dry conditions are much slower and that, in the case of UV
irradiation, the degradation curve shows a sort of initial induction time for the
reaction to start. The central role played by humidity in the photodegradation of
toluene observed in the present case is in agreement with the great part of literature
results. Ibusuki and Takeuchi®* found that the presence of water vapor was
beneficial in order to achieve the almost complete mineralization of toluene by
TiO, at room temperature. Also, Marci' et al.** show that the absence of water
greatly affects the performance of the given TiO, catalyst as it continuously
deactivates. Furthermore, Einaga et al.’ show that an exhaust photocatalyst is
significantly regenerated by simply irradiating it inhumidified air. In the present
case, XPS analyses of the C 1s region, obtained on exhaust catalysts at the end of
the reaction time, show different C/Ti ratios: dry sample 1.7, wet sample 1.2. These
values show that the amount of carbon-containing species (including toluene) is
larger in the absence of humidity. Furthermore, in the case of the wet sample it is
interesting to observe (Figure 2) the different shape of C 1s region: four peaks,
including a new species at higher binding energy (D component) are present,
indicating the formation of a larger amount of oxidized carbon-containing species
as the result of a faster course of the reaction.

a) “dry” A

292 2;&8 2;4 280
B.E./eV
Figure 2. XPS spectra: C1s region for (a) dry and (b) wet exhaust P25. For the different

components, see ref 18.
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A very important aspect, in the study of toluene degradation, concerns catalyst
deactivation and possible regeneration. The use, in a second run, of the exhaust
catalyst leads to a lower percent degradation with respect to the fresh catalyst (24.6
vs 41.2). The deactivation of photocatalysts in toluene degradation has been
reported by several authors.>”' In the present case, deactivation is also surely
justified by the high toluene levels adopted in the experiments. Different
regenerating treatments are reported in the literature to restore the activity of TiO,.
671011 1n the present case only washings by water were employed, in order to
simulate the effect of rain on outdoor paints, concrete, or asphalts. A relevant
improvement, with respect to the exhaust catalyst, is produced on the activity by
simple water treatment (24.6 to 34.2).

Role of Photocatalyst Features.

The features of the present TiO, samples, both commercial and homemade, are
reported in Table 1. Two high-purity, commercial anatase samples, A 287 and
A 9, are analyzed, showing largely different specific surface areas (fifth column)
and crystallite sizes (sixth column). The anatase-brookite composites (AB_200 and
AB_145) are obtained in the laboratory by a single sol-gel reaction and,
subsequently, submitted either to a prolonged hydrothermal treatment (AB_200) or
to a mild thermal treatment at 300 °C (AB_145).
The phase enrichment obtained by elaborating the diffractograms by the Rietveld
method is very similar for the two samples (Table 1). Comparable crystallite sizes
of 6 and 8 nm and large surface areas are obtained. The table also includes data
concerning the commercial P25, very often used in literature as a reference sample.
The surface state of the TiO, particles was analyzed by XPS. No significant
differences could be appreciated in the Ti 2p region among all the present samples
concerning the binding energies (BE) and the full width at half-maximum (FWHM)
values. The peak Ti 2p*? was regular and the BE (458.3 eV) compared well with
data for Ti(IV) in TiO..*® Analysis of the oxygen peaks showed, as often reported
in the case of oxides, the presence of more than one component, which could be
attributed respectively to lattice oxygen in TiO, (529.9 eV), and to surface OH
species (531.9 eV).? The eighth column of Table 1 reports the OH/Oy; surface ratio
obtained by elaborating the XPS oxygen peak for all the present samples to get
indications concerning the hydrophilicity/hydrophobicity of theTiO, surfaces. The
values can be significantly different from one another and range from 0.28 for the
sample hydrothermally grown (AB_200) to 0.12 for the large crystallite anatase
(A_9). In order to obtain some information concerning the light absorption features
of the various samples, experimental data of diffuse reflectance were elaborated to
absorption coefficient values F(R) according to the Kubelka-Munk equation.? The
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corresponding band-gap values obtained by this procedure for all samples are
reported in Table 1 (ninth column).

TABLE 1. Quantitative Phase Composition, BET Surface Area, Crystallite Anatase and Rutile Diameter, OH/0,,,, and Band Gap

sample” % AP % B % R? Sger, m? gt da"™,° nm g%, nm OH/Dy band gap,® eV
A_287 (C) 100 287 9+1 0.24 3.35
A 9(C) 100 9 86 + 18 0.12 3.20
AB_200 (H) 65 35 200 6+1 0.28 3.24
AB_145 (H) 68 32 145 8+1 0.21 3.13
P25 (C) 80 20 50 25 +5 35+8 0.14 3.28

2C = commercial sample; H = homemade sample. " A = anatase, B = brookite, R = rutile. “ Determined by XRD
(Scherrer equation). “ Determined by XPS analysis. © Determined by the Kubelka—Munk equation from diffuse reflectance
spectra.

The obtained band-gap values do not show large differences among the various
samples and fall in the range expected forTiO, photocatalysts; only
sampleAB_145shows a band-gap value (3.13 eV) slightly smaller than the other
values. For all the present TiO, photocatalysts, the reaction of toluene degradation
was performed in humid conditions (37%). The reaction Kinetics can be described
for all samples, with the exception of P25, by a pseudo-first-order rate equation.
The rate constant (x) values for the different catalysts, evaluated by linear fitting of
the logarithmic plot, are listed in Table 2.The rate constants show different values
among the various photocatalysts and appreciably drop in passing from UV to solar
irradiation, except forAB_145,which shows only a slight decrease. Just in the case
of solar irradiation, the initial sigmoidal shape of the degradation curve of A 287
does not allow the rate constant to be obtained. In the case of P25, instead,
elaboration by a pseudo-first-order rate equation did not yield significant results for
both UV and solar irradiation.

Figure 3 shows the direct comparison among the data pertaining respectively to
AB_145 and P25. In the case of this latter sample, apparently, a fast initial
conversion is soon followed by an early deactivation with respect to the other
samples. The comparison among the degradation, at 280 min reaction time,
produced by the present samples is reported in Table 2. It can be immediately
observed that the sequence in final degradation follows the same order of the rate
constants reported in the same table. In general it can be observed that the widely
used commercial P25 is not the best catalyst and that the most efficient samples are
the anatase-brookite composites. Samples with small crystallite sizes and large
surface area are more active than samples with large crystallite sizes, for
thesameTiO, polymorph; see, for example, the comparison between A_287 and
A _9 for pure anatase.

The sample surface area is not, however, the only relevant parameter in imposing
the performance. The commercial pure anatase, A 287, presenting the largest
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surface area is not the sample showing the best performance. This result is
interesting since anatase is generally considered the more active polymorph of
TiO,. Also, in the case of the anatase-brookite composites, AB_200 and AB_145,
the sample surface area is not the main factor imposing the performance: under
solar irradiation, AB_145 shows a degradation efficiency more than twice that of
AB_200 (Table 2, fifth column), probably to be traced back to the smaller value of
band gap (Table 1, ninth column).

TABLE 2. Photocatalytic Percent Degradation and Pseudo-First-Order Kinetic Constants”

uv solar
sample % deg K > 10° (min~") 3 % deg K x 10° (min~") R
A_287 41.6 1.87 + 0.06 0.988 33.5 nd
A9 27.0 1.16 + 0.03 0.983 10.0 0.31 + 0.05 0.977
AB_200 50.2 2.58 + 0.09 0.990 17.3 0.62 + 0.03 0.986
AB_145 52.4 2.87 + 0.03 0.996 40.2 1.86 + 0.04 0.990
P25 4.2 nd 221 nd

“Values are given together with relative standard deviation and regression coefficient for all samples. nd = not
determined.
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Figure 3. Logarithmic conversion plot as a function of the reaction time for P25 and
AB_145 samples.

It is our opinion that the best efficiency of AB_145 with respect to AB_200 is
related also to the hydrophilic/hydrophobic character of the surface. The OH/Oy
ratio, as obtained by elaboration of the O 1s XPS peak (Table 1, eighth column), is
generally considered to be a measure of the hydrophilicity/hydrophobicity of an
oxide.! In the present case, the two samples prepared by sol-gel and submitted to
thermal/hydrothermal treatments (AB_145 and AB_200) show OH/Oy values
differing by 25%. Efficient adsorption of the pollutant molecule at the
semiconductor surface may promote the photocatalytic reaction. The adsorption of
toluene on oxide surfaces has been shown to be a key factor determining the
subsequent photocatalytic efficiency. In the present case it can be suggested that a
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less hydrophilic surface, that is, the one showing a lower OH/O ratio (AB_145),
can adsorb toluene more easily and give rise of different reaction intermediates,
than a more hydroxylated surface.

TABLE 3. HPLC Intermediates Detected for All Investigated

Samples®

intermediates (UV lamp)
sample BZAc BZOH BZH HQ p-Cr
A_287 ++ t
A9 ++ t t
AB_200 ++ t t + t
AB_145  ++ + +++ 4+t
P25 +++ 4 - + t

7 BZAc, benzoic acid; BZOH, benzyl alcohol; BZH,
benzaldehyde; HQ, hydroquinone; p-Cr, p-cresol. (++-+,
most abundant; ++, abundant; +, appreciable; t, traces).

CLOH 1O COOH

CHy

h:():-]“/% @ — @ — @ —> CO;+ HO  route A

hv., TiO-
*OH

CH, O
route B
+ —> €0, + H:0
OH

Okl

Figure 4. Possible TiO,-assisted toluene degradation schemes.

These considerations are in agreement with results by Inaba et al.,*® who observed
that the calcined samples were more active than the hydrothermally aged samples,
although showing lower surface area. There is a further aspect, related to the
sample phase composition that should be considered. The top performance
presented by the two composite anatase-brookite samples (AB_200 and AB_145)
with respect to all the other samples can be attributed to an increase in charge
separation efficiency due to interfacial electron transfer via the junction between
anatase and brookite nanocrystals, by analogy with what was directly shown in
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anatase-rutile systems by electron paramagnetic resonance (EPR) spectroscopy, as
mentioned in ref 2. This effect, apparently, becomes more relevant under less
efficient and powerful irradiation conditions.

Table 3 reports the data obtained by HPLC concerning the eluate products obtained
by washing the catalyst with water at the end of the reaction performed under UV
irradiation. Due to the very high toluene initial level (1000 ppm), degradation is not
complete at the end of the reaction time; consequently, reaction intermediates are
still present at the surface of the catalysts. Since washing by water may produce
only partial removal of the adsorbed species, only qualitative evaluations are
present in the table.

It can be immediately observed that the intermediates are largely different for the
various catalysts, indicating different degradation pathways and also different
adsorption behavior of the oxides. For example, in the case of the nanocrystalline
pure anatase sample (A_287), only the presence of benzoic acid can be appreciated,
while the mixed-phase commercial P25 and AB_145 give rise to all the observed
intermediate products

BZH
toluene RBZOH

AB_145yy
oo by vy by s by by by v b v bwv e w byy g bewna by a1y
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600

wavenumbers / em™!

Figure 5. IR spectra of (---) P25 and (----) AB_145 sampled at the end of the
photocatalytic run. For each oxide, the curve of the relative pure TiO, was subtracted.
Only the major (or most appreciable) bands of the adsorbed species are shown.

The reaction profile for the toluene degradation may proceed through the main
mechanisms, sketched in Figure 4. The role played by humidity and the presence of
benzoic acid and of hydroquinone (and in some cases of traces of cresols), as
reaction intermediates (Table 3), indicate that the more frequent mechanisms of
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degradation are either the direct attack of OHe toCHj3 (route A) or/and the attack of
OHe to the para position of the aromatic ring (route B) or [less frequently, see
Palmisano and co-workers''] to the meta and ortho positions. On the grounds of
data in Table 3, it could be suggested that in the case of pure anatase samples
(A_287 and A_9) the main reaction path is through route A, while the attack to
other positions of the ring does not occur significantly. Sample AB_145, instead,
shows the presence of all intermediates, indicating on one hand that both route A
and B occur simultaneously and on the other hand that no intermediate is so
strongly adsorbed as to deactivate all the surface sites. Possibly this is one of the
reasons why this sample is so efficient. These hypotheses are supported by the
comparison between FTIR-ATR spectra of AB_145 and of P25 withdrawn at the
end of the toluene degradation reaction (Figure 5). For each catalyst the “blank”
curve pertaining to the pure oxide was subtracted. In the figure only a few of the
most intense bands are shown for the sake of clarity.***>?* Although the two
spectra show the presence of several common bands (toluene, benzoic acid, and
benzyl alcohol), significant differences are appreciable in the pattern of the two
curves. The shoulder at about 840 cm™, for example, is appreciable only in the case
of AB_145 (hydroguinone?); the same can be said of the bands in the two regions
1520-1580 cm™ (benzoic acid, cresols?) and 1640-1690 cm™ (benzaldehyde?).
Straightforward attribution of these bands to definite species is not possible, but it
is clear that the surface species and their relative abundance are very largely
different in the case of the two photocatalysts. Several different components concur
to build up the efficiency of a given photocatalyst with respect to a specific
degradation reaction. Small crystallite sizes and large surface areas are promoting
factors; the contemporary presence of different polymorphs, grown on the same
particle, seems to introduce a positive component. The hydrophilic/hydrophobic
character of the surface plays a key role with respect to the adsorption of toluene
and of its intermediate products. The degradation route appears to be imposed by
the photocatalyst features. Pure anatase samples appear to follow a simple
degradation route starting with the attack of the OHe radical to the methyl group of
toluene. Mixed-phase samples, anatase-rutile and anatase-brookite, instead follow a
more complex pathway, implying both the attack of the OHe radical on the methyl
group and also the attack of the OH+ on other positions of the aromatic ring.
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2.4.2 N-doped TiO, from TiCl; for photodegradation of air pollutants

C. L. Bianchi, G. Cappelletti, S. Ardizzone, S. Gialanella, A. Naldoni, C. Oliva, C. Pirola,
Catalysis Today 2009, 144, 31-3.

2.4.2.1 Introduction

Photocatalysis is raising much attention owing to its potential applications in
environmental remediation, the photo-electrochemical splitting of water and the
conversion of solar energy to electric power. TiO; is the most frequently employed
photocatalyst owing to its cheapness, non-toxicity, and structural stability.*? To
date, a great number of attempts have been made to promote the practical
photocatalytic applications of TiO, by extending the spectral response from the UV
area to the visible region and enhancing quantum efficiency. The doping of TiO,
with non-metal ions has raised recently an enormous interest especially in the case
of nitrogen-doped samples.>*® The biggest advantage of N-doped TiO, samples,
compared to pure TiOg, is their lower excitation energy, which not only allows the
absorbance of the UV portion of solar light, but also of the visible portion, which
covers >50% of the solar energy. Several points are still open to debate in the
understanding of N-doped samples behaviour. One of the main debated questions
concerns the electronic structure of these systems, i.e. whether the enhanced
visible-light absorbance is due to a narrowed band gap or mainly to the
introduction of localized impurity states in the band gap. Further questions regard
the actual localization of N species in the TiO, lattice either interstitial or
substitutional and their interactions with oxygen vacancies.>** Different methods
are presented in the literature to incorporate nitrogen in titanium dioxide, and
different sources of N are adopted (NHs/NH,*, amines, nitrides, etc.).”** The
different synthetic procedures may lead to materials showing even significantly
different properties. In this work TiO, samples were prepared through a composite
route starting from strongly acid TiClz aqueous solutions. N species are loaded by
NHj3 in the liquid phase. A final calcination step at mild temperatures promotes the
crystallization of the amorphous precursors. The synthetic reaction implies an
accurate control of the suspension pH during the formation of the TiO, precursors.
The structure, morphology and chemical composition of the nitrogen-doped sub-
surface region are investigated by X-ray diffraction, TEM and XPS. Moreover,
EPR spectra are obtained to characterize paramagnetic centres. The doping effect
on the photoactivity is measured in the case of the photodegradation of toluene; the
nature of the surface species adsorbed onto exhaust catalysts is investigated by
FTIR-ATR in order to evaluate the progress of the oxidation reaction.
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2.4.2.2 Experimental

Sample preparation. All the chemicals were of reagent grade purity and were
used without further purification; doubly distilled water passed through a Milli-Q
apparatus was used to prepare solutions and suspensions. N-doped samples were
obtained starting from a TiCl; salt solution (12% in hydrochloric acid) by
successive addition of ammonia solutions at different concentrations (2, 4 and 6 M)
in order to achieve pH 4 (TN4), 7 (TN7) and 9 (TN9), and with a starting N/Ti
molar ratio of 6.6, 7.6 and 9.2, respectively. The mixture was kept stirred under O,
stream (10 nL/h) till the disappearance of the blue colour of the slurry (about 5 h)
due to the oxidation of Ti(OH)s;. The wet precursors were dried in oven at 80 °C
overnight and subsequently calcined at 300 °C for 6 h. Then the calcined powders
were washed with a solution of ethanol/water (80:20) to eliminate the salt, reaching
conductivity values in the washing solutions of about 1 mS. The un-doped
reference sample (T9) was obtained by the same procedure at pH 9, using KOH
instead of ammonia. Homemade powders were compared with different
commercial samples: A_287 (Alfa Aesar), PC105 (Millennium Inorganic
Chemicals), P25 (Degussa) and NanoActive (NanoScale Corporation).

Sample characterization. Room-temperature X-ray powder diffraction (XRPD)
patterns were collected between 20° and 90° with a Siemens D500 diffractometer,
using Cu Ko radiation. For all studied samples, powder patterns were collected
with a counting time of 20 s for each a 0.088 step. Rietveld refinement has been
performed using the GSAS software suite and its graphical interface EXPGUI."™
The average diameter of the crystallites, d, was estimated from the most intense
reflection (101) of the TiO, anatase phase using the Scherrer equation.'® Specific
surface areas were determined by the classical BET procedure using a Coulter SA
3100 apparatus. Diffuse reflectance spectra of the powders were measured on UV—
vis scanning spectrophotometer (PerkinElmer, Lambda 35), which was equipped
with a diffuse reflectance accessory, as reported previously.? X-ray photoelectron
spectra were taken in an M-probe apparatus (Surface Science Instruments). The
source was monochromatic Al Ka radiation (1486.6 eV) as in reference.’” EPR
spectra have been collected at room temperature by means of a Bruker Elexsys
spectrometer at the working frequency of ca. 9.4 GHz. The spectral simulations
were obtained by the Bruker SimFonia programme. Transmission electron
microscopy (TEM) observations were conducted at 120 keV using an analytical
microscope equipped with an energy dispersive X-ray spectrometer (EDXS). The
powder samples were ultrasonically suspended in alcohol and then spread onto a
copper grid covered with an amorphous carbon film.
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Photocatalytic experiments. Photocatalytic degradations of toluene were
conducted in a Pyrex glass cylindrical reactor with diameter of 200 mm and
effective volume of 5 L, as already described.'® The gaseous mixture in the reactor
was obtained by mixing hot chromatographic air, humidified at 60%, and the fixed
amount of volatilized (250 °C) toluene, in order to avoid condensation. The initial
concentration of toluene in the reactor was 500 ppm. Photon source was provided
by a 300 W solar lamp (Radium Sanolux HRC 300-280) emitting in the 380-600
nm wavelength range (radiation intensity of I = 1.2 x 10 Einstein dm™ s™).

2.4.2.3 Results and discussion
Structural and morphological characterization

Fig. 1 reports the X-ray diffractograms of the three, nitrogen doped, samples
prepared starting fromTiCls, at different pH values. By analyzing the features of
the diffractograms, it can be immediately observed that pH plays a key role in
imposing the sample phase composition, in terms of relative enrichment in the
three TiO, polymorphs. The phase composition of the various samples, obtained by
the Rietveld method, is reported in Table 1. At pH 4 rutile is the prevailing phase,
although also anatase and brookite are present as minor components. In the
presence of chlorides and at acid pH the formation of nanocrystalline rutile is
reported to be promoted.? At neutral pH, anatase is the main component in the
presence of traces of rutile, while only at pH 9 the pure anatase phase can be
obtained. In the case of the sample obtained at pH 9 in the absence of N species
(T9), the pattern of the diffractogram (not reported for reasons of space) shows that
the sample, although calcined at the same temperature of the samples containing N
species, is still amorphous. Due to the presence of the large amount of KCI
coprecipitated with the oxide the specific surface area and pore volume appear to
be very low (Table 1, columns 7,8). Apparently the presence of N species promotes
crystallization in otherwise identical conditions. The anatase unit cell parameters
obtained by the Rietveld refinement are reported in Fig.1 for each sample.

Table 1. Quantitative phase composition (A = anatase, B = brookite, R = rutile),
crystallite anatase and rutile diameter by XRD (Scherrer equation), BET surface area;
total pore volume, N/Ti by XPS analysis.

Sample %A %B %R d\"" (nm) di'® (nm) Sger (m2g™") Vpore (ml g™") N/Ti
9 = - S - - 2 0.014 =
TN4 14 11 75 - il == 103 0.355 0.016
TN7 97 - 3 + - 97 0.356 0.037
TN9 100 - - 11+

102 0.439 0.028
>500 >0.400 -
287 0.442

9
1
NanoActive - - - -
A_287 100 - - 9
PC105 100 - - 20
P25 80 - 20 25

(7,0 S N

- 73 0384
35+£8 50 0.256
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TN9

Anatase unit cell parameters

a: 37867 A
¢: 9.4932 A
V: 136.12 A®

TN7
Anatase unit cell parameters
a: 37788A
c: 9.4744 A
V:13529 A

R TN4
Anatase unit cell parameters
a: 3.8008 A
c: 9.3931 A
V: 13568 A’
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Figure 1. Powder X-ray diffraction lines and relative anatase cell parameters of TN4, TN7
and TN9 samples (A = anatase, B = brookite and R = rutile). Theoretical anatase unit cell
parameters: a, b = 3.7845 A, c = 9.5143 A and VV = 136.27 A3.

Parameters pertaining to the sample obtained at pH 9 match closely the theoretical
values while in the case of the sample obtained at pH 7 an appreciable shrinking of
the unit cell volume is observed. Di Valentin et al.,*® on the grounds of DFT
calculations, report slightly longer Ti—-N bond lengths (1.964 and 2.081 A) with
respect to Ti—O ones (1.942 and 2.002 A). Experimental data on the effects of N-
doping on unit cell parameters of anatase are very scanty in the literature. The only
pertinent result is that by Song et al.'® reporting ‘slightly smaller’ lattice
parameters of N-doped samples with respect to pure TiO,.The present lattice
parameters of TN7 might suggest, also on the grounds of XPS data presented in the
following, a location, at least in part, substitutional for N species in the TiO, lattice
in the case of this sample. The minority presence of anatase in sample TN4 does
not allow straightforward conclusions to be drawn in the case of this sample. Table
1 reports the crystallite size obtained by elaboration of the most intense diffraction
peak by the Scherrer’s equation. The modulation of pH, although relevantly
affecting the phase composition, does not significantly modify either the crystallite
size or the specific surface area. Further, the values of specific surface areas show,
when compared with the crystallite sizes, the occurrence of a relevant degree of
aggregation between the crystallites in the actual particles. Table 1 reports also
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results of characterizations of commercial TiO, samples to be used as reference

systems in the analysis of the photodegradation results

Figure 2. TEM images and the relevant SAED pattern (inset) for TN4, TN7 and TN9
samples.

TEM characterization

TN4 (Fig. 2) displays well-crystallized grains with size ranging from 10 nm up to
30 nm approximately. The grains show quite different morphologies: from round
shaped to prismatic, although in all cases rather isotropic. The relevant diffraction

pattern (inset) displays the presence of the characteristic lines of all three
polymorphs of the titanium oxide, in agreement with the XRD results. In the case
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of TN7 the observed microstructure shows mostly equiaxed domains with an
average size close to 10 nm, in agreement with the predictions of XRD analyses, as
concerns anatase. The other expected polymorph (rutile) has not been detected,
since, as indicated by the XRD results, its concentration is too low. The typical
grain morphology of TN9 is shown in the figure, where the mostly equiaxed grains
of the powder have size ranging from a few nanometers up to 30 nm or so. In this
respect the grain size distribution looks comparatively broader than in the former
sample (TN7). The corresponding SAED pattern (inset) confirms the presence, as
the only phase in this material, of the anatase polymorph.

Optical absorption

Fig. 3 reports the comparison among the diffuse reflectance (DR) UV-vis spectra
of N-doped TiO, prepared from TiCls, of the reference sample T9 and of an un-
doped commercial pure anatase sample. The curve relative to TN9 essentially
differs from that of bare TiO, for the broad absorption in the visible region
centered at about 450 nm, in analogy with what reported by other authors for N-
doped Ti0,.%" The spectra relative to TN7 and TN4 show increased absorption in
the visible region, the more so in the case of the sample prepared at pH 4. This
effect is to be related, besides to the presence of N species, also to the absorption in
the visible region typical of rutile, which is present in these samples, reaching 75%
of the phase abundance in the case of the TN4.
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Figure 3. Diffuse reflectance spectra for commercial (A_287) and homemade (T9, TN4,
TN7 and TN9) samples.
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XPS analyses

Table 1 reports the N/Ti atomic ratios obtained by XPS on the present N-doped
samples. The trend is not monotonically varying with pH, the sample showing the
largest N content is the sample obtained at intermediate pH (TN7). The sample
obtained at pH 4 shows the lowest N content and a broad N 1s peak which is
difficult to fit.

N 1S

TN9
MW 'WMMWW
406 404 402 400 398 396 394

B.E./eV
Figure 4. XPS spectra: N 1s region for TN7 and TN9 samples.

The N 1s region of the two samples obtained respectively at pH 7 and 9 is instead
more defined and is reported in Fig. 4. It can be observed that the fitting procedure
allows in the case of TN9 the identification of only one component centered at
400.1 eV while in the case of sample TN7 two components respectively at 396.1
and 399.9 eV are clearly appreciable. The debate on the attribution of XPS N 1s
peak components to specific species or structures (O—Ti—N, N— O-Ti—O or O—-N-
Ti-0O, etc.) is definitely open and well discussed in Ref. 20. XPS N 1s peaks in the
range (396404 eV) were observed by several authors and generally peaks at 396—
397 eV were attributed to substitutional nitrogen while peaks at higher binding
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energies (e.g. 400 eV) were attributed to interstitial locations. In the present case
the attribution of the component at 396.1 eV to substitutional N, in the case of
sample TN7, could be supported by the values of the cell parameters obtained by
elaboration of XRD data. Just in the case of this sample the cell parameters show
appreciable shrinking with respect to both theoretical and experimental values
obtained for the samples prepared at different pH. In the case of sample TN9 a sole
interstitial location of N species could be proposed also on the grounds of the
almost un-modified cell parameters. The convergence between XPS and XRD data
suggests, in the case of the present samples, a homogeneous distribution of N
species between particle surface/sub-surface and bulk. It is interesting to recall that
in the case of TiO, prepared by a sol-reaction and N doped by different inorganic
compounds, Di Valentin et al.'* never observed peaks at 396 eV. Again, therefore,
the specific conditions of the TiO, preparative reactions are found to play a key
role on the features of the N-doped samples.

EPR results

The most intense EPR feature has nearly the same shape for the three N-doped
samples with relative intensities respectively of 1:2.1:2.9 for TN4, TN7 and TN9.
The large width of the lines employed in the spectral simulation in the xy plane
could suggest the presence of either unresolved interactions with N nuclei or that of
many different coordinative environments around each paramagnetic center. These
spectra are rather similar to those elsewhere attributed to NO with the unpaired
electron confined in the 2p antibonding orbital with lower energy.® However in that
case the spectrum was observable only at T < 170 K and interactions with N nuclei
were also determined. Similar spectra were also reported for N-doped TiO,
photocatalysts® and attributed to the overlapping contributions of Ti** “‘trapped
electrons’ and of 0" ““trapped holes’”.? Indeed, both these species would form
with TiO,.N,.2*?? Ti** jons are characterized by very short relaxation time, so that
their EPR spectrum is observable at very low temperature only or, at room
temperature, with Ti** coupled with species like O *.?*% In any case it can be
noted that the last interpretation, as well as that based on the presence of NO,
would indicate an increasing amount of N doping with increasing pH. Furthermore,
in the present case, a second EPR component is appreciable, the intensity
increasing in the order TN4 < TN7 < TN9. Fig. 5 and inset show, as an example,
the spectrum obtained by subtracting TN7 from TN9 spectrum. This difference
spectrum (Fig. 5, inset) is composed by three lines due to an unpaired electron
interacting with a nuclear spin I = 1, and can be univocally attributed to Nb"
centres formed by an unpaired 2p electron belonging to an (interstitial or
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substitutional) N atom.”®** Systems of this kind are typical of N-TiO, submitted to
oxidation” and are of great interest for visible-light absorption.” Furthermore, their
importance resides also in the fact that their presence would reduce from 4.2 to 0.6
eV the cost of V, formation in bulk TiO,."*! All these EPR patterns are not
observable with the T9 sample (TiO, without N radicals), which displays only a
less intense EPR pattern centered approximately at g = 2.003 (Fig. 5(d)).
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Figure 5. EPR spectra obtained at room temperature with (a) TN9, (b) TN7 and (d) T9
samples, respectively. The difference between tracks (a) and (b) multiplied by 1.38 gives
(). (b’) is the simulation of (b) with g, ~ 1.978; g, = 1.993; g, = 2.003 (i.e. <g>~ 1.99)
and Lorentzian-component lines with peak-to-peak widths 4H,, ~ 60; 60; 12 G along the x,
y, Z axis, respectively. (c’) is the simulation of (c) with g, = 2.005; g, ~ 2.004; g, ~ 2.003
and A, =32.3G.

Photocatalytic activity

Table 2. Photocatalytic % degradation, pseudo-first-order kinetic constant together with
relative standard deviation and regression coefficient for all samples (n.d. = not
determined).

Sample %Degradation k (x10° min ") R?

T9 13.7 0.6 +03 0.980
TN4 56.2 29+0.1 0.991
TN7 65.0 42 +0.1 0.987
TN9 79.6 6.0 +0.2 0.990
NanoActive 35.2 1.0+ 0.3 0.991
A_287 55.8 n.d. -
PC105 47.7 n.d. -

P25 56.0 n.d. -
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For all the present TiO, samples the photocatalytic activity was tested with respect
to the degradation of toluene. The reaction Kinetics can be described for all the
synthesized samples by a pseudo-first-order rate equation. The rate constant (k)
values for the different catalysts, evaluated by linear fitting of the logarithmic plot
of the residual toluene amounts (determined by GC) as a function of the reaction
time, are listed in Table 2. In the case of three of the commercial samples
elaboration by a pseudo-first order rate equation did not yield significant results as
observed previously in the case of P25.'® Fig. 6 reports the trend of percent
degradation of toluene, in humid conditions, for the present TiO, photocatalysts. It
can be immediately observed that the sequence in the final degradation follows the
same order of the rate constants reported in Table 2.
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Figure 6. Toluene photodegradation for amorphous (T9 and NanoActive) and crystalline
(TN4, TN7 and TN9) samples. Inset: IR spectra of TN7 and TN9 sampled at the end of the
photocatalytic run. For each oxide, the curve of the relative pure TiO, was subtracted.
Only the major (or most appreciable) bands of the adsorbed species are evidenced (see
Ref. 18).

The commercial samples, not promoted by N species, both the pure anatase (A_287
and PC105) and the mixed phase P25, show relatively low efficiencies with respect
to N-doped ones. An increase in the photocatalytic activity for N-doped samples
has been reported for different photocatalytic reactions.* Livraghi et al.,” for
example, report that the activity of N-TiO; in the photodegradation of methylene
blue is definitely although not largely higher than that of the bare oxide. The three
N-doped samples obtained from TiCls, show increasing conversion with increasing
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the pH of the synthetic reaction. The sample obtained at pH 9 shows a top
conversion reaching a degradation of around 80% after 280 min reaction time and
showing the largest rate constant. FTIR-ATR spectra of TN7 and TN9 withdrawn
at the end of the toluene degradation reaction are reported in Fig. 6 (inset). For each
catalyst the “‘blank’’ curve pertaining the pure oxide was subtracted. In the figure
only few of the most intense bands are evidenced for the sake of clarity.*® The two
spectra show the presence of several common bands (toluene, benzoic acid,
benzaldehyde and benzyl alcohol), but with different relative intensities.

In the case of sample TN9, in agreement with the faster kinetics (sample TN9, k =
6.0 x 10 min™; sample TN7, k = 4.2 x 10 min™, see Table 2), the BZAc (benzoic
acid) component appears the most abundant adsorbed species with respect to TN7,
showing a more advanced oxidation reaction. In fact the degradation sequence
implies the progressive degradation from toluene to benzoic acid species, passing
through benzylic alcohol and benzaldehyde. It is interesting to observe that the
sequence in degradation, among the TiClz samples, does not match the sequence in
optical absorption reported in Fig. 3. Since the present three N-doped samples
show fully comparable surface areas and crystallite sizes effects different from
morphology or microstructure have to be invoked to interpret the observed trend.
No systematic results could be found in the literature concerning the role played by
the TiO, polymorph hosting N species on the photocatalytic efficiency of TiO, by
solar irradiation. Data by model representation show that rutile and anatase
accommodate differently N species.® No results could be found concerning
brookite. Results in Fig. 6 may indicate that pure anatase hosting N species is more
active than a mixture of anatase and rutile. Further the comparison between the
activity of samples TN7 and TN9 may suggest that substitutional N sites yield less
active photocatalysts than interstitial ones. Data in the literature are controversial
on this point. Di Valentin et al.,® in the case of films prepared by chemical vapour
deposition observed no evidence of photocatalytic activity in the visible in the case
of N substitutional sites. Asahi et al.,® instead, in the case of powdered samples
prepared with NHs/Ar as the source of N attributed visible photoactivity to
substitutional sites associated with an XPS peak at 396 eV. The sequence in
photocatalytic activity seems to correlate simply with EPR results which show an
increasing amount of paramagnetic centres with increasing the reaction pH, the
sample prepared at pH 9 containing an additional amount of paramagnetic N
centres even with respect to sample TN7.
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2.4.2.4 Conclusions

The first aspect which can be commented regards the role played by the pH of the
synthetic reaction on the features of the obtained photocatalysts. Actually pH
intervenes in modifying all the investigated features of the material, including the
photo- catalytic activity. The photoactivity with respect to toluene degradation
follows the order of increasing pH; this sequence does not match either the trend
shown by XPS for the surface/sub- surface N amount or the possible presence of
substitutional N in the TiO, lattice. The origin of the best performance of TN9 is to
be sought in the largest amount of paramagnetic centres present in this sample as
reported by EPR results.
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2.4.3 Photodegradation of Pollutants in Air: Enhanced Properties of Nano-
TiO, Prepared by Ultrasound

G. Cappelletti, S. Ardizzone, C. L. Bianchi, S. Gialanella, A. Naldoni, C. Pirola, V.
Ragaini, Nanoscale Research Letters 2009, 4, 97-105.

2.4.3.1 Introduction

The use of ultrasonic sources in environmental remediation has been extensively
studied, both in combination with other processes and also by itself.™ The
principal mode of action of continuous ultrasound is the production of hydroxyl
radicals from water sonolysis, that can promote the degradation process of
pollutants. Sonochemical processing to obtain materials with improved or unusual
properties is, instead, relatively recent.** The chemical effect of ultrasound arises
from acoustic cavitation, that is, the formation, growth, and implosive collapse of
bubbles in a liquid. The implosive collapse produces high temperatures and
pressures with localized hot spots, characterized by transient temperatures up to
about 5000 K and pressures up to 1800 atm. The involved heating and cooling rates
may be larger than 108 K s™. Nanoparticles showing a more uniform size
distribution, higher surface area, a more controlled phase composition are some of
the interesting features resulting from the application of sonication as a synthetic
method. The synthesis of TiO, with tailored features widens the field of
applications of the semiconductor oxide, among which the photocatalytic processes
aimed at degrading environmental pollutants.*>*® It is well known that the
morphology and structure of a nanosized material can deeply affect the
semiconductor performance.**?° Previously reported results*>'® have shown that
the photocatalytic performance of TiO,, in reactions performed both in water
solution and in gas phase, is the result of a complex balance between diverging
effects (e.g., crystallinity, surface area) and that the surface state plays a key role in
determining the Kkinetics of the relevant reactions. Results present in the literature
concerning the synthesis of TiO, assisted by US are rather difficult to rationalize
since very different experimental conditions are adopted and the specific power of
the US source is not reported in all cases. Meskin et al.’® report the hydrothermal
synthesis of TiO; in an autoclave, coupled with ultrasonic activation. The results
demonstrate that ultrasonic activation markedly accelerates the crystallization rates
and raises the rutile content with respect to the values obtained in synthesis carried
out under identical conditions, but without sonication. Similarly, Arami et al.?
produced nanostructured rutile with 15-20 nm crystallite size, which is usually
difficult to be obtained at low temperatures, by simply treating in ultrasonic bath
the product of dissolution of TiO, pellets in 10 M NaOH. Other authors, instead,
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observe opposite effects. Kim et al.* combine a short aging of a TiCl, hydro-

alcoholic solution with a sonication treatment performed in a conventional low
power sonifier. In this case US depresses rutile formation, induces smaller particle
size and larger surface areas. Yu et al.® by a similar procedure based on the
combination of a sol-gel synthesis with a treatment in a conventional ultrasonic
bath, observe that ultrasonic irradiation enhances the crystallization rate of the TiO,
gel. Gedanken et al.”® report the beneficial effects of ultrasonic irradiation on the
template synthesis of worm-like TiO, in presence of a long chain amine. The
authors measured very high surface areas (853 m? g™) for un-calcined products and
a higher thermal stability of the mesoporous structures as compared to those
samples that were not ultrasonically treated. To gain some new evidence on the key
role played by US in the formation and growth of nanocrystalline TiO,, in the
present work US treatments are applied during the aging of sol—gel precursors.
Both continuous and pulsed US treatments are used. In the case of these latter
treatments, both the on/off time and the power were modulated. To the authors best
knowledge, no data are present in the literature so far concerning the use of pulsed
US on the growth of TiO, particles. The structural and morphological features of
the synthesized samples are investigated using different experimental techniques.
The surface state of both Ti 2p and O 1s are analyzed by XPS and the value of the
band gap of the semiconductor oxide estimated for all samples. The photocatalytic
activity in the gas phase degradation of NOy is also investigated. Various processes
are studied in the literature to abate the emissions of NO into the environment. The
photocatalytic oxidation by a semiconductor, mainly TiO,, is very promising and
the tailoring of its features may promote the efficiency of the process.

2.4.3.2 Experimental

All the chemicals were of reagent grade purity and were used without further
purification; bi-distilled water passed through a Milli-Q apparatus was used to
prepare solutions and suspensions.

Sample Preparation. The sol-gel precursor (T), obtained by the hydrolysis (t = 90
min, T = 65 °C) of a solution of Ti(OC3H7)4 and 2-propanol (water/alkoxide molar
ratio = 49 and water/ propanol molar ratio = 15) was dried as a xerogel.”* A
fraction of precursor was treated at 300 °C for 5 h in O, flux (T_300); the
remaining part of the precursor was submitted to either pulsed (Bandelin, Ti horn,
20 kHz) for 1 h, or continuous (NTS Italia, Ti horn, 20 kHz) ultrasound water
treatment for 30 min. The acoustic intensity, as determined calorimetrically, is 9 W
cm for continuous and 140 W cm™ (maximum value) for pulsed ultrasound. In the
case of PW treatment, two acoustic intensities were used: 49 and 84 W cm™ (35%
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and 60% of the maximum intensity, respectively). See Table 1 for the experimental
parameters of the acoustic treatment. Three samples were obtained during the
growth assisted by pulsed ultrasound, by varying both the ‘‘time on’’ and the
acoustic intensity (TP0.50n49W, TP0.90n49W, and TPO0.50n84W). The sample
obtained using continuous US treatment is labeled TCOW.

Sample Characterization. Room-temperature X-ray powder diffraction (XRPD)
patterns were collected with a Siemens D500 diffractometer over the 2h range 10°-
80°, with a step scan of A20 = 0.02°, and a Cu Ka radiation. Rietveld refinement
has been performed using the GSAS software suite and its graphical interface
EXPGUI.™ Specific surface areas were determined by the classical BET procedure
using a Coulter SA 3100 apparatus. Scanning electron microscopy (SEM)
photographs are acquired with a LEO 1430. TEM samples were prepared by
spreading a suspension of powder in ethylic alcohol onto a carbon coated copper
grid. A Philips 400T electron microscope operated at 120 keV was used for
imaging and for acquiring selected area electron diffraction (SAED) patterns.
Diffuse reflectance spectra of the powders were measured on UV-vis scanning
spectrophotometer (Perkin Elmer, Lambda 35), which was equipped with a diffuse
reflectance accessory. A TiO; thin film was placed into the sample holder on
integrated sphere for the reflectance measurements. A ‘‘total white’” Perkin Elmer
reference material was used as an internal reference. The experimental absorption
versus lambda plot was elaborated by differentiation to better highlight the
different optical features of the catalyst spectra. X-ray photoelectron spectra were
acquired in an M-probe apparatus (Surface Science Instruments). The source was a
monochromatic Al Ka radiation (1486.6 eV). The binding energies (BEs) were
corrected for specimen charging by referencing the C 1s peak to 284.6 eV. For the
background subtraction the Shirley’s method was used.'® The relevant fittings were
performed using only Gaussian line shapes, without BE or FWHM (full width at
half maximum) constraints. The accuracy of the reported BE can be estimated to be
10.1eV.

Photocatalytic Experiments. In the photocatalytic oxidation of nitrogen, oxide
immobilized particulate TiO, layers (ca. 0.1 g) were prepared on glass sheets (7
cm?) by deposition from a suspension of the oxide in isopropanol. The immobilized
photocatalyst was placed into a pyrex glass reactor (with a volume of 20 L) and
irradiated with an halogenide lamp (Jelosil, model HG500) emitting in the 340400
nm wavelength range, with a nominal power of 500 W, at room temperature. The
relative humidity was kept constant in all the runs (50%). Air, NOy, and N, gas
streams were mixed to obtain the desired NOy concentration (400 ppb), inside the
photoreactor. The photodegradation products concentrations (NO and NO;) were
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continuously monitored by an online chemiluminescent analyzer (Teledyne
Instruments M200E). The NOy adsorption onto the TiO, layer was determined
through dark experiments. Degradation time was limited to 120 min.

2.4.3.3 Results and Discussion

Acoustic waves are known to cause the following effects in liquids:*® (1) activation
of mass transport, (2) heating, and (3) cavitation, i.e., generation of bubbles, which
then collapse, giving rise to high local temperatures and pressures. Consequently,
the growth of an oxide assisted by ultrasound can be differently affected by
diverging processes: (1) formation of additional nucleation centers in the vicinity of
bubbles; (2) increased growth rate of the particles owing to accelerated mass
transport; and (3) disintegration of aggregates and agglomerates of primary
crystallites by the shock waves resulting from bubble collapse.

Table 1 General conditions adopted for the US treatment in suspension

Instrumental features Experimental conditions

US source dhorn (€M) Shor (cm?) Acoustic intensity (W cm™3) 1 (s) Eio (k1) EolV (K] L™h
TPy 50nd9W Pulsed 1.3 1.3 49 3600 117 470
TPp.50n84W Pulsed 1.3 1.3 84 3600 202 808
TPpoond9W Pulsed 1.3 13 49 3600 210 840
TCOW Continuous 5.6 24.6 9 1800 414 414

To evaluate separately the different effects provoked by US, in the present case
both continuous and pulsed ultrasound were used during the aging of a TiO,
precursor obtained by sol-gel reaction. Table 2 reports data concerning the
synthesized samples. The specific surface area ranges from 215 to 280 m? g™
Sample T_300, not submitted to US treatment and calcined at 300 °C shows the
lowest surface area. Variable effects are introduced by the different US treatments.
Pulsed US, with the highest total energy per volume (TP0.90n49W and
TP0.50n84W, see Table 1), produce an increase in surface area even with respect to
the untreated precursor. This suggests that, in these cases, the prevailing effect of
the US treatment may be the disintegration of aggregates. The continuous US
treatment, instead, provokes a slight reduction in the surface area, with respect to
the precursor, which suggests either a more pronounced grain growth or a less
dispersed sample. The total pore volume and size are not significantly affected by
the US treatment (Fig. 1a). The sample showing the largest pore volume is the
pulsed one (TP0.50n84W), the increase concerning the largest pore sizes. All the
samples are mesoporous; the shape of the N, adsorption hysteresis loops (Fig. 1b)
changes from H2 (prevailing ‘bottleneck’’ shape) in the precursor sample (T) to a
prevailing slit-shaped shape (H3) for the US-aged and thermally treated samples.
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X-ray diffraction data show the presence of anatase and brookite polymorphs for
all samples. The formation of the metastable brookite polymorph for small TiO,
crystallite sizes is a well-established finding, often reported in the literature.?
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Figure 1. (a) Distribution of pore volume of all samples and (b) BET isotherm, hysteresis
loop of the precursor sample (T) and of the sample submitted to CW treatment.

Pulsed US treatment promotes the formation of the brookite polymorph,
particularly in the two samples showing the largest surface area. On the other hand,
in the case of the CW US (sample TC9W), the treatment provokes a decrease in the
brookite content of the sample. The thermal treatment at 300 °C (sample T_300)
results in the lowest brookite content; the crystallite size, as estimated by the
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Sherrer’s equation, applied to the breadth of the most intense anatase peak, is of 8
nm. The crystallite size for all the other samples is ranges around 4 nm.

Table 2 Quantitative phase composition (A = anatase, B = brook-

ite) and BET surface area

Sample US source % A % B SBET, m’ g_]
T - 60.2 39.8 254
T_300 - 67.0 33.0 215
TPy 50n49W Pulsed 55.6 44 4 231
TPy 50n84W Pulsed 53.0 47.0 268
TPy 0ondOW Pulsed 535 46.5 278
TCOW Continuous 63.0 37.0 242

Figure 2 reports the anatase cell volume as evaluated from X-ray diffraction data
for selected samples. It is interesting to observe that, the CW US treatment leads to
samples showing cell volumes closer to the theoretical values, indicating the
formation of a more ordered and regular structure, even more ordered than the
sample calcined at 300 °C but with no US treatment. It is worth observing that the
US treatment provokes in any case a more regular spatial reticular organization
since even the sample TP0.90n49W, characterized by the largest surface area,
shows a cell volume smaller than the precursor sample one.
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Figure 2. Anatase cell volume of selected samples obtained by elaboration of experimental

diffraction data.
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Spectroscopic Characterization

To obtain information on the light absorption features of the various samples,
experimental data of diffuse reflectance were elaborated to give absorption
coefficient values F(R) according to the Kubelka—Munk equation.® The
corresponding band-gap values obtained by this procedure for all samples are
reported in Table 3 (first column).

Table 3. Band gap values calculated by Kubelka—Munk equation of diffuse reflectance
spectra and OH/Oy, Ti*/Ti** by XPS analysis for all samples.

Sample Band gap, eV Ti*/Ti** OH/Oy,
T 3.19 - 0.17
T_300 3.20 - 0.12
TPy 50n49W 3.13 - 0.29
TPy 50n84W 3.16 - 0.26
TPg.9ond9W 3.18 - 0.21
TCOW 342 0.87 0.27

The band gap values fall in the range expected for TiO, photocatalysts, with the
only exception of the CW US sample, that shows a slightly higher value of band-
gap with respect to the other ones. This point will be commented on further in the
following.

Photodegradation of NOy

Figure 3a displays the general trend of the NOy degradation curves of some TiO,
photocatalysts selected among those produced in the present study. The NOx
concentration is the sum of the NO and NO; concentrations.

The general mechanism for NOy degradation by photocatalysis implies the
oxidation of the nitric monoxide to nitric or nitrous acid induced by oxygen species
produced at the TiO, surface.” The reaction path for NO conversion is generally
mediated by OH radicals:

NO; + OH" — HNO;
NO + OH " — HNO,

In the present case, no increase in activity was observed upon increasing the
catalyst amount. Therefore, it was concluded that only the exposed/external
fraction of the catalyst was irradiated.
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Figure 3. (a) NOy percent degradation as a function of reaction time for selected samples
and (b) final percent degradation after 120 min for all the samples.

All samples reach in a short time (30 min) a plateau region as concerns NOy
degradation, with values falling in a wide range: from 40% to about 90%. The final
sequence in efficiency, shown by the various samples, is displayed in Fig. 3b. It
can be seen that the conversion of the precursor not submitted to sonication is very
poor. All sonicated samples show better performances than the untreated T sample.
Two US treated samples show the best conversions, higher than the thermally
treated sample (T_300). In the case of the CW treated sample, the increase with
respect to T_300 is significant (about 15%).

An improvement of the photocatalytic efficiency of samples submitted to US
treatment has been reported previously in the literature. Kim et al.,** for example,
observe an improvement in methylene blu degradation in samples submitted to US
treatments. In general, the increase in the photocatalytic performance is attributed
to an increase in the samples surface area, produced by the US treatment. This is
not the case for the present samples, since those showing the best performances
(TCOW and TPO0.50n 49W) are the ones showing the lowest surface area, besides
T_300. The interpretation of the origin of the better photocatalytic conversion is
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not straightforward. Further investigations of the surface state and of the
microstructure may bring new evidence to elucidate the trend apparent in Fig. 3b.

XPS Analyses

The literature regarding XPS analyses of nanocrystalline TiO, samples obtained by
ultrasound is not large, specifically concerning the region of Ti 2p. Yu et al.>®
show no significant effects on the BE of Ti 2p (458.2 eV) in the case of nanosized
TiO, powders obtained by sol-gel combined with US-treatment performed in a
conventional ultrasonic bath. Gedanken et al.” measured the BE of Ti 2p at 457.1
eV in the case of un-calcined product and at 459.2 eV for the same sample calcined

at 450 °C.
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Figure 4. XPS of (a) Ti 2p and (b) O 1s regions for T_300 and TCOW.

The authors interpreted the shifts in the Ti 2p peak position, from the regular 458.2
eV, as due to the interaction of octadecylamine with TiO, in the templated
synthesis of the mesoporous oxide.” Figure 4 shows the region of Ti 2p (a) and O
1s (b) of precursor (T) and CW US aged samples. In all samples, the peaks in the
Ti 2p region are regular and the BEs (Ti 2p*? 458.3 eV) compare well with data of
Ti(IV) in TiO,."™ In the case, instead, of sample TCO9W a second component (Ti*)
at lower BE (Fig. 4a) can be appreciated (Table 3, second column). The presence of
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two components in the Ti 2p spectrum is not frequently observed in TiO, samples.
Zhu et al. [22], reported this effect in TiO; particles prepared by a nonhydrolytic
sol—gel reaction, without any US treatment. They attributed the component at lower
BE to Ti(lll). In the present case, the best fit of the Ti 2p region yields two
components at 456.8 and at 458.3 eV, respectively. The component at lower BE
might be interpreted, according to Zhu et al.,* as due to the presence of defective
titanium surface sites, these in turn being the result of the interactions of the oxide
surface with the OH radicals produced by the CW US treatment. It is interesting to
observe that TCOW is just the most photocatalytically performing sample with
respect to the degradation of NOx. The O 1s peaks of the present samples show, in
any case, a regular pattern (Fig. 4b) and show two components, corresponding,
respectively, to oxygen in the oxide lattice (O.), and to surface hydroxyl (Oon).
The ratio between Oon and total oxygen components (Oon + OL) is reported in
Table 3 (third column) and can be considered as an indication of the degree of
hydrophilicity of each sample.”> The two samples showing top photocatalytic
performances are the ones showing the highest OH/Oq; ratio.

SEM and TEM Observations

SEM images (Fig. 5) show that the samples submitted to US are, in general, more
disperse than those obtained in the absence of US. The sample submitted to CW
US, besides being much more disaggregated than the precursor, appears to be
composed by smaller particles. To obtain further indications concerning the
microstructure of the samples, TEM images of the best photocatalysts were
obtained and compared with those of the untreated precursor. Figure 6a, referring
to the untreated precursor sample (T), shows aggregates in which the size of the
crystallites is extremely reduced. The figure also shows the typical microstructure
of this sample and in the SAED pattern the presence of reflections due to anatase
and brookite phases, although largely overlapping, appear clearly, in agreement
with the XRD data in Table 1. The diffraction rings are uniform and with
homogeneous intensity supporting the nanometric size of the crystallites and their
spatial isotropy. The microstructure of the pulsed sample (TP0.50n49W) is shown
in Fig. 6b. The SAED pattern, also in this case, supports the presence of the two
TiO, polymorphs. Crystallite clusters appear to be relatively dense, so that only the
peripheric regions can be analyzed in detail. Crystallite size even in this case
compares well with the XRD value. The microstructure of the TCOW sample is
shown in Fig. 6¢. Also in this case the presence of the A and B polymorphs is well
appreciable in the SAED spectrum. In the case of this sample, the crystallite
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agglomerates appear to be densely packed, possibly as a consequence of their
reduced size, which can be estimated to be around 1-2 nm. The crystallites appear
to be rather homodisperse concerning both shape and size. The extremely small
size of the crystallites would justify the larger value of the band gap of this sample
and the relevant blue shift, reported by other researchers for very small crystallite
sizes.®

2.4.3.4 Conclusions

Two main features, promoted by US treatments, can be assumed to support a better
photocatalytic performance: reduction in the crystallite sizes and larger surface
cover- age by OH. Reduction in the crystallite size of a semiconductor can usually
lead to enhancement in the photocatalytic degradation. It is believed that enhanced
qguantum vyields are achievable for the nanosized catalysts due to more efficient
transfer of the photogenerated charge carriers from the interior to the particle
surface [23]. Moreover, in these catalysts the very small size of the crystallites is
also accompanied by a more ordered crystalline structure and the samples appear to
be more regular and can be considered to contain a relatively low concentration of
lattice defects. These features result in a lower recombination rate between
electrons and holes and, therefore, in an overall better photocatalytic performance.
The OH population of the surface is a key feature in NOy photodegradation [15]; a
more hydroxylated surface promotes both the formation of OH radicals and also
the adsorption of the pollutant molecules prior to the degradation. The analysis of
the present data seems to suggest that the relevant parameter imposing the final
features of the oxides is the US total energy per volume (Etot/V) and not the
acoustic intensity or the pulsed or continuous mode of US. The two samples
obtained at the higher Etot/V (808, 840 kJ L-1) show the largest surface area and
highest brookite content. The other way round, the two samples obtained at around
half Etot/V (414, 470 kJ L-1) show very similar features between each other and
display the top photocatalytic activity. The continuous mode induces, further, the
presence of surface defects and consequently yields the best photocatalyst.
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2.4.4 Porous Titania microsphere with Tunable Properties

A. Naldoni, C. Pirola, C. L. Bianchi and K. S. Suslick, submitted to Chemistry of
Materials.

2.4.4.1 Communication

The synthesis of nanomaterials with desired morphologies and functionality has
attracted an intense recent interest. Among the various morphologies explored
(e.g., nanotubes, nanowires, nanorods, core-shell nanoparticles), hierarchically
porous nanostructures have received a much attention® not only for their unique or
enhanced physicochemical properties, but also for their widespread potential
applications, including use for drug delivery, photonic materials, batteries and
membrane fuel cells, and photocatalysis.**

Titania is a multifuncional material whose unusual electronic properties make it an
especially important material for photoelectrochemical solar cell applications and
environmental remediation. Nanostructured TiO, exhibits superior photocatalytic
activity compared to traditional bulk materials, and numerous strategies have been
developed to synthesized hollow and porous TiO, nano/micro spheres.** Control
over the physical properties of the resulting porous nanostructures, however,
remains a scientific challenge.

(1) (a) Lakes, R. Nature 1993, 361, 511-515. (b) Caruso, F.; Caruso, R. A.; Mdhwald, H.
Science 1998, 282, 1111. (c) Bigi, A.; Boanini, E.; Walsh, D.; Mann, S. Angew. Chem.
Int. Ed. 2002, 41, 2163. (d) Yang, J.; Sasaki, T. Chem. Mater. 2008, 20, 2049. (e)
Zhou, H.; Fan, T.; Ogawa, H. Chem. Mater. 2007, 19, 2144. (f) Suh, W. H.; Suslick,
K. S.; Stucky, G. D.; Suh, Y.-H. Prog. Neurobiol. 2009, 87, 133.

(2) (@) Mo, M. S.; Yu, J. C.; Zhang, L. Z,; Li, S.-K. A. Adv. Mater. 2005, 17, 756. (b)
Dinsmore, A. D.; Hsu, M. F.; Nikolaides, M.; Weitz, D. A. Science 2002, 298, 1006.
(c) Gao, S.; Yang, S.; Shu, J.; Li, Z.; Jiang, K. J. Phys. Chem C 2008, 112, 19324. (d)
Cao, A. M.; Hu, J. S,; Liang, H. P.; Wan, L. J. Angew. Chem. Int. Ed. 2005, 44, 4391.

(3) (a) Fang, B.; Kim, J. H.; Kim, M.; Yu, J.-S. Phys. Chem. Chem. Phys. 2009, 11, 1380.
(b) Shan, Z. W.; Adesso, G.; Alivisatos, A. P. Nat. Mater. 2008, 7, 947. (c) Song, X.;
Gao, L. J. Phys. Chem. C 2008, 12, 15299. (d) Cao, S.-W.; Zhu, Y.-J. J Phys. Chem. C
2008, 112, 6253. (e) Fei, J.; Cui, Y.; Yan, X.; Li, J. Adv. Mater. 2008, 20, 452.

(4) (a) Li, X.; Xiong, Y.; Xie, Y. Inorg. Chem. 2006, 45, 3493. (b) Li, H.; Bian, Z.; Lu, Y.
J. Am. Chem. Soc. 2007, 129, 8406. (c) Yu., J.; Liu, W.; Yu, H. Cryst. Growth Des.
2008, 8, 930. (d) Song, X.; Ding, X.; Zhang, L. J. Phys. Chem. C 2009, 113, 5455. (e)
Li, D.; Haneda, H.; Ohashi, N. Chem. Mater. 2005, 17, 2588.

(5) (a) Suh, W. H.; Jang, A. R.; Suh Y.-H.; Suslick, K. S. Adv. Mater. 2006, 18, 1832. (b)
Iskandar, F.; Nandiyanto, A.; Yun, K.; Hogan, C.; Okuyama, K.; Biswas, P. Adv.
Mater. 2007, 19, 1408. (c) Nandiyanto, A.; Iskandar, F; Okuyama, K. Chem. Eng. J.
2009, 152, 293.

107



As a synthetic tool, ultrasonic spray pyrolysis (USP) has several advantages over
other traditional methods: production of micron- or submicron-sized spherical
particles, high product purity, continuous operation, and facile control over
chemical and physical compositions.> "%

Here, we use USP®" as a phase separated process for the synthesis of porous TiO,
microspheres with tunable properties and examined its photocatalytic activity for
the decomposition of NOy. Porous TiO; spheres were prepared by USP employing
a modification of the synthesis previously reported by Suslick and co-workers.>
An aqueous solution of a Ti'' complex (titanium(IV)bis(ammonium
lactato)dihydroxide) containing colloidal silica was nebulized using a home-made
ultrasonic generator (1.65 MHz) (cf. Supporting Information (SI) for details).

Figure 1. Transmission electron microscopy (TEM) image of a TiO, USP prepared porous
microsphere (T13M) and (inset) at higher magnification, two building blocks.
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The resulting mist was carried into a furnace by an air flow (1 SLPM), the
Si0,/TiO, nanocomposite microspheres so produced were collected in water-filled
bubblers, isolated by centrifugation, and the silica template finally removed by
etching with HF 10 wt.% in water. As a control, USP of the same aqueous solution
of the Ti'Y complex in the absence of colloidal silica was performed, generating
solid TiO, spheres (abbreviated T_USP, etched with HF is T_USP_HF).

Table 1. BET Surface area and phase composition analysis* of solid and porous titania
microspheres.

Si:Ti P surf. area of titania
Sample molar ratio  silica size (nm) initial S;OZ gurf. microsphere Anatase
area’ (m°) 2 %
(m°/g)

T_USP — — 0 <1 36
T_USP — — 0 <1 37
T15L 15 70-100 9 6 81
T15M 15 35-50 12 16 93
T15S 1:5 12 56 32 100
T13L 1:3 70-100 14 9 89
T13M 1:3 35-50 20 19 96
T13S 1:3 12 92 48 100
T1iL 11 70-100 42 14 100
T11M 11 35-50 59 — 100
T11S 11 12 276 — 100

*Anatase ref. JCPDé 21-1272, Rutile ref. JCPDS 21-1276
Sdetails are reported in SI, Figure S5

The porous nanostructure of USP particles was confirmed by TEM analysis (Figure
1); abbreviations for the various microspheres based on the preparation conditions
are given in Table 1 together with relevant properties. The titania microspheres
were few hundreds of nanometers in diameter; their nanostructure is built up of
assembled individual nanoparticles between 20 and 40 nm in average size (S,
Table S1). The inter-aggregations of these building blocks are due to condensation
reactions among the hydroxyl groups on their surface,* which results in the
formation of the porous nanostructures. We can control the morphology of the
titania porous spheres by varying colloidal silica to titanium precursor molar ratio
(Figure 2).

In addition, by using SiO, nanoparticles with different sizes (12, 35-50, 70-100
nm), we obtain TiO, porous spheres characterized by meso- or macroporosity (SI,
Figure S3). The BET surface areas of the microspheres show a monotonical trend
directly related to surface area of the template silica originally present (Table 1). If
the silica content, however, was too high (SiO,/Ti=1:1, SiO; size 12 or 35-50 nm),
the superstructure was lost, presumably because of insufficient interactions among

the TiO, nanoparticles (S, Figure S2).
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. B Yo 1um
Figure 2. Scanning electron microscopy (SEM) images showing the effect of
silica/titanium molar ratio on the particle morphology. Sample names and SiO,/Ti ratios
are (a) T11L, 1:1; (b) T13L, 1:3; (c) T15L, 1:5; all with initial silica colloid template of
70-100 nm diameter.
For all samples, the microspheres’ composition was confirmed by bulk elemental
analysis, which showed only about 0.3% of Si left after etching. Moreover, XPS
analysis revealed the absence of Si on the material surface (SI, Figure S1) and the
presence of surface traces of fluorine (F/Ti <0.12 at/at) as fluoride species (683.7
eV)® remaining from the etching step.
USP process is substantially different from batch reactions in terms of the
physicochemical interactions that occur during reaction. The USP process is unique
in its continuous production of isolated sub-um microreactors (i.e., each droplet
formed by the nebulizer) in a hot-gas steam. Inside the droplets, after water
evaporation, precursor precipitation and decomposition take place.*@®%® At this
stage, the interactions between hot SiO, template particles surface and TiO,
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precursor become crucial in the material formation process, and especially the
preferential formation of anatase vs. rutile.

We were particularly struck by the increasing concentration of anatase over rutile
phases as a function of increasing silica surface area in the initial formulations
shown in Table 1. As determined from the XRD, the solid microspheres produced
by USP in the absence of a silica template are only 36% anatase (64% rutile). The
porous microspheres, however, have a much greater fraction of anatase. Strikingly,
the fraction of anatase increases monotonically with the initial colloidal silica
template surface area (Table 1 and plotted in Supporting Information, Figure S5).

Water Droplet

Figure 3. Schematic illustration of preferential anatase growth on the silica (e.g. 12 nm of
diameter) surface inside a USP generated water droplet.

We suggest that the formation mechanism of the microspheres proceeds through a
competition between homogeneous and heterogeneous nucleation. In the T_USP
sample (i.e., in the absence of a silica template), TiO, is produced mainly by
homogeneous nucleation thus promoting the growth of solid spheres mainly
composed from the thermodynamically most stable phase, i.e., rutile. In the
presence of colloidal SiO,, however, the sites for heterogeneous nucleation
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increase. We propose that the SiO; surface creates preferential growth of anatase
phase titania from the decomposition of our Ti' salt (Figure 3). There is some
limited precedent for this hypothesis: SiO, precursors (e.g., TEOS) enhance the
phase stability of anatase in batch reactions.® There are also a few studies of titania
growth on silica particles, yielding amorphous TiO, coating,® anatase particles
deposition,*® and or ion-directed anatase growth. %

In addition to the XRD data, the rutile/anatase ratios were qualitatively confirmed
by the samples’ band-gap (S, Table S1). Diffuse reflectance data were converted
to absorption coefficient values F(R) according to the Kubelka-Munk equation.™
As expected, the band gap values so obtained correlate with the anatase content in
the samples: the larger the rutile component, the smaller the band gap, which
ranges from 2.92 eV for T_USP (36% anatase) to 3.31 eV for T13S (100%
anatase). For comparison, titania nanoparticles of rutile and anatase have reported
band gaps of 3.00 and 3.21 eV, respectively, whereas thin films of titania on
alumina show band gaps of 3.25 and 3.75 eV, respectively.™

In order to test the chemical reactivity of our porous titantia microspheres, we
examined the photocatalytic activities using gas phase catalytic degradation of NOy
degradation as a probe reaction (SI, Experimental Section).**” T15M and Degussa
P25 (used as a reference photocatalyst) show the lowest activity (~85% NOy
degradation after 150 min), while T_USP, T_USP_HF and T13L show only
slightly higher activities (SI, Figure S6). However, considering the % NOy
degradation at 30 min per unit surface area, the best catalyst are T_USP and
T_USP_HF, while all microsphere samples show an higher specific activity that by

(9) (a) Yoshinaka, M.; Hirota, K.; Yamaguchi, O. J. Am. Ceram. Soc. 1997, 80, 2749.
(b) Okada, K.; Yamamoto, N.; Kameshima, Y.; Yasumori, A.; MacKenzi, K. J. D. O.
J. Am. Ceram. Soc. 2001, 84, 1591. (c) Kominami, H.; Kohno, M.; Matsunaga, Y.;
Kera, Y. J. Am. Ceram. Soc. 2001, 84, 1178. (d) Anderson, C.; Bard, A. J. J. Phys.
Chem. B 1997, 101, 2611. (e) Hirano, M.; Ota, K.; lwata, H. Chem. Mater. 2004, 16,
3725.

(10) (a) Hanprasopwattana, A.; Srinivasan, S.; Sault, A. G.; Datye A. K. Langmuir 1996,
12, 3173. (b) Yue, W.; Randorn, C.; Attidekou, P. S.; Zhou, W. Adv. Funct. Mater.
2009, 19, 2826. (c) Vermury, S.; Pratsinis, S. E. J. Am. Ceram. Soc. 1995, 78, 2984.

(11) (a) Cappelletti, G.; Bianchi, C. L.; Ardizzone, S. Appl. Catal. B 2008, 78, 193. (b)
Cappelletti, G.; Ardizzone, S.; Bianchi, C. L.; Gialanella, S.; Naldoni, A.; Pirola, C.;
Ragaini, V. Nanoscale Res. Lett. 2009, 4, 97.

(12) (a) Reyes-Coronado, D.; Rodriguez-Gattorno, G.; Espinosa-Pesqueira, M. E.; Cab, C.;
de Coss, R.; Oskam, G. Nanotech. 2008, 19, 145605. (b) Young Ran Parka, Y. R.;
Kim, K. J. Thin Solid Films, 2005, 484, 34-38
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P25. Importantly, this trend appear to be directly related to the hydrophilicity vs.
hydrophobicity of the samples (SI, Table S2 and Fig. S7).

In conclusion, we have used ultrasonic spray pyrolysis to prepare porous titantia
microspheres with tunable porosity and nanostructures and resulting control over
their phase composition. We can tailor properties of the microspheres’ by adjusting
both the silica to titanium molar ratio and the silica particle sizes. Importantly, the
silica template induces preferential growth of the anatase phase of titania from
pyrolysis of the Ti' precursor. The porous titania microspheres also show a high
photocatalytic activity in the gas phase for the decomposition of NOx.

2.4.4.2 Supporting information

Experimental Section

Materials.

All chemicals were handled in air and are available commercially. Silica colloid
Ludox AS-30 (30 wt% suspension in water; 12 nm diameter),
titanium(1V)bis(ammonium lactato)dihydroxide (50 wt.% water solution) were
purchased from Aldrich Chemicals. Hydrofluoric acid (49 wt.%) was obtained
from Acros Organics. Two SNOWTEX silica colloids (ST-XL: 35-50 nm, and ST-
ZL: 70-100 nm) 40 wt.% water suspension were provided by Nissan Chemical
Industries (Japan), while TiO, P25 was purchased from Degussa (Germany). Water
was purified and filtered using a Barnstead Nanopure system.

Synthesis.

Porous TiO, Microspheres. The precursor solution was composed by
titanium(1V) bis(ammonium lactato) dihydroxide (0.02 mol), purified water (50
mL, Barnstead Nanopure ion exchange) and colloidal silica variable in amount (Si :
Ti molar ratio 1:1, 1:3, 1:5) and particle size (12 nm, 35-50 nm, 70-100 nm). A
piezoceramic transducer operating at 1.65 MHz was used to nebulize the starting
solution through a polyethylene membrane into a glass apparatus. The mist was
then carried by an air flow rate of 1 standard liter per minute (SLPM) into a furnace
where the temperature was set at 1000 °C. After 8 h of collection into water-filled
bubblers, the white colloidal particles were obtained by centrifugation at 9000 x g.
The products were washed with purified water three times and sampled for
analysis.

TiO, Solid Microspheres (T_USP). Titanium dioxide spheres were synthesized
using the same procedure as for porous titania microspheres but without adding
colloidal silica as template.

Etching procedure. For all etched microspheres, removal of silica was done
with HF 10 wt.% in water at room temperature. After 75 min., the particles were
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centrifuged and washed three times with purified water and once with 100%
ethanol.

Characterization.

Structural features of the prepared titanium dioxide microspheres have been
determined by X-ray Diffraction powder (XRD) on a Siemens-Bruker D5000
diffractometer operating at 40 kV and 30 mA using a Cu K, radiation source (A =
1.5418 A). In a typical experiment, a scan rate of 1 deg./min. and a step size of 0.05
deg. was used. All data was worked out using Jade X-ray analysis software
package. The powder morphology was observed with a JEOL 7000F field emission
SEM operating at an acceleration voltage of 15 kV. Samples were prepared for
analysis by the deposition of an absolute ethanol TiO, suspension on a silicon
wafer, subsequently sputtered with a Pd-Au alloy. TEM micrographs were taken
using a JEOL 2100 Cryo microscope operating at 200 kV. X-Ray Photoelectron
Spectroscopy (XPS) was performed by a M-Probe Instrument (SSI) equipped with
a monochromatic Al K, source (1486.6 ¢V) with a spot size of 200 x 750 um and a
pass energy of 25 eV, providing a resolution for 0.74 eV. With a monochromatic
source, an electron flood gun was used to compensate for the build-up of positive
charge on the insulator samples during the analysis.

The surface area of materials was investigated by nitrogen adsorption studies using
the Brunauer-Emmett-Teller (BET) method. Measurements have been performed
using a Nova 2200e Surface Area and Pore Analyzer (Quantachrome Instruments)
at liquid nitrogen temperature (-196 °C). A UV-vis spectrometer (LAMBDA 35,
Perkin—Elmer Co.), was used to perform UV-vis diffuse reflectance measurements
of powders.

Photocatalytic testing.

In the photocatalytic oxidation of nitrogen oxides (NOy), immobilized
particulate TiO, layers (ca. 50 mg) were prepared on glass sheets by deposition
from a suspension of the samples in isopropanol. The immobilized photocatalyst
was placed into a pyrex glass reactor (with a volume of 25 L) and irradiated with
an halogen lamp (Jelosil, model HG500) emitting in the 340-400 nm wavelength
range, with a nominal power of 500 W, at room temperature. The distance between
the light source and the reactor was properly adjusted so that the UV irradiance at
the sample surface is 10 W/m? + 0.5 W/m?. The relative humidity was kept
constant in all the runs (50%). Air, NOyx (NO = 10%, NO, = 90%), and N, gas
streams were mixed to obtain the desired NOx concentration (300 ppb) inside the
photoreactor. The photodegradation products concentrations (NO and NO,) were
continuously monitored by an online chemiluminescent analyzer (Teledyne
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Instruments M200E). The NOy adsorption onto the TiO, layer was determined
through dark experiments.

Table S1. X-Ray Photoelectron spectroscopy analysis (at/at %), band gap values and
anatase crystallite size of the porous microspheres samples and reference sample (P25,
T _USP, T_USP_HF).

sample FITi OITi OH/Ort A”"I"It.ase.
band gap (eV) crystallite size
(hm)
P25 — 2.6 0.18 3.17 25
T_USP — 3.8 0.30 2.92 41
T_USP_HF 0.25 5.7 0.29 2.94 35
T15L 0.08 3.0 0.20 291 41
T15M 0.06 2.8 0.17 2.97 39
T15S 0.10 2.8 0.22 3.13 27
T13L 0.03 2.9 0.19 3.05 40
T13M 0.12 2.7 0.13 3.20 35
T13S 0.07 2.6 0.21 331 23
T11L 0.05 29 0.18 3.23 33
T11M — — — — 28
T11S — — — — 14
S calculate by Sherrer’s equation applied to the anatase (101) peak.
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Figure S1. XPS Survey spectra of TiO, porous micro spheres synthesized with molar ratio
SiO,/Ti=1:1 and silica size 70-100 nm.
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Figure S2. SEM micrographs shown microspheres’ morphologies before etching (a, T11S)
(c, T11M) and after 75 min. etching (b, T11S) (d, T11M) with HF 10 wt.%.

Figure S3. SEM micrographs shown microspheres’ porosity of the sample (a) T13S (b),
T13M, (c) T13L.
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Figure S5. Anatase content of the porous microspheres as a function of initial SiO,
template surface area. Silica available surface area was calculated as following: amount
of SiO, added to the precursor solution x B.E.T. surface area of SiO,. Ludox AS-30 silica

colloid has a surface area of 230 m%g (according to Sigma Aldrich product
specifications); SNOWTEX ST-XL and ST-ZL silica colloids have surface areas of 49 m?/g
and 35 m2/g, respectively (Glazer, M.; Fidanza, J.; McGall, G.; Frank, C. Chem. Mater.
2001, 13, 4773).
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Figure S6. Photocatalytic activity of porous microspheres and reference samples on the
degradation of NO, after 150 minutes of reaction time.
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Table S2. Photocatalytic activity of USP microspheres and reference samples for the
degradation of NOy after 30 min of reaction (% Conversiongsp) and OH/Oy (XPS, at/at %)
per unit surface area.

%

Sample ; (% (OH/Oygy) x m2
degradationgso degradationgso)x m2 x 103
P25 43.8 0.89 3.7
T_USP 425 42.50T 300"
T_USP_HF 50.5 50.50" 290"
T15L 54.2 9.03 33.3
T15M 38.0 2.38 10.6
T15S 51.2 1.60 6.9
T13L 459 5.10 21.1
T13M 49.4 2.60 6.8
T13S 52.4 1.09 4.4
T11L 50.4 3.60 12.9
T11M — — —
T118 — — —

"T_USP and T_USP_HF surface area was approximated to 1 m?/g.
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Figure S7. Bar chart of representing the % NO, degradation at 30 min per unit surface
area in comparison with the hydrophilicity vs hydrophobicity (OH/O) per unit surface
area. The values are reported for P25 by Degussa and all the microsphere samples.
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Figure S8. TEM image
of individual single crystalline nanoparticles with an average diameter of 20 nm.
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2.5 Degradation of pollutants in the liquid phase by Advanced
Oxidation Processes

2.5.1 Mineralisation of Surfactants Using Ultrasound and the Advanced
Fenton Process

A. Naldoni, A. Schibuola, C. L. Bianchi and D. H. Bremner, Water Air Soil & Pollution
2010, DOI 10.1007/s11270-010-0493-y.

2.5.1.1 Introduction

Surfactants are amphiphilic molecules that accumulate at interfaces, decrease
interfacial tension and form aggregate structures such as micelles. Due to these
properties, surfactants alter interfacial behaviour and impact on the way other
molecules behave at interfaces and in solution. Surfactants are used in a number of
applications and products in the petroleum, food, pharmaceuticals and therapeutics,
cosmetic, environmental bioremediation, agricultural and biocatalysis industries
(Singh et al. 2007). Although they are generally not directly toxic, these
compounds have intrinsic structural properties which can induce different
environmental problems such as hindering both the dissolution of atmospheric
oxygen into natural waters and the sedimentation of floating particles, having
potential to disrupt hormonal systems of aquatic organisms and might subsequently
alter the ecosystem (lkehata and EI-Din 2004). Surfactants can normally be
removed from water using the activated sludge technique, but complete elimination
cannot be guaranteed. Traditional techniques for such contaminants in soil include
landfill, air stripping/carbon adsorption, incineration, biological processing and
chemical treatment. However, incineration, adsorption and landfill merely transfer
the contaminant to another phase or location and produce a potentially dangerous
and toxic secondary disposal requirement. Biodegradation is very sensitive to
numerous environmental factors, is slow, often produces unpredictable results and
is uneconomical for highly concentrated waste effluents. For these reasons, in the
past few decades, Advanced Oxidation Processes (AOPs) have been used as
alternative techniques in the degradation of surfactants and, generally, for
wastewater treatment. AOPs are based on the generation of the hydroxyl radical
(HOe), one of the most powerful oxidants known (Eq = 2.73 V), and which are
capable of reacting non-selectively with virtually all organic compounds. Several
authors report surfactant remediation experiments using several oxidising agents
(Mendez- Diaz et al. 2009) and AOPs such as photocatalysis supported by TiO,

(Hidaka et al. 1995; Ohtaki et al. 2000; Zhang et al. 2003; Vohra and Tanaka 2003;
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Zhang et al. 2004; Horvath et al. 2005), ultrasound (US; Manousaki et al. 2004;
Yim et al. 2002; Yang et al. 2005) and Fenton or Fenton-like processes (Lin et al.
1999; Bandala et al. 2008; Amat et al. 2004), and most of these achieve good
remediation in short reaction times (a few hours instead of days as happens using
conventional wastewater treatment with activated sludge). The classical Fenton
oxidation process (Fenton 1894; Haber and Weiss 1934; Barb et al. 1949, 19514, b)
utilises the reaction of aqueous iron (Il) salt with hydrogen peroxide to generate
hydroxyl radicals, which are then used to carry out chemical oxidation or to
degrade recalcitrant organic pollutants in wastewater treatment Eg. 1. The
characteristics and uses of Fenton and Fenton-like processes have been extensively
reviewed (Pignatello et al. 2006). The usual Fenton process is applied in the
degradation of industrial wastewater treatment, and it has also been investigated as
a pre-treatment process for surfactants (Wang et al. 2008).

Fe’* + H,0;, — Fe** + HO» + HO 1)

The classic Fenton process has been used extensively for the degradation of
organic pollutants (Pignatello et al. 2006), but this methodology suffers from a
number of drawbacks. An improvement on the Fenton process is the advanced
Fenton process (AFP), which uses zero valent iron (ZVI) instead of expensive iron
salts, which need to be removed later in the usual Fenton process. In the AFP,
hydrogen peroxide and ZVI in acidic conditions react to generate hydroxyl radicals
and ferric ions (Bremner and Burgess 2004; Namkung et al. 2005). These ferric
ions are then recycled back to ferrous ions by further interaction with the ZVI
surface in a pseudo catalytic process (Egs. 2 and 3). Furthermore, the use of
ultrasound in conjunction with AFP activates the catalyst and helps clean the metal
surface and also induces cavitation, which enhances the production of hydroxyl
radicals.

Fe® + 2H" — Fe®* + H, )
Fe? + 2Fe®* — 3Fe? (3)

The degradation of organic pollutants by ultrasound in conjunction with AFP has
been described (Bremner et al. 2006, 2008; Namkung et al. 2008; Zhang et al.
2009;Devi et al. 2009), but to our knowledge, there has been no report on the
degradation of aqueous surfactants using this methodology. Therefore, in this
study, we describe the degradation of two surfactants, sodium dodecylbenzene
sulfonate (DBS) and dodecyl pyridinium chloride (DPC) using the AFP in
combination with ultrasonic irradiation. DBS, an anionic surfactant, is an example
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of a linear alkylbenzene sulfonate which is the major type of surfactant produced
industrially. Also studied was the cationic surfactant, DPC, which has bactericidal
and fungicidal properties and was chosen for investigation because of its high
resistance towards classical wastewater treatment. The purpose of the present
investigation was to examine the effects of operating conditions such as
temperature, the presence or absence of ultrasound, the effect of the addition of
ZV1 and/or hydrogen peroxide, the pH and reaction time. The extent of
mineralisation of DBS and DPC was determined by measuring the decrease in total
organic carbon (TOC) content.

2.5.1.2 Experimental
Materials

Sodium DBS, DPC hydrate, ZVI powder (325mesh) and hydrogen peroxide (30%
w/w in water) were purchased from Aldrich and were used as received. Water was
purified using an Elga Option 3 de-ioniser and was used to prepare all solutions.

Apparatus

The TOC content of the initial surfactant (DBS and DPC) aqueous solution and the
samples taken from the reaction medium were measured by oxidation analysis
(Model 1020 TOC Analyzer from Ol-Analytical). The sono-Fenton experiments
were performed in a cylindrical glass reactor making use of a commercial
ultrasonic processor (Cole-Parmer, 400Wmodel) equipped with a titanium probe
with a 1 cm diameter tip capable of operating either continuously or in a pulse
mode at a fixed frequency of 20 kHz. In the present work, the experiments were
carried out with the probe working in pulses, 4.0 s on and 2 s off, which allows the
system to dissipate some of the heat generated by the ultrasonic waves. The
intensity of the irradiation was adjusted to 50% of ultrasonic power amplitude,
which corresponds to a calorimetric measurement of 18W.

Experimental Methodology

In a typical run, the probe was immersed in a 1000 mL cylindrical glass reactor
filled with 500 mL of aqueous surfactant stock solution (1 mM is equivalent to
[TOC]o of DBS = 216 ppm and [TOC], of DPC = 204 ppm). The pH was adjusted
to 2.5 with appropriate amounts of H,SO, (1 mM). The temperature was kept
constant at 20 + 5°C or 40 = 5°C during all reactions by an external cooling bath as
necessary. The appropriate amounts of hydrogen peroxide (2.38 g/L) and ZVI (0.6
g/L) were added to the reactor just before beginning the reaction. Aliquots of the
reaction mixture (10 mL) were removed by syringe every 15 min during the
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reaction and filtered through 0.45-um polycarbonate membranes before being
analysed (pH and total organic carbon measurement). Silent experiments were
carried out in an identical manner without the input of ultrasound but with an
overhead stirrer (250 rpm). All reactions were performed in triplicate, and the error
bars are shown on the graphs.

2.5.1.3 Results and Discussion
DBS Degradation with 20 kHz Ultrasound

DBS although, relatively benign, can give rise to toxic oxidation products on
traditional biological or chemical treatments (Kirmele and Swisher 1977; Beltran et
al. 2000). A recent review (Mendez-Diaz et al. 2009) compared the effectiveness of
different oxidising agents for removal of DBS but only measured the rates of
removal and did not determine the extent of mineralisation. In the current work, we
wished to examine the effect of the advanced Fenton process on the conversion, by
hydroxyl radicals, of DBS into low carbon containing organics as measured by
TOC content. When DBS (1 mM) in 500 mL of de-ionised water, with pH adjusted
to 2.5 with dilute sulphuric acid, was stirred at 250 rpm with hydrogen peroxide
(2.38 g¢/L), no decrease in TOC was observed over 60 min. A similar result was
obtained when ZVI (0.6 g/L) replaced the hydrogen peroxide. The amounts of
hydrogen peroxide and ZV1 used were based on previous work (Chand et al. 2009)
where they were optimised for the degradation of phenol and consequently were
chosen at these levels for this investigation. However, when both hydrogen
peroxide (2.38 g/L) and ZVI1 (0.6 g/L) were present (the AFP; Namkung et al.
2005) at the beginning of the reaction, a 51% decrease in TOC was seen after 15
min stirring at 20°C, indicating that stirring alone is reasonably efficient for
mineralisation of DBS using the AFP (Fig. 1). The reaction probably ceases at this
time as the hydrogen peroxide which was added initially is used up. Interestingly,
around half of the mineralisation occurs in the first 5 min of treatment and may be
even faster than this, as seen from the inset in Fig. 1. The additional effect of
introducing ultrasound is illustrated in Fig. 2 where the reaction was stirred for 60
min at 20°C, and then 20 kHz ultrasound was applied for 4 s on and 2 s off for a
further 60 min. After an induction period of about 15 min, the TOC content
dropped to 50% and remained reasonably constant for the next 45 min. When
ultrasound was introduced, there was little effect for 10 min, but then the TOC
dropped to about 40% after 120 min. This increased mineralisation with the
addition of US may be due to the generation of additional hydrogen peroxide from
sonication of water though generally this is not a very efficient process. However,
other effects such as mass transfer and enhanced corrosion of the iron surface
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cannot be discounted. In an attempt to increase the amount of mineralisation even
further, the reaction was carried out at 40°C, and the comparison between the two
temperatures is shown in Fig. 2.
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Fig. 1 Mineralisation of DBS with AFP and stirring at 20°C. Inset: kinetics in the first 15
min of reaction.
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Fig. 2 Mineralisation of DBS using the AFP with stirring forl h and then US 1 h at 20°C
(dashed line) and AFP with stirring for 1 h and then US 1 h at 40°C (solid line); change of
pH (inset).

It can be seen that there is a slight difference between the degradation at the two
temperatures with the rates being similar but the remaining TOC, after 120 min,
was 40%at 20°Cand 35%at 40°C, respectively. At the higher temperature (40°C),
there was a significant change in pH going from 2.5 at the beginning of reaction to
4.8 at the end of the degradation (inset Fig. 2). To obtain high mineralisation,
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ultrasound was introduced from the beginning (in combination with AFP) at 40°C,
and various other reaction conditions were investigated. When the initial amounts
of hydrogen peroxide and ZVI were maintained as above but when the pH reached
4, extra sulphuric acid was added to return the pH to 2.5 (pH control), the extent of
mineralisation was 61%. If extra H,O, (1.19 g) was added after 75 min with
maintenance of pH at 2.5, then the extent of mineralisation increased to 71% after
120 min.

However, if the pH was maintained at 2.5 throughout and extra amounts of ZVI
(0.3 g) and H,0; (1.19 g) were both added at 75 and 90 min, then the extent of
mineralisation of DBS was increased, substantially, to 93% (data not shown).
Advanced oxidation processes have been investigated previously for surfactant
wastewater treatment using Fenton oxidation (Lin et al. 1999; Bandala et al. 2008);
electrochemical oxidation (Gu et al. 2006), ozone and/or UV irradiation (Amat et
al. 2007) and ozone along with powdered activated carbon (Rivera- Utrilla et al.
2006). Beltran and co-workers (2000) have also reported the Kkinetics of
decomposition of DBS with ozone, but most of these studies have concentrated on
the Kkinetics of removal of the surfactant rather than the decrease in total organic
carbon. It is well known that hydroxyl radicals are exceptionally powerful oxidants,
and the oxidative mechanism proceeds by electrophilic attack on the aromatic ring
of the substrates. In the case of the model compound phenol, there are a number of
oxidised aromatic intermediates before the ring is broken open, leading eventually
to small organic entities such as maleic, acetic and formic acids along with CO,
and H,O (Santos et al. 2002; Bremner et al. 2006). In the case of DBS, it is
expected that the aromatic ring is hydroxylated by HOe« several times before ring
opening, and then further oxidation by hydroxyl radical/hydrogen peroxide will
produce B-dicarboxylic acids which will decarboxylate to give mono acids and CO,
(Fig. 3). Continuing oxidation will afford small organic acids and CO, which
accounts for the residual organic content in the case of the former and a decrease in
TOC from the latter. This mechanism is partially supported by the work of
Fernandez et al. (2004) who examined the products of photodegradation and
ozonation of alkyl benzene- sulphonates. With the conditions used in the AFP,
merely stirring with H202 and ZV1 produces a reasonable flux of hydroxyl radicals
giving a 50% decrease in TOC. This is augmented slightly by application of US as
a result of enhanced mass transfer and possibly sonochemical production of
hydrogen peroxide. There is a slight improvement in mineralisation by increasing
the reaction temperature to 40°C, but this may be due to faster kinetics resulting in
hydrogen peroxide being available for a slightly longer time. The increase in pH is
noteworthy and is ascribed to production of hydrated iron salts which are no longer
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capable of taking part in Fenton chemistry, but this problem is overcome to a large
extent by returning the pH to 2.5 and solubilising more ferrous ion from the ZVI.
Addition of extra iron and hydrogen peroxide and maintaining the pH at 2.5 ensure
that optimum Fenton conditions are present throughout the reaction and give an
impressive TOC removal of 93% because of enhanced Fenton production of HOs.
Thus, it can be concluded that maximum mineralisation of DBS may be obtained
when using a pH of 2.5 with addition of extra ZVI and H,0O, at a temperature of
40°C. The residual carbon content is probably small organic acids which are
notoriously difficult to mineralize.

B CO, + H,O + small organic acids
CHa(CHz)mCHF@—SOS Na*
H W (o]
l HO=

Hoo¢c  HoOC -
— .+ CH,CH,) CH—< —S0, Na*
CH,(CH,),,CH; SO, Na T ot + doon

HO
1 ‘o HO»
~ , Ho- = .
CH,(CH,),,CH; SO, Na- — = CH,(CH,),,CH; SO, Na
HOOC  COOH

HO OH
Fig. 3 Proposed oxidation route of sodium dodecylbenzene sulfonate by hydroxyl radicals.

DPC Mineralisation with 20 kHz Ultrasound

Initially, a DPC solution (500 mL; 1 mM) was prepared and the pH adjusted to 2.5.
This solution was stirred separately at 20°C with only iron (0.6 g/L) and then with
hydrogen peroxide (2.38 g/L) alone, and no change in TOC measurements were
observed indicating that no reaction occurred under these conditions. When the
reaction was repeated with stirring but under normal AFP conditions (pH = 2.5;
ZV1 = 0.6 g/L; H,0, = 2.38 g/L) at 20°C, only 2% TOC removal was observed
after 60 min. Surprisingly, when US was introduced after 1 h of stirring at 20°C,
the amount of mineralisation of DPC only increased to 45% after a further hour of
treatment. In an effort to increase the extent of mineralisation, the AFP reaction
was examined at higher temperature. When DPC was stirred at 40°C with ZVI and
H,0, then only 7% mineralisation was observed after 60 min.

However, when ultrasound was then applied to this solution, the extent of
mineralisation increased to 58% (Fig. 4). As seen from the inset in Fig. 4, the pH
trend was similar, at 20°C and 40°C, to that observed previously for DBS. When
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ultrasound, in combination with AFP, was introduced from the beginning at 40°C
with pH control, then the extent of mineralisation was around 50%. If extra H,O,
was added at 45 min with pH control, then 57% mineralisation was seen (Fig. 5).

0 15 30 45 60 75 90 105 120
time (min)

0 15 36 45 60 75 9'0 105 120

time (min)
Fig. 4 Mineralisation of DPC using the AFP with stirring for 1 h and then US 1 h at 20°C
(dashed line) and AFP with stirring for 1 h and then US 1 h at 40°C (solid line); change of
pH (inset).

TOC %

0

0 15 30 45 6 75 9 105 120
time (min)
Fig. 5 Mineralisation of DPC with AFP and US from the beginning at 40°C: pH
control (dotted line), pH control and H,O, additions (dashed line), pH control and
ZV1/H,0, additions (solid line).

If extra ZV1 (0.3 g) and hydrogen peroxide (1.19 g) were introduced at 45, 60, 75,
and 105 min at 40°C and the pH was maintained at 2.5 by addition of H,SO, (1
mM), then 87% mineralisation of DPC was observed after 120 min. Thus, it can be
seen that the addition of all the extra reagents are required to gain this high removal
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of carbon although these conditions have not been optimised. Little work has been
reported on the oxidation of DPC using hydroxyl radicals. However, it is expected
that the reaction will proceed in a similar manner to that described in section 3.1. In
this case little reaction was observed at 20°C with just stirring with the reagents
(unlike for DBS), and only 45% removal of TOC was seen on the additional
application of ultrasound. If the full range of excess oxidants, extra ZVI and with
stirring and US were used, then only 13% TOC remained after treatment at 40°C.
The lack of reaction at 20°C is a reflection of the relative stability to hydroxyl
attack on the positively charged pyridinium ring in DPC compared to the benzene
ring in DBS.

Latent Remediation of DBS and DPC

In order to minimise energy input during the mineralisation process, it was decided
to investigate the effect of minimal ultrasonic treatment along with silent
processing in a process termed latent remediation (Chakinala et al. 2009). In this
procedure the pollutant is irradiated for a short time with ultrasound in the presence
of iron and hydrogen peroxide, and then the solution is left silent for 24 h and the
TOC content then measured. When DBS was stirred with ZVI (0.6 g/L) and
hydrogen peroxide (2.38 g/L) at pH 2.5 for 60 min at 20°C, then 51%
mineralisation occurred. If the stirring was stopped after 60 min and the sample left
undisturbed with no added reagents for a further 24 h, the amount of mineralisation
increased to 83%. A similar result was obtained if the sample containing ZVI and
H,O stirred for 1 h at 20°C was irradiated with 20 kHz ultrasound for further hour
of treatment (58%) and then left for 24 h (77%). Interestingly, performing the same
experiment at 40°C for the first hour and then leaving the solution at room
temperature overnight resulted in no improvement in mineralisation (65%) possibly
due to the higher initial temperature decomposing some of the hydrogen peroxide.
The effect of latent remediation was also examined for DPC. Merely stirring DPC
with ZVI and hydrogen peroxide for 60 min at 20°C resulted in only 2%
mineralisation. If the stirring was stopped after 60 min and the sample left
undisturbed for a further 24 h, the amount of mineralisation increased to 18%. If
the DPC solution was stirred using the usual AFP conditions for 1 h and ultrasound
applied for further 1 h, then 45% mineralisation was seen. If this solution was then
left silent for 24 h, the TOC reduced t070%. Again the higher temperature had a
negative effect on the latent remediation: At 40°C, the extent of mineralisation
observed was constant (58%) after 2 and 24 h. Further work on the exact
mechanism involved in latent remediation is ongoing.
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2.5.1.4 Conclusions

Generally, surfactants are relatively resistant to degradation using conventional
oxidation processes. However, when sodium DBS and DPC are separately treated
with ZVI and hydrogen peroxide at pH = 2.5 along with the application of 20 kHz
ultrasound, extensive mineralisation is observed. DBS is partially decomposed at
20°C, but if the temperature is raised to 40°C, then the extent of mineralisation is
increased to 93%. When the oxidation of DPC is attempted at 20°C, under identical
conditions to DBS, it proves to be recalcitrant, but at 40°C, then 87%
mineralisation of DPC is obtained. A novel energy saving process (latent
remediation) is also described where mineralisation continues even after energy
input has ceased, and future work will concentrate on establishing the mechanism
of this process. Although the concentrations of surfactants used in this study are
well above those normally found in water, the current work illustrates the high
effectiveness of the advanced Fenton process and acts as a model for mineralisation
studies. Indeed our previous work has shown that highly dilute solutions of
pollutants (as found in wastewater) are even more readily mineralised.
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2.6 Biomedical application

2.6.1 Absorption/Release of Acetylic Salicylic Acid by TiO, nanoparticles

2.6.1.1 Introduction

Major advances have been made in the development of novel materials such as
ceramics and polymers to be used for the delivery of drugs to a local region of
pathology. The advantages of such a system are twofold: the ability to deliver the
concentrations for a relatively long period of time, whilst minimizing the
concentrations of the drug in the bloodstream and other organs and the potential
side effects produced by systemic administration.

In the last decade, many different inorganic or metallic materials have been studied
in controlled drug delivery, such as gold nanoparticles, quantum dots, hybrid nano-
objects, silica microspheres, and so on. However, very little is known about the
possibility to use titania based nanomaterials as drug carrier. Only few attempts
have been made in this direction, mostly through the use of titania bioconjugate for
use in magnetic resonance imaging or gene delivery.

Here, we present a study focused on the relationship between bulk and
morphological properties of titania nanoparticles and the adsorption/release of
acetyl salicylic acid (aspirin). The TiO, nanoparticles were prepared via a sol-gel
method. They present and interesting behavior in the release of aspirin, showing a
quasi-linear trend over a week of release.

2.6.1.2 Materials and method

Sample Preparation.

All the chemicals were of reagent-grade purity and were used without further
purification; doubly distilled water passed through a Milli-Q apparatus was used to
prepare solutions and suspensions. Titania nanoparticles with variable
water/alkoxide molar ratio were synthesized. The samples were named as follows:
the letter T, the ensuing value the /alkoxide molar ratio, and the letter c if the
sample was submitted to thermal treatment. The sol-gel precursor obtained by the
hydrolysis (T = 25°C, t = 90 min) of a solution of Ti(OC3H;), and 2-propanol
(water/alkoxide molar ratio = 49, 75, 100 and water/propanol molar ratio = 15) was
dried as a xerogel (T = 80°C, t = 24 h). One fraction of the xerogel was submitted
to thermal treatment at 300 °C for 5 h in O, stream (e.g., T49c), and a second
fraction was used for the absorption/release experiments (e.g., T49) without further
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treatment. Absorption tests were conducted using P25 by Degussa (80% anatase,
20% rutile, crystallite size ~20 nm) as a reference samples.

Adsorption of aspirin by TiO, nanoparticles.

Adsorption experiments were carried out in water using TiO, nanoparticles
obtained through sol-gel synthesis. 10 mL of an aqueous solution of acetyl salicylic
acid (aspirin) were put in vials containing a certain amount of TiO, nanoparticles.
Initially, a number of vials equal to the number of samplings were prepared and
then the kinetics was started. At the time of a sampling (e.g., 1 day) the stirring was
stopped, the suspension contained in a vial was centrifuged (13000 rpm for 5 min),
and the liquid was examined by means of total organic carbon analyzer evaluating
the amount of aspirin adsorbed onto the TiO, surface.

Release of TiO,-bound aspirin.

Desorption of the acetylic salicylic acid from TiO, nanocrystals in aqueous
solutions was measured as follows: suspensions of the TiO, crystals (5 mg/mL)
complexed with aspirin were dispersed in aqueous solution, at the time of sampling
they were centrifuged at 13000 rpm for 5 min, the supernatant discarded and
replaced by the same volume of fresh solution. The crystals were re-dispersed by
rapid mixing and the process repeated for every sampling.

Characterization techniques.

Room-temperature X-ray powder diffraction (XRPD) patterns were collected
between 10° and 80° (26 range, A26 = 0.02°) with a Siemens D500 diffractometer
using Cu Ko radiation. Rietveld refinement has been performed with the QUANTO
software suite .The average diameter of the crystallites, d, was estimated from the
most intense reflection (101) of the TiO, anatase phase by use of the Scherrer
equation. Specific surface areas were determined by the classical Brunauer-
Emmett-Teller (BET) procedure with a Coulter SA 3100 apparatus.

The percentage of acetylic salicylic acid adsorbed/released in aqueous solution was
measured by total organic carbon (TOC) analysis (Model Shimadzu TOC-5000A
analyzer).

2.6.1.3 Results and discussion

Characterization of TiO, nanoparticles

TiO, nanoparticles were synthesized using the sol-gel method to obtain samples
characterized by different morphological features. The sol-gel process allows
tailoring the physical-properties of materials through the control over the initial
reaction conditions. In the present case, we shave synthesized 3 samples of TiO,

nanoparticles using a different water/alkoxide molar ratio. We have used a
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water/titanium alkoxide molar ratio of 49, 75, and 100 (samples T49, T75, T100).
A part of these precursors were submitted to thermal treatment and the samples
were called T45c, T75c, and T100c respectively.

The TiO, powders so obtained had similar phase composition (Table 1) and low
degree of crystallinity. The samples were composed by anatase and brookite in a
ratio of about 60/40 as indicated in Table 1. The average crystallite size computed
on the most intense peak of anatase were around 5 nm for the precursor sample and
of around 7-8 nm for the sample treated at 300 °C. Therefore, the crystallite size
was not strongly affected by the thermal treatment. Differently, the thermal step
had a great influence on the BET surface area of all samples (Table 2).

Table 1: phase composition and crystallites size calculated by the Sherrer equation for the
TiO, home-made nanoparticles.

Sample Heat treatment | % Anatase % Brookite Cryst(ilrlrz';e Slze
T49 - 61 39 5
T49c 300°C, 5h 63 37 7
T75 - 59 41 6
T75¢C 300°C, 5h 62 38 8
T100 - 61 39 5
T100c 300°C, 5h 63 37 7

Indeed, once the TiO, nanoparticles were submitted to the thermal treatment a
remarkable shrinking of the BET surface area was observed. For T49 and T75 the
surface area decreased of ~40%, while for T100 only a 28% shrinking was
measured.

Table 2: BET surface area and pore size distribution of the samples tested in adsorption of

aspirin.
Sample BET surface area Pore size (nm)

(m?/g) <6 6<d<20 | 20<d<80 >80
T49 243 90 7 2 1
T49c 144 26 69 3 2
T75 232 79 18 2 1
T75¢C 142 n.d. n.d. n.d. n.d.
T100 250 66 25 6 3
T100c 180 39 53 5 3
P25 50 n.d. n.d. n.d. n.d.

n.d. = not determined.

The TiO, nanoparticles were mainly characterized by mesoporosity. All samples
had ~95% of pores below 20 nm and an opposite trend composition was observed
for precursor and thermal treated samples. Specifically, the TiO, not treated at 300
°C had an abundance of pore <6 nm in size, while the samples submitted to the
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thermal treatment presented a major component of pore size ranging between 6 and
20 nm. In addition, increasing the water/alkoxide molar ratio, a decrease in the %
of these pores was observed (Table 2).

In Figure 2 are represented TiO, nanoparticles of T100 and P25 by Degussa after
immersion in water for 48 h. Both the nanoparticles are characterized by an outer
amorphous layer that is induced by the immersion in water. We assume that the
immersion in water induced a partial superficial reconstruction of the crystalline
samples with the final result to obtain a thin layer of amorphous oxide enclosing
the nanoparticles.

Figure 2: TEM picture of the samples (a T100; and (b) P25 after immersion in water for
48 h.

Optimization of the experimental conditions: adsorption tests

In order to optimize the experimental condition of drug delivery, we initially tested
all home-made TiO, nanocrystals and P25 by Degussa (Figure 4) in different
amount at constant concentration of aspirin (1x10°). The adsorption of aspirin was
studied over a time of 14 days. All the sol-gel titania sample presented an increased
% of adsorption of the drug in comparison with the value obtained for P25 (Figure
3d). Using 5 mg/mL we have observed a marked increase in the adsorption over the
home-made sample in comparison with that one in presence of 0.7 mg/mL. T49
(Figure 3a) and T75 (Figure 3b) had a similar adsorption (~60%) and the greater
amount of aspirin adsorbed onto the titania surface was observed in the first day of
reaction.

Differently, T100 (Figure 3c) presented an increase of activity up to ~80% and
after the first day it increased from 50 to 80% with a linear trend. No remarkable
difference was observed for TiO, nanoparticle untreated and treated at 300 °C. For
these reason we have selected this carrier amount (5 mg/mL) for the following
study of adsorption and release.

Thereafter we have study the influence of aspirin concentration on the adsorption
over TiO,. From Figure 4 it is clear that the range of concentration tested here does
not influence in a significant manner the % of aspirin loaded on the TiO,
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nanoparticles. We have used 1x10°M of aspirin in the preliminary adsorption
experiment before the release of aspirin.

s
time (days)

s 6 7 8
time (days)

s 6
time (days)

Figure 3: adsorption experiments for the samples of TiO, nanopatrticles (a) T49;
(b) T75; (c) T100; (d) P25. Red lines indicate the experiment conducted with 0.7
mg/mL of carrier, while the black lines shown experiments run in the presence of 5
mg/mL of TiO,. Otherwise, dotted lines are for untreated precursor; continuous
lines are for samples submitted to thermal treatment.
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Figure 4: adsorption behavior of (a) T49; (b) T100 at different concentration of
aspirin. Blue line: 1x10° M. Red line: 2x10° M. Green line: 3x10° M.
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Aspirin release

The adsorption/release behavior of the titania samples could be possibly regulated
by the outer amorphous layer observed in the TEM images (Figure 2). To better
understand the mechanism behind the process of adsorption/release, we are
performing FTIR analysis and NMR study on the surface of the TiO,-aspirin
conjugate.

The release profile reported in Figure 4 show that T100 (red line) had a faster
release reaching 100% of cumulative release after 7 days, while T49 presented a
slower release reaching 80% of the total amount of drug loaded after 8 days. In the
latter case, after the first day of release, the sample follow a linear kinetic of release
of aspirin.
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Figure 4: release curve referred to the samples (blue) T100, (red) T49.

2.6.1.4 Conclusion

We have presented a preliminary study on the use of TiO,-based nanomaterials for drug
delivery applications. The initial condition of adsorption of acetylic salicylic acid (carrier
amount and drug concentration) were optimized and subsequently the release of aspirin by
two selected samples were studied in aqueous solution. Interestingly, the release kinetic
follow a linear trend, highlighting the possibility to use TiO,-based nanomaterials as
efficient carrier for controlled drug delivery.

The use of nanomaterials in biomedical applications is strictly related to the understanding
of the interaction between the inorganic surface of the carrier and the drug molecule that
adsorbs onto its surface. For this reasons, NMR and FTIR experiments are ongoing in
order to enable the design of more sophisticated carrier and the study of more complex
molecule, such as cisplatinum and other antitumoral agents.
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2.6.2 Electrochemically-assisted Deposition on TiO, Scaffold for Tissue
Engineering: an Apatite Bio-Inspired Crystallization Pathway

A. Naldoni, A. Minguzzi, A. Vertova, V. Dal Santo, L. Borgese, C. L. Bianchi, Journal
of Materials Chemistry, 2010, DOI: 10.1039/c0jm02446e

2.6.2.1 Introduction

Tissue Engineering (TE) represents today one of the most attractive and
interdisciplinary field of nanoscience since it enables the design of artificial or
natural biological substitutes that restore, maintain or improve the original
tissue functions. In this field, bone regeneration represents a major issue. In
particular, the research for a suitable scaffold which serves as a structural
support and substrate for cell adhesion, differentiation and neo tissue genesis is
now a fundamental topic.' Hence, artificially designed scaffolds should have
several requirements, including biocompatibility, mechanical properties similar
to those of the bone replaced, biodegradability and biomimetic porosity. Among
these features, the porosity is a key property of a biomaterial®> and
interconnected hierarchical micro-/meso-/macroporous networks become,
therefore, natural candidates for bone TE. Pores are necessary for bone
regeneration because they allow migration and proliferation of osteoblasts and
mesenchymal cell, as well as the delivery of cytokines and cellular nutrients via
an enhanced vascularization. Macropores enhance mass transfer, while micro-
/mesopores provide a large surface area thus promoting a strong adhesion at the
scaffold/naturally grown bone interface.®*

A wide range of different materials have been tested for TE such as metals,
natural and synthetic polymers, ceramics, polymer/inorganic composites.’®
Among these, oxide ceramics (e.g. Al,03, ZrO,, TiO,) are bioinert materials
designed to be used as bone, joint or dental implants.>’ Only few papers
reported on the use of titanium dioxide (TiO;) scaffolds as potential materials
for implants, although it already showed good biocompatibility and the
capability to enhance bone ingrowth.®*® Differently, hydroxyapatite (HA,
Ca10(PO4)s(OH)2), the main inorganic component of natural bone and all
calcified tissues, was widely used both as a structural material™ ™3 or as a
coating onto metallic prosthesis to enhance their bioactivity.****

The aim of the current study was to explore the properties and the
functionalization of TiO,-based scaffolds for TE. We synthesized pure TiO, and
TiO,/HA macroporous scaffolds by a modification of the well-known polymeric
sponge method.'® Instead of producing a negative replicate of the sponge, we
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used it as an organic template in the sol-gel synthesis of TiO, to direct the
growth of nanoparticles preferentially on the sponge surface.

Moreover, we tuned up a versatile electrochemically-assisted deposition method
for non-conductive substrates (Scheme 1) to coat the scaffold pores of both
nanocrystallites and amorphous species, precursors for stable HA.
Electrochemistry-based methods have been already adopted for HA synthesis on
conductive substrates'’*® and consist in the local and controlled generation of
OH" ions (because it is directly related to the current passing through the
circuit), products of the water reduction reaction occurring at the cathode.
Electrochemical methods were selected since they typically lead to higher
selectivity, milder reaction conditions and simpler process design and operation
than the respective chemical methods.”® To our best knowledge,
electrochemically-assisted deposition on an electrically insulating substrate has
never been reported in the literature, except for methods only aiming to the
migration of the precursors into the scaffold.°

Interestingly, the composition and morphology of the growing phases were
strictly correlated to the physico-chemical properties of the scaffolds surface,
indicating the capability of the method to obtain tailored coating onto non-
conductive materials. The in vivo bone bioactivity of the TiO,-based scaffolds
were then predicted examining the apatite formation on their surface in
simulated body fluid (SBF) and the transformation of amorphous calcium
carbonate into crystalline hydroxyapatite was proposed as a novel bio-inspired
pathway toward the bioactivity of scaffold for TE.

2.6.2.2 Experimental

Synthesis of TiO, scaffolds. Macroporous scaffolds were prepared by an organic
template-directed method. Cellulose sponges (Spontex; diameter 12 mm, height 10
mm) were soaked in a solution containing Ti(OC3H7)4 (0.2 mol) in 2-propanol (50
mL) for 30 min, in order to allow the complete diffusion of the TiO, precursor
inside the porous bodies. Then, Milli-Q water (9.8 mol) was added, drop by drop,
to obtain a water/alkoxide molar ratio of 49 and a water/propanol molar ratio of
15.2* The slurry was stirred for 120 min at 300 rpm to complete the hydrolysis and
then left standing for 120 min without stirring, allowing the titanium dioxide
nanoparticles to growth onto the surface of the cellulose templates. Subsequently,
the sponges were removed from the suspension and dried for 24 h at 80°C.

Synthesis of TiO,—Hydroxyapatite scaffolds. We prepared TiO,/HA scaffolds
following the same procedure described for the TiO, scaffolds. The addition of
biomimetic HA crystals, during the soaking period of the sponges in the TiO,
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precursor, was the only exception. Needle-shaped HA nanocrystals were
synthesized as previously reported by Palazzo et al.?* The fraction having a
granular dimension ranging between 40-100 pum was selected for the scaffold
synthesis.

Sintering process. After the mild thermal treatment at 80°C, both the TiO, and
TiO,/HA soaked sponges were sintered for three times at a heating/cooling rate of
2.5 °C/min. Initially, the temperature was increased from 25°C to 500 °C, where
the samples were kept for 20 hours to allow the complete emission of organic
combustion products. In the second step the temperature was increased up to 1200
°C, inducing sintering processes. After 2 h at 1200 °C, the samples were cooled
using the same thermal steps described above.

Electrochemically assisted depositions. Electrochemically-assisted deposition was
carried out at room temperature in a single compartment electrochemical cell
containing Ca(NOs), (42 mm) and NH4H,PO,4 (25 mMm) aqueous solutions. In each
experiment, 2.5 mA current intensity was applied by using an AMEL 555B
potentiostat/galvanostat and a Keithley 199 multimeter as amperometer. A Pt coil
(geometric surface area approximately 2.5 cm?) served as working electrode while
a dimensionally stable anode (DSA®) was used as counter electrode.

The general process involves an electrolyte solution containing a Ca to P molar
ratio of 1.67 (equal to the theoretical ratio in stoichiometric HA) and a conductive
sample (Ti, steel) employed as a cathode. When a potential difference between the
material and a counter electrode is applied, the reduction of water to hydrogen
leads to the local increase of the hydroxyl ions concentration. This process results
in the precipitation of HA crystals both in solution and on the metallic surface. We
adopted an electrochemical set-up slightly different to those usually reported for
conductive substrates: a platinum coil was bent to host the scaffold like into a
conductive cage with the aim of producing a local increase of OH" concentration,
centered on the scaffold (Scheme 1). Before the deposition, the scaffold was
immersed in the electrolyte solution and then treated in an ultrasonic bath (2 min)
in order to allow ions diffusion into the pores. Deposition was conducted by
application of a constant current for 3 h. During the process, a white colloid formed
around the Pt coil, together with the evolution of hydrogen bubbles. After the
deposition, the scaffold was immersed in a 1 M NaOH aqueous solution for 22 h,
dried for 2 h at 80 °C, soaked with water for 30 min to wash away the unreacted
reagents and then dried again. Alternatively, the scaffold was directly dried at 80
°C without undergoing the NaOH treatment.
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Scheme 1 Schematic representation of the electrochemical set-up employed for the
depositions onto non-conductive porous substrates.

Bioactivity tests. The in vivo bone bioactivity of the ceramic scaffolds were tested
by examining apatite formation on their surface in SBF. SBF solutions were
prepared by dissolving NaCl (137.5 mm), NaHCO; (4.2 mm), KCI (3 mm),
K2HPO,4-3H,0 (1 mm), MgCl,-6H,0 (1.5 mm), 1.0 m HCI (39 ml), CaCl, (2.6
mm), Na SO, (0.5 mm) in de-ionized water (MilliQ grade), following the procedure
reported by Kokubo et al.?® The pH of solutions was adjusted to 7.40 by adding
tris(hydroxymethyl)aminomethane and HCI (1.0 M) at 36.5+0.5°C. Samples were
immersed in SBF solutions with composition similar to human blood plasma under
static condition at 36.5+0.5°C. The SBF solutions were renewed every 7 days to
replicate the physiological conditions of ions exchange. After a soaking time of 14
days, the samples were removed from the SBF solutions, gently rinsed with
distilled water, and then dried at room temperature.
Characterization. Scanning electron microscopy (SEM) analysis of scaffolds were
acquired by using a LEO 1430 at a voltage of 20 kV and a working distance of 15
mm. XRD measurements of powder samples were performed with a Panalytical
X’Pert Pro diffractometer equipped with the X’Celerator detector and Cu anode.
Operating values were 40 kV and 40 mA. For phase quantification Rietveld
refinement was performed after identification of crystallized minerals (ICCD cards)
and consequently their basic crystal structures (CIF files).
Diffuse Reflectance Infrared Fourier Transformed (DRIFT) spectra were recorded
on a Digilab FTS-60A spectrometer equipped with a KBr beam-splitter and a N-
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cooled linearized broad band MCT detector operating between 400 and 4000 cm™.
The samples were finely grounded in a mortar and a small portion was loaded in a
sample holder that was then inserted in a Harrick DRA-2C1 diffuse reflectance
accessory. DRIFT spectra were recorded operating at 4 cm™ resolution and
collecting 50 scans against a KBr background.

The micro hardness measurements were conducted using a Fisherscope HCU
Micro Hardness control Unit (Fischer) with a dwell time of 10 s and a 10 mN load.
The specimens were embedded in epoxy resin to provide support for the porous
network and then polished (to produce the smooth surfaces needed for the testing)
with silicon carbide abrasive papers of decreasing grit size (120, 320, 600 and 1200
grit). The Characteristic material parameters were obtained according to DIN
50359/1SO 14577. Tests were conducted in replicates of five. During the
calculation of the indentation hardness (MPa), indentation modulus (GPa) and
elastic part of indentation work (%), the shape correction for the indenter was
always taken into account.

2.6.2.3 Results

2.6.2.3.1 Characterization of macroporous scaffolds: SEM, XRD, DRIFTS and
mechanical properties
Monoliths with highly interconnected pores were obtained by the organic-template
synthesis and subsequent thermal treatment. The general morphology of the
bioceramic scaffolds is shown in Fig. 1a and 1b. The pore sizes distribution for
both TiO; and TiO,/HA (hereafter referred as composite one) scaffolds was not
homogeneous with pores diameter ranging from 1 pum to 1mm. The average
macroporosity observed by SEM measurements (Fig. 1b) was around 100 um, that
is generally considered the minimum pore size required to regenerate mineralized
bone.”
When TiO, was the only structural component, grains have grown randomly
creating a fine texture with crystallites dimension ranging from few hundreds
nanometers to 10 um in size (Fig. 3a;). Differently, if HA crystals were added to
the TiO, precursor solution, the distribution of crystallites dimension narrowed
dramatically (Fig. 3c;) and the mean grains diameter became smaller (about 1 pm)
than in the case of pure TiO, scaffolds.
XRD patterns of the titania-based scaffolds indicate the presence of well
crystallized samples with various phase compositions (Fig. 2a-b). As expected,
Ti0, scaffolds were composed by 100% in rutile; otherwise, the scaffolds initially
containing HA presented a more complex phase composition with the presence of
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rutile (81.1%), Whitlockite B-Caz(PO4), (B-TCP, 14.5%) and perovskite CaTiO3
(4.4%).

Figure 1 General morphology obtained for TiO, and TOZIHA scaffolds. (a) Optical
microscopy image shows the top view of the porous bodies. (b) SEM image shown a low
magnification view of the biomimetic porosity of the scaffolds.
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Figure 2 X-ray powder diffraction patterns of (a) TiO, scaffolds (Rutile ref. JCPDS 21-
1276) and (b) TiO,/HA scaffolds (5-tricalcium phosphate ref. JCPDS 09-0169, Calcium
titanate perovskite ref. JCPDS 42-0423).

The identification of beta-tricalcium phosphate (B-TCP) in the composite scaffolds
has also been confirmed by DRIFT measurements (Fig. 5¢;). The characteristic
peaks at 945, 974, 986, 1008, 1026 and 1130 cm™ are diagnostic to PO, ions in
TCP.* The broad absorption band centered at 897 cm™ and 867 cm™ for the TiO,
(Fig. 4a;) and the composite scaffold (Fig. 5c1), respectively, can be assigned to the
Ti-O lattice vibrations. This shift of the maxima will be discussed in the section
Discussion. The mechanical properties of porous scaffolds were determined by
micro hardness determinations for quantifying the intrinsic elastic properties of the
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investigated specimens. The average indentation modulus of TiO, scaffolds was
4.50+0.24 GPa as compared to 4.26£0.68 GPa, the latter determined for the
composite scaffolds. The average indentation hardness was 289+15 MPa and
167+15 MPa for the TiO, and the composite scaffolds, respectively, with an elastic
part of indentation work corresponding to 39£2% and 275 % of the respective
values.

2.6.2.3.2 Electrochemically-assisted depositions and bioactivity tests
SEM analysis
o A ;

Fig. 3 Mosaic of SEM images of the samples morphology obtained in different
experimental conditions. Grains morphology of the (al) TiO, scaffolds and (c1) composite
scaffolds. Coating grown after the electrochemically-assisted deposition and the NaOH
post-treatment onto the (b1) TiO, surfaces and the (d1) composite substrates. The images
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a2-a3 represent the TiO, scaffolds soaked in SBF for 14 days. The images x2 and x3 (x=,
b, ¢, d) represent the corresponding reference samples soaked in SBF for 14 days, at low
and high magnification, respectively.

EDS analysis suggested that the nanostructured coating obtained (in both TiO, and
composite scaffolds) via electrochemically—assisted deposition was composed by
HA crystals (experimental Ca/P=1.6, theoretical Ca/P=1.67). However, the
deposition was limited to the outer surface of the TiO,-based scaffolds, as shown in
Fig. SI1 in the Supplementary Information (SI). This effect was likely due to
hindrance of reagents diffusion toward the center of the scaffolds.

In order to extend the deposition to the inner surface, HA formation reaction was
driven by immersion of the scaffolds in a sodium hydroxide solution (1m) for 22h.
This process led to the growth of a new phase onto the inner surfaces of the
biomimetic architectures. In the case of TiO, scaffolds, the phase presented
undefined arrangement and shape (Fig. 3bs; Sl, Fig. SI2), while on the composite
scaffolds (Fig. 3dy; Sl, Fig. SI3a), we observed needle-like crystals with an average
diameter of about 60 nm. Fig. SI3b shows different degrees of growth of the
coating on the composite scaffolds: from tens of nanometers crystal nuclei (SI, Fig.
SI3b inset) to large deposits that obstruct the pores.

The in vivo bone bioactivity of a scaffold for TE can be predicted from the apatite
formation on its surface in SBF.?® In the present case, the preparation method
greatly influenced the behavior of the final porous materials after the immersion in
SBF solutions. Figs. 3a,-a; clearly show that TiO, scaffolds were not affected by
the immersion in SBF; in fact, the grains surface presented the same morphology
initially  observed in the starting materials. Interestingly, in the
electrochemically/chemically treated TiO, samples the coating underwent a
dramatic change in morphology after being soaked in SBF and the disordered
deposited phase (Fig. 3b;) transformed into crystals with well-defined shape (Figs.
3b,-b3). The new deposit was homogeneously distributed over the TiO, surface (Sl,
Fig. SI4); it was composed by acicular nanocrystals with dimension of about 320
nm in length and 60 nm in width.

Composite reference samples showed a completely different activity in SBF,
leading to the growth of porous aggregates with “cauliflower-like” morphology
(Figs. 3cp-c3) and dimension in the order of micrometers. Moreover, the
electrochemically deposited composite scaffolds presented a similar morphology
before and after immersion in SBF (Figs. 3d,-d3), except for the partial surface
reconstruction observed.

DRIFT spectra
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DRIFT spectroscopy was used to investigate the nature of the phases grown on the
scaffolds surface. The DRIFT spectrum of the TiO, scaffolds after
electrochemically-assisted deposition (Fig. 4b;) showed typical vibrational bands
due to the presence of amorphous calcium carbonates (ACC). They were
characterized by a split peak of the asymmetric stretch (v5) of the CO5* ions at
1473, 1460, 1442, 1433 cm™. This observation, together with the absence of the in-
plane carbonate bending peak at 713 cm™ (v,), indicated the lack of symmetry in
the environment of carbonate ions.® The out-of-plane bending of COs* ions was
clearly visible and centered at 883 cm™ (V,), over the TiO, structural vibrational
band, while the distinct shoulder at 1002 cm™ revealed the inclusion of phosphate
ions in the CaCOj structure.?® Moreover, also the peaks at 1774 and 2490 cm™ (see
arrows in Fig. 4b; and inset b1) were attributable to carbonate vibrational modes.
On the other hand the sharp peak at 3640 cm™ (Fig. 4by, inset b1) was diagnostic of
the presence of crystalline Ca(OH), whereas the broad absorption band in the
region 2500-3600 cm™ could be assigned to hydrogen-bonded hydroxyl ions as
well as to water absorbed molecules.?’

Fig. 4b, shows the DRIFT spectrum of the TiO, scaffolds after electrochemically-
assisted deposition and immersion in SBF for 14 days. The intensity of the
asymmetric stretch of the COs* ions decreases compared to Fig. 4b; and the peak
splits at 1419 and 1458 cm™. All the additional bands detected suggest that the
residual carbonate ions (peak at 1114 cm™) was trapped into a new forming apatite
phase characterized by a structural order as shown in the SEM analysis (Figs. 3b,-
bs). The peaks located at 564 and 601 cm™ were assigned to bending mode, v and
Vaa, respectively, of the O-P-O bonds in phosphate groups.?* The shoulder at 961
cm™ was a characteristic of carbonated HA? and the well-defined peak at 1024 cm’
! was due to the presence of crystal imperfection and HPO,* groups in
nonstoichiometric HA. Additionally, the peak with low intensity at 3556 cm™ (Fig.
4b,, inset b2) was the typical stretching mode, vs, of the OH in the HA
structure.?** Fig. 5b,, inset b3, reports the phosphate v, absorption peak at 560-
600 cm™ after subtraction of spectrum 5a;. The extent of splitting (splitting factor,
SF) of this band has been previously used to evaluate the sample crystallinity;*® in
the present case the calculated SF was 5.15 suggesting a high crystallinity for the
growing phase.

In the case of composite scaffolds, DRIFT analysis became more complex because
of the presence of B-TCP in the structure of the TiO, scaffolds. This component
dramatically increased the

activity of the samples in SBF. Indeed, whose spectrum (Fig. 5c;) was different to
the reference one (Fig. 5¢;) for the marked increased intensity of the bands at 1008
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and 1026 cm™. This observation suggested that the porous deposits were composed
by apatite even though the lack of characteristic bands of HA (560-600 cm™, 3560
cm™). In fact, the presence of HA was identified by the existence of the well-
known globular, cauliflower-like shaped crystals (Figs. 3c,-c3) already reported for
polycaprolattone-based scaffold,* poly(L-lactic acid) foam® or 45S5 Bioglass®-
based scaffold® after immersion in SBF.
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Figure 4 Diffuse Reflectance Infrared Fourier Transformed (DRIFT) spectra of TiO,
scaffolds (al) as a reference; (b1, insetbl) after deposition and post-treatment in NaOH;
(b2-inset b2,3) sample bl after immersion in SBF for 14 days. The intensity are normalized
to the Ti-O stretching peak at 897 cm™. The inset b1 was obtained subtracting al from b2.

Fig. 5d; represents the DRIFT spectrum of the homogeneous coating grown on
composite scaffolds after electrochemically-assisted treatment and subsequent
immersion in 1 M NaOH solution. This crystals are composed by octacalcium
phosphate (OCP) as suggested by the bands located at 1053 and 1076 cm™ and by
the prominent shoulder at 1250 cm™.2* The rose-like crystals morphology observed
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by SEM analysis (SI, Fig. SI3b) supports this observation since it was already
observed onto titania surface by other authors.**** Once the sample mentioned
above was immersed in SBF, the vibrational bands of the scaffolds changed. The
IR bands of the OCP disappeared and the coating was characterized by the same
spectrum of the reference composite scaffolds, albeit the bands related to B-TCP
had a lower intensity.
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Figure 5 DRIFT spectra of TiO, based composite scaffolds (c1) as a reference; (c2)
reference soaked in SBF for 14 days; (d1) after deposition and post-treatment in NaOH;
(d2) sample d1 after immersion in SBF for 14 days. The intensity are normalized to the Ti-
O stretching peak at 867 cm™.

2.6.2.4 Discussion

The conventional polymeric sponge method exploits the rheological properties of
an inorganic slurry (e.g. HA, TiO,) to obtain a morphological complementarity to
the structure of the template: porous ceramics obtained through this method have
open-celled porosity, programmable pore size and a complex shape.8135%7
Differently, here we used the sponge to direct the nucleation and growth of TiO,
preferentially along its surface. The hydrolysis/polycondensation reaction of the
151



TiO, precursor occurred both inside the pores inner volume and on their walls, but
preferentially on the latter. Thus, the resulting scaffolds had an extensive
microporosity strictly resembling the morphological properties of the polymeric
backbone and macropores with diameters of suitable sizes to host osteoblasts and
the diffusion of the new, growing bone. In addition, microporosity is a fundamental
property of biomaterials for TE because it contributes to higher bone-inducing
protein adsorption as well as ions dissolution/re-precipitation involved in bone
regeneration process. For these reasons, the proposed scaffold synthetic route could
be applied also for other materials such as HA, ZrO, and polymer/inorganic hybrid
materials.

The insertion of biomimetic HA crystals in the synthesis of the TiO, scaffolds led
to the formation of bioceramic composite materials. The HA phase transformation
and decomposition was already reported for the system Caio(PO4)s(OH)2-ZrO,. %
We suggest a similar behavior for the HA-TiO, composite material according to the
following steps:

Cay(PO4)s(OH),; — Calo(PO4)5(OH)(2.2x)Ox +XH20 1)
Calo(PO4)6(OH)(2-2x)OX + TiO, — 3 B-Caz(POy), + CaTiOz + (1-x) H,O  (2)

The loss of water from HA started around 600°C and an oxyhydroxyapatite was
thereby formed (1). The process enhanced the reactivity between titanium dioxide
and HA creating vacancies in its structure. Since the rate of the beta-tricalcium
phosphate (B-TCP) formation (2) increases with temperature, HA was decomposed
completely after a treatment of 2h at 1200°C in air, as confirmed by XRD analysis
(Figs. 2a-b). The presence of TiO, is responsible for the unique behavior of the
system since the phase transition temperature from B-TCP to a-TCP is usually
around 1100°C.* The formation of an intimate composite material after HA
decomposition was further proved by the shift of 30 cm™ (Figs. 4a; and 5c¢;) of the
structural peak of the O-Ti-O rutile lattice.

The mechanism mediated by water diffusion, which directed to the formation of
tricalcium phosphate and calcium titanate, influenced the growth of the grains
during the sintering process, resulting in a great homogeneity and smaller grain size
for the composite materials (Figs. 3a; and 3c;).

HA crystals were added in the synthesis with the aim of improving the bioactivity
of the TiO, scaffolds. The immersion in SBF of the TiO, and composite scaffolds
was the proof of the effectiveness of our strategy: TiO, samples have not shown
any deposit growing onto its surface (Figs. 3a,-as); inversely, apatite crystals with a
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“cauliflower-like” morphology grown onto the overall porous area of the
composite scaffolds (Figs. 3c,-c3; SD, Figs. SD5a-b). This finding can be explained
by the presence in the crystalline lattice of biologically active phases such as -
TCP and CaTiO3.">* The mechanical properties of the TiO, (elastic modulus and
indentation hardness, see the section Results) are comparable to the ones of
trabecular bone specimens (e.g. trabecular lamellae in the neck of human femur)
already reported,**** even though mechanical properties of our samples can be
further improved, for example by inclusion of polymeric materials into the TiO,
network.

In order to enhance the bioactivity of the TiO, scaffolds, we adopted the
electrochemically-assisted deposition as deeply described in the section
Experimental. Unfortunately, the method by its own led to the deposition of HA
only onto the outer surface of the scaffolds (Figs. SD1a-b). This indicates that the
method is promising for the direct and quick deposition of HA onto non-conductive
structures but still needs improvement. In order to allow the growth of HA
structures also in the less accessible regions of the scaffolds, they were immersed
in NaOH 1m for 22h without washing out from the pores volume the original
electrolyte solution.”® The experimental evidences showed that, after the whole
process, the composite scaffolds presented the B-TCP template growth of
octacalcium phosphate (OCP) crystals that dissolved when the scaffolds were
immersed in SBF for 14 days. The high solubility of the OCP and B-TCP phases
induced the partial dissolution/reconstruction of the surface morphology.
Differently, the growing deposit observed on the TiO, scaffolds was an amorphous
calcium carbonate (ACC) phase that transformed into biomimetic acicular HA
nanocrystals after immersion in SBF.

This is the result of a different role played by the electrochemically-assisted
deposition technique on non-conductive substrates compared to its effect on
metallic electrodes. In the latter case, the electric field reduces the activation energy
for the heterogeneous nucleation, and the thermodynamically stable phase (HA) is
deposited on the electrode surface.®® In this work, the experimental evidences
suggest that the modification of the method for non-conductive scaffolds had the
major effect of changing the surface state of the sample: the high concentration of
electrochemically generated OH" induced a negative charge (TiO, isoelectric point
is at a pH of about 6-7) on the scaffolds surface. The platinum coil is also
negatively charged. As a consequence, a gradient concentration of the different
species was reached. In particular, the presence of phosphates was likely decreased
while Ca?* concentration was increased in the volume confined by the Pt coil. The
main effects were both a Ca specific adsorption and a local precipitation of calcium
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phosphates, in both cases interesting the inner and the outer surface of the scaffold.
The following immersion in NaOH had then different effects in dependence on the
nature of the scaffolds: in the composite ones, the presence of a calcium phosphate
polymorph in the TiO, crystalline lattice directed the growth of OCP crystals while
for the TiO, ones, the formation of a crystalline calcium hydroxide deposit was
observed (Scheme 2). Since the alkaline treatment lasted 22h, the CO, molecules
dissolved in the water have partially replaced the hydroxyl ions in the Ca(OH),
lattice, leading to a mixture of crystalline Ca(OH), and hydrated ACC (Fig. 4b,).
ACC is highly soluble and usually rapidly transforms to calcite, vaterite or
aragonite, but surprisingly when the TiO, scaffolds were immersed in SBF, ACC
(Fig. 3b;) underwent a transformation into biomimetic acicular carbonated HA
nanocrystals (Figs. 3b,-bs). To the best of our knowledge, this is the first report
about the transformation of ACC to biomimetic HA through immersion in SBF; the
conversion of crystalline CaCO3 to HA was already obtained but under different
experimental conditions.*”

It is well known that nature uses ACC as a transient precursor phase for making
mineralized skeletal parts: the first-formed deposit is a disordered and hydrated
phase that with time transforms into the stable crystalline form. This strategy
permits to natural organisms to obtain large single crystals with desired shape
starting from a melt amorphous phase.>**’ Similarly, we obtained highly bioactive
TiO, scaffolds using ACC as a possible precursor phase toward the bioactivity.

In general, electrochemically-assisted deposition permits to obtain the growth of
the most thermodynamically stable polymorph (HA) following a single-step
pathway. Otherwise, the results obtained for the TiO, scaffolds can be summarized
as a reported in Scheme 2. We proposed a bio-inspired crystallization pathway that
proceeds by a sequential process involving compositional and structural
modifications of a crystalline intermediate, Ca(OH),, and an amorphous precursor,
ACC. The kinetic control of the system is based predominantly on the modification
of the activation-energy barrier of nucleation (AGy), growth (AGg) and
transformation (AGy). The phase transformations depend on the solubilities of the
intermediates, energy of interconversion and presence of additives (e.g. PO,* ions).
The nucleation of Ca(OH), as well as the transformation of ACC into HA were
therefore highly heterogeneous and associated to the scaffolds surface.”® In
particular, the conversion from ACC to HA can be explained by the nanoporous
structure of ACC proposed by a theoretical model already reported by other
authors.>
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thermodynamic pathway
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Crystalline
Ca(OH),
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bio-inspired pathway CaCOo,

Hydroxyapatite
Ca4(PO4)s(OH),
Scheme 2 HA bio-inspired crystallization pathways proposed for the TiO, scaffolds
system and under thermodynamic control. A system follows a one-step route to the final
mineral phase (pathway T) or proceeds by sequential precipitation (our pathway)
depending on the free energy of activation (AG) associated with nucleation (n), growth (g),
and phase transformation (t).

Its fundamental feature is the evolution of two distinct percolating structural
components: a porous Ca-rich framework and a carbonate/water (Ca-poor regions)
“channels” forming interconnected pathways. The dissolution of ACC and the
presence of these Ca-poor nanopores can permit the phosphate ions diffusion,
facilitating the HA nanocrystals formation template by the TiO, surface, a
biomimetic process similar to the biomolecules-assisted crystallization of ACC
observed in biogenic or synthetic materials.

2.6.2.5 Conclusions

Titania-based scaffolds with a biomimetic porosity similar to the morphology of
the trabecular bone were produced by a modification of the polymeric sponge
method. The proposed electrochemically-assisted deposition method represents
therefore a promising route for the functionalization of non-conductive surfaces.
On one hand, the direct HA deposition was possible (and was observed on the outer
surface of the scaffolds), but the motion of ions into sample pores was hindered by
the charging of the scaffold surface and by partial pores occlusion. After the
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alkaline treatment, the TiO, inner surface was predominantly covered by
amorphous calcium carbonate that, as observed for the first time, easily converts to
hydroxyapatite under nearly physiological conditions. This represents a promising
powerful route for the improvement of synthetic materials bioactivity.

2.6.2.6 Supplementary Information
Figure SI1

Figure SI1. SEM micrographs shown hydroxyapatite crystals originated through H
homogeneous nucleation in the electrolytic solution and then deposited onto the outer

surface of (a) TiO, scaffolds (b) composite scaffolds.

Figure SI2

Figure S12. SEM image of the coating of amorphous CaCOj; observed onto the TiO,
scaffolds surface after the electrochemical deposition and alkaline post-treatment.
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after the

electrochemical deposition and alkaline post-treatment: (a) the coating obtained onto the

inner scaffolds surface is homogeneous (b) and it growths also into the pores. The inset b

shows a region where the crystal growth is starting and the dimension of the crystallites is
in the range of tens of nanometers.

Figure Sl4

=

Figure Sl4. SéM images of the carbonated hydroxyapatite crystals grown onto the surface
of TiO, scaffolds deposited and soaked in NaOH after immersion in SBF for 14 days.

Figure SI5
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Figure SI5. Composition of SEM images shown the composite scaffolds surface after
soaking in SBF for 14 days: (a) the panoramic view attempts that the calcium phosphate
deposit growths homogeneously distributed; differently the (b) high magnification image
highlights the porous cauliflowers-like morphology of the growing phase. (c) and (d) are

SEM images showing the morphology of the coating onto the composite scaffolds after the
electrochemical and alkaline treatment and the subsequent immersion in SBF for 14 days.
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Figure S16. DRIFT spectra of TiO, scaffolds (a) after immersion in Ca(NO); 0.042 M and
NH4H,PO, 0.025 M for 3 h and post-treatment in NaOH 1 M for 22 h; (b) soaked in SBF
for 14 days, the spectra indicates the presence of tris(hydroxymethyl)aminomethane
adsorbed onto the surface of the scaffold. The intensity are normalized to the Ti-O
stretching peak at 897 cm™.
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Chapter 4

Conclusions






This Ph.D. Thesis is mainly focused on the design and application of
nanostructured TiO, both for photocatalysis in environmental remediation and for
biomedical applications.

The findings discussed in the above chapters, highlight the versatility of sol-
gel reaction: it is demonstrated that using the same TiO, precursor (e.g., an
alkoxide) and slightly changing the initial experimental condition, several different
morphologies (e.g., nanoparticles, macroporous scaffolds) are obtained.

In the synthesis of TiO, catalysts for environmental remediation of pollutants
in air, sol-gel synthesis is a powerful tool to control the phase composition,
morphological properties, surface area, and surface features (e.g., surface
hydrophilicity/hydrophobicity). All these aspects are strictly related to the
photocatalytic activity of the samples since they influence the processes involved in
photocatalysis such as charge separation, suppression of charge recombination, and
reactivity of the surface sites. The importance of the physico-chemical properties of
TiO, home-made samples on the final photocatalytic activity and on the
photodegradation path has been studied. In addition, N-doped titanium dioxide is
synthesized using titanium chloride as a starting reagent.

In this Ph.D. Thesis, the study of the chemical/physical effects of ultrasound is
another important issue. In a first work, the effect of high intensity ultrasound (e.g.,
20 kHz) on the properties of TiO, nanoparticles obtained via a sol-gel route is
shown. Ultrasound treatment induces the presence of titanium surface defect sites
hence inducing a high photocatalytic activity in the degradation of nitrogen oxides.
Moreover, the cavitation produced by high intensity ultrasound is exploited in
conjunction of the advanced Fenton process in the degradation of ionic surfactants
in the liquid phase.

Acoustic waves travelling at the interface of two liquids can generate the
nebulization of liquid chemical precursor. This is the main concept behind
ultrasonic spray pyrolysis (USP). USP presents many advantages in comparison
with tradition synthetic route since it exploits the indirect effects of ultrasound to
create micron-sized droplets that act as isolated, individual micron-sized chemical
reactors. In this Thesis is reported the USP synthesis of porous TiO, microsphere
with tunable physical-chemical properties: changing the dimension and amount of
colloidal silica templates, it is possible to tune the surface area, phase composition,
crystallites dimension, band gap, porosity, photocatalytic activity, and surface
character of the resulting TiO, microspheres.

Finally, a preliminary study on the possibility to use TiO, nanoparticles for
drug delivery and an example of the use of macroporous TiO, scaffold in
biomedical application was reported. The synthesized monoliths have shown a
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similar morphology that by trabecular bone and mechanical properties suitable to
employ the scaffolds in tissue engineering for bone regeneration. The bioactivity of
such samples was improved by an electrochemically-assisted deposition for non-
conductive sample. The most important finding was the observation of a new bio-
inspired apatite crystallization pathway toward the bioactivity of biomaterials. The
latter result highlights the possibility to use TiO, as model materials in the study of
the interactions among inorganic materials and biological systems.
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APPENDIX A

Collaborations in
science of

biomaterials






The interest in the field of ‘science of biomaterials’ has led to fruitful
collaborations with other Italian research groups: since we have long experience in
X-ray photoelectron spectroscopy analysis, we have contributed in the
determination of surface atomic species, understanding of the superficial properties
of biomaterials and in their general behavior. We have investigated the role of
inorganic biomaterials (e.g. biomimetic hydroxyapatite, bioactive glasses) in
fundamental biological process.

In conjunction with the research group of Prof. Norberto Roveri (Department of
Chemistry, University of Bologna) we have examined the different effects of
biomimetic apatite nanocrystals on the surface enamel remineralization. The
characterization of the surface of enamel slabs before and after treatment with
carbonated hydroxyapatite (CHA) or fluoride toothpaste have underlined the
possibility to obtain an enamel remineralization through the formation of a surface
apatite coating which covers the enamel structure avoiding the most probably
health dangerous fluoride effects. The documented CHA biomimetic coating
formation which is less crystalline than enamel natural apatite represents an enamel
repair process corresponding to an apatite deposition inside the demineralized area
of enamel surface and may be considered an innovative approach to contrast
enamel demineralization.

Differently, in collaboration with the research group of Dr. Enrica Verne
(Department of Materials Science and Chemical Engineering, Politecnico di
Torino) we have focused on the functionalization of bioactive glasses, glass-
ceramic and ferrimagnetic glass-ceramic. In the first work we have demonstrated
that alkaline phosphatase, an enzyme involved in bone formation and
mineralization, could be grafted onto different bioactive surfaces while maintaining
its activity. Presence of the enzyme in vitro enhances the inorganic bioactivity of
the materials tested, proving that we have obtained a stable biomimetic surface.
Secondly, we have studied a ferrimagnetic glass—ceramic, belonging to the system
SiO,—Na,0-Ca0-P,05—FeO-Fe,03 (SC45), as potential carrier for antineoplastic
agents (doxorubicin, cisplatinum), in order to exploit the combination of
hyperthermia and chemotherapy. The antineoplastic agents were incorporated into
the glass—ceramic powders, and the subsequent release behavior was studied.

This research work pointed out the possibility to graft antineoplastic agents on
SC45 glass—ceramic surface. This material can be used for both antitumoral
implants and magnetic drug targeting, overworking, in this way, the material ability
to generate heat and to release chemotherapeutics able to interact with neoplastic
cells.
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APPENDIX Al: Surface enamel remineralization: biomimetic apatite
nanocrystals and fluoride ions different effects

N. Roveri, E. Battistella, C. L. Bianchi, I. Foltran, E. Foresti, M. lafisco,, M. Lelli, A.
Naldoni, B. Palazzo, L. Rimondini, Journal of Nanomaterials 2009 |,
doi:10.1155/2009/746383.

A.1.1 Introduction

Dental erosion is the chemical wear of the dental hard tissue without the
involvement of bacteria." Its clinical relevance is becoming wider and wider,?® and
it is considered one of the main tooth pathologies able to cause patient discomfort,
after periodontal diseases and caries. Its aetiology is related to the enormous
increase in consumption of soft drinks, fruit juices and sport drinks consumption.’
However, other acid sources such as drugs containing syrups, analgesics and
vitamin C intake and environmental acid exposure in working conditions are
claimed to be related to enamel erosion.**? The mechanisms involved in the
damage of dental hard tissue are the acid attacks on the outer few micrometers of
the enamel, which brings to demineralization and dissolution of the mineral
phase.**® Hydroxyapatite is the main constituent of the dental tissues representing
in enamel and dentine the 95 wt% and 75 wt%, respectively. The primary
determinant of dissolution rate is the solubility of hydroxyapatite (HA) which is
related to pH, and the presence of salivary pellicle also appears to be important.*”*°
Frequent application of a high concentration of topical fluoride may be of some
benefit in preventing further demineralization and increasing the abrasion
resistance of erosion lesions.” In vitro studies have shown that synthetic
carbonated-hydroxyapatite (CHA) dissolution inhibition is a logarithmic function
of the fluoride concentration in solution.”* Systemic intake of fluoride during tooth
formation has been claimed to be effective in caries prevention just by means of the
apatite demineralization inhibition. According to recommended daily allowances
(RDASs) panel of the European Food Safety Authority, an intake of 0.1 mg
fluoride/Kg body weight/day in children up to the age of eight years can be
considered as the dose below which there will be no significant occurrence of
moderate forms of fluorosis in permanent teeth.?? However, it is important to
consider that fluoridated water, fluoride supplements in diet, fluoride toothpaste,
and topical fluoride applications have been identified as sources of enamel
fluorosis.”® Moreover, the “probably toxic dose” of fluoride—the dose which
should trigger therapeutic intervention and hospitalization—is 5mg/Kg of body
weight, but as currently packaged, many dental products contain sufficient fluoride

to exceed the “probably toxic dose” for young children.?* Most of the products and
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devices used to contrast enamel and dentine erosion, such as fluoride,??® behave
by reducing apatite dissolution rather than aiming to promote mineralization
through apatite crystallization or replacement of the lost mineral. Hydroxyapatite,
as well as in bone, is responsible for the mechanical behavior of the dental tissues.
Unlike bone, in enamel and dentine, when HA is dissolved or abraded, it cannot
spontaneously remineralize because enamel contains no cells and dentine
apposition occurs only toward the pulp tissues. Therefore, both enamel and dentine
can be reconstructed only by the application of alloplastic materials providing a
sort of prosthetic restoration. In view of this situation, the demineralized area and
micrometric sized scratches, which normally occur on enamel surface as a
consequence of microwear and acid attack,?® cannot be repaired biologically nor
prosthetically. Hydroxyapatite has been widely subjected to experiment as bone
filler and prosthetic coating due to its biocompatibility and osteoconductivity,
representing an elective material covering a wide range of applications for bone
substitution and interface.® Poorly crystalline HA nanocrystals, in addition to the
excellent biological properties of HA, such as nontoxicity and lack of inflammatory
and immunitary responses, have bioresorption properties under physiological
conditions. This property can be modulated by modifying its degree of crystallinity,
which is achieved by implementation of innovative synthesis with a nanosize
crystals control. In the last decade, advanced technology has been utilized to
synthesize a new generation of biomimetic apatitic alloplastic materials which can
optimize the interaction with biological entities thanks to their strong surface
bioactivity.** The aim of the present study is to highlight the effect of the synthetic
biomimetic hydroxyapatite crystals respect the fluoride ions into the
remineralization in vitro of human enamel surface.

A.1.2 Materials and Methods

A.1.2.1 Chemicals
All the chemicals reagents used were of high chemical grade from Sigma-Aldrich,

Mo, USA.

Al.2.2 Synthesis of Carbonate-Hydroxyapatite Nanocrystals

Plate-acicular shaped carbonate-hydroxyapatite nanocrystals about 100 nm in size
were synthesized according to a modification of the method previously reported®
and patented.®* CHA nanocrystals about 100 nm in size were precipitated from an
aqueous suspension of Ca(OH), (0.17 M) by slow addition of H3PO,4 (0.15 M). The
reaction mixture was stirred at 37 °C for 12 hours, and then stirring was suspended
allowing the deposition of CHA nanocrystals. Synthesized CHA 100 nm sized
nanocrystals were isolated by filtration of the mother liquor, repeatedly washed
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with water and freeze-dried. The fraction of plate-acicular shaped crystals about
100nm in size with a granular dimensions ranging from 100 to 150 pm was
selected for the study. Aliquot of plate-acicular shaped crystals about 100 nm in
size has been allowed, after synthesis to intergrowth in the reaction mixture up to
the formation of clusters having dimension ranging from about 0.5 to 3.0 um. The
cluster aggregation process has been stopped by adding a surfactant (Protelan
MST35 8 wt%) in the mother solution. Plate-shaped carbonate-hydroxyapatite
nanocrystals about 20 nm sized were synthesized according to the method of Liou
et al.>* with some modifications. The nanocrystals were precipitated from an
aqueous solution of (NH;)3PO4 (5.1 mM) by slow addition of an aqueous solution
of Ca(CH3COO0); (8.5 mM) keeping the pH at a constant value of 10 by addition of
a NH OH solution. The reaction mixture was kept under stirring at room
temperature for 24 hours, and then stirring was suspended allowing the deposition
CHA nanocrystals. Synthesized CHA nanocrystals were isolated by filtration of the
solution, repeatedly washed with water, and freeze-dried. The fraction of plate
shaped crystals about 20 nm in size having granular dimensions ranging from 100
to 150 um was selected for the study.

A.1.2.3 Morphological Characterization

Transmission electron microscopy (TEM) investigations were carried out using a
Philips CM 100 instrument. The powdered samples were ultrasonically dispersed in
ultrapure water, and then a few droplets of the slurry deposited on holey-carbon
foils supported on conventional copper microgrids. Scanning electron microscopy
(SEM) observation was carried out by an SEM (Zeiss EVO, 40 XVP) using
secondary electrons at 25 kV and various magnifications.

A.1.2.4 Structural Characterization

X-ray diffraction powder and enamel surface patterns were collected using an
Analytical X Pert Pro equipped with X’Celerator detector powder diffractometer
using Cu K, radiation generated at 40 kV and 40mA. The instrument was
configured with a 1° divergence and 0.2 mm receiving slits. The samples were
prepared using the front loading of standard aluminum sample holders which are 1
mm deep, 20 mm high ,and 15 mm wide. The degree of HA crystallinity was
evaluated according to the formula:*®

X
cristallinity = (7) 100
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where X = net area of diffracted peaks, and Y = net area of diffracted peaks +
background area. Crystal domain size along the c direction was calculated applying
Scherrer’s formula:

0.944

cos 6 (\/Arz — A(Z))

L(ooz) =

where 4 is the diffraction angle for plane (002), Ar and A, are the widths in radians
of reflection (002) at half height for the synthesized and the reference HA
materials, respectively, and A = 1.5405 "A.

A.1.2.5 Infrared Microscopy Spectral Analysis

ATR-IR spectra were recorded on a Thermo Nicolet 380 FT-IR spectrometer
equipped with a commercial ATR accessory. The infrared spectra were registered
from 4000 to 400 cm ' at 2 cm ™ resolution using a Bruker IFS 66v/S spectrometer
using KBr pellets. ATR spectra were recorded with the cell empty to be used as a
blank for subsequent experiments. Samples were made by placing the powder
sample onto the Ge ATR crystal. Spectra were collected by averaging 32 scans at 4
cm * resolution.

A.1.2.6 Specific Surface Area Determination.

Measurements were undertaken using a Carlo Erba Sorpty 1750 instrument by
measuring N, absorption at 77 K and adopting the well- known BET procedure.*

A.1.2.7 Spectrophotometric Analysis

Phosphorus  contents ~ were  determined spectrophotometrically  as
molybdovanadophosphoric acid using 1 cm quartz cell.*” Calcium contents were
measured using inductively coupled plasma (ICP) optical emission spectrometry
(OES) using a Perkin Elmer Optima 4200DV.

A.1.2.8 X-Ray Photoelectron Spectroscopy (XPS)

Analyses were performed in an M-Probe Instrument (SSI) equipped with a
monochromatic Al K, source (1486.6 eV) with a spot size of 200x750 pum and pass
energy of 25 eV, providing a resolution for 0.74 eV. With a monochromatic source,
an electron flood gun was used to compensate the build up of positive charge on
the insulator samples during the analyses. 10 eV electrons were selected to perform
measurements on these samples. The accuracy of the reported binding energies
(BEs) was estimated to be £0.2 eV. The quantitative data were also accurately
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checked and reproduced several times (at least ten times for each sample), and the
percentage error was estimated to be +1 %.

A.1.2.9 Statistics Analysis

Determination of HA crystallite domain size along the ¢ direction, bulk and surface
Ca/P ratio, and specific surface area were carried out 5 times on the same synthesis
product. Data are presented as mean valueX=SD. Differences were considered
statistically significant at a significance level of 90%.

A.1.2.10 In Vitro Enamel Remineralization Procedures

Slabs of enamel (3 x 3 mm) were obtained from interproximal surfaces of
premolars extracted for orthodontic reasons. After the extraction, the teeth were cut
with diamond disks, and the obtained slabs were sonicated for 10 minutes in 50%
ethanol in order to remove any debris. Then, the specimens were etched with 37%
phosphoric acid for 1 minute. Etched slabs were washed in distilled water for 10
minutes under stirring and then air dried. Two different in vitro remineralization
procedures have been performed. The first in vitro remineralization procedure
utilizes a 10 wt% CHA in the range from 100 to 150 um granules slurries
constituted of both 20 nm or 100 nm sized nanocrystals. CHA nanocrystals
aqueous slurries were applied for 10 minutes on the surfaces of the enamel slabs at
room temperature with 100% relative humidity and then removed by water
washing and air dried. The second in vitro remineralization process utilizes
toothpaste containing both fluoride ions and CHA 0.5 — 3.0 um sized clusters
constituted by intergrowth of 100 nm sized nanocrystals. Comparable etched
enamel slabs were divided into 3-groups of treatment using, respectively, fluoride
or CHA-based toothpaste and only water (control). Each slab was brushed three
times a day for a period of 15 days. The intervals between brushing sessions were
at least 5 hours. Every brushing session has been performed for 30 seconds by an
electric toothbrush using constant pressure and a bean sized toothpaste aliquot
wetted with tap water, closely resembling the in vivo usual tooth brushing
procedure. After every treatment, the single enamel slab was washed with tap water
using a cleaned toothbrush in order to remove residual toothpaste.

A.1.3 Results

A.1.3.1 Synthesis and Characterization of Biomimetic Carbonate-Hydroxyapatite
Nanocrystals

Biomimetic carbonate- hydroxyapatite nanocrystals have been synthesized with a
nearly stoichiometric in bulk Ca/P molar ratio of about 1.6-1.7 and containing 4 + 1
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wit% of carbonate ions replacing prevalently phosphate groups. CHA nanocrystals
have been synthesized both about 100 nm and 20 nm sized with an acicular and
plate morphology, respectively. TEM images of synthetic 20 nm sized CHA
nanocrystals showing the plate-shaped morphology and synthetic 100nm sized
CHA nanocrystals showing the acicular morphology are reported in Figures 1(a)
and 1(b), respectively. CHA nanocrystals can aggregate in microsized crystal
clusters, whose dimensions increase prolonging maturation time in mother solution
at constant temperature and stirring.*

Powder X-ray diffraction patterns of plate shaped about 20 nm sized CHA
nanocrystals and acicular shaped about 100 nm sized CHA nanocrystals (see
Figures 2(b) and 2(c), resp.) show characteristic diffraction maxima of an apatite
single phase (JCPDS 01-074-0565). These X-ray diffraction patterns are compared
with those collected for natural carbonate hydroxyapatite from deproteined dentine
and enamel reported in Figures 2(a) and 2(d), respectively. The broadening of the
diffraction maxima present in the X-ray diffraction patterns reported in Figures
2(a), 2(b), and 2(c) indicates a relatively low degree of crystallinity, which was
quantified according to previous.*® The degree of crystallinity of synthesized about
20 nm sized CHA nanocrystals with plate morphology and synthesized about 100
nm sized CHA nanocrystals with acicular morphology is 30% and 50%,
respectively.

(b)
Figure 1: TEM images of (a) synthetic plate-shaped 20 nm sized CHA nanocrystals (scale
bar = 100 nm), (b) synthetic plate-acicular 100 nm sized CHA nanocrystals (scale bars =
200 nm).
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Figure 2: X-ray diffraction patterns of (a) natural carbonate-hydroxyapatite from
deproteined dentine, (b) synthetic plate shaped 20 nm sized CHA nanocrystals, (c)
synthetic plate-acicular shaped 100 nm sized CHA nanocrystals, and (d) natural
carbonate-hydroxyapatite from enamel.
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Figure 3: (a) FTIR spectra of synthetic 20 nm sized CHA nanocrystals, (b) natural
carbonate-hydroxyapatite from deproteined dentine.

The crystallinity degree of about 20 nm sized CHA nanocrystals is very close to
that one determined from the X-ray diffraction pattern of deproteined dentine
natural carbonate-hydroxyapatite (28%) reported in Figure 2(a). Furthermore, the
crystallinity degree of natural hydroxyapatite of deproteined enamel, reported in
Figure 2(d), is 70%. The crystal domain sizes along the c direction have been
calculated by Scherrer’s formula using the 26 = 26° (002) diffraction peak of the
X-ray diffraction patterns reported in Figures 2(a), 2(b), and 2(c). The calculated
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crystal domain sizes for 20 nm sized CHA nanocrystals and deproteined dentine
are 250 A and 213 A, respectively

These results obtained by X-ray diffraction investigation reveal that the crystal
structures of the synthesized CHA nanocrystals are very close to that observed for
natural dentine. The same similarity can be observed from the comparison of the
FTIR spectra of synthesized CHA nanocrystals and natural apatite of deproteined
dentine reported in Figures 3(a) and 3(b), respectively. In these spectra, the
characteristic absorption bands of phosphate and carbonate groups are clearly
resolved.

The absorption band at 1468 cm™ is related to the carbonate group substitution to
the phosphate one, while the shoulder at 1545 cm™ can be considered the
contribution of the carbonate group substituting the hydroxyl group in the apatite
structure. This finding reveals that synthesized CHA nanocrystals not only contain
a similar carbonate amount, but also underline that the carbonate substitution to the
phosphate and/or hydroxyl group is very similar in the synthetic and biological
crystals. A surface characterization of the synthetic carbonate-hydroxyapatite
nanocrystals has been carried out in order to highlight their surface chemical-
physical characteristic which directly interfaces and reacts with exposed dental
tissues. The ATR spectra (data not shown) of the synthetic about 20 nm and 100
nm sized CHA nanocrystals reveal a 4% and 3 wt% surface carbonate,
respectively. The consistent amount of surface of carbonate percentage present in
synthetic CHA is appreciably higher than the surface carbonate percentage present
in enamel and dentine about 2 wt%.

Specific surface area of 100 m*-g* and 80 m?.g* has been determined for 20 nm
sized CHA nanocrystals with plate morphology and synthesized 100 nm sized
CHA nanocrystals with acicular morphology, respectively. These specific surface
area values obtained for synthetic nanocrystals are only slightly lower than the 110
m?.g"! obtained for biological nanocrystals. The surface Ca/P molar ratio
determined by XPS analysis for CHA nanocrystals and CHA crystals microclusters
does not reveal appreciably differences and result significantly lower than Ca/P
molar ratio determined by ICP analysis in bulk indicating a surface calcium
deficiency probably due to surface disorder. In fact, the Ca/P molar ratios of 1.7
determined in bulk for synthetic CHA nanocrystals reduce to a value of 1.4-1.5
when determined on the crystals surface by XPS analysis (see Table 1).

XPS analysis of spectral features of the O 1s region of the synthetic 100 nm sized
CHA nanocrystals (see Figure 4(c)) shows a definite O 1s shape fitted by three
components: a first, very intense, peak at lower BE attributed to oxygen in
phosphate group, a second peak due to OH of the carbonate-hydroxyapatite, and a
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final peak at very high BE, which can be attributed to trapped undissociated water
and carbonates.

5.;9 535 5;1 l SZ7M ’
B.E. (eV)
Figure 4: XPS analysis of spectral features of (a) the O 1s region of the enamel
demineralized by ortophosphoric acid 37% for 1 min, (b) enamel remineralizated by a
treatment with synthetic microclusters of CHA nanocrystals 100 nm sized for 10 min, and

(c) synthetic microclusters of CHA nanocrystals 100 nm sized.

A.1.3.2 In Vitro Enamel Surface Remineralization by Biomimetic CHA
Nanocrystals

SEM analysis allows investigating the morphology of both demineralized enamel
and the features observed after remineralization procedures induced by biomimetic
CHA nanocrystals in vitro application.
The demineralization procedure by ortophosphoric acid 37% for 1 minute removes
the aprismatic enamel, and exposed hydroxyapatite prisms became evident. Figure
5(a) shows demineralization of both interprismatic and prismatic enamel structures.
After treatment for 10 minutes by aqueous slurry of both synthetic 20 nm and 100
nm sized CHA nanocrystals, the surface of the demineralized enamel appears
covered by the CHA phase (see Figures 5(b) and 5(c), resp.) arranged in a thick and
homogeneous apatitic layer. XPS analysis of spectral features of the O 1s region of
the enamel demineralized by ortophosphoric acid 37% for 1 minute shows a single
broad band, in which it is difficult to determine precisely and to quantify the
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binding energy (BE) and, therefore, the kind of the surface oxygen components

(see Figure 4(a)).

(b)

(c)
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Figure 5: SEM image of enamel surface after application of 37% ortophosphoric acid for

1 min. The etching treatment removed aprismatic layer and exposed prismatic and

interprismatic hydroxyapatite structures (a), remineralized enamel surface after treatment
by synthetic CHA micro-clusters constituted of nanocrystals 20 nm (b) and 100 nm sized

(c) and synthetic CHA microclusters.

Table 1: XPS analysis of CHA nanocrystals, enamel tooth treated with ortophosphoric
acid before and after treatment with either CHA 20 or 100 nm sized nanocrystals and after
brushing with toothpaste containing booth CHA or fluoride.

Sample O(%) C(%) Ca(%) P(%) N(%) Si(%) Na(%) F(%) Ca/P
20nm CHA nanocrystals 50.4 17.6 19.4 12.6 — — — — 1.5
100 nm CHA nanocrystals 48.4 18.0 19.6 13.9 — — — —_ 1.4
Tooth treated with ortophosphoric acid 30.7 49.4 5.4 5.3 5.9 1.9 1.4 — 1.1
Tooth treated with 20 nm CHA nanocrystals 43.3 27.3 13.4 10.1 23 — 1.9 — 1.3
Tooth treated with 100 nm CHA nanocrystals ~ 43.7 26.0 14.8 11.2 1.0 — 1.5 — 1.3
CHA containing toothpaste 30.7 51.9 5.5 4.7 1.6 5.6 — — 1.2
Fluoride containing toothpaste 20.9 63.3 4.1 1.2 2.0 4.9 — 3.6 3.4
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On the contrary, the enamel remineralized by synthetic 100 nm sized CHA
nanocrystals for 10 minutes shows a definite O 1s shape fitted by three components
at different binding energy (see Figure 4(b)). These components correspond to the
same three ones used to fit O 1s shape recorded for synthetic 100nm sized CHA
nanocrystals (see Figure 4(c)), the first at lower BE very intense peak is attributed
to oxygen in phosphate group, the second peak is due to OH of the carbonate-
hydroxyapatite, and a final peak at high BE, can be attributed to trapped
undissociated water and carbonate groups. These results unequivocally confirm the
presence of synthetic CHA at the surface of the treated enamel and the consequent
validation of the enamel remineralization. The same finding is pointed out by the
ATR spectrum of enamel treated for 10 minutes by synthetic 100 nm sized CHA
nanocrystals, showing appreciable higher intensity of the characteristic absorption
bands of carbonate ions (1420-1460 and 1680 cm ™) in respect of the same
absorption bands present in the demineralized enamel ATR spectrum. No
differences are appreciable in the phosphate ions bands (1000-1100 and 530-580
cmY). ATR spectrum (data not shown) of remineralized enamel reveals that
surface apatite is richer in carbonate than natural one, such as synthetic 100 nm
sized CHA nanocrystals.

A.1.3.3 In Vitro Enamel Surface Remineralization by Toothpaste Containing
either Fluoride or Biomimetic CHA Nanocrystals Microclusters

SEM analysis allowed us to investigate the morphology of both demineralized
enamel and the features observed after a remineralization process which utilizes in
vitro application of toothpaste containing either fluoride or CHA microclusters
constituted of 100 nm in size nanocrystals.

The surfaces of the teeth treated with fluoride (see Figure 6(b)) were not
consistently changed respect to that of demineralization by ortophosphoric acid
(see Figure 6(c)). Actually both the interprismatic and prismatic enamel structures
appear still evident. On the contrary after treatment of the enamel slabs with a
toothpaste containing synthesized CHA microclusters constituted of 100 nm sized
nanocrystals, the interprismatic and prismatic enamel structures appear to be
completely hidden by a thick homogeneous apatitic layer (see Figure 6(a)). The
XRD patterns collected on the surface of enamel slabs after treatment with CHA or
fluoride toothpaste and water are reported in Figures 7(b), 7(c), and 7(d),
respectively, and compared with the XRD pattern (see Figure 7(a)) of CHA
microclusters constituted of 100 nm sized nanocrystals utilized to prepare the used
CHA toothpaste. The XRD diffraction maxima recorded on the surface of enamel
slabs treated with fluoride containing toothpaste appear slightly more sharpened
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than those obtained on the enamel etched slabs brushed only with water. This
observation reveals an increased crystallinity degree probably due to a partial
structural conversion of hydroxyapatite into fluoride substituted hydroxyapatite. On
the contrary, the XRD pattern obtained on the surface of enamel slabs brushed with
CHA containing toothpaste shows the broadened diffraction maxima characteristic
of the synthetic biomimetic CHA, revealing its presence on the enamel surface.
The CHA not removed by brushing procedures suggests the formation of chemical
bonds between the synthetic CHA microclusters constituted of 100 nm sized
nanocrystals and natural enamel apatite crystals. These bonds allow the formation
of a persistent CHA coating on the enamel surface whose morphology was detected
by SEM analysis.

20 um

Figure 6: SEM images of enamel after brushing treatment with (a) CHA toothpaste

containing, (b) fluoride containing toothpaste, and (c) ortophosphoric acid application.
181



The surface Ca/P molar ratio determined by XPS analysis for demineralized
enamel slabs before and after in vitro remineralization by brushing whit toothpaste
containing either fluoride or CHA are compared in Table 1. In this table, a
comparison with the Ca/P molar ratio of CHA microclusters constituted of 100 nm
sized nanocrystals also present. The enamel surface Ca/P molar ratio changes
before and after the brushing treatment with toothpaste containing fluoride,
assuming a value of 3.4 very different from the apatite stoichiometric one (Ca/P =
1.7). This finding reveals that the only structural modification of enamel
hydroxyapatite induced by fluoride is restricted to a partial hydroxyl groups
replacement by fluoride ions without affecting appreciably the Ca and phosphate
structural network. On the contrary, enamel slabs treated with the toothpaste
containing synthesized CHA microclusters of 100nm sized nanocrystals exhibit a
surface Ca/P molar ratio very similar to that one of the synthetic CHA. This coating
is highly less crystalline than native enamel apatite, and consists of a new apatitic
mineral deposition which progressively fills the scratches and pits. On the contrary,
the surface remineralization observed on the specimens treated with fluoride
containing toothpaste is mainly based on chemical-physical enamel apatite surface
modifications rather than a formation of a new mineral deposition.

The CHA biomimetic coating formation is a remineralization process
corresponding to a new apatite deposition in the demineralized area of enamel
surface.

Intensity (a.u.)

20 30 40 50 60
Position (20)°
Figure 7: (a) XRD pattern of synthetic CHA, (b) enamel after brushing treatment with
CHA containing toothpaste, (c) enamel after brushing treatment with fluoride containing
toothpaste, (d) enamel after brushing treatment with water. *indicates Al holder
diffraction maxima.
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A.1.4 Discussion

Enamel is the hardest and most mineralized tissue of human body. It is structured
in order to resist to mechanical injuries, abrasion, and chemical attack. Differently
from all the other mineralized tissues, it lacks proteins even if they are essential to
its formation. Actually, matrix proteins are cleaved by proteinases secreted by the
ameloblasts during tooth formation; hence, the matrix proteins of enamel are not
incorporated into enamel prisms.*® Degradation and resumption of enamel matrix
proteins is the reason why enamel prisms, once formed, cannot be remodelled.
After enamel prism formation, only the amount of hydroxyapatite within the prisms
may decrease in consequence of chemical changes into the oral environment.
Acid attack is one of the major causes of enamel hydroxyapatite loss. It may occur
even in young age as a consequence of plaque metabolism or simply due to food
and beverage intakes.?
In the present paper, synthetic carbonate-hydroxyapatite biomimetic nanocrystals
have been chemical-physical characterized and investigated regarding the
possibility to obtain an in vitro remineralization of the altered enamel surfaces. The
experimental model used in the present investigation was the demineralization by
means of ortophosphoric acid of sound enamel of the interproximal surfaces and its
subsequent remineralization. This model was chosen because the demineralizing
effect of ortophosphoric acid is well known in terms of chemical and
microhistological features because it is an essential part of the procedures of
adhesive restoration applications. The SEM observations showed that the enamel is
characterized by both amorphous and prismatic hydroxyapatite and by an irregular
surface even. The use of ortophosphoric acid causes an exposure of prism and a
loss of both interprismatic and prismatic substances. The treatment of
demineralized enamel only for ten minutes, by synthetic CHA nanocrystals,
induces a consistent enamel remineralization through the formation of a surface
carbonate-hydroxyapatite coating. This coating is due to the chemical bond of the
synthetic CHA nanocrystals biomimetic for composition, structure, size, and
morphology on the surface prismatic hydroxyapatite enamel. It can be supposed
that the application of CHA nanocrystals 20 nm sized allows a better
mineralization in the lower surface fissure, because the interprismatic and prismatic
enamel structures appear totally hidden. Using an equal time of treatment, the
application of CHA nanocrystals 100 nm sized produces the formation of a
homogeneous coating which hides interprismatic and prismatic enamel structures
when examined with SEM. In this paper, an in vitro enamel surface
remineralization by brushing with toothpaste containing either fluoride or
biomimetic CHA nanocrystals microclusters has been also carried out. The XRD
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patterns, SEM images, and XPS spectra collected on the surface of enamel slabs
before and after treatment with CHA or fluoride toothpaste underline the possibility
to obtain an enamel remineralization through the formation of a surface apatite
coating which covers the enamel structure avoiding the most probably health
dangerous fluoride effects, to contrast the mechanical abrasion and acid attacks to
which tooth enamel is exposed. The documented CHA biomimetic coating
formation which is less crystalline than enamel natural apatite represents an enamel
repair process corresponding to an apatite deposition inside the demineralized area
of enamel surface and may be considered an innovative approach to contrast
enamel demineralization.
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APPENDIX A2: Alkaline phosphatase grafting on bioactive glasses
and glass ceramics

E. Verné, S.Ferraris, C. V. Brovarone, S. Spriano, C. L. Bianchi, A. Naldoni, M. Morra, C.
Cassinelli, Acta Biomaterialia 2010, 6, 229-240.

A.2.1 Introduction

Improvements in bone implant integration and bone regeneration at surgical sites
are still unresolved problems in orthopaedic and dental surgery. Recently, new
strategies to provide an appropriate environment for bone regeneration have been
investigated. Among them, the delivery of biomolecules with a specific action on
the bone mineralization process has attracted much attention. From the clinical
point of view, it is possible to deliver active molecules systemically or locally at
the implant site during surgical procedures. These techniques have not been
thoroughly investigated because during systemic delivery biomolecules could be
rapidly inactivated by serum and a large amount is required to ensure a sufficient
level at the site of damage. Moreover, growth factors and proteins locally delivered
at surgical sites without a carrier immediately diffuse and can be rapidly washed
out by drainage. Finally, both these techniques require a large number of
biomolecules and do not allow gradual release at the site of damage. A number of
studies have been published on polymeric matrices as carriers of osteogenic growth
factors.>* However, it is possible to graft these molecules onto implanted material
surfaces. Functionalization techniques can be classified in terms of type of
molecule or strategy of delivery. As far as the first point is concerned, it is also
possible to graft cell adhesion molecules, such as proteins from the extracellular
matrix (ECM proteins) or derived peptides (e.g. the sequence Arg-Gly-Asp,
RGD), growth factors and enzymes. As far as grafting strategies are concerned,
there are three main techniques available: simple adsorption, covalent bonding or
release from a degradable carrier.>® In the literature several solutions have been
proposed. ECM proteins or peptides are mainly anchored to biomaterial surfaces in
order to improve the biological response of implants. Fibronectin has been grafted
onto titanium surfaces via tresyl chloride activation’ and synthetic peptides has
been covalently grafted to oxidized titanium substrates after silanization.® Other
research groups have focused their activities on enzymatic grafting onto inert
surfaces for analytical purposes, such as sensors.>'® Finally, the possibility of
anchoring growth factors to biomaterials has been considered, for example bone
morphogenetic proteins (BMP) have been grafted to titanium surfaces via plasma
surface modification treatment™ and to bioactive glass surfaces by silanization."
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Biomimetism can be defined as the ability to promote both inorganic and biological
responses. The inorganic response refers to the ability to induce hydroxyapatite
precipitation onto material surfaces after exposure to physiological or simulated
body fluids (commonly known as ‘‘bioactivity”, and widely studied and
documented for bioactive glasses and glass ceramics)'®. The biological response
refers to the ability of the material to directly stimulate cell behaviour via proper
biochemical signals. It is widely known that bioactive glasses and glass ceramics
are able to induce apatite precipitation in physiological fluids™ and, thus, by
anchoring to specific surface biomolecules it is possible to improve tissue
regeneration around implants, from both a chemical and biological point of view.
The aim of the present research work was to graft an enzyme involved in bone
formation and mineralization (alkaline phosphatase, ALP) to the surface of
bioactive glasses and glass ceramics in order to obtain stable biomimetic surfaces.
Bioactive glasses and glass ceramics were chosen because they have good potential
as materials for bone defect regeneration. ALP was chosen as the biomolecule for
biological functionalization since it was a good model enzyme: it is well known
and widely used as a marker of osteoblast differentiation in in vitro tests and the
assay is quite simple and relatively inexpensive. At the same time, ALP is of
potential interest as it is involved in the bone formation and mineralization
processes. A study of the literature® underlined that higher ALP activity was
detected in mineralization areas of alveolar bone and cellular cementum and, in
particular, it showed that there is a relationship between enzyme activity and
cementum thickness. Another research work™ described how ALP application in
conjunction with titanium implants improved new bone formation and
mineralization around materials. Moreover, it has been suggested™ that ALP
coatings onto surfaces could favour mineralization and attachment of collagen
sheets to functionalized substrates. The active role of ALP in the mineralization
process was also evident in a study by Golub and Boesze-Battaglia'’ and was
investigated by de Jonge et al.,"® who reported experimental evidence of the ability
of ALP grafted surfaces to provide local enrichment of Ca?* and PO, ions.

A.2.2 Materials and methods

A.2.2.1 Materials preparation

Two different biomaterials were considered in this research work. The first was a
glass with a simple composition and a low bioactivity index, belonging to the
system SiO,—CaO-NaO-Al,03; (SCNA from here on). The second was a more
complex glass with a high degree of bioactivity, CEL2, belonging to the system
Si0,—P,0s—Ca0-MgO—-Na,0-K,0. Glasses were prepared by melting the
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precursors in a platinum crucible and quenching the melt on a brass plate, to obtain
glass bars, which were subsequently annealed in a furnace to relax the residual
stresses. Detailed compositions of the glasses, melting temperatures and annealing
conditions are reported in Table 1. Annealed bars were cut in a mechanical cropper
and polished with SiC abrasive papers and diamond pastes. SCNA were chosen for
their simple composition and high stability, as demonstrated by previous works
concerning silver surface enrichment on bulk materials and coatings,™*% as well as
surface functionalization with bone morphogenetic proteins.> They were
investigated only in glassy form, since the foreseen applications (i.e. bioactive
coatings) do not need a devitrification treatment. In contrast, CEL2 was
investigated in both its glassy and glass ceramic forms. This second step was
carried out because CEL2 has been employed in the preparation of highly bioactive
glass ceramic scaffolds, as described in previous works.*#

Table 1: Glass composition (molar percentages), melting temperatures and annealing
conditions.

Glass Glass composition (mol.%) Tmet (°C) Annealing
Si0, P,0s ca0 MgO Na,0 K.0 Al04

SCNA 57 34 6 3 1550 10 h at 600 °C
CEL2 45 3 26 7 15 4 1400 12 hat 500 °C

Functionalization of glass ceramic scaffolds is a possible future application of the
process described in this paper. In order to prepare CEL2 glass ceramic samples
(CEL2-cer) CEL2 samples were subjected to a thermal treatment, 1 h at 950 °C,
before polishing. After this process CEL2-cer samples were polished, in the same
way as the glass samples.

A.2.2.2 Hydroxyl exposure

The first step of the functionalization process was a cleaning treatment, to promote
both surface removal of contaminants and exposure of reactive hydroxyls. The
cleaning procedure was determined from a previous study on functionalization of
bioactive glasses.’” In the cited reference different treatments were compared
through contact angle measurement and X-ray photoelectron spectroscopy (XPS)
analysis in order to study surface modification (hydroxyl exposure and bioactivity).
The optimal treatment was chosen as that which allowed high hydroxylation in a
controlled and reproducible way. On this basis, a first wash in acetone for 5 min in
an ultrasonic bath was carried out and subsequently the samples were washed three
times in bidistilled water for 5 min in an ultrasonic bath, to favour —OH group
exposure. After this treatment, samples were air dried at room temperature, as
reported in Verné et al.*> Hydroxylated samples are henceforth designated Glass-
wash (Table 2). The presence of hydroxyls groups on the sample surface was
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investigated by means of contact angle measurements (Drop Shape Analysis
System DSA10, Kruss), since their exposure renders surfaces hydrophilic.

A.2.2.3 Silanization

The second step of the process was the introduction of specific functional groups in
order to promote and stabilize bonding between the material and organic
molecules. In this research work silanization was chosen, because it is a well-
known technique for glass functionalization. In our experiments this technique was
adapted to reactive glasses and glass ceramics, as previously described."

Table 2: Names and characteristics of the samples analysed.

Sample name Material Treatment

SCNA-wash SCNA Hydroxylation®

SCNA + sil SCNA Hydroxylation and silanization

SCNA + sil + ALP SCNA Hydroxylation, silanization and ALP grafting
SCNA + ALP SCNA Hydroxylation and ALP grafting

CEL2-wash CEL2 Hydroxylation®

CEL2 +sil CEL2 Hydroxylation and silanization

CEL2 + sil + ALP CEL2 Hydroxylation, silanization and ALP grafting
CEL2 + ALP CEL2 Hydroxylation and ALP grafting
CEL2-cer-wash CEL2-cer Hydroxylation®

CEL2-cer + sil CEL2-cer Hydroxylation and silanization

CEL2-cer + sil + ALP CEL2-cer Hydroxylation, silanization and ALP grafting
CEL2-cer + ALP CEL2-cer Hydroxylation and ALP grafting

& Ultrasonic washing: 5 min in acetone and 3 x 5 min in water.

3-Amminopropyl triethoxysilane [HoN(CH,)3Si(OC,Hs)3] (APTES) (99%, Aldrich)
was employed in order to introduce amino groups as functionalities for enzyme
grafting. Silanization was carried out using a method analogous that described by
Ma et al.?® and applied by Verné et al.** Glass and glass ceramic samples were
immersed in a solution containing 150 ml ethanol and 35 pl silane for 6 h at room
temperature and then dried for 1 h at 100 °C in a furnace in order to stabilize the
silane—surface bond. After cooling the samples were washed three times in ethanol
in an ultrasonic bath for 5 min in order to remove non-bonded molecules and dried
for 1 h at 100 °C in a furnace. Henceforth silanized samples are indicated by Glass
+ sil (Table 2). Silanization effectiveness was verified by means of contact angle
measurements, as the presence of silane on the materials surfaces induces
hydrophobicity. Some samples were ultrasonically washed for 2 min in Tris—HCI
solution after silanization and then analysed in order to study the stability of the
silane—surface bonding. Tris-HCI was chosen because it is one of the media
involved in the following steps of functionalization. Tris—HCI solution was
prepared by dissolving 2.42 g Tris [tris(hydroxymethyl)aminomethane,
(HOCHy,)3CNHy, >99.9% ultra- pure grade, Aldrich) in 100 ml bidistilled water,
pH adjusted to 7.5 by adding 1M HCI. A second technique employed to investigate
this step of the process was XPS analysis (Al source, M-Probe, Surface Science
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Instruments), as it allows the detection of nitrogen, characteristic of amino groups,
on the sample surface.

A.2.2.4 Alkaline phosphatase grafting

The final step of the functionalization process was biomolecule anchoring. In order
to covalently graft ALP to glasses and glass ceramics, the samples were immersed
in a solution of 5 mg-ml'l ALP in phosphate-buffered saline (PBS) (Sigma—
Aldrich). ALP solution was prepared by dissolving bovine ALP (bovine intestinal
mucosa, lyophilized powder, 10-30 DEA U mg solid™) (Sigma—Aldrich) in PBS,
under magnetic stirring. Silanized samples and hydroxylated ones only were
immersed in 5 ml ALP solution for 20 h. Different grafting temperatures were
tested: 4 °C in a refrigerator, 25 °C in a thermostatic bath and 37 °C in an
incubator. At the end of the incubation period samples were washed, without
stirring or shaking, in Tris—HCI solution buffered at pH 7.5 and air dried at room
temperature. Functionalized samples are henceforth designated Glass + sil + ALP
and Glass + ALP, respectively (Table 2). Anchoring temperatures are specified
each time. As far as grafting temperature is concerned, the two glasses (SCNA and
CELZ2) and the glass ceramic (CEL2-cer) were grafted at 4 °C, while glassy SCNA
and CEL2 were also studied at different temperatures, in order to compare a more
stable glass and a more reactive one. Temperatures were selected on the basis of
the functionalization procedures described in the literature.”** The three
temperatures mentioned above were chosen in order to maximize reaction
effectiveness, at the same time preserving ALP from inactivation and denaturation.
ALP is sensitive to both temperature and pH alterations: it has been shown that at
pH 5 and below and temperatures higher than 40 °C inactivation occurs.?>? All
treatments were performed in PBS in order to maintain a constant pH of ~7.5. The
temperature was kept below 37 °C. In order to verify the effect of temperature on
both grafting and protein activity, samples of pure ALP solution were also stored at
different temperatures and then analysed to verify their activity, as described
below. In order to study the bonding stability between grafted ALP and the
material surface some functionalized samples (both directly anchored and
silanized) were washed for 2 min in an ultrasonication apparatus*? in 10 ml Tris—
HCI solution and then analysed for enzymatic activity. Washing solutions were
also analysed to determine the amount of ALP washed out of the samples. Grafting
efficacy was investigated by means of enzymatic activity tests (described below)
and by means of XPS analysis. As far as the last technique is concerned, in the
survey spectra enrichment of carbon and nitrogen and a decrease in signals
characteristic of glass/glass ceramic substrate would be expected as a consequence
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of ALP presence on the material surface. A detailed study of the car- bon region
allowed an investigation of the characteristic peaks of the enzyme at ~286 eV (C-O
and C—N bonds) and 292293 eV (aromatic rings).

A.2.2.5 Enzyme activity study

In order to improve bone formation and mineralization, ALP grafted onto material
surfaces has to be biologically active. Enzyme activity was studied by monitoring
the reaction between ALP and p-nitrophenylphosphate in an alkaline environment.
p-Nitrophenylphosphate is hydrolyzed by ALP and produces p-nitrophenol,
characterized by a yellow colour. The amount of p-nitrophenol produced is
proportional to the amount of ALP present and could be quantified by means of
UV-visual spectroscopy. In order to determine enzyme activity, functionalized
samples were placed in 1 ml reactive mixture containing equal volumes of 2mM
MgCl,, 2mM p-nitrophenylphosphate and 2 mM 2-amino-2-methyl-1-propanol
(AMP) (all reagents from Sigma—Aldrich Fluka). The pH value of the reactive
mixture was 10.5. The reaction between ALP grafted onto the sample surface and
p-nitrophenylphosphate in solution was stopped after 2 min by the addition of 1 ml
0.1 N NaOH. After removing solid samples from the wells the intensity of the
yellow colour produced was quantified by measuring the UV absorbance at 405 nm
(Genius Spectra Fluor plus Tecan).

Values of ALP activity for bulk samples were related to sample surface area in
order to minimize data dispersion due to differences in sample shape and
dimensions. In order to obtain enzymatic specific activities, absorbance values
were divided by sample surface area, only the surface exposed to functionalization
being considered. Roughness was not considered, as all samples were mirror
polished. As far as the washing solutions were concerned, 0.5 ml of the solution
was added to 0.5 ml reactive mixture. The reaction was stopped by adding 0.5 ml
NaOH after 2 min and then measurements were carried out in the same way as for
the solid samples. Enzymatic activity of ALP solutions at defined concentrations
from 0.01 to 5.00 mg-ml™* was evaluated in order to produce a standard reference
curve for ALP activity. Tests were carried out using multi-well plates. In order to
obtain a reference, for each test plate three measurements on wells containing only
reactive mixture and NaOH were carried out. Reference values were subtracted
from the sample absorbance values in order to obtain standard and comparable
results.
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A.2.2.6 Analysis of surface morphology and chemistry during the
functionalization procedure

In order to understand surface modifications during the functionalization process,
samples at different steps of the treatment (hydroxylation, silanization and enzyme
grafting) were investigated by means of scanning electron microscopy and energy-
dispersive spectroscopy (EDS) analysis (SEM-FEI, Quanta Inspect 200, EDS-
EDAX PV 9900).

A.2.2.7 Invitro bioactivity tests

Samples of both glasses at different stages of the functionalization process
(hydroxylation, silanization or enzyme grafting) were soaked in simulated body
fluid (SBF) in order to evaluate whether biological modification affects inorganic
bioactivity. SBF was prepared as described by Kokubo and Takadama.?” For this
test ALP grafting was performed at 4 °C. Samples of the most reactive glass
(CEL2) were maintained in SBF for up to 1 week, because at this time the material
was able to trigger and exhibit its bioactive behaviour.” As far as SCNA was
concerned, 2 weeks dipping was considered as the shortest time because the
kinetics are slower.'® Solution refreshment was performed every 2 days in order to
mimic natural turnover of physiological fluids. At each refreshment point the
solution pH was registered. At the end of the soaking period samples were washed,
without stirring or shaking, in double distilled water and observed by means of
scanning electron microscopy (SEM-FEI, Quanta Inspect 200, EDS-EDAX PV
9900). Before scanning electron microscopic (SEM) observation all samples were
sputter coated with a thin metal layer in order to make them conductive. Silver was
employed for CEL2 samples, while chromium was used for SCNA samples. As far
as the most reactive glass (CEL2) was concerned, enzymatic activity tests were
carried out before and after SBF soaking, in order to determine whether ALP had
been released or still remained on the glass surface in the active state. SBF solution
was also analysed at different experimental times in order to individuate ALP
presence.

A.2.2.8 Statistical analysis

All tests were performed in triplicate. Data were analysed by means of one-way
ANOVA, with a significance level of P < 0.05. Data are represented as means +
standard deviation.
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A.2.3 Results
A.2.3.1 Hydroxyl exposure

After acetone and water washing a significant reduction in water contact angle
could be observed (Fig. 1). The difference between the contact angle before and
after the washing procedure was statistically significant (P < 0.05) for all tested
materials. This result indicates the high wettability induced by hydroxyl exposure
and proves the efficacy of the first step of the functionalization process.

A.2.3.2 Silanization

This step was first investigated by means of contact angle measurements, since a
silane layer on the material surface would change its wettability and, in particular,
would make the surface hydrophobic. Contact angle measurements after

silanization are described in Fig. 1.

Wettability after washings and silanization
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\’0‘96

Fig. 1. Contact angles before and after washing and silanization. *,** Statistically
significant difference between values marked with the respective symbols (P < 0.05).

Table 3: N/Si and C/Si ratios for SCNA, CEL2 and CEL2-cer at different steps in the

functionalization process.

SCNA CEL2 CEL2-cer

N/Si C/Si N/Si C/Si N/Si C/Si
Glass-wash 0 4.86 0.11 1.92 0.12 1.95
Glass + ALP na na 5.75 35.81 0.70 4.82
Glass + sil 0.21 1.67 0.54 14.56 0.27 3.58
Glass + sil + ALP na na 3.60 87.30 1.01 6.20

na, the ratio could not be calculated because silicon was not detectable on the surface.

There was an evident increase in contact angle for all tested materials, due to the
anchoring of a hydrophobic molecule on the glass surface, and the difference
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between angles was statistically significant in all cases (P < 0.05). This means that
silanization is effective on all the investigated bioactive materials, despite their
intrinsic reactivity. These data are in agreement with previous studies.® The
resulting silane—surface bonds were stable, as there was no significant decrease (P
> 0.05) in contact angles values after ultrasonic Tris washing of the silanized
samples (last series in Fig. 1). XPS analysis showed an enrichment in nitrogen
(characteristic of silane amino groups) after silanization for all materials tested
(Table 3, row 3).

| SCNA_wash

bl Hydrocarbon
contaminants

SCNA + ALP

mr C-O and C-N

Hydrocarbon
contaminants

»r Aromatic

o | scNA+sil+ALP |

ot C-OandC-N |
sl bonds !

. Hydrocarbo
contaminants

=)
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oF .
wl  rings

150

‘00&
50 p
203 291 289 267 285 283 281

Binding Energy (eV)

Fig. 2. Carbon region XPS spectra for: (a) washed SCNA; (b) SCNA directly grafted with
ALP without silanization; and (c) SCNA silanized and grafted with ALP.
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A.2.3.3 Alkaline phosphatase grafting

XPS analysis of functionalized samples showed an enrichment in carbon and
nitrogen after grafting and also a decrease in substrate constituents for all the
samples (Table 3, rows 2 and 4). XPS spectra (carbon region details) of SCNA
samples after the washing procedure (for control purposes) and after
functionalization (direct ALP grafting and silanization and ALP grafting) are
reported, as examples, in Fig. 2. A detailed analysis of the carbon region showed a
peak characteristic of hydrocarbon contaminants (284.6 eV), which is always
present, but on ALP grafted samples two other peaks appeared: peak B (286 eV),
typical of C-O and C-N bonds present in the enzyme, and peak E (292-293 eV),
due to aromatic rings flattened on the surface.

A.2.3.4 Enzymatic activity

Fig. 3 is a graph of the specific enzymatic activity for the tested materials after
grafting at 4 °C, showing that ALP has been successfully grafted onto all the
substrates considered.

ALP grafting at 4°C
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ALP specific activity [absorbance/mm2
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Fig. 3. Enzyme specific activity. Comparison between direct anchoring and silanization for
the different materials after grafting at 4 °C.

It should be noted that the amount of ALP is lower on CEL2 glass and CEL2-cer
than on SCNA, nevertheless, it is important to note that a significant amount of
ALP could be grafted in an active state onto very bioactive materials such as CEL2
and CEL2-cer. In order to evaluate the bonding stability between ALP and the
material surfaces, functionalized samples were ultrasonically washed for 2 min in
Tris solution. Fig. 4 shows a comparison between enzymatic activity before and
after washing of SCNA and CEL2 functionalized at different temperatures with and
without silanization. Table 4 reports the percentage decrease in specific enzymatic
activity after washing. It can be observed that silanization does not increase the
amount of ALP grafted onto both glasses (SCNA and CEL2) at 4 and 37 °C. The
difference between the enzymatic activities of Glass + ALP and Glass + sil + ALP
was not statistically significant (P > 0.05). On the other hand, the amount of ALP
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that remained on material surfaces after washing was higher for silanized samples
for both glasses if anchoring was performed at 4 rather than 37 °C (Figs. 3 and 4,
Table 3).
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Fig. 4. Enzyme activity. Comparison between direct anchoring and silanization before and
after washing. Grafting at: (a) 4 °C; (b) 37 °C. *,** Statistically significant difference
between values marked with the respective symbols (P < 0.05).

Table 4: Decrease in ALP specific activity after washing (%).

4 °C anchoring 37 °C anchoring

ALP Sil + ALP ALP Sil + ALP
SCNA 98.3 93.5 95.8 90.0
CEL2 93.0 73.7 83.6 86.2

The situation was similar for CEL2-cer: it seems that direct anchoring could be
slightly more effective than silanization in grafting ALP at 4 °C.

Considering the grafting temperature, it should be noted that there is no significant
difference in the amount of ALP grafted to both glasses (SCNA and CEL2) at 4 or
37 °C, except in the case of direct anchored samples after washing. In this case the
amount of ALP maintained on the glass surfaces was higher if grafting was
performed at 37 °C. It was verified that an ALP solution maintains its activity after
storage at all tested temperatures. The mean values for enzymatic activity of
standard solutions after 20 h storage at 4, 25 and 37 °C were 1.4, 1.9 and 2.0,

respectively. It seems that low temperature storage could reduce ALP activity.
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As far as the type of glass is concerned, it could be observed that the amount of
ALP grafted onto the most reactive glass (CEL2) was slightly lower than that
grafted onto the more stable one (SCNA) at both 4 and 37 °C, with or without
silanization. Differences were not statistically significant and so we can state that
ALP could be successfully grafted onto bioactive glasses despite their reactivity.
On the other hand, the obtained data underline that after washing CEL2 samples
were able to maintain a higher amount of ALP on their surface (both silanized and
not at 4 °C but only not silanized at 37 °C).

Considering the washing solutions (Fig. 5), it could be observed that a significant
amount of ALP had been washed off the samples and it was present in the solution
in an active state. Data for the ALP activity of the samples are related to surface
area (specific activity), while data for solutions were measured on the whole
solution volume, so they could not be quantitatively compared. After washing there
was no significant difference (P > 0.05) between the amount of ALP found in
solution for directly grafted and silanized samples for every material and anchoring
temperature.

A.2.3.5 Analysis of surface morphology and chemistry during the
functionalization procedure

Figs. 6-8 show SEM images and EDS spectra for SCNA, CEL2 and CEL2-cer at
different steps of the functionalization process. In the EDS analysis the presence of
Ag is due to the metallization process and the presence of Cl is due to the use of
Tris—HCI. It can be seen that for the most reactive glass (CEL2) the bioactivity
reaction (hydroxyl condensation to form silica gel) begins in the functionalization
medium (see Fig. 6¢c and d). In fact, in this case a silica rich gel-like layer is
observed in the SEM micrograph and its presence can be confirmed through EDS
analysis showing a high Si peak. This behaviour is not shown by CEL2-cer (Fig. 7)
and SCNA (Fig. 8).

A.2.3.6 In vitro bioactivity of functionalized samples

Fig. 9 shows SEM micrographs of CEL2 samples (at different steps of the
functionalization process) after 1 week in SBF. It can be observed that an evident
silica gel layer is present in all samples. EDS analysis underlined an enrichment in
calcium and phosphorous for this gel. Looking at ALP grafted samples (Fig. 9c and
d, ALP grafted directly to hydroxyls groups; Fig. 9e and f, ALP grafted to a
silanized surface), it is clear that a significant number of particles, with the typical
morphology of hydroxyapatite, started to precipitate all over the gel. EDS spectra
confirmed that they were constituted mainly of Ca and P. Fig. 10 shows SEM
micrographs of SCNA (at different stages of the functionalization process) after 2
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weeks in SBF. As far as the washed and silanized samples are concerned, no silica
gel was present (Fig. 10a and b) and only a few small hydroxyapatite particles
could be detected, and their dimensions were <3 pum. Looking at the ALP grafted
samples (Fig. 10c, ALP grafted directly to hydroxyls groups; Fig. 10e, ALP grafted
to a silanized surface), a significant number of particles with dimensions between 5
and 20 pum could be detected. EDS (Fig. 10d, ALP grafted directly to hydroxyls
groups; Fig. 10f, ALP grafted to a silanized surface) analysis confirmed that they
were constituted mainly of Ca and P. The pH of the SBF solution showed small
variations (pH 7.4-7.6) in the dipping period for both glasses.
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Fig. 5. Enzyme activity in washing solutions. Grafting at: (a) 4 °C; and (b) 37 °C.
A.2.3.7 Enzymatic activity tests after SBF soaking

Fig. 1la shows enzymatic activity measured on functionalized samples,
functionalized and ultrasonically washed samples and functionalized samples after
1 week in SBF. It should be noted that SBF soaking significantly reduced the ALP
activity of the samples, but less so than ultrasonic washing. Fig. 11b underlines that
ALP, gradually released in SBF, maintained its activity, both on the material
surface and in solution, for at least 1 week. Since tests were carried out with
solution refreshment, it can be observed that enzyme release continued throughout
the entire dipping period, even if it was higher in the first days.
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A.2.4 Discussion

Surface cleaning, hydroxyl exposure and silanization were successfully carried out
by applying a procedure optimized in a previous work.* In this research the
enzyme ALP was grafted onto two bioactive glasses and a glass ceramic with
different degrees of bioactivity, both via silanization and also through direct
anchoring to hydroxylated surfaces. In all cases a significant increase in carbon and
nitrogen was detected by XPS analysis. At the same time a decrease in those
elements characteristic of the glass substrate was observed. These observations
suggest the presence of an organic layer on the surface. Enzyme grafting was
confirmed by detailed analysis of the carbon region, and specific signals for C-O
and C—N bonds (286 eV) and for aromatic rings flattened onto the surface (292—
293 eV) were detected. The first is related to typical bonds in proteins, while the
second could be attributed to phenylalanine, an amino acid present in ALP.?®

cBL2-SIL

Fig. 6. SEM micrographs of CEL2 at different steps in the functionalization process.

It is recognized that a grafted enzyme should be in an active conformation in order
to fulfill its tasks and so, in order to verify ALP activity after anchoring, the
reaction between ALP grafted samples and p-nitrophenylphosphate was monitored.
From enzymatic activity studies it could be determined that the amount of grafted
ALP was lower on CEL2 glass and CEL2-cer than on SCNA, which is probably
due to their reactivity in PBS (that has a pH similar to physiological fluids, 7.00),
which could interfere with bonding reactions reducing the total amount of enzyme
finally attached. Hydroxyl condensation could interfere with bonding reactions, as
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described in Fig. 12, in which the presence of well-exposed or condensed hydroxyl
groups is shown.

CEL2cer-WASH

CEL2cer-SIL

CEL2cer-SILALP

CEL2cer+ALP.

s e e 0 o

Fig. 7. SEM micrographs of CEL2-cer at different steps in the functionalization process.

SCNA-WASH,

SCNA-SIL

SCNA-SIL+ALP

SCNA+ALP

Fig. 8. SEM micrographs of SCNA at different steps in the functionalization process.
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In fact, after the washing treatment hydroxyl groups are well exposed and prone to
silanization or biomolecule anchoring on the less reactive glass (SCNA), while on
the most reactive surface (CEL2) the hydroxyl groups partially condense to form
hydrated Si—O-Si species (silica gel). The situation is more complex for CEL2-cer,
which is a glass ceramic: in this case only the amorphous phase showed exposed
hydroxyl groups whereas, as far as the exposure of —OH groups is concerned, the
crystalline phases were inert. In the case of CEL2-cer also, the residual amorphous
phase was reactive and the exposed —OH could partially condense, as for
amorphous CEL2, leading to a lower surface reactivity towards both silanes and
ALP.

Fig. 9. SEM micrograph of CEL2 samples after 1 week in SBF. (a) Washed sample; (b)
silanized sample; (c) ALP directly grafted sample; (d) ALP directly grafted sample at
higher magnification; (e) EDS of the particle in (d); (f) silanized and ALP grafted sample;
(9) silanized and ALP grafted sample at higher magnification; and (h) EDS of the particle

in (9).

This hypothesis was confirmed by SEM observation of functionalized samples,
with CEL2 samples showing an evident reaction layer for ALP grafting after 1 day
incubation in PBS, while this phenomena did not appear for SCNA samples under
the same conditions (Figs. 6 and 8). Surface reactivity (silica gel formation) could
also explain the ability of CEL2 to retain a higher amount of ALP after washing, as
the silica gel is porous and could adsorb and retain ALP.
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Looking at the washing solutions (Fig. 5) it could be observed that the released
ALP maintained its activity. This is a very positive feature, as it would induce
osteoblast differentiation and bone mineralization, combining this effect with that
due to the grafted ALP retained on the material surface after washing. Bioactive
glasses are able to induce hydroxyapatite precipitation in SBF solutions via a
mechanism, described by Cao and Hench,* that could include, during the early
stages of immersion in SBF, silica gel layer formation. As described in a previous
work,*® SCNA showed slower kinetics of bioactive behaviour. This glass contains
3% Al,O; that, as reported in the literature,™ inhibits bioactivity. When compared
with CEL2 it is clear that the surface reactivity is lower, even after 2 weeks
dipping. In vitro bioactivity tests on modified samples underlined that biological
functionalization, even if it includes the deposition of a double organic layer, does
not inhibit the reactivity of bioactive glasses (Figs. 9 and 10).

N

lr,, a T

0.90 180 2.70 3.00 450 540

Fig. 10. SEM micrograph of SCNA samples after 2 weeks in SBF. (a) Washed sample; (b)
silanized sample; (c) ALP directly grafted sample; (d) EDS of the particle in (c); (e)
silanized and ALP grafted sample; and (f) EDS of the particle in (e).

In fact, for the most reactive glass silica gel formation occurred on both the
silanized only and silanized and grafted with ALP samples. The presence of the
enzyme ALP quickened the reaction kinetics for both the most reactive glass and
also for the most stable one. In fact, hydroxyapatite particles precipitated onto both
functionalized surfaces in greater numbers and with larger dimensions than onto
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non-functionalized samples. Finally, it should be noted that direct anchoring of
ALP (without silanization) seemed to be more effective in inorganic bioactivity
enhancement, with greater numbers of Ca- and P-rich particles of bigger
dimensions (Figs. 9d and 10c) being observed on these samples. ALP is a
homodimeric metalloenzyme which catalyzes the hydrolysis of almost any
phosphomonoester with the release of phosphate and alcohol. Its properties have
been associated with the mineralization process and phosphate homeostasis in bone
tissue.”

ALP acts as a nucleation center for hydroxyapatite as it is able to release phosphate
and captures calcium ions. In this way, the presence of ALP and its substrate (b-
glycerophosphate) or simply of a solution rich in calcium ions induces the
deposition of hydroxyapatite crystals and amorphous calcium phosphate. This
property has been applied in realizing hydroxyapatite layers on organic
substrates.®*® ALP binds the phosphate group of the phosphate ester to form a
transient phosphoenzyme, which is subsequently hydrolyzed.** The active site of
ALP is characterized by two zinc ions and is a high affinity phosphate-binding site.
It has been observed that it is also able to bind phosphates at neutral pH.**3* We
suggest that the enzyme, present on a glass surface soaked in SBF, could attract
phosphate from the solution to the material surface and, subsequently, calcium
ions, thus favouring hydroxyapatite precipitation. It has also been observed that
ALP concentration and activity are particularly high in cellular mineralized tissues,
such as cellular cementum in the rat molar periodontium.** Finally, in vivo
experiments in rats' have demonstrated that ALP adsorption onto plasma sprayed
titanium implants increases bone production around the implant.

Comparing these literature observations with our experimental results, it should be
noted that ALP grafting onto the surface of bioactive glasses does not reduce
surface reactivity but enhances the ability to induce hydroxyapatite precipitation.
So the bioactive behaviour of a biocompatible and slightly reactive glass, such as
SCNA, could be improved by biological functionalization. Moreover, presence of
the enzyme could also promote new bone formation by stimulating osteoblasts.
This last hypothesis will be investigated in a future work with specific cellular tests
on functionalized materials. Further investigations should also be planned to assess
the role of the silane layer on the early stages of bioactivity, but this is not the
primary aim of the present work.
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soaking (b). ALP grafting was performed at 4°C.
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Fig. 12. Hydroxyl exposure on biomaterials with different reactivity.

A.2.5 Conclusions

ALP has been successfully attached to bioactive glasses and glass ceramics with
different degrees of bioactivity. Modification was carried out with good results,
despite the differences in surface reactivity. ALP maintained its activity after
grafting on all the surfaces investigated.

Enzyme anchoring was performed effectively both on silanized surfaces and also
by direct anchoring to exposed hydroxyl groups. A fraction of the grafted
biomolecules was strongly bonded and remained attached to the surface also after
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severe (ultrasonic) washing. ALP released into solution maintained its activity.
This is an interesting result as in vivo the functionalized materials would be in
contact with physiological fluids and it is expected that a certain amount of ALP
would be released while the remaining would remain strongly bonded to the
surface. Both fractions of ALP would be in their active state, so they could
stimulate bone tissue regeneration and implant integration. The amount of ALP
released in vivo is related to the aggressiveness of the fluid, but should be less than
that due to ultrasonic treatment. Finally, it has been observed that ALP is able to
enhance and accelerate the Kinetics of bioactivity in SBF, so it would seem that
biological functionalization has a positive synergic interaction with inorganic
bioactivity. Cellular tests are in progress to evaluate how the conjunction between
inorganic and biological activity is able to stimulate cell behaviour.
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APPENDIX A3: Surface Activation of a Ferrimagnetic Glass—
Ceramic for Antineoplastic Drugs Grafting

E. Verne, M. Miola, S. Ferraris, C. L. Bianchi, A. Naldoni, G. Maina, O. Bretcanu,
Advanced Engineering Materials 2010, 12, B309-B319.

A.3.1 Introduction

The malignant tumors development and their care is one of the most critical
problems of this century, connected to modern medicine. Up today, the main
techniques used to treat tumors are radiotherapy and chemotherapy, which,
respectively, overwork the ionizing radiation and the systemic administration of
anticancer drugs, in addition to the surgical treatment. Hyperthermia is another
technique recently used to treat solid tumors, which involves the exposition of
body’s tissue to a controlled heat, normally included between 41 and 46 °C. In fact,
tumoral cells are genetically more sensitive to heat; the cancer neovascularization
is sluggish and abnormal, and is characterized by a poor blood flow, unable to
disperse heat.®

Hyperthermia can be associated to classical chemotherapy, limiting in this way the
collateral effects such as gastrointestinal absorption and toxicity induced by a
chemotherapeutic administration, by a faster drug action and a better distribution of
the drug inside the tumor site.* Heat administration increases the sensitivity of
malignant cells toward different drugs or radiotherapy, inducing a decrease in
drugs dosage and as a consequence, reducing their side effects on human body.
Hyperthermia can be induced by several magnetic implants, such as metallic alloy
particles, magnetic fluids, ferromagnetic bone cements, and ferrimagnetic glass—
ceramics, which have been deeply studied in the literature.>*® In particular,
ferrimagnetic  biocompatible/bioactive glass—ceramic materials have been
investigated as candidates for bone cancer treatment, since they combine the
possibility to be used as bone filler (and thus their ability to osteointegrate and
form a chemical bond with bone tissue), with their quality to act as local
hyperthermic implant, due to their specific ferrimagnetic properties.**"*” In previous
research works, structural, thermal, and magnetic properties, together with the in
vitro reactivity of ferrimagnetic glass—ceramics belonging to the system SiO,—
Na,0-CaO-P,0s—FeO-Fe,0; were investigated.’®?®® As other silica-based
bioactive glass—ceramics, these materials could be surface activated in order to
expose active sites, prone to the bonding to several kinds of molecules, including
antineoplastic agents. There are several works in literature where surface
functionalization of silica-based glasses (both inert and bioactive) are described.?"
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?® Bioactive glasses and glass—ceramics are well known for their peculiar surface
reactivity when they are in contact with water or aqueous solutions, as simulated
body fluid, TRIS buffer, physiological media, etc.?®* The aim of this work is to
study the surface modifications which occur by soaking a SiO,— Na,0—CaO-P,0s5—
FeO—Fe,03 glass—ceramic in different washing solution, in order to activate its
surface to the exposition of functional groups able to bond with therapeutic agents.
After the surface activation, the grafting of two different antineoplastic agents onto
the functionalized ferrimagnetic glass—ceramic was investigated, and a preliminary
release study was done. The final idea is to combine hyperthermia with
chemotherapy, exploiting the therapeutic effect of an antitumoral drug bound to the
magnetic glass—ceramic surface. Therefore, the drug could be released directly on
the desired tumor site using the ferrimagnetic glass—ceramic microparticles as drug
carrier. The selected antineoplastic agents, doxorubicin and cisplatinum, belong to
two different drug classes and a different bonding mechanism can be hypothesized.
They were selected due to their molecular structure, which allows them to bond
with the chemical species present on the functionalized glass—ceramic surface.
Cisplatinum, a water soluble drug, is a planar complex of platinum, which reacts
with cell’s DNA, altering its structure and inhibiting the repair system of the
organism. Such as all platinum derivates, it has mutagenic properties and produces
the total or partial regression of different cancers such as lung, stomach, testicle,
ovary, uterus, cervix, or acts on epidermis carcinoma and melanoma. It can be used
in combination with other oncostatic chemotherapeutics, depending on the cancer
typology.3*** Doxorubicin belongs to anthracycline family and it is characterized
by a planar tetra-cyclic part, on which two active sites from a therapeutic point of
view (daunosamine and adriamicynone) are linked; it is known to interact with
DNA by intercalation and inhibition of macromolecular biosynthesis. This inhibits
the progression of the enzyme topoisomerase Il, which unwinds DNA for
transcription. Doxorubicin stabilizes the topoisomerase Il complex after it broke
the DNA chain for replication, preventing the DNA double helix from being
resealed and thereby stopping the process of replication.*

This paper is focused on the surface treatments on the ferrimagnetic bioactive
glass—ceramic to make it prone to functionalization, in order to bind doxorubicin
and cisplatinum. The uptake and release of these drugs have been preliminarily
investigated in aqueous solutions at 37 °C. The paper presents the results
concerning functionalization of these glass—ceramics, aiming to explore their
potentiality as magnetic drug carrier.
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A.3.2 Materials and Methods

A glass—ceramic material, named SC45, with the composition 24.7 SiO,, 13.5
Na,O, 13.5 CaO, 3.3 P,0s, 14 FeO, and 31 Fe,O3; (wt%), was prepared by
traditional melting and quenching of commercial reagents, at 1550 °C for 30min in
air, as described in previous works.’®'® A part of the melt was cast in a brass mold
to obtain bars and another part was milled and sieved to powders, with the grain
size below 20 um. The obtained bars were annealed at 600 °C for 12h and then
were cut in slices of 10x10x1.5 mm?®. Each slice was polished with SiC abrasive
papers, up to 1200 grit and then with 6 mm diamond paste. SC45 samples were
analyzed by scanning electron microscopy (SEM—FEI, QUANTA INSPECT 200),
energy dispersion spectrometry (EDS—EDAX PV 9900), and X-ray diffraction
(XRD—X’Pert Philips diffractometer), to confirm the presence of the crystalline
phase, magnetite (which was identified in a previous research'®), and to observe its
morphology.

A.3.2.1 In Vitro Bioactivity Test

To evaluate the material reactivity, SC45 slices were dipped in a simulated body
fluid (SBF-Kokubo®™) up to one month. Samples were removed from SBF at
specific time points (1, 3, 7, 14, and 28 days) and their surface was observed by
SEM and EDS. The SBF solution was changed every 3 days, to simulate the
natural replacement of fluids in the human body. The pH was measured before and
after SBF refresh, during all the soaking period. Slices have been chosen as testing
samples, and SBF as soaking solution, in order to collect both structural and
morphological data about the surface reactivity of this glass—ceramic with an easy
and very common approach. The step concerning the optimization of the surface
treatment in order to induce only the first reactions of the bioactivity mechanism
and lead to free —OH group on top of the glass—ceramic was subsequently
optimized, by investigating the different pre-treatments reported below, where
dipping time and washing solutions have been selected taking into account the
bioactivity kinetics already assessed by the bioactivity test.

A.3.2.2 Samples Pre-Treatment

In order to bond with the drugs, the glass—ceramic surface should be firstly
activated. The surface of a silica-based glass—ceramic can be functionalized by
activating the —OH groups after the contact with an aqueous medium.?** On the
basis of literature and taking into account the bioactivity of this glass—ceramic,
investigated in this work, three different pre-treatments were set out in order to
expose the —OH functional groups to the glass—ceramic surface: (i) ultrasonic
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washing of the samples, (ii) soaking the samples in distilled water, and (iii) soaking
the samples in SBF solution.

The first pre-treatment consists in washing the slice samples firstly in acetone (95
vol% pure) for 5min (to degrease the samples) and then three times in distilled
water, each for 5 min, by using ultrasounds, at room temperature. This treatment
leads to the formation of —OH groups on top of the samples surface. For the other
two pre-treatment processes, the samples were immersed in distilled water and,
respectively, in SBF for 1, 3, and 7 days, at 37 °C (without the refreshing of the
solutions).

After pre-treatment the samples were analyzed by SEM, EDS, and X-ray
photoelectron spectroscopy (XPS). XPS spectra were registered by using Al-source
Surface Science Instrument (M-Probe) The survey spectra and the detailed spectra
of oxygen and silicon regions were analyzed. The survey spectra presents atomic
percentages of elements in the first surface layer (40A) while the detailed spectra
allow the evaluation of specific bonds between atoms from bonding energies. The
evaluation of materials surface wettability before and after pre-treatment was
carried out by contact angle measurements, using water as wettable fluid. Both
static and dynamic angle measurements were performed using drop shape analysis
system (DSA 10, Kruss) with an accuracy of £5°. This characterization approach
was already successfully used by some of the authors in order to assess the early
stage reactivity of silica-based bioactive glasses and the surface activation for
functionalization purposes.?*?® This step was still optimized on slices for their easy
characterization.

A.3.2.3 Drugs Uptake

The drug uptake test was made on glass—ceramic powders pre-treated in the
medium which gave the best results in terms of —OH group exposition. Powders
have been used in this step, since this could be the final morphology of this
material for in vivo applications. For this test, 100 mg of pre-treated glass—ceramic
powders (with particles size less than 20 um) were immersed in 10 mL drug
aqueous solution at 37 °C (Sigma—Aldrich Chemical Company). After 1 day and,
respectively, 2 days, the solutions were filtered and the obtained powders were
dried at 40 °C in an oven. The quantity of drug grafted on materials surface was
calculated indirectly, by difference, measuring the amount of drug which remains
in solution and using a calibration curve. The dried powders were analyzed by
XRD. Cisplatinum solution was prepared with a concentration of 0.5 mg-ml™,
since its solubility in water is 1 mg-mlI™.* The solution was stirred for 20 min,
using a magnetic stirrer, to allow a complete solubilization of the drug.
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Doxorubicin has a very low solubility in water and the concentration of 0.1 mg-ml’
! was selected using the literature reference.®” Also in this case the solution was
stirred for 20 min, using a magnetic stirrer. The quantity of drug which remains in
solution (not bonded with the glass—ceramic surface) was measured by using a
graphite furnace atomic adsorption spectrometer (GF-AAS, Perkin-Elmer 4100
ZL)*® for cisplatinum and a UV-Visible spectrophotometer (UV-Vis, Varian
500SCAN), in absorbance conditions, for doxorubicin. Doxorubicin has a
characteristic absorbance wavelength at 480 nm.[4] The calibration curves were
obtained by using different solutions with the concentration varying in the range
(0.01-0.5 mg-ml™). All drug uptake tests were performed in triplicate and an
average value was calculated. The solutions pH was monitored during these
experiments.

A.3.2.4 Drugs Release

The drugs release kinetics was registered up to 14 days, by using aqueous
solutions. For doxorubicin it was used bidistilled water, since literature does not
reports any particular indication on this matter. For a very preliminary
characterization water seems to be the easier medium in which the release of a so
complex molecule should be investigated, in order to avoid any interference from a
more complex solution, as SBF or PBS. On the contrary, for cisplatinum a saline
solution of 0.9% w/v NaCl was used. Cisplatinum requires chloride ions in order to
be released from the glass—ceramic surface. As reported in literature,®® CI ions
move the bond between cisplatinum and oxygen of OH" groups toward the
reconstruction of chlorine and platinum bonding, characteristic of this molecule.
The dried powders obtained after the uptake test were first rinsed in distilled water,
to eliminate the drug eventually absorbed and not bond to the material surface, then
dipped into 10 mL aqueous solution (bidistilled water or saline solution) at 37 °C.
After different time points (12 h, 1, 3, 7, 10, and 14 days), the concentration of the
drug released into the solution was measured using GF-AAS for cisplatinum and
UVS for doxorubicin. The time points were selected from the literature review.6%°
*1 Three samples were analyzed for each data point and an average value was
calculated. The pH of the drugs release solutions was also evaluated.
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A.3.3 Results and Discussion

A.3.3.1 Glass—Ceramic Characterization

500 pm

50 pm

Fig. 1. (a—c) SEM micrographs (back scattering condition) of the glass ceramic samples;
(d) EDS analysis of the whole area of figure a.

-

SEM micrographs of the glass—ceramic slices are shown in Figure 1. Small
columns of magnetite crystals with octahedral shape are uniformly distributed
throughout the glass matrix [Fig. 1(a)]. The magnetite crystals size is lower than 10
pum [Fig. 1(b, c)]. The EDS spectrum of the whole area of Figure 2(a) is illustrated
in Figure 1(d). The peaks corresponding to the elements of the SC45 composition
(Na, Ca, Si, P, Fe, and O) are identified. The Ag peak comes from the sample
preparation. All the samples were coated with Ag before SEM analysis. XRD
analysis of the glass—ceramic samples demonstrated the presence of a unique
crystalline phases, magnetite. The residual amorphous halo can be observed in the
range of 26 between 25° and 40° (Fig. 2).
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Fig. 2. Diffraction pattern of SC45 (M = magnetite).
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A.3.3.2 In Vitro Test

In vitro mechanism of hydroxylapatite (HA) formation during the SBF soaking
consists in ionic exchange between the samples surface and surrounding solution,
formation of a silica gel layer followed by precipitation of carbonated HA on the
samples surface. The silica rich layer acts as nucleation center for HA. The
presence of magnetite and trace of residual iron ions into the glassy matrix could
cause a slow bioactive behavior of this glass—ceramic, so its bioactivity was
investigated with attention. After few days of immersion in SBF solution the
amorphous matrix starts to erode and as a consequence, the magnetite crystals
come out on the surface. No other significant phenomena were observed during the
first week of SBF soaking. After 14 days of treatment the surface dissolution of
glassy matrix was observed, as confirmed by EDS analysis. After 28 days of
dipping, a discontinuous silica gel layer is formed on the glass—ceramic samples.
During drying, the gel loses the water molecules and forms cracks on its surface.

45
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Fig. 3. SEM micrographs of sample surfaces after 28 days of SBF treatment, where it can
be observed the silica gel [black arrows], (a) a particle of calcium carbonate (b), and its
respective EDS (c). Atomic percentages variations of SC45 elements during in vitro test

(d).
These cracks characteristic to the dried silica gel layer are clearly visible on SEM
images [see black arrows in Fig. 3(a)]. On the samples surface calcium carbonate
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particles, precursors of hydroxycarbonate apatite (HCA) start to precipitate [Fig.
3(b, ¢)]. The silica gel formation and the precipitation of calcium carbonate on the
glass—ceramic samples are an indicator of the first step of the bioactivity
process.™>? Figure 3(d) presents the variation of atomic percentage of samples
elements during 1 month of soaking in SBF. The data points were obtained from
EDS analyses performed on glass—ceramic surfaces of about 2.5x2 mm? area. As
can be observed, during 28 days of dipping, the concentration of Na and Si
decreases, while the amount of Ca and P slightly increases. The trend of Fe shows a
continuous increase, probably due to the higher emergence of magnetite crystals
during the glass phase etching. The pH measurements put in evidence a slow shift
toward basic values (about 7.6), due to ion-exchange between Na® ions coming
from the glass—ceramic and HzO" ions present in the solution. However the values
remain within the range of the physiological variability. Since the bioactivity
investigation revealed that the silica gel and apatite formation start after 7 days of
soaking in SBF, the samples pre-treatment for the surface activation (exposing the
+ OH groups) was investigated up to 7 days.

A.3.3.3 Sample Pre-treatment

The efficiency of the three pre-treatment methods was analyzed by contact angle
measurements, SEM/EDS observation, and XPS scanning. The results of the
wettability test are reported in Figure 4.

By washing pre-treatments in ultrasounds, distilled water and SBF, both static and
dynamic contact angles decrease. After 7 days of soaking in SBF, the materials
surface appeared totally wettable (contact angle closed to zero).A lower contact
angle corresponds to a higher hydrophilic behavior, due to the formation of the —
OH functional groups on the material surface. It seems that the efficiency of the
surface activation increases in the following order: ultrasounds washing, water
dipping, and SBF dipping. The ultrasounds washing pre- treatment was considered
irrelevant for the surface activation and it was dismissed. The highest hydrophilic
surface is obtained after 7 days of immersion in SBF at 37 °C. For these reasons,
the XPS analyses were carried out only on the samples pre-treated 7 days in
distilled water and SBF.

Table 1 shows constituent rates of elements after different pre-treatments. Ca/Si
rate is an indicator of pre-treatment aggressiveness and of earlier bioactivity stages.
It reaches its maximum value for 7 days soaking in SBF; the increase in calcium
content is due to the formation of precipitates onto material surface. An analogous
behavior could be observed for P/Si rate. Fe/Si rate reaches its maximum values for
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7 days soaking in each medium. This result confirms SEM and EDS observations
which under- line that 1 week of treatment causes a high removal of glassy phase.
In order to study the hydroxyls exposition after pre-treatments, a detailed analysis
of oxygen and silicon regions was performed. The XPS spectra of the oxygen
region before and after 7 days of pre-treatment in distilled water and SBF are
shown in Figure 5, while the ones of silicon region are presented in Figure 6.
During the soaking of the samples in the two aqueous fluids (SBF and distilled
water), a rapid ionic exchange between the alkaline ions from the glass surface and
the hydrogen ions from the solution takes place, with the formation of silanols,
which undergo polycondensation developing a silica gel layer. This layer promotes
the diffusion of Ca** and PO,> ions from the solution, that crystallize into
hydroxyapatite.”” The deconvoluted oxygen peak presents three contributions: one
at about 529.9-530.6 eV, characteristic of oxygen in different oxides, another one
at 531.8-532.1 eV typical of oxygen in silica and the last one at 532.8-533.3 eV
which can be attributed to hydroxyls or to silica gel. For this last term the correct
identification of characteristic bonds can be done comparing oxygen and silicon
regions. Generally, silicon peak is monoenergetic at about 101 eV. Contributions at
low energy can be ascribed to SiC contaminations from polishing process, while
signals at higher energy (103-104 eV) are typical of silica gel. So the presence of a
peak at about 532.8-533.3 eV in oxygen region and one at about 103 eV in silicon

region is an indicator of silica gel formation on the material surface.
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Fig. 4. Static and dynamic contact angles after the three pre-treatment processes.
Considering the Figure 5, it can be observed that all the oxygen spectra have the
532.8-533.3 eV contribution. For the untreated sample this signal is small and can

be due to humidity absorption, while on the water pre-treated sample the
deconvoluted peak increases due to the hydroxyls formation. In fact, after both pre-
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treatments, the ratio between the intensities of hydroxyls/silica gel peak and those
of silica and oxides, is higher in comparison with the one before pre-treatment,
suggesting an increase in the —OH concentration on the samples surface. As far as
the SBF pre-treated samples is concerned, also a contribution at about 534 eV
(attributable to carbonates) appears.

In order to better understand the nature of 532.8-533.3 peaks, a detailed analysis of
silicon peak is essential. Considering the silicon region (Fig. 6), it can be noticed
that after 7 days of soaking in distilled water [Fig. 6(b)], the silicon peak is
monoenergetic (around 102 eV), while after 7 days of soaking in SBF [Fig. 6(c)],
the silicon peak presents two contributions (102 and 104 eV). The 102 eV signal
corresponds to silica, while the 104 eV signal is characteristic to the silica gel.
Therefore, during the water pre-treatment only the formation of —OH groups took
place, whereas for the SBF pre-treatment also silica gel formation occurred.
Precipitation of HA precursors is confirmed by carbonate’s signals in oxygen
region. The XPS results suggest that the best pre-treatment is dipping for 7 days in
distilled water, in order to obtain effective hydroxyls exposition and to avoid the
silica gel formation on the samples surface.

SEM and EDS analyses were performed only on the samples pre-treated up to 7
days in distilled water and SBF, without solutions refreshing. SEM observations of
samples dipped in distilled water showed a progressive dissolution of the
amorphous phase and a consequent emergence of the crystalline phase.

Table 1. Constituent rates of elements after different pre-treatments.

Sample Ca/Si Na/Si P/Si Fe/Si
As done 0.5 0.8 0.2 0.2
7 days H,O 0.2 0.8 0.3 04
7 days SBF 0.9 0.7 1.5 0.4

The variation of the atomic concentration (%) of the SC45 elements during 7 days
of water pre-treatment is represented in Figure 7(a). The data were obtained from
EDS analyses of the whole samples surface, using 50x magnification. It can be
observed a decrease of sodium ion concentration and an increase of iron ions
amount especially after 7 days of soaking, probably due to the emergence of the
magnetite crystals during the glass dissolution. For the SBF pre-treated samples, no
particular changes of the surface were noticed. The variation of the atomic
concentration (%) of the SC45 elements after the pre-treatment in SBF solution,
during 7 days of soaking is presented in Figure 7(b). Also in this case the data were
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obtained from EDS analyses of a surface of about 2.5x2 mm?. A slightly increase
in phosphorus ions concentration is observed, suggesting the initiation of the
bioactivity mechanism. Iron concentration still increases but with a lower rate
confronted with the water treated samples. Even though the 7 days SBF pre-
treatment leads to a completely hydrophilic surface, XPS and SEM/EDS analyses
indicate a faster surface reactivity of these samples to the SBF solution, confronted
with the distilled water.

The reaction kinetics is still slow, but it is not well controllable and can provoke,
even for short time, a preliminary precipitation and/or silica gel condensation.
Afterward, the 7 days water pre-treatment at 37 °C was selected, in order to
guarantee good hydroxyls exposition, which will trigger the grafting of the
chemotherapeutic agents. The pH values begin to increase immediately during the
powders pre-treatments. After 7 days of immersion in distilled water the values
ranges from 7.37 (pH of water at 37 °C) to 10.1, due to the fast ion exchange
between the glass—ceramic surfaces and water solution.
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A.3.3.4 Drugs Uptake

In order to graft drugs on glass—ceramics surface, the approach investigated in this
research was to overwork the ability of glasses and glass—ceramics to expose
reactive groups. SC45 has a residual amorphous phase (equivalent to Bioglass one)
and a ceramic phase (magnetite), both able to expose hydroxyl groups and to bond
to silicon and/or iron.***®* Both phases (amorphous or crystalline) could be
exploited to functionalize the ferrimagnetic glass—ceramic with antineoplastic
agents. Cisplatinum could bind covalently with —OH groups, here exposed by the
amorphous phase, by losing the CI" ion. As reported in literature, the CI" ions can
bond with H* ions leached from the —OH groups of the amorphous phase, forming
hydrochloric acid molecules [Fig. 8(a)].?® Doxorubicin could realize a covalent
bond with the —OH groups of the glass phase, by removing water molecules [Fig.
8(b)] [after demethylation of the methoxy group (electron donor) of the planar
tetra-cyclic part, with formation of a —OH group, a condensation with the acid =Si—
OH group exposed by the glass—ceramic surface can be hypothesized]. Another
possible bonding mechanism of the doxorubicin is the link with the —OH groups
exposed by the magnetite in a basic medium.* The investigation of the bonding
mechanism is not possible at this stage of the work, but the stability of the grafting
can be assessed indirectly. As previously mentioned, the antitumor drugs uptake
was carried out in aqueous solutions, by using 7 days water pre-treated glass—
ceramic powders (with particles size less than 20 um). Therefore, SC45 powders
were previously pre-treated in water for one week and then were dipped in the drug
aqueous solution for 1 and 2 days at 37 °C.

The doxorubicin amount grafted on SC45 surface was calculated from the
calibration curve, using solutions with different concentrations in the range (0.01-
0.1 mg-ml™). The samples absorbance was measured by UV-Vis spectroscopy. A
linear dependence was obtained between absorbance values (a) and doxorubicin
concentration (c), such as:

a = 18.29¢ — 0.0459(R? = 0.997) (1)

The amounts of doxorubicin grafted on the SC45 surface, after one and two uptake
days are displayed in Figure 9(a). There are not significant differences between the
quantities of drug incorporated (77+7 wt% after 1 day and 759 wt% after 2 days).
For this reason the release tests were made after 1 day of uptake. The pH of the
doxorubicin aqueous solution at 37 °C is about 6.77, but after 1 day of uptake it
increases to basic values, about 9.5. This behavior can be explained by the
interaction phenomena which take place between SC45 powders and the drug

222



solution, including partial dissolution of the glassy phase and in particular, sodium
ions release.
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Fig. 8. Possible bond mechanism of (a) cisplatinum and (b) doxorubicin with the activated
—OH groups of the glass—ceramic surface.

The pH trend is important to understand the charge of the drug molecule; in fact
doxorubicin is neutral in lightly basic ambient, while it is positive in the acid one.
The cisplatinum amount grafted on SC45 surface was calculated from the
calibration curve, using solutions with the concentration in the range (0.05-0.5
mg-ml™). The samples absorbance was measured by GF-AAS. The obtained curve
is not linear; it has an exponential trend, such as:

y = ax*® (R? =0.999) (2)

where y is the platinum amount detected by the instrument, x is the initial drug
solution concentration and a is a multiplying coefficient. Figure 9(b) shows the
quantity of cisplatinum grafted on the SC45 surface, after one and two uptake days.
Also in this case there are not significant differences between the concentration of
drug incorporated (42+9.6 wt% after 1 day and 50+3.4 wt% after 2 days) and
therefore the release tests were made after 1 day of uptake.
The pH of the cisplatinum solution slowly increases from 6.04 before uptake to 7.3
after 1 day of uptake. In this case the pH variation is lower than for doxorubicin
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due to the H" released during the cisplatinum condensation reaction. In fact, during
condensation, cisplatinum liberates HCI which is completely dissociated in an
aqueous solution. The released hydrogen ions will compensate the pH increase
(due to the ionic exchange between the glass— ceramic powders and drug solution),
lowering the pH. XRD analyses (not reported) on samples after the uptake
treatments did not show any significant modification.

A.3.3.5 Drugs Release

The doxorubicin release was performed in 10mL of distilled water, at 37 °C, for
different periods of time up to 14 days, by analyzing the solutions concentration
with UV-Vis spectroscopy. The quantity of doxorubicin released at different time
points is presented in Figure 10(a). As can be seen, the drug released concentration
is very low (less than 15.5 wt%). Moreover, the variation of the drug released in
time is not linear, being impossible to describe the reaction kinetics.

The glass—ceramic powders release a very few percentage of doxorubicin, which
varies between 5.9+5 and 15.3+9.6 wt%. This behavior is probably due to a strong
covalent bonding between the drug molecule and the hydroxyl groups exposed on
materials surfaces, which allows the release of a small amount of adsorbed drug,
explaining also the high data dispersion.

The cisplatinum release was measured with a GF-AAS, by using 10 ml of 0.9%
w/v NaCl saline solution, since the drug needs CI" ions to be released. Figure 10(b)
shows the variation of the drug released up to 14 days of soaking at 37 °C. The
concentration of the released drug reaches a maximum of almost 50+6.8 wt% after
1 day of immersion, but also in this case the amount of drug released varies
randomly in time, being impossible to describe the cisplatinum release kinetics.
However, the amount of drug released is higher than for doxorubicin, varying
between 25 and 50 wt%. In this case, as suggested by literature, the presence of CI’
ions in the solution could affect the drug release, by changing the equilibrium
reaction of cisplatinum toward drug recombination [see Fig. 8(a) with the
equilibrium reaction to the left instead of the right direction; HCI could combine
with the drug grafted on the glass—ceramic surface to reform the drug molecule].
However, the CI" ions concentration is probably not high enough to carry out a
complete release of the drug. It seems that the maximum amount of drugs is
released during the first hours of immersion in the aqueous solutions at 37 °C for
both doxorubicin and cisplatinum agents. The pH of the both drug released
solutions belongs to the basic field. During the release test of the doxorubicin, the
solution pH varies in the range (9-10.2), reaching the 9.7 value after 12 h. Similar
results were obtained for the cisplatinum release test, where the pH was almost
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stable (around 10 value) after 12 h. These first results let only asses that a strong
bonding to the activated glass—ceramic surface was achieved for both drugs, which
is the goal of the present work, and that their release is connected with the
composition of the leaching medium. For doxorubicin, water is not able to break its
bonding to the glass—ceramic surface.
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The hypothesis of a covalent bonding between the drug and the glass—ceramic
(likely between the hydrolyzed methyl group of doxorubicin and the —OH groups
on top of the glass—ceramic) at the moment is only supported by the evidence of a
very few release. It is to be considered that the active groups of doxorubicin are
represented by the daunosamine and adriamicynone connected to the tetra-cyclic
planar group®” so a few release of this drug should not be a drawback of a
functionalized device, if the bonding does not involve these two groups. On the
contrary, the action of cisplatinum is related to the displacement of the two chloride
ligands®**** so they must be restored via release in chloride-rich aqueous solutions.
It is not possible, with the data collected in this work, to make any comparison
between the release kinetics of the two different drugs, both because of the
different media chosen for the leaching test and for the different bonding
mechanisms that could be hypothesized. A better understanding of both bonding
and release mechanisms will be object of a future work, where different media, in
different condition of temperature, are going to be investigated.

A.3.4 Conclusions

A ferrimagnetic glass—ceramic belonging to the system SiO,—Na,O-CaO—P,0s5—
FeO—Fe,03, has been studied as a drug carrier material for cancer treatment. This
ferrimagnetic glass—ceramic has a unique crystalline phase (magnetite) and shows
slow bioactivity kinetics. Two different anticancer drugs were considered:
cisplatinum and doxorubicin. In order to bond with the drugs, the glass—ceramic
surface was firstly activated, by exposing the —OH functional groups. Treatments
performed to expose the —OH groups reveal that one week of immersion in distilled
water is the best treatment which guarantees the exposition of superficial
hydroxyls. Both antineoplastic agents used in this work are able to bind with
exposed groups of SC45. After 1 day of immersion, 77+7 wt% of doxorubicin were
incorporated into the glass—ceramic powders, while the cisplatinum amount loaded
into the glass—ceramics is about 42+9.6 wt%. The antitumoral drugs release has an
opposite behavior, since a very low doxorubicin amount (less than 15.5 wt%) is
released during the 14 days of immersion in water, probably due to a strong
covalent bonding with the glass—ceramic surface. The amount of cisplatinum
released in 1 day in a saline physiological solution is instead about 50+6.8 wt%.
Future works will investigate and analyze thoroughly the mechanism of drugs
attachment and release. A study of the drugs uptake and release kinetics at higher
temperature (in the range of hyperthermic treatment) and in different solutions
which simulate the in vitro behavior (such as phosphate buffered saline PBS and
SBF) is in progress. Nevertheless this research work points out the possibility to
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graft antineoplastic agents on SC45 glass—ceramic surface. This material can be
used for both antitumoral implants and magnetic drug targeting, overworking, in
this way, the material ability to generate heat and to release chemotherapeutics able
to interact with neoplastic cells.
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APPENDIX B1: X-Ray Powder Diffraction technique

X-ray powder diffraction is a non-destructive technique widely applied for the
characterization of crystalline materials."* This method has been traditionally used
for phase identification, quantitative analysis and the determination of structure
imperfections. Illustrated examples are given to highlight the importance of this
technique. More detailed information on recent developments can be obtained from
references.””

B.1.1 Introduction

Some solids can be prepared only as micro crystalline powders and hence their
structure cannot be determined using single crystal diffraction techniques. In such
cases it iS necessary to analyze the structure of the material using powder
diffraction data. The ability to determine crystal structures using powder diffraction
promises to open up many avenues in structural sciences. It is possible to determine
the orientation, unit cell dimensions, stress/strain, crystal structure, etc. from the
information obtained in the powder diffraction pattern. The steps involved in this
process are*™:

unit cell determination;

decomposition of powder pattern into integrated intensities;
assignment of space group from systematic absences;

refinement of the structure, typically by the Rietveld method.***®

o O O O

However the determination of structures using powder diffraction data is much
more difficult than from single crystal data. This problem arises due to the collapse
of the three dimensional crystallographic information into a single dimensional one
which is the powder diffraction pattern. This ambiguity creates problems in the
determination of the unit cell. However with the improvements in the instrument
and algorithmic developments it is now possible to solve different structures from
powder diffraction data alone. Now powder diffraction has become the promising
technology in the characterization of crystalline materials.'**®

B.1.2 Bragg’s condition

Consider a beam of wavelength striking a line of atoms spaced at equal distances.
The radiated beam that is in the form of spherical wavefronts will be of maximum
intensity when the path difference between the incident and the reflected beam is
equal to an integer number of wavelengths.'™ Taking a picture where each atom is
giving off a spherical wave front, the directions of scattering thus constitute a series

of cones. If we take a 2-D net, in which there is another line of atoms independent
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from the first line of atoms, another series of cones is generated. Thus a 2-D net
produces two families of intersecting cones. Thus a constructive interference in
seen only in some specific well defined directions in space. Also when the axes of
the cones are non-linear, the intersections of the cones give a series of lines.
Extending this idea to three dimensions, strong constructive interference will occur
only for some specific conditions of interference and specific directions. But it is
difficult to picture this in three dimensions. However Bragg proposed that the
condition for constructive interference is equivalent to that of a simple plane, which
can be described by the Miller indices. Now the plane is (h k I) and the spacing
between the planes are considered but not the spacing between the atoms or lattice
points as was considered previously. A 3-D scattering of X-rays can be seen in Fig.
B.1.

Consider a crystal lattice whose interplanar spacing is d. Also the incident radiation
strikes the planes (h k I) at an angle 8 as shown. The condition for constructive
interference is now:'

nd = 2dsin@

where 12 = incident light wavelength, n = multiple number (0,1,2,3, etc.), d =
interplane spacing, 6 = angle between the incident radiation and the planes (h k I).

The incident angle is chosen by rotating the crystal relative to the beam, the
wavelength is fixed and thus the interplanar spacing d is obtained (see Fig. B.2).
The conclusion is that any set of planes in a crystal will reflect an X-ray beam if the
set of planes is at right angle (8 = 90) to the incident beam. But there arises another
question whether the planes will reflect the beam strongly or not.

Fig. B.1: The general case for the intersection of diffraction cones coaxial with three non-
coplanar.
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Fig. B.2: Explanation of Bragg’s condition.

The intensity of the reflected beam is proportional to the product of the intensity of
the incident beam and the concentration of electrons in the reflecting plane. Thus if
the unit cell dimensions are known and, subsequently, the atomic number of each
of the atoms, it is possible to calculate the concentration of electrons and hence the
intensity of the reflected beam.

Now considering the reverse situation, if the size of the unit cell and the intensities
of the reflections are known, the positions of atoms and also the relative number of
electrons per atom are found. It is obvious that all compounds with different
formula or unit cells have different collections of d-spacings and different
intensities of reflections. The observed patterns of spacings and intensities can thus
be used to identify an unknown compound in a specific crystalline phase.

B.1.3 Powder diffraction

If monochromatic X-ray radiation is taken instead of white light and the crystal is
placed in front of the beam, there will be only one reflected beam for one particular
angle of incidence. If the crystal is now rotated around the incident ray direction
without changing the incident angle, the reflected beam will describe a cone with
the crystal at the apex of the cone as shown in Fig. B.3.

When there are hundreds of crystals, there are many reflected beams and when the
crystals are rotated about their axes of incident X-ray beam, a series of cones are
formed as shown in Fig. B.4. If a powdered sample is placed in the path of x-rays
there will be a continuous series of point reflections lying along the arc of the
cone.” This is the basis of powder method that is used in X-ray crystallography to
determine the unknown samples. For every set of crystal planes, one or more
crystals will satisfy Bragg’s condition.

The main methods of studying powders have led to the investigation of the atomic
arrangements. The methods employed are the Debye Scherrer method and
Diffractometry .
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Fig. B.4: Series of cones of the reflected beams.

o Debye Scherrer Camera

One of the simplest ways of determining unit cell parameters is the Debye Scherrer
method. To understand the principles involved, consider a particular (h k I)
reflection. One or more particles will be oriented so that their (h k 1) planes obey
Bragg reflection condition. Fig B.3 shows one plane in the set. If the plane is now
rotated such that the angle of incidence is kept constant, the reflected beam travels
over the surface of the cone with the axis coinciding with the transmitted beam.
Though this rotation does not occur in powder method, combined effects of some
reflections from the (h k I) planes make the correct Bragg angle with the incident
beam and thus have the form of a cone of diffracted radiation. Thus the (h k I)
reflection from a powder produces many cones.

In the Debye Scherrer method a narrow strip of film is curved in a short cylinder
with the specimen placed on the axis and the incident beam is directed at right
angles to the axis. The cones of diffracted radiation intersect the cylindrical strip in
lines and when the strip is laid straight the resulting pattern is as shown in the Fig.
B.4. Each pattern is made up of small spots each from one particle and the spots are
so close to each other that they appear as a continuous line. These lines are
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generally curved and when 26 = 90°, they form a straight line. From the measured
position of a given diffraction line, 6 can be determined and if the wavelength A is
known, it is possible to calculate the d-spacings of the lattice planes.

If the shape and size of the unit cell are known, the position of all the possible
diffraction lines can be predicted. The Debye Scherrer method is widely used
especially in metallurgy.

o The Powder Diffractometer (Bragg-Bentano)

Modern X-ray techniques give a series of peaks instead of diffraction intensities as
in Debye Scherrer method. In this method a detector is used instead of the film.

‘-“
Vad

Focusing Circle

Fig. B.5: The Powder Diffractometer (Bragg-Bentano).

A convergent incident ray is used to give a good peak resolution. The powder is
filled in the hole of a sample holder. The set up requires that if reflection is
obtained when the beam is incident at an angle 6 with the lattice plane, the reflected
beam is recorded at an angle of 20 in what is referred to as 6-26 scan, as shown in
Fig. A.5. The peak positions and the intensities are readily obtained from the chart.
The powder diffractometer uses an X-ray detector like a Proportional or
Scintillation Counter to measure the positions of the diffracted beams.

B.1.4 Application

X-ray powder diffraction has opened up new avenues in the studies of structures. It
has a number of applications.

o Qualitative analysis: from the pattern, the d-spacings are recorded and the
relative intensities are measured and are compared with the patterns of the
known compounds. This comparison is done with the help of a powder
diffraction file that contains the patterns of some standard compounds
divided into subdivisions-minerals, inorganic, organic;

237



B.1.5

B.1.6

Quantitative Analysis: for a multi-component mixture the relative
concentration of each of the components can be obtained by using a fitting
program based on Rietveld refinement'®*%;

Structure of alloys: an alloy is a mixture of two or more elements. If the
composition is uniform it produces a typical powder diffraction pattern. If
one of the components precipitates, it produces separate lines on the powder
pattern corresponding to the component;

Stress Determination in metals: if there is a stress in a metal then the angle
of the diffraction cone changes because of a change in the d-spacing due to
stress. By measuring the changes in the cone angle accurate measurements
of stress can be made. In addition, stress invariably broadens diffraction
peaks unless it is absolutely uniform on an atomic scale;

Determination of crystallite size: as the size of the crystallite decreases, the
angular spread of the reflection increases. The full width at half maximum
can be used a measure of the mean particle size of the sample;

Identification and raw material evaluation: for some complex materials, it
is difficult to analyze the pattern. But since similar materials exhibit similar
patterns, we can for example determine the structure of different clays as a
cement material by comparing with acceptable clay and thus relate structure
to properties.

Limitation

Single crystal methods depend upon mathematical algorithms and accurate
peak intensities to solve structures. Such accuracy is sometimes difficult to
obtain.

The individual peak intensities are difficult to obtain because in powder
diffraction, a 3-D pattern is reduced to a 1-D pattern and analysis is done.
This leads to both accidental and exact peak overlap.

The symmetry of crystals cannot be obtained accurately in powder
diffraction pattern.

Preferred orientation can lead to inaccurate peak intensities. But both
rotating the sample about its normal and rocking it about each data point
can overcome this.

Informations obtained by a diffraction line

Tab. B.1 shows the main qualitative information’ obtained by a diffraction
pattern. The positions of the peaks are directly related to the dimensions of the unit
cell. The intensities are related to the contents of the unit cell. The d-spacings are
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taken because they are independent of the wavelength of the light used. Normally
relative intensities are used in order to normalize the intensities. The normalization
of intensities is done by taking a reference for the strongest peak and other
intensities are scaled accordingly. The Full Width at Half Maximum (FWHM) of
the most intensive peak (I = 100%) is used to calculate the average diameter of the
particles; the broad lines underline the presence of amorphous phase in the sample.

The X-ray powder diffraction pattern of a mixture containing two or more
compounds is the weighted sum of the individual patterns. Although a powder
diffraction pattern is used as a finger print for identifying a material, other
important information is obtained in it.

Tab. B.1: General information obtained by a diffraction line.
Feature Information obtained
Unit cell dimensions and
symmetry.
Unit cell contents (basis vectors)
and thermal vibrations

Peak positions (26 values)

Peak intensity

FWHM Average particle size/strain
Peak shapes Stacking faults, layer defects
Broad lines Amorphous phase

Presence of a crystalline

Non —indexable lines

impurity

B.1.7 Structure refinement and quantitative phase analysis of powder
diffraction patterns

The structure refinement is a method to get the exact structure from the data
obtained in structure solution method. Thus if the structure solution is a good
approximation to the original structure, a good quality structure may be obtained by
structure refinement.'®*® Structure refinement is generally carried out by the
Rietveld method, the best refinement to obtain an exact structure even if there are
peak overlaps. This method is also the most powerful tool to extract quantitative
information from a multiphase polycrystalline sample.

The main sources of error for quantitative phase analysis (QPA) are the well-
known peak overlapping, extinction, preferred orientation and microabsorption
effects.

The Rietveld method,’® being a full-pattern fitting technique, offers great
advantages, among which:

(a) the calibration curves are not needed;
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(b) it does not require the pattern decomposition in integrated intensity values;

(c) overlapping of reflections is generally not problematic (except for low
concentrations of low-scattering-power phases);

(d) it exploits the whole pattern information;

(e) it allows microabsorption and preferred orientation effects to be modelled;
() it can deal with complex mixtures;

(9) it supplies more accurate results.

The method requires, for each phase, the prior knowledge of the structural model,
which is usually kept fixed during refinement; approximate models can be refined
if the experimental information is sufficient. The mixture pattern is calculated by
taking into account the contributing pattern of each phase according to

ACEDIRACERAC
J

where the summation is over the number of phases in the mixture, Y(i) is the total
calculated pattern for each step i; Yp(i) is the calculated background model for each
step i; Ycj(i) is the calculated pattern for the phase j for each step i; and Yc(i), Yb(i),
Ycj(i),according to

V() =S thhP(i, RA(i, k) 0(h)

S; is the scale factor; 2 takes into account the contribution of each reflection to the
value of Y;(i) at the point i;

I, = mp|Fyc|*Lpy,

is the integrated intensity of reflection h, including the multiplicity (my), the
structure-factor modulus (|Fnc|) calculated from the model (occupancy factors are
taken into account, more complicated structures like mixed crystals are not
considered) and the Lorentz-polarization correction (Lpp); P(i,h) is the profile
shape function; A(i,h) is the asymmetry function; O(h) is the preferred orientation
correction.

Each contributing pattern is a function of the phase weight fraction in the mixture;
this information is derived from the refined scale parameter S;,**** according to
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Sipi

W, = —%1t
L ?:1 SiPi

pi = Is the density of the phase j.

Several efficient Rietveld programs are nowadays available for structure
refinement; most of them are able to treat multiphase systems and can be run for
QPA applications, but usually require substantial intervention by expert users.
More automatic approaches are mainly supplied by commercial programs.
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APPENDIX B2: Surface area and pore structure by gas adsoption

B.2.1 Introduction

A relatively great proportion of the atoms of a fine powder are at or near the
surface. If, in addition, the powder particles have cracks, crevices, or pores within
their structure, the proportion of exposed atoms is still greater. This causes powders
to exhibit distinctly different properties from the same material in bulk form and to
do so in a manner strongly dependent on the magnitude of their surface areas and
the nature of their porosity. A fine powder is more reactive than the same material
in bulk; it shows enhanced solubility; it sinters at lower temperature; it has more
adsorptive capacity; and it exhibit greater catalytic activity. The influence is so
pronounced in some instances that surface area and structure appear almost as
important as chemical composition. Gas adsorption on solid surface and in the pore
spaces is a complex phenomenon involving mass and energy interaction and phase
changes. Depending upon the strength of the interaction, all adsorption processes
can be divided into the two categories of chemical or physical adsorption. The
former, also called irreversible or chemisorption, is characterized mainly by large
interaction potentials, which lead to high heats of adsorption often approaching the
values of chemical bonds. This fact, coupled with other spectroscopic, electron spin
resonance, and magnetic susceptibility measurements confirms that chemisorption
involves true chemical bonding of the gas or vapour with the surface. Because
chemisorption occurs through chemical bonding it is often found to occur at
temperatures above the adsorbates critical temperature. Strong bonding to the
surface is necessary, in the presence of higher thermal energies, if adsorption is to
occur at all. Also, as it is true for most chemical reactions, chemisorption is usually
associated with an activation energy. In addition, chemisorption is necessarily
restricted to, at most, a single layer of chemically bound adsorbate at the surface.
Another important factor relating to chemisorption is that the adsorbed molecules
are localized on the surface. Because of the formation of a chemical bond between
an adsorbate molecule and a specific site on the surface the adsorbate is not free to
migrate along the surface. This fact, often enables the number of active sites on
catalysts to be determined by simply measuring the quantity of chemisorbed gas.
The second category, reversible or physical adsorption, exhibits characteristics that
makes it most suitable for surface area determinations as indicated by the
following:
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* Physical adsorption is accompanied by low heats of adsorption with no violent or
disruptive structural changes occurring to the surface during the adsorption
measurements.

*Unlike chemisorption, physical adsorption may lead to surface coverage by more
than on layer of adsorbate. Thus, pores can be filled by the adsorbate for pore
volume measurements.

*At elevate temperatures physical adsorption does not occur or is sufficiently slight
that relatively clean surfaces can be prepared on which to make accurate surface
area measurements.

* Physical adsorption equilibrium is achieved rapidly since no activation energy is
required as in chemisorption. An exception here is adsorption in small pores where
diffusion can limit the adsorption rate.

» Physical adsorption is fully reversible, enabling both the adsorption and
desorption processes to be studied.

* Physical adsorbed molecules are not restrained to specific sites and are free to
cover the entire surface. For this reason surface areas rather than number of sites
can be calculated.

The kinetics and thermodynamics of adsorption have been extensively studied, but,
when surface area and pore structure are the subject of interest, the investigative
procedure is first to establish what is known as an adsorption (desorption) isotherm.
This is a measure of the molar quantity of gas n (or standard volume V,, or general
quantity g) taken up, or released, at a constant temperature T by an initially clean
solid surface as a function of gas pressure P. Most frequently the test is conducted
at a cryogenic temperature, usually that of liquid nitrogen (LN,) at its boiling point
(77.35 K at one atmospheric pressure). Convention has established that the quantity
of gas adsorbed is expressed as its volume at standard conditions of temperature
and pressure (0°C and 760 torr and signified by STP) while the pressure is
expressed as a relative pressure which is the actual gas pressure P divided by the
vapour pressure P, of the adsorbing gas at the temperature of which the test is
conducted. Plots of V, as the ordinate against P/P, as the abscissa reveal much
about the structure of the adsorbing material (called the adsorbent) simply from
their shape. Adsorption isotherms generally follow one of six forms, the first five
of which originally were assigned type number by Brunauer, Deming, Teller.*® The
sixth is a recent addition;*" all are reproduced in Fig. B.6.
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Fig. B.6: The six basis adsorption isotherm types.

o Type 1 isotherms are encountered when adsorption is limited to, at most,
only a few molecular layers. This condition is encountered in chemisorption where
the asymptotic approach to a limiting quantity indicates that all of the surface sites
are occupied. In the case of physical adsorption, Type 1 isotherms are encountered
with microporous powders whose pore size does not exceed a few adsorbate
molecular diameters. A gas molecule, when inside pores of these small dimensions,
encounters the overlapping potential from the pore walls which enhances the
quantity adsorbed at low relative pressures. At higher pressures the pore are filled
by adsorbed or condensed adsorbate leading to the plateau showing little or no
additional adsorption after the micropores have been filled. Physical adsorption that
produces the type 1 isotherm indicates that the pores are microporous and that the
exposed surface resides almost exclusively within the micropores which, once
filled with adsorbate, leave little or no external surface for additional adsorption.

o Type 2 isotherms are most frequently encountered when adsorption occurs
on nonporous powder or on powders with pore diameters larger than micropores.
The inflection point of the isotherm usually occurs near the completion of the first
adsorbed monolayer and, with increasing relative pressure, second and higher
layers are completed until at saturation the number of adsorbed layers becomes
infinite.

244



o Type 3 isotherms are characterized principally by heats of adsorption that
are less than the adsorbate heat of liquefaction. Thus, as adsorption proceeds,
additional adsorption is facilitated because the adsorbate interaction with an
adsorbed layer is greater than the interaction with the adsorbent surface; condition
that is valueless in surface and pore analysis.

o Type 4 isotherms occur on porous adsorbents possessing pores in the radius
range of approximately 1.5-100 nm. The slope increase at higher pressures
indicates an increased uptake of adsorbate as the pores are being filled. As is true
for the Type 2 isotherms, the knee of the Type 4 isotherm generally occurs near the
completion of the first monolayer.

o Type 5 isotherms result from small adsorbate-adsorbent interaction
potentials similar to the Type 3 isotherm. However, Type 5 isotherms are also
associated with pores in the same range as those of the Type 4 isotherms.

o Type 6 isotherms is indicative of a nonporous solid with a stepwise
monolayer.

B.2.2 Adsorption theory and methods of extracting information from the
adsorption isotherm

The success of equilibrium theories directed toward the measurements of surface
areas depends upon their ability to predict the number of adsorbate molecules
required to exactly cover the solid with a single molecular layer. Equally important
is the cross-sectional area of each molecule or the effective area covered by each
adsorbed molecule on the surface. The surface area then, is the product of the
number of molecules in a completed monolayer times the effective cross-sectional
area of an adsorbate molecule.

B.2.2.1 Langmuir theory

The Langmuir'® development more properly applies to chemisorption situations
than to physical adsorption ones because its first assumption is that gases form only
one molecular layer on a solid. Collision of a gas molecule with a solid is taken to
be inelastic, so that the gas molecule remains in contact with the solid for a time
before returning to the gas phase. This time delay is taken as responsible for the
phenomenon of adsorption. The equation

_ VpbP
@™ q1+pp (1)

was obtained by relating the rate at which molecule strike a surface to the rate at
which they leave the surface. Here V, is the quantity of gas adsorbed at pressure P,
Vm the quantity of gas adsorbed when the entire surface is covered with a
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monolayer, and b is an empirical constant. Equation (1) can be rearranged to the
linear form

P 1 P

o T @
Thus, if the equation applies and values of P/V, are plotted against P values, a
straight line should result. Some sets of data obtained using nitrogen as the
adsorptive gas and adsorbing it at LN, temperature plot a straight line only in
limited regions, allowing b and V, to be evaluated from the slope and intercept of
the line. The specific surface area S_ of the adsorbent is then calculated from V, by

__VimoNy

5, = (3)
where o is the area of surface occupied by a single adsorbed gas molecule (16.2 A?
in the case of nitrogen), Na the Avogadro constant, m the mass of the adsorbing
sample, and V, the molar volume of the gas. When nitrogen is the adsorptive,
equation (3) becomes

__ 4.35Vp(cm3at STP)
m(g)

(4)

B.2.2.2 BET theory

A major advance in adsorption theory generalized the treatment of Langmuir and
incorporated the concept of multimolecular layer adsorption. It is known as the
BET theory from the surnames of its originators, Brunauer, Emmett and Teller.'®
The fundamental assumption is that the forces active in the condensation of gases
also are responsible for the binding energy in multimolecular adsorption. By
equating the rate of the condensation of gas molecules onto an already adsorbed
layer to the rate of the evaporation from that layer and summing for an infinite
numbers of layers, the expression

_ Vi CP
(PO—P)[1+(C—1);;O]

(5)

Va

is obtained, where C is a constant, P, the saturation pressure of the gas, and other
terms as previously defined. The value of C in simplest terms is

C x exp% (6)
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where q is the heat of adsorption of the first layer, g, the heat of liquefaction of the
adsorptive, R the gas constant and T the absolute temperature. Equation (5) also can
be written in the linear form

P _ L.;.E(ﬂ) (7)

Va(Po—=P) ~ VipC = VinC \P,

From which, if applicable, a plot of P/[Va(Po-P)] versus Po/P should yield a
straight line with intercept 1/V,C and slope (C-1)/V,C, as shown in Fig. B.7.

PN, (P-Pg)
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0.4

1 | ! I | T |

PiPg

Fig. 6.8: Isotherm shapes as a function of BET C values.

The values of V, and C may then be obtained from a plot of a straight line, or a
regression line, through the points. Isotherm data for most solids when using
nitrogen as the adsorptive and plotting them in accordance to equation (6) yield a
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straight line between Po/P values from about 0.05 to 0.3, but the upper limit is
sometimes as low as 0.2 and occasionally even lower. The value of C is most
frequently between 50 and 300 when using nitrogen at 77 K (Fig. B.8). A high or
negative C value is indicative of micropores and their measurements is not
amenable to analysis by this BET model without modification.

B.2.2.3 The meaning of monolayer coverage

Hill'® has shown that when sufficient adsorption has occurred to cover the surface
with exactly one layer of molecules, the fraction of surface, 6, not covered by any
molecules is dependent on the BET C value and is given by

ct/2-1

By = <= ®)

From the preceding equation it is evident that when sufficient adsorption has
occurred to form a monolayer there is still always some fraction of surface
unoccupied. Indeed, only for C values approaching infinity will 6, approach zero
and in such cases the high adsorbate-surface interaction can only result from
chemisorption.

B.2.2.4 The BET constant and site occupancy

Equation (8) is used to calculated the fraction of surface unoccupied when V,=Vp,,
that is, when just a sufficient number of molecules have been adsorbed to give
monolayer coverage. Lowell®® has derived an equation that can be used to
calculated the fraction of surface covered by adsorbed molecules of one or more
layers in depth. Lowell’s equation is

C1/2_1Ji+1

6)m = C|— (9
where 6; represents the fraction of surface covered by layers i molecules deep. The
subscript m denotes that eq. (9) is valid only sufficient adsorption has occurred to

make V=V,

B.2.3 Methods for characterizing mesoporous and macroporous materials
Mesopores generally are defined as those having widths between 2 and 50 nm and
macropores those with greater than 50 nm. It is well established that the pore space
of a mesoporous solid fills with condensed adsorbate at pressure somewhat below
the prevailing saturated vapour pressure of the adsorptive. When combined with a
correlating function that relates pore size with critical condensation pressure, this
knowledge can be used to characterized the mesopore size distribution of the
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adsorbent. Adsorption studies leading to measurements of pore size and pore size
distributions generally make use of the Kelvin®* equation which relates the
equilibrium vapour pressure of a curved surface, such as that of liquid in a capillary
or pore, to the equilibrium pressure of the same liquid on a plane surface. The
Kelvin equation is usually written

in(2) = - (2z2) o)
where P is the equilibrium vapour pressure of the liquid contained in a narrow pore
of radius r and Py is the equilibrium pressure of the same liquid exhibiting a plane
surface. The term y and v are the liquid surface tension and the molar volume,
respectively, and 4 is the contact angle at which the liquid meets the pore wall. In a
pore, the overlapping potentials of the walls more readily overcome the
translational energy of an adsorbate molecule so that condensation will occur at a
lower pressure than is normally required on an open or plane surface. Thus, as the
relative pressure is increased condensation will occur first in pores of smaller radii
and will progress into the larger pores until, at a relative pressure of unity,
condensation will occur on those surfaces where the radius of curvature is
essentially infinite. Conversely, as the relative pressure decreases, evaporation will
occur progressively out of pores with decreasing radii.

Of six isotherms classification in Fig. B.6 the Types 1, 4, 5 are associated with
porosity. The Type 1 isotherm usually corresponds to microporosity, that is, pores
of diameters only slightly larger than adsorbate molecules. The types 4, 5 isotherms
are associated with pore ranging from about 1.5-100 nm with the Type 4 isotherm
far from more frequently encountered. Fig. B.9 shows the hysteresis which is
typical of Type 4 isotherms.

6]

F .t.'...f E
D

[
I
|
|
|
|
I
I
I

| |

T

1.0
'P‘Po l'des. ( P"F‘o]ads_

Fig. B.9: Typical Type 4 adsorption and desorption isotherms showing hysteresis.
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The line BCD indicates the path traversed along the adsorption isotherm as the
relative pressure is increased, whereas the line DFB shows the path followed along
the desorption isotherm as the relative pressure is reduced. The presence of the
hysteresis loop introduces a considerable complication, in that within the region of
the hysteresis loop there are two relative pressure values corresponding to a given
quantity adsorbed with the lower value always residing on the adsorption isotherm.
As shown in Fig. B.9, the quantity V, is adsorbed at a lower relative pressure on the
desorption isotherm than on the adsorption curve. The pore radius corresponding to
the quantity adsorbed must be single-valued and some criteria have to be
established as to which value of relative pressure is to be employed in the Kelvin
equation. The molar free energy change accompanying the condensation of vapour
into a pore during adsorption is given by

AGgaqs = RT(InPyys — InPy) (12)

For the same quantity on the desorption isotherm the corresponding free energy
change

AGges = RT(InPyes — InPy) (12)

Since Pges < Pags it follows that AGges < AGags,. therefore, the desorption value of
relative pressure corresponds to the more stable adsorbate condition and the
desorption isotherm should, with certain exceptions, be used for pore size analysis.
Several theories have been formulated to explain the difference between the state of
the adsorbate during adsorption and desorption. Zsigmondy®* postulated that
hysteresis was caused by a difference of contact angle during adsorption and
desorption. McBain® accounted for hysteresis by assuming the pores contained a
narrow opening and a wide body, the so-called “bottle-neck” shape. His model
assert that during adsorption the wide inner portion of the pore is filled at high
relative pressures but cannot empty until the narrow neck of the pore empties at
lower relative pressure during desorption. It follows, therefore, that for “bottle-
neck” pores the adsorption isotherm corresponds to the equilibrium condition.
Cohan®* assumed that condensation occurs by filling the pore from the wall inward
which, for a cylindrical pore, would give a cylindrical shaped meniscus whereas
evaporation occurs from a hemispherical meniscus once the pore is filled. Foster®
explained hysteresis by considering the pores to fill by adsorption on the walls
while emptying by evaporation from a spherical meniscus. These or other
theories?® may each describe a unique condition leading to hysteresis and indeed
there may be no single mechanism that can universally explain hysteresis. De
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Boer®’ has identified five types of hysteresis loop, as shown in Fig. B.10, which he
has correlated with various pore shapes.

Type A Type B Type C
l

[

P-‘ng P"’Po P."Po
Type D Type E

P/P, P/P,

Fig. B.10: De Boer’s five types of hysteresis.

o Type A hysteresis is due principally to cylindrical pores open at both ends (Fig.
B.11). According to Cohan,43 type A hysteresis is caused by condensation
producing a cylindrical meniscus with one radius of curvature equal to the pore
radius, less the thickness of previously condensed film, and the other radius is
the length of the pore or essentially infinite.

o Type B hysteresis curve is associated with slit-shaped pores or the space
between parallel plates.

o Type C hysteresis is produced by a mixture of tapered or wedge-shaped pores
with open ends.

o Type D are also produced by tapered or wedge-shaped pores but with narrow
necks at one or both open ends.

o Type E hysteresis results from McBain’s “bottle-neck” pores. In pores of this
shape, emptying of the wide portion will be delayed during desorption until the
narrow neck can evaporate. Therefore, the desorption curve exhibits a small
slope at high relative pressures and a large slope where the wide part of the pore
evaporates.
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Fig. B.11: An image of cylindrical pores open at both ends.
APPENDIX B3:X-ray Photoelectron Spectroscopy

B.3.1 Introduction

Photoelectron spectroscopy?®? utilizes photo-ionization and energy-dispersive
analysis of the emitted photoelectrons to study the composition and electronic state
of the surface region of a sample. Traditionally, when the technique has been used
for surface studies it has been subdivided according to the source of exciting
radiation into:

o X-ray Photoelectron Spectroscopy (XPS) using soft x-ray (200-2000 eV)
radiation to examine core levels;

o Ultraviolet Photoelectron Spectroscopy (UPS) using vacuum UV (10-45
eV) radiation to examine valence levels;

o The development of synchrotron radiation sources has enabled high
resolution studies to be carried out with radiation spanning a much wider
and more complete energy range (5-5000 eV) but such work is, and will
remain, a very small minority of all photoelectron studies due to the
expense, complexity and limited availability of such sources.

B.3.2 Physical Basis

Photoelectron spectroscopy is based upon a single photon in/electron out process
and from many viewpoints this underlying process is a much simpler phenomenon
than the Auger process. The energy of a photon is given by the Einstein relation:

E = hy (13)

where h is the Planck constant (6.62 x 10-34 J s), and v is the frequency (Hz) of the
radiation. Photoelectron spectroscopy uses monochromatic sources of radiation (i.e.
photons of fixed energy). In XPS the photon is absorbed by an atom in a molecule
or solid, leading to ionization and the emission of a core (inner shell) electron. By
contrast, in UPS the photon interacts with valence levels of the molecule or solid,
leading to ionisation by removal of one of these valence electrons. The Kinetic
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energy distribution of the emitted photoelectrons (i.e. the number of emitted
photoelectrons as a function of their kinetic energy) can be measured using any
appropriate electron energy analyser and a photoelectron spectrum can thus be
recorded. The process of photoionization can be considered in several ways: one
way is to look at the overall process as follows

A+ hv - AT +e” (14)
Conservation of energy then requires that:
EA)+ hv=EAY)+E(e™) (15)

Since the electron’s energy is present solely as kinetic energy (KE) this can be
rearranged to give the following expression for the KE of the photoelectron:

KE = hv— E (A*) — E (4) (16)

The final term in brackets, representing the difference in energy between the
ionized and neutral atoms, is generally called the binding energy (BE) of the
electron; this then leads to the following commonly quoted equation:

KE = hv — BE (17)
KE (measured) = hv(known) - BE - @, (calibrated)
Emitted X-ray Photon
Einctdenr»\‘-my =hv .
\ / Free Electron Level /‘
F
Fermi

Level

Valence Band

Valence Band

BE 2 L1213

3 U .—./7

Calculate: BE= hv-KE-®

spec

BE = binding energy depends on Z, i.e. characteristic for the element

Fig. B.12: The electron energy levels.

The BE is now taken to be a direct measure of the energy required to just remove
the electron concerned from its initial level to the vacuum level and the KE of the
photoelectron is again given by eq. (16). The binding energies (BE) of energy
levels in solids are conventionally measured with respect to the Fermi-level of the
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solid, rather than the vacuum level. This involves a small correction to the equation
given above in order to account for the work function (&) of the solid, but for the
purposes of the discussion below this correction will be neglected.

B.3.3 XPS: the general features
The basic requirements for a photoemission experiment (XPS or UPS) are:

o asource of fixed-energy radiation (an X-ray source for XPS or, typically, a
He discharge lamp for UPS);

o an electron energy analyser (which can disperse the emitted electrons
according to their kinetic energy, and thereby measure the flux of emitted
electrons of a particular energy);

o a high vacuum environment (to enable the emitted photoelectrons to be
analysed without interference from gas phase collisions).

Such a system is illustrated schematically in Fig. B.13. There are many different
designs of electron energy analyser but the preferred option for photoemission
experiments is a concentric hemispherical analyser (CHA) which uses an electric
field between two hemispherical surfaces to disperse the electrons according to
their kinetic energy.?®#

Hemispherical Energy Analyzer

X-ray Monochromator

Extraction
L%J Detector
Lenses

Sample

7/~ /1

X-ray Source

Fig. B.13: The scheme of the instrument.
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Electrons are extracted only
from a narrow solid angle.

X-ray Beam

X-ray penetration
depth ~1mm.
Electrons can be
excited in this
entire volume.

|10 nm

10 mm- 1 mmdia.

X-ray excitation area ~1 mm-1 cm diameter. Electrons
are emitted from this entire area

Fig B.14: electrons extraction from the solid excited from the X-ray source.

For each and every element, there will be a characteristic binding energy associated
with each core atomic orbital i.e. each element will give rise to a characteristic set
of peaks in the photoelectron spectrum at Kinetic energies determined by the
photon energy and the respective binding energies. The presence of peaks at
particular energies therefore indicates the presence of a specific element in the
sample under study. Furthermore, the intensity of the peaks is related to the
concentration of the element within the sampled region. Thus, the technique
provides a quantitative analysis of the surface composition and is sometimes
known by the alternative acronym, ESCA (Electron Spectroscopy for Chemical
Analysis). The most commonly employed X-ray sources are those giving rise to:

o Mg K, radiation: hv =1253.6 eV
o Al K, radiation: hv = 1486.6 eV

The emitted photoelectrons will therefore have kinetic energies in the range of ca.
0- 1250 eV or 0-1480 eV. Assuming inelastic scattering only, from the Lambert-
Beer equation can be deduced that the maximum path an electron can travel is of a
few nm (Fig 6.14).
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B.3.4 Spin-Orbit Splitting

The emission from some levels (most obviously 3p and 3d) does not give rise to a
single photoemission peak, but a closely spaced doublet. It is possible to underline
this more clearly if, for example, we consider the spectrum of Pd in the region of
the 3d emission, as shown as in Fig. B.15.

ZE+05 3dsp
33
Signal
(cps)
L\\m
w_// 5im
0.00
330.0 345.0
BE (el)

Fig. B.15: XPS experimental spectra of a Pd metal sample in the region of 3d emission.

The 3d photoemission is in fact split between two peaks, one at 334.9 eV BE and
the other at 340.2 eV BE, with an intensity ratio of 3:2. This arises from spin-orbit
coupling effects in the final state. The inner core electronic configuration of the
initial state of the Pd is (15)%(25)%(2p)®(3s)%(3p)° (3d)™°.... with all sub-shells
completely full. The removal of an electron from the 3d sub-shell by photo-
ionization leads to a (3d)° configuration for the final state; since the d-orbitals (I =
2) have non-zero orbital angular momentum, there will be coupling between the
unpaired spin and orbital angular momenta. Spin-orbit coupling is generally treated
using one of two models which correspond to the two limiting ways in which the
coupling can occur; these being the LS (or Russell-Saunders) coupling
approximation and the j-j coupling approximation. If consider the final ionised
state of Pd within the Russell-Saunders coupling approximation, the (3d)°
configuration gives rise to two states (ignoring any coupling with valence levels)
which differ slightly in energy and in their degeneracy:

5

3

These two states arise from the coupling of the L = 2 and S = 1/2 vectors to give
permitted J values of 3/2 and 5/2. The lowest energy final state is the one with
maximum J (since the shell is more than half-full), i.e. J = 5/2, hence this gives rise
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to the "lower binding energy” peak. The relative intensities of the two peaks
reflects the degeneracies of the final states (g; = 2J + 1), which in turn determines
the probability of transition to such a state during photoionization.

The Russell-Saunders coupling approximation is best applied only to light atoms
and this splitting can alternatively be described using individual electron I-s
coupling. In this case the resultant angular momenta arise from the single hole in
the d-shell; a d-shell electron (or hole) has | = 2 and s = 1/2, which again gives
permitted j-values of 3/2 and 5/2 with the latter being lower in energy (Fig. B.15).
This spin-orbit splitting is of course not evident with s-levels (I = 0), but is seen
with p, d and f core-levels which all show characteristic spin-orbit doublets.

B.3.5 Chemical Shifts
The exact binding energy of an electron depends not only upon the level from
which photoemission is occurring, but also upon:

o the formal oxidation state of the atom;
o the local chemical and physical environment.

Changes in this conditions give rise to small shifts in the peak positions in the
spectrum - so- called chemical shifts. An example of the effect of the oxygen on the
C 1s binding energy is reported in Fig. B.16.

Electronegativity Effects

Carbon-Oxygen Bond
Oxygen Atom

Electron-oxygen
Val [ / ’ atom attraction -
aience Leve od

(Oxygen Electro-

i er C1ls
p o negativity) Binding
Core Level e
¥ 1 Shift to higher
C1s o l binding energy

Electron-nucleus
attraction (Loss of
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Fig B.16: electronegativity effects on the C 1s binding energy.
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Tab B.2: Effect of functional groups on the shift of the BE of C 1s.

Functional C 1s Binding

Group Energy (eV)
hydrocarbon C-H, C-C 285.0
amine C-N 286.0
alcohol, ether C-O-H, C-O-C 286.5
Clbound to C C-Cl 286.5
F boundto C C-F 287.8
carbonyl! C=0 288.0
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APPENDIX B4: Scanning Electron Microscopy

B.4.1 Introduction

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a
raster scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface topography,
composition and other properties such as electrical conductivity. The types of
signals produced by an SEM include secondary electrons, back-scattered electrons
(BSE), characteristic X-rays, light (cathodoluminescence), specimen current and
transmitted electrons. Secondary electron detectors are common in all SEMs, but it
is rare that a single machine would have detectors for all possible signals. The
signals result from interactions of the electron beam with atoms at or near the
surface of the sample. In the most common or standard detection mode, secondary
electron imaging or SEI, the SEM can produce very high-resolution images of a
sample surface, revealing details about less than 1 to 5 nm in size. Due to the very
narrow electron beam, SEM micrographs have a large depth of field yielding a
characteristic three-dimensional appearance useful for understanding the surface
structure of a sample. This is exemplified by the micrograph of pollen shown to the
right. A wide range of magnifications is possible, from about 10 times (about
equivalent to that of a powerful hand-lens) to more than 500,000 times, about 250
times the magnification limit of the best light microscopes. Back-scattered
electrons (BSE) are beam electrons that are reflected from the sample by elastic
scattering. BSE are often used in analytical SEM along with the spectra made from
the characteristic X-rays. Because the intensity of the BSE signal is strongly related
to the atomic number (Z) of the specimen, BSE images can provide information
about the distribution of different elements in the sample. For the same reason,
BSE imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter
which would otherwise be difficult or impossible to detect in secondary electron
images in biological specimens. Characteristic X-rays are emitted when the
electron beam removes an inner shell electron from the sample, causing a higher
energy electron to fill the shell and release energy. These characteristic X-rays are
used to identify the composition and measure the abundance of elements in the
sample.

B.4.2 How does the SEM work?

In a typical SEM (schematic representation in Fig. B.17 an electron beam is
thermionically emitted from an electron gun fitted with a tungsten filament cathode
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(W-Hairpin). Tungsten is normally used in thermionic electron guns because it has
the highest melting point and lowest vapour pressure of all metals, thereby
allowing it to be heated for electron emission, and because of its low cost. Other
types of electron emitters include lanthanum hexaboride (LaBg) cathodes, which
can be used in a standard tungsten filament SEM if the vacuum system is upgraded
and field emission guns (FEG), which may be of the cold-cathode type using
tungsten single crystal emitters or the thermally-assisted Schottky type, using
emitters of zirconium oxide.

The electron beam, which typically has an energy ranging from 0.5 keV to 40 keV,
is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in
diameter. The beam passes through pairs of scanning coils or pairs of deflector
plates in the electron column (B.18), typically in the final lens, which deflect the
beam in the x and y axes so that it scans in a raster fashion over a rectangular area
of the sample surface.
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Fig. B.17: schematic representation of all the structural elements of a SEM.
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Fig B.18: schematic representation of the deflection of the electron passing through a
SEM electron column.

When the primary electron beam interacts with the sample, the electrons lose
energy by repeated random scattering and absorption within a teardrop-shaped
volume of the specimen known as the interaction volume, which extends from less
than 100 nm to around 5 pm into the surface. The size of the interaction volume
depends on the electron's landing energy, the atomic number of the specimen and
the specimen's density. The energy exchange between the electron beam and the
sample results in the reflection of high-energy electrons by elastic scattering,
emission of secondary electrons by inelastic scattering and the emission of
electromagnetic radiation, each of which can be detected by specialized detectors.
The beam current absorbed by the specimen can also be detected and used to create
images of the distribution of specimen current. Electronic amplifiers of various
types are used to amplify the signals which are displayed as variations in brightness
on a cathode ray tube. The raster scanning of the CRT display is synchronized with
that of the beam on the specimen in the microscope, and the resulting image is
therefore a distribution map of the intensity of the signal being emitted from the
scanned area of the specimen. The image may be captured by photography from a
high resolution cathode ray tube, but in modern machines is digitally captured and
displayed on a computer monitor and saved to a computer's hard disk

B.4.3 Sample preparation

For conventional imaging in the SEM, specimens must be electrically conductive,
at least at the surface, and electrically grounded to prevent the accumulation of
electrostatic charge at the surface. Metal objects require little special preparation
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for SEM except for cleaning and mounting on a specimen stub. Nonconductive
specimens tend to charge when scanned by the electron beam, and especially in
secondary electron imaging mode, this causes scanning faults and other image
artifacts. They are therefore usually coated with an ultrathin coating of electrically-
conducting material, commonly gold, deposited on the sample either by low
vacuum sputter coating or by high vacuum evaporation. Conductive materials in
current use for specimen coating include gold, gold/palladium alloy, platinum,
graphite, etc. Coating prevents the accumulation of static electric charge on the
specimen during electron irradiation. Two reasons for coating, even when there is
enough specimen conductivity to prevent charging, are to increase signal and
surface resolution, especially with samples of low atomic number (Z). The
improvement in resolution arises because backscattering and secondary electron
emission near the surface are enhanced and thus an image of the surface is formed.
Non conducting specimens may be imaged uncoated using specialized SEM
instrumentation such as the "Environmental SEM™ (ESEM) or field emission gun
(FEG) SEMs operated at low voltage. Environmental SEM instruments place the
specimen in a relatively high pressure chamber where the working distance is short
and the electron optical column is differentially pumped to keep vacuum
adequately low at the electron gun. The high pressure region around the sample in
the ESEM neutralizes charge and provides an amplification of the secondary
electron signal. Low voltage SEM of non-conducting specimens can be
operationally difficult to accomplish in a conventional SEM and is typically a
research application for specimens that are sensitive to the process of applying
conductive coatings. Low-voltage SEM is typically conducted in an FEG-SEM
because the FEG is capable of producing high primary electron brightness even at
low accelerating potentials. Operating conditions must be adjusted such that the
local space charge is at or near neutral with adequate low voltage secondary
electrons being available to neutralize any positively charged surface sites. This
requires that the primary electron beam's potential and current be tuned to the
characteristics of the sample specimen.

B.4.4 X-Ray microanalysis

B.4.4.1 Introduction

X-ray microanalysis and digital image analysis are powerful, yet easy to use,
techniques for revealing information from a small area of a specimen. X-ray
microanalysis in an electron beam instrument such as a scanning electron
microscope is capable of analyzing elements heavier than or equal to beryllium
with spatial resolution of a few cubic micrometers. Although there are other
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microanalytical techniques each with its own specific advantages, none are better
than X-ray microanalysis for routine chemical analysis of small volumes. When X-
ray analysis is combined with digital image analysis, one has a potent tool for
understanding the composition and structure of materials or biological specimens.
The technique consists of detecting the characteristic X-rays that are produced by
bombarding a solid specimen with high-energy electrons. Detection of these X-rays
can be accomplished by an energy dispersive spectrometer, which is a solid-state
device that discriminates among X-ray energies. Or it can be done with a crystal
spectrometer that uses a diffracting crystal to select the wavelength of interest. The
former method is called energy-dispersive spectroscopy (EDS), and the latter is
called wavelength-dispersive spectroscopy (WDS), referring to the manner in
which X-rays are distinguished.

It is possible to use either technique on any electron beam instrument capable of
forming a probe;

however, WDS is used primarily on electron microprobes, while EDS is dominant
on scanning and transmission electron microscopes, including analytical electron
microscopes. Both spectroscopic methods are capable of performing analysis of
elements beginning with beryllium or boron in the periodic table, provided a
suitable light element X-ray window is used.

The low-energy limit is determined by the entrance window material and
interference from noise, and the high-energy limit is determined by the energy in
the electron beam.

One feature of electron beam microanalysis that describes the power of the
technique is its absolute

mass sensitivity. For example, it is often possible to detect less than 10™° grams of
an element in a thin sample and less than 10 grams in a microvolume of a bulk
sample. Suitable quantification routines are available to convert the raw X-ray
counts into elemental concentration, by use of standards or standardless methods.
Moreover, since it is performed on a microscope, the chemical analysis can be
related to other imaging signals and thus is complementary to image analysis.
X-ray microanalysis is routinely used by materials scientists for both qualitative
and quantitative analysis of microstructures. It is also used by biologists to localize
elements such as calcium, potassium and phosphorus, and to measure their
concentration.
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B.4.4.2 Electron-specimen interaction and X-ray generation
B.4.4.2.1 Electron scattering

Electrons in the primary beam can interact with atoms in the specimen in many
ways, which can be used to gain information through spectroscopy. These
interactions can be divided into elastic and inelastic scattering of the electrons.
Elastic scattering refers to a change in trajectory without loss of energy.
Backscattering of electrons, for example, is such an event. Inelastic scattering
refers to a loss of energy of the electron with little change of direction. The
production of secondary electrons, X-rays (both characteristic and continuum), and
Auger electrons, for example, are such events.

When an electron of sufficient energy strikes an atom, an inner shell electron may
be ejected. To return the atom to its lowest energy state, an outer shell electron (of
greater energy) fills the vacancy in the lower energy shell. In so doing, energy
equal to transitions that occur within the atom is released either as an X-ray or
Auger electron. The rest of the energy is deposited by other inelastic interactions
with the specimen such as continuum X-ray generation and phonon excitation
resulting in specimen heating.

B.4.4.2.2 lonization Cross Section

The probability that an energetic electron will ionize an atom depends on the atom,
the line to be excited, and the overvoltage. For high overvoltages, the probability
(ionization cross section) can be quite small; consequently, few atoms are ionized,
thus few X-rays or Auger electrons are produced. The units of cross section are
area, usually cm?, but this concept should not be confused with atomic or ionic
radius.

K-shell electron
ejected

Ko X-ray

KB X-ray emitted

emitted

M-shell electron
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Fig. B.19: X-ray production using Bohr model of the atom.
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B.4.4.2.3 Characteristic X-rays

Figure 6.19 illustrates characteristic X-ray generation using a simplified model of
the atom. When an electron of sufficient energy, commonly a few kilovolts, strikes
the atom and ejects a tightly bound K-shell electron, an electron from a higher shell
may drop to fill the K-shell. When this happens, for example, an L-shell electron
may drop to fill the K-shell, lowering the energy of the atom and emitting Ko X-
radiation in the process. If an electron from the M-shell fills the K-shell vacancy,
Kp X-radiation will be emitted. Similarly, if an L-shell electron is ejected and an
electron from the M-shell fills the vacancy, Laradiation will be emitted. Within a
given shell, there may be electrons in orbitals that do not possess exactly the same
energy because of bonding effects. Accordingly, small variations in energy called
chemical shifts occur within « or g radiation. The Ko peak actually comprises the
Kal and Ka2 X-rays. These are very close together and unresolved in an EDS
system so that a Ka/,2 doublet is seen as the Ka peak at an energy between the two
individual components and an intensity corresponding to a weighted average as
follows:

2Ka1+1Ka,

: (20)

The most probable transition when a K-shell vacancy is created is the L to K
transition, because these are adjacent energy shells. Therefore Ko radiation will
always be more intense than K/ radiation. It also follows that K radiation will be
of higher energy than K« radiation, inasmuch as the energy difference between the
M and K shells (Kp radiation) is greater than the energy difference between the L
and K shells (Ka radiation). To ionize an atom, the incoming electron or ionizing
radiation must possess a minimum amount of energy. That energy is the binding
energy of the particular inner shell electron, which is a specific, characteristic
energy for each electron in the atom. The binding energy for a K-shell electron, for
example, is greater than that of an L-shell electron, since the K-shell electron is
closer to the nucleus and more tightly bound. Therefore, if sufficient energy exists
in the incident beam to excite K X-rays, L and M X-rays will also be excited if
these shells and the one above them are occupied. The discrete and specific energy
requirement necessary to excite any given X-ray line is called the absorption edge
energy, or critical excitation potential. It is always slightly greater in energy than
the corresponding X-ray emission line. As a consequence, one must select an
accelerating voltage on the microscope that is greater than the absorption edge
energy of the line intended for analysis. In practice, one must exceed this minimum

energy by a comfortable margin, preferably by a factor of 1.5 to 3, to efficiently
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excite the X-ray line with an electron beam. The energy difference between
adjacent electron shells becomes less, progressing outward from the nucleus. It
follows that the energy released upon electron transitions between adjacent shells
in the outer shells is less than that released for inner shell transitions. That is, for a
given atom, Ma radiation will be of lower energy than La radiation, which in turn
will be of lower energy than K« radiation.

B.4.4.2.4 Moseley’s Law

The energy of the characteristic radiation within a given series of lines varies
monotonically with atomic number. This is Moseley’s Law (Moseley, 1913),
expressed by Equation 21:

VE = C,(Z - Cy) (21)

where E = energy of the emission line for a given X-ray series (e.g. Ka), Z = atomic
number of the emitter C, and C, are constants.

For qualitative chemical analysis, if the energy of a given K, L or M line is
measured, then the atomic number of the element producing that line can be
determined. The energies for K, L and M lines are plotted as a function of atomic
number in Fig. B.20 Figure B.21 shows a series of K lines from Na to Zn in which
the intensities are typical of what one would see in an EDS spectrum.
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Fig. B.20: Variation of energy of characteristic X-ray lines as a function of atomic
number.
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Fig. B.21: Synthetic EDS spectrum showing the relative intensities of the Ka lines of
elements from Na to Zn.

B.4.4.2.5 Continuum Generation

Besides characteristic X-rays, inelastic scattering of the beam electrons produces
continuum X-rays. When electrons strike solids, they can undergo a deceleration in
steps, with each deceleration causing the emission of an X-ray with an energy
equal to that lost by the electron. The range of energies of these X-rays is from
nearly zero to the maximum energy of the electron beam. This latter energy is
called the short wavelength limit (SWL), or the Duane-Hunt limit. This type of
radiation is called continuous or white radiation. The white radiation spectrum is
called the continuum or Bremsstrahlung, meaning “braking radiation.” The
continuum is the major source of background in the electron beam-excited X-ray
spectrum. And this background under the characteristic peaks consists of real X-
rays detected at the crystal, not electronic noise. Continuum X-rays are detected up
to the beam energy, which in intermediate voltage electron microscopes can be 300
or 400 keV. Just because the microanalysis system is not calibrated beyond 20 or
30 keV, or the display shows 0-10 keV, does not mean that these X-rays are not
being detected and processed by the pulse processing system, and contributing to
dead time. Fig. B.22 shows a spectrum measured on pure molybdenum represented
in black superimposed on the continuum shown in gray.

Note the presence of a sharp change in the continuum intensity at approximately
2.6 keV. This sudden change is due to the significant difference in ability of Mo
atoms to absorb X-rays above and below the critical excitation potential
(absorption edge) for the Mo L line. The intensity of the continuum generated at
any energy is directly proportional to atomic number and beam energy. But the
shape of the background seen in the spectrum includes the detector efficiency and
detector-specimen geometrical effects.
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Fig. B.22: Spectrum of molybdenum showing L« line superimposed on the
continuum showing L absorption edges.

B.4.4.3 Energy Dispersive Spectroscopy

In an energy dispersive spectrometer, X-rays of all energies are detected by a
detecting material, most commonly a lithium-drifted silicon (Si(Li)) crystal. On
their way to the detecting crystal, X-rays may be absorbed by a window, a metallic
contact layer on the crystal and a silicon dead layer. The active area in the silicon
crystal is typically 10 mm? or 30 mm?, though it may be larger, such as 60 or 80
mm?, and it is about 3-5 mm thick. The X-rays produce charge pulses in the crystal
that are proportional to their energy, and X-rays of all energies are detected
virtually simultaneously. In Si, an electron-hole pair is created for every 3.76 eV of
incoming X radiation. For a germanium detector, the number is 2.96 eV. EDS
detectors require no focusing of the X-rays, so all are detected if they are present
within the solid angle subtended by the crystal. The electron-hole pairs created by
the incoming X-rays are swept away by the bias voltage of several hundred volts
and converted to a voltage pulse in the FET located within the X-ray detector. The
pulse then enters the external stages of the preamplifier.

Although Si(Li) and HpGe are the most common EDS detectors, others are used,
though they are seen infrequently in X-ray microanalysis applications.

A photograph of a typical EDS spectrometer is shown in Fig. B.23, in which the
most prominent feature is the liquid nitrogen dewar. A field-effect transistor (FET)
is located directly behind the detecting crystal and provides the first stage of signal
amplification. The actual charge induced in the detector is extremely small.
Therefore, to minimize noise, the FET must be located as close to the detector as
possible, and must be operated at liquid nitrogen temperature (except in the case of
a silicon drift detector. To achieve the required temperature, the detector and FET
are connected through an efficient heat conductor to a liquid nitrogen Dewar. The

268



metal tube housing the detector assembly and cold finger is called the endcap,
which must be evacuated to prevent heat loss through its walls.

Fig. B.23: Energy-dispersive spectrometer.

A very thin window of low atomic number material is used to enclose the endcap to
ensure its vacuum integrity while providing high X-ray transmission. This window
may be 7.5 pm beryllium or <0.25 pum carbon- or boron-based material.
Completely windowless detectors are also available, but these must have a window
that can be closed for sample changes in the microscope.
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Fig. B.24: a representative EDS spectrum of nanostructured TiO, microsphere.
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APPENDIX B5: Transmission Electron Microscopy

The transmission electron microscope (TEM-see Fig. B.25-B.26) operates on the
same basic principles as the light microscope but uses electrons instead of light. A
light microscope is limited by the wavelength of light, instead TEMSs use electrons
as "light source” and their much lower wavelength makes it possible to get a
resolution a thousand times better than with a light microscope. You can see
objects to the order of a few angstrom (10™° m). For example, you can study small
details in the cell or different materials down to near atomic levels. The possibility
for high magnifications has made the TEM a valuable tool in both medical,
biological and materials research. A "light source" at the top of the microscope
emits the electrons that travel through vacuum in the column of the microscope.
Instead of glass lenses focusing the light in the light microscope, the TEM uses
electromagnetic lenses to focus the electrons into a very thin beam. The electron
beam then travels through the specimen you want to study. Depending on the
density of the material present, some of the electrons are scattered and disappear
from the beam. At the bottom of the microscope the unscattered electrons hit a
fluorescent screen, which gives rise to a "shadow image" of the specimen with its
different parts displayed in varied darkness according to their density. The image
can be studied directly by the operator or photographed with a camera.
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Fig. B.25: A picture of a typical TEM apparatus.
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APPENDIX B6: Others characterization techniques

Many other characterization techniques have been employed to analyse the
physico-chemical properties of nanomaterials in the research works presented:

e Diffuse Reflectance Infrared Fourier Transformed Spectroscopy (DRIFTS)

e Electron Paramagnetic Resonance (EPR) Spectroscopy

e UV-Vis Diffuse Reflectance Spectroscopy (DRS)

e UV-Vis Spectroscopy

e Total Organic Carbon (TOC) analysis

e High Performance Liquid Chromatography (HPLC)

e Micro Hardness measurements

e Thermogravimetric analysis (TGA)

e Chemiluminescent analyser for NOy determination
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