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Preface

Titanium dioxide is mainly used as a pigment and photocatalyst. It is possible to find it in
food, cosmetics, building materials, electric devices, and others. This book contains chapters
about characteristics of anatase and rutile crystallographic structure of titanium dioxide and
the use of DFT method for photoactivity calculation. The book Titanium Dioxide contains ten
chapters written by researchers and experts of the field. The book chapters are organized in
four sections. Section 1 is focused on characteristics of anatase structure of TiO,. Section 2
contains chapters about rutile structure of TiO,. Section 3 presents different types of TiO,
materials. Section 4 is focused on theoretical calculation of titanium dioxide.

I'hope that this book will be useful for a wide circle of people dealing with TiO,.

Magdalena Janus
West Pomeranian University of Technology
Szczecin, Poland
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Chapter 1

Titanium Dioxide as Food Additive

Marie-Hélene Ropers, Hélene Terrisse,

Muriel Mercier-Bonin and Bernard Humbert

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68883

Abstract

Titanium dioxide is a white metal oxide used in many food categories as food additives
to provide a whitening effect. If its use complies with the five specifications including
synthesis pathway, crystallographic phase, purity, amount and innocuousness, all other
parameters are not defined and were hardly documented. However, in the last 3 years,
two studies have deeply characterized food-grade TiO, and converged to the fact that
the size distribution of food-grade TiO, spans over the nanoparticle range (<100 nm) and
the surface is not pure TiO, but covered by phosphate and eventually silicon species or
aluminium species, which modify the surface chemistry of these particles. Until now,
this material was considered as safe. However, the toxicological studies later to the last
re-evaluation by the European Food Safety Agency reveal some concerns due to the abil-
ity of TiO, particles to alter the intestinal barrier. This reinforces the idea to go on rein-
forcing the risk assessment about food-grade TiO,.

Keywords: TiO,, anatase, food, E171, food additive, food safety, intestinal barrier

1. Introduction

Titanium dioxide (TiO,) is a transition metal oxide with two main applications as either
pigment or photocatalyst, in many sectors including buildings (self-cleaning windows,
cements, paints and anti-fouling paints), paper industry, cosmetics (sunscreens and tooth
paste), pharmaceutics (tablets), food (colouring agent) and others (air-purification system, rub-
bers, inks and ceramics). Pigmentary applications are by far the most important application of
TiO,. The interest in TiO, lies in the scattering of visible light controlled by its high refractive
index and its granulometry (size and shape). These requirements also apply for food where
TiO, provides a whitening effect. Although this compound has been used for a very long time

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN
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in food products (with a recent re-approval for a permitted use in food by the European Food
Safety Agency), the use of titanium dioxide in food has risen some concerns in Western popu-
lations due to the presence of nanoparticles, that is, particles having one or more external
dimensions in the size range of 1-100 nm. This review chapter targets an audience of practic-
ing researchers, academics and PhD students, who are interested in the food applications of
this compound and the reasons of controversy.

2. Use of TiO, in foods: function, properties and safety

Titanium dioxide is a food additive without any nutritive value and added in processed foods
to provide a whitening effect. It was first approved for use in food by the United States Food
and Drug Administration (FDA) in 1966, then by the European Union in 1969, on the basis of
the Codex Alimentarius of the Food and Agriculture Organization/World Health Organization
(FAO/WHO). When used as a food colouring, it is labelled as E171 in Europe or INS171 in
USA. In other fields, it is also called titanium white, Pigment White 6 or CI 77891. Time to
time, it was re-evaluated for minor revisions of specifications in 2006, 2009, 2010 and 2012.
In particular, the European Union decided in 2006 to allow the crystalline structure rutile in
food in addition to the former authorized form anatase (COMMISSION DIRECTIVE 2006/33/
EC of 20 March 2006). Then, it was subjected to an in-depth evaluation in 2016 (EFSA 2016).

2.1. Food categories with permitted use of TiO,

The food colours of Group II, including titanium dioxide, are authorized in most food
categories,'? such as (i) dairy products and analogues (flavoured fermented milk products
and some creams), (ii) cheese and cheese products such as unripened cheese (Mozzarella,
Codex Stan 262-2006 or fresh cheese, Codex Stan 221-2001), edible cheese rind, whey cheese,
processed cheese, cheese products and dairy analogues including beverage whiteners,
(iii) edible ices, (iv) confectionary (chewing gum, decorations, coatings and non-fruit-based
fillings), (v) surimi and similar products and salmon substitutes, (vi) seasonings and condi-
ments, mustard, soups and broths and sauces, and (vii) food supplements (Official Journal of
the European Union, No 1129/2011). This list, despite its length, is in fact not exhaustive and
the whole list with some restrictions of use is available on specialized websites.

Titanium dioxide was actually identified in chewing gums [1-3], confectionary [4, 5], sauces
and dressings [5], non-dairy creamers [2, 5] and in dietary supplements [6]. According to a
database collecting the details of new products (278,705) introduced on the market in 62 of
the world’s major economies, the use of TiO, increased constantly until 2014, representing a
labelling on more than 3500 foods or drinks (Mintel GNPD database cited by the European
Food Safety Agency EFSA [7]). If TiO, is found in only 1.3% of new products, it is neverthe-
less found in 51% of gums, 25% of stick, liquid and sprays, 21% of mixed assortments, 10% of

'https://webgate.ec.europa.eu/foods_system/.
*http://www.fao.org/gsfaonline/additives/index.html.
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pastilles, gums, jellies and chews and 10% of lollipops [7]. Chewing gums and confectionary,
including pastilles, gums, jellies and chews, are the most widely concerned food categories,
both in number of products labelled with TiO, per category and in number of new products
available on the market. Cakes and pastries represent a second category of importance. This
scenario has to be regularly refined as the composition of food products may evolve [8, 9].

2.2. Levels of consumption

The amount of TiO, consumed in the USA on a daily basis was estimated around 0.2-0.7 mg
of TiO, per kg of body weight per day (mg/kg bw/d), while the UK and German populations
consume around 1 mg TiO,/kg bw/day [4, 10]. These data were refined for all food categories,
subpopulations and exposure scenarios in Netherlands [11, 12], in Germany [10] and in Europe
[7]. For example, the estimate of the median long-term exposure to titanium dioxide (E 171)
ranges from 0.5 (upper limit 1.1 mg/kg bw/d) for elderly adults to 1.4 mg/kg bw/d (upper
limit 3.2 mg/kg bw/d) for children in Netherlands [12], close to the estimate in Germany [10].

Whatever the scenario of exposure and methodological choices, the biggest consumers of TiO,
are children (3-9 years) and teenagers (10-17 years) [4, 7, 10-12]. In the scenario exposure of
EFSA, the contribution of chewing gums is weak in comparison to other confectionary includ-
ing breath-refreshing microsweets, or sauces, salads and savoury-based sandwich spreads
[7]. In the study based on the Dutch National Food Consumption Survey, the products most
contributing to TiO, intake for young children (2-6-year-olds) are confectionary (sweets,
chocolate products and chewing gums) and fine bakery wares (biscuits). For 7-69-year-olds
and elderly (70+), the same food items are identified but in a different decreasing order: chew-
ing gums, coffee creamers, sauces, then fine bakery wares. As 10 food items most contributing
to TiO, intake represent 55%, we must keep in mind that TiO, intake is spread over many
products, chewing gums contributing by only a few percentage points more than other food
categories [11]. In a similar study performed in Germany, the food products that contribute
the most to the total titanium intake by adults are savoury sauces, dressings, soft drinks and
cheese (more than 75%) [10]. In addition to food products, tablets such as medicine and food
supplements contain TiO, up to 3.6 mg/g [13], resulting in a higher total daily intake of TiO,.

2.3. Specifications of TiO, for food applications

In addition to the respect of the permitted use in the above-mentioned food categories, the
powder introduced in these food products must respect five criteria, namely synthesis path-
ways, structure, purity, amounts and, certainly, absence of toxicity (Commission Regulation
(EU) No 231/2012 and Joint FAO/WHO Expert Committee on Food Additives (JECFA) [14]).
Firstly, these criteria are described according to the recommended specifications, then they
are commented and discussed with literature data.

2.3.1. Synthesis: sulphate and chloride processes

Depending on the desired crystalline phase, titanium dioxide is produced by either the sul-
phate or the chloride process. The anatase phase of titanium dioxide can only be made by
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the sulphate process, while the rutile phase of titanium dioxide can be obtained from both
processes but the chloride process is more sustainable and provides crystals with a narrower
particle size distribution than the sulphate process [15].

Briefly, in the sulphate process, sulphuric acid is used to digest the ilmenite ore (FeTiO, or
FeO/TiO,) into iron(Il) sulphate and titanium salt (Ti(SO,),). Iron(II) sulphate is removed from
the liquor after dilution and crystallization/filtration to yield only the titanium salt (Ti(SO,),)
in the digestion solution. Then, some microcrystals of anatase are introduced into the liquor
which is then hydrolysed under carefully controlled conditions to produce crystals of anatase.
These are subsequently filtered, washed, calcined and micronized [13, 15, 16]. The chloride
process, which generates rutile crystals, consists of a chlorination of the ore into titanium and
iron chlorides which are then separated by distillation. Titanium chloride is then treated to
remove impurities and oxidized in a controlled flame reactor to yield TiO, rutile crystals with
the desired size [15, 16]. In addition, titanium dioxide may be coated with small amounts
of alumina and/or silica to improve the technological properties of the product, which are
described as blocker for photocatalytic activity [14].

Certain rutile grades of titanium dioxide as platelet form are produced using mica as a tem-
plate. The specific properties of this pigment (interference colour) are controlled by the thick-
ness of the coated titanium dioxide layer and by the coating process [13].

2.3.2. Crystallographic structure

Currently, E171 forms consist essentially of pure anatase and/or rutile. Until 2006, only the ana-
tase form was authorized for food applications. Rutile has been authorized to replace anatase in
food products especially in film coatings for food supplement tablets and foodstuffs [13]. In both
anatase and rutile structures, the basic building block consists of a titanium atom surrounded by
six oxygen atoms (Figure 1). The structures differ by the distortion and assembly of the octahedra
[17]. In rutile, these octahedra are connected via their corners and edges (Figure 1) and the unit
cell dimensions are a = b =4.587 and ¢ =2.953 A. For anatase, the octahedra are linked via edges
and planes forming a unit cell with a=b=3.782 and ¢ = 9.502 A (Figure 1). In each structure, the
two bonds between the titanium and the apical oxygen atoms are slightly longer than the others
(1.983 and 1.946 A in the rutile structure, 1.966 and 1.937 A in the anatase structure). Moreover,
a sizeable deviation from a 90° bond angle was observed in anatase (92.6 and 102.3 A, Figure 1).

Although both forms are authorized in foods, the characterization of samples in American
and European laboratories shows that anatase is the predominant crystalline structure found
in food applications [1, 3, 4, 18-20]. For example, five out of six chewing gums contained
TiO, as anatase and only one contained a mixture of anatase and rutile [1]. Thus, the sulphate
process seems to be predominant for obtaining pigmentary TiO, for food applications.

In the bulk structure, the titanium cations have a coordination number of 6 meaning the
oxygen anions have a coordination number of 3 resulting from the trigonal planar coordination
(Figure 1). But at the surface, anions and cations are said to be ‘coordinatively unsaturated’.
The lowly coordinated cations (Ti,) thus act as Lewis acids (electron pair acceptor) and
are able to interact with electron donors like H,O. Similarly, twofold-coordinated O atoms
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Figure 1. Bulk structures of (A) anatase, (B) rutile with (C) bond lengths and angles of the octahedrally coordinated
Ti atoms in anatase, arranged from Diebold [17] and (D) arrangement of atoms on the (101) surface of anatase after
adsorption and dissociation of water with Ti (grey filled balls), O from TiO, structure (empty balls), O from water (big
hatched balls) and H from water (small hatched balls).

(O,,) and named bridging oxygen atoms are Lewis base sites and are able to interact with
electron acceptors like H'. Thus, once the oxide surface is exposed to moisture present in the
atmosphere, it becomes fully covered with adsorbed water and hydroxyl groups. Molecularly
adsorbed water in vacancies partly dissociates to form two kinds of hydroxyl groups:
(1) terminal hydroxyls which are adsorbed onto Ti,_sites (TIOH) and (2) bridging hydroxyls
which result from protonation of O,_atoms (Ti,OH) [21]. Surface hydroxyl groups are able to
behave as Brensted acid or base sites when TiO, particles are dispersed in water.

2.3.3. Purity

In Europe as well as in the USA, the content in titanium dioxide must be no less than 99.0% on
an aluminium oxide and silicon dioxide-free basis (Commission Regulation (EU) No 231/2012)
and the amount of alumina and/or silica must not exceed 2%. The investigated samples
complied with these specifications [18-20, 22]. Additionally, the Commission specifies that
the loss on drying must be lower than 0.5% (105°C, 3 h) and the loss on ignition must rep-
resent less than 1.0% (800°C) on the dried basis. The acid-soluble substances must represent
less than 0.5% (less than 1.5% for products containing alumina or silica) and the water-soluble

7
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matter must represent less than 0.5%. For impurities soluble in 0.5 N hydrochloric acid, their
amount must be lower than 1 mg/kg for arsenic, cadmium and mercury, lower than 2 mg/kg
for antimony and lower than 10 mg/kg for lead. These specifications are very similar to those
given by JECFA [14].

2.3.4. Amounts

In Europe, titanium dioxide is authorized af quantum satis, whereas it is used in the USA in the
limit of 1% by weight of food. Although no maximum use level is specified for this additive
in Europe, it shall be used in accordance with the good manufacturing practices (GMPs), that
is, at a level not higher than is necessary to achieve the intended technical effect. This decision
was motivated by the fact that TiO, was considered as an inactive ingredient in human food,
and that neither significant absorption nor tissue storage following the ingestion of TiO, was
possible. In its last report, the Panel of EFSA concluded that definitive and reliable data on the
reproductive toxicity of E 171 are not yet available to enable the Panel to establish an accept-
able daily intake (ADI) [7].

The quantification of TiO, in commercial products indicates that chewing gums are the food
products richest in titanium dioxide [2, 4]. They contain between 0.7 and 5.4 mg Ti/g of food.
The next category is sweets with 0-2.5 mg Ti/g food, followed by pastry with 0-0.5 mg Ti/g
food [2]. In the report of EFSA, including more numerous food categories and data provided
by industry, the highest maximum level in TiO, is in decorations, coatings and fillings [7] with
20 mg TiO,/g food which corresponds to 12 mg Ti/g food, a little bit above the maximum level
reported for chewing gums (16 mg TiO,/g, i.e., 9.6 mg Ti/g food). Considering the mean use
level, it is a little bit higher in processed nuts (3.8 mg Ti/g food) than in chewing gums (3.4
and 2.8 mg Ti/g food, depending on manufacturers), food supplements (2.8 mg Ti/g food) and
salads and savoury-based sandwich spreads (2.5 mg Ti/g food).

2.3.5. Innocuousness of TiO,

Since the early 1960s, TiO, is considered as safe for use in food. Since this time, some authors
called this fact into question [23]. In the recent re-evaluation of titanium dioxide (E171) as
food additive [7], the EFSA Panel estimated that the absorption of orally administered TiO,
particles, including micro- and nano-sized (less than 3.2% by mass) fractions, was negligible,
reaching at most 0.02-0.1% of the administered dose. They also indicated that no adverse
effect resulting from the eventual accumulation of the absorbed particles was expected, based
on the results of long-term studies which did not highlight any toxicity up to the highest
administered dose. The lowest value found in the literature for the no-observed adverse effect
levels (NOAEL) was 2250 mg TiO,/kg bw/d.

2.4. Other physicochemical properties of food-grade TiO,

Titanium dioxide is insoluble in water, hydrochloric acid, dilute sulphuric acid and organic
solvents. It dissolves slowly in hydrofluoric acid and hot concentrated sulphuric acid. It is
almost insoluble in aqueous alkaline media (COMMISSION DIRECTIVE 2008/128/EC).
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The physicochemical characteristics of particles, including morphology (spherical and cylin-
drical), size (smaller or larger than <100 nm), surface charge (negative, neutral or positive),
structure (crystallinity), agglomeration (aggregates, agglomerates and primary particles)
and surface composition, are assumed or demonstrated to play a role in nanoparticle uptake
through the gut [24]. Therefore, the five criteria detailed before have to be completed by a
deeper characterization of food-grade TiO,, which unfortunately received much less attention.

2.4.1. Content in nanoparticles and size distribution

Considering the food use of TiO, as whitening agent, the size distribution is expected to be
centred on a mean pigment size of 250 nm to obtain an optimal effect [25]. However, the mean
size of food-grade TiO, is actually rather comprised between 106 and 145 nm and the size
distribution spans between 30 and 300 nm [4, 18, 19, 26, 27] or 60 and 300 nm [2]. For example,
several size distribution spans and mean sizes are reported in Figure 2. Overall, they span
between 30 and 300 nm. In these batches, the fraction of nanoparticles (<100 nm) ranged from
17 to 36%. In the whole set of samples investigated in the literature, the nanoparticle size dis-
tribution expressed in number was always smaller than 50%. In chewing gums, this fraction
mounts to 43.7% [1].

To determine the exposure scenario, the equivalent mass of NPs is more interesting.
According to several studies, the mass (wt%) of nanoparticles present in E171 ranges between
0.31 and 12.5% [7, 10, 11, 18]. This explains some discrepancies in the different exposure to
TiO, nanoparticles in the literature and, for example, the factor of 10 in the estimate of NP

E6b [18] 18%,

E6a [18] D1y A,
E5[18] 34 A
E4 [18] DTU, A
E3[18] 20% I
E2 [18] A6 A
E1[18] V7% i s
55[19] 9% SR
54 [19] 17% Gy
S3[19] DNYy A,
52 [19]- DAY A
51[19] A5G AR

i 10 100 1000
Size (nm)

Figure 2. Size distribution (dashed rectangles), mean size (black dots) and percentage of nanoparticles in number (%)
of food-grade TiO, particles characterized by (E) Dudefoi et al. [18] and (S) Yang et al. [19]. The mean sizes of the
distribution vary between 106 and 145 nm.
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consumptions between the study by Rompelberg et al. [11] who considered 0.31% of NPs and
the evaluation of EFSA [7] who used a weight ratio of 3.2%.

2.4.2. Specific surface area

The specific surface area (SSA) of a material is defined as the total surface area of the material
per unit of mass. It is reversely proportional to the size of the particles: the smaller the size
of a material, the higher its specific surface area and its reactivity with the environment. The
SSA is usually determined from the volumetric adsorption isotherms at 77 K of nitrogen gas
followed by the Brunauer-Emmett-Teller (BET) adsorption treatment (the so-called N,-BET
isotherm) assuming a multilayer of adsorbates. The specific surface area of food-grade TiO,
ranges between 8.6 and 10.7 m*/g [18, 20] with an average of 9.3 m?/g. These values are quite
low in comparison to anti-caking agents, for example, which are around 200 m?/g. This hints
that TiO, offers a low contact surface with its environment.

2.4.3. Surface chemical composition

The surfaces of food-grade TiO, were found to be mainly covered by hydroxyl groups [18],
phosphate groups [18, 19] and potassium ions [18]. Some phosphate groups may not be tightly
bound to the surface and be released after washing [19]. In a few cases, TiO, was covered by
silica [18] and alumina [19], thus modifying the surface chemistry.

2.4.4. Surface potential

As mentioned previously, surface hydroxyl groups, which behave as Brensted acid or base
sites, confer a charge to the particle surface. When TiO, particles are dispersed in an aqueous
medium, this charge is mainly determined by two phenomena: protonation/deprotonation of
surface hydroxyls controlled by pH and adsorption of electrolyte ions [28]. An electrostatic
potential, exponentially decaying away from the surface, is associated to the overall charge
distribution in the interfacial region. The experimental determination of this potential, called
zeta potential, is generally performed by electrophoretic mobility measurements. All mod-
els converting electrophoretic mobility into zeta potential consider ideal spherical particles,
which is a delicate assumption in the case of TiO, due to the formation of agglomerates with
non-spherical particles (subsequent section). An improved model exists to convert electro-
phoretic mobility measurements to zeta potential values taking into account the effect of the
agglomerate size and surface conductance of TiO, [29]. Zeta potential values depend not only
on the parameters controlling the surface charges, namely, the nature of the medium where
TiO, particles are dispersed (pH, ionic strength and adsorbed species [20]) but also on the
primary particle size [29, 30] and the crystallographic face [31]. The point where the zeta
potential is zero defines the isoelectric point (IEP).

The isoelectric point of food-grade TiO, samples measured by electrophoretic mobility mea-
surements was found between 3 and 4 for most samples (Table 1), far below the classical
value for anatase. Such a difference is interpreted by the presence of phosphate groups on the
surface of TiO, particles [18, 19] or by silica coating [18], which decrease the isoelectric point
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Reference [18] [20] [19]

Experimental conditions ~ Ultrapure water, without ~ Ultrapure water, without ~ KNO, 102 mol.L™*
fixing ionic strength fixing ionic strength

IEP 40<pH<42 pH=51 32<pH<40

CatpH7 —42 to -50 mV -35mV -42 to -50 mV

Table 1. Isoelectric point (IEP) and zeta potential at pH 7 of various food-grade TiO, (E171) dispersed in water, without
any protein.

towards lower pH values. It is interesting to note that the isoelectric point of a food-grade
sample measured through electroacoustic measurements gave a value of 5.1 [20], close to the
classical data for anatase. For all these samples, the zeta potential of their suspensions varies
between —35 and -45 mV at a physiological pH value. Faust et al. compared the zeta potential
of a food-grade TiO, and an extract of chewing gum, and observed that the gum extract pre-
sented a largely more negative potential (-45 mV at pH 7) than food-grade TiO, (20 mV at
pH 7), which may be due to coating of TiO, in chewing-gum formulation [26].

2.4.5. Agglomeration

The dispersion state of particles in aqueous solution is governed by the surface chemistry
of the oxide and depends on the composition of the dispersion medium (pH, ionic strength,
nature of electrolyte and presence of proteins). Traditionally, zeta potential measurements
are used to assess the stability of colloidal dispersions: the higher the zeta potential absolute
value, the more stable the dispersion. Around the IEP or when ionic strength is high in solu-
tion, the system is unstable and agglomeration of particles occurs, leading to settling of the
suspension. It is thus important to consider agglomeration in the experimental medium, as
this may alter the size of the particles which will be ‘seen’ later by the organism after ingestion.

In usual conditions of pH and ionic strength, TiO, particles tend to form large-sized agglomer-
ates (particles relatively loosely bound) which settle after a few hours, partially due to the large
density of TiO, (3.9 g/cm® for anatase as powder). For neutral pH values (around 6-7) and in
the absence of any salt, E171 particles present agglomerates with a diameter of 200400 nm,
in agreement with the largely negative-measured zeta potential. When pH becomes closer to
IEP, the measured diameter is larger than 1 um, which is the sign of agglomeration due to low
electrostatic repulsions [18].

Once particles are agglomerated or aggregated, they do not fragment easily and are difficult
to disperse as primary particles. Ultrasound sonication can be used to break the agglomer-
ates prior to zeta potential and size measurements, providing ultrasounds do not alter the
surface chemistry of the material [32]. The hydrodynamic diameter of E171 particles dis-
persed in ultrapure water (pH not mentioned) and bath sonicated (for 5-30 min) comprises
between 120 and 400 nm [19, 26]. Another possibility to stabilize the suspension and avoid
agglomeration of particles consists in adding a dispersant which is able to cover the particles
and create steric hindrance between them [33]. Bovine serum albumin (BSA) was typically
used to stabilize E171 TiO, particles, in combination with ultrasound sonication (30 min),

11
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leading to a mean hydrodynamic diameter of 150 nm [4]. In solutions added with salts (NaCl
and NaHCO,), E171 particles dispersed by sonication presented a moderate stability, with
a particle size of agglomerates remaining between 360 and 390 nm for at least 2 h. The same
experiment conducted with P25 sample showed rapid and extensive aggregation of the par-
ticles [4].

2.4.6. Specificities of food-grade TiO,

Food-grade TiO, powders are finally characterized by a low specific surface area (around
10 m?/g), a pure crystalline anatase phase (sometimes traces of rutile), a low isoelectric point
(around 4.1 in water) related to the phosphate found at its surface, a mean size of 140 nm with
a distribution spanning from 30 to 300 nm and a fraction of nanoparticles comprised between
17 and 36%. For toxicological studies, including toxicity assessment by oral exposure, another
kind of TiO,, called P25, is commonly used as it is considered as a reference material [34]. This
compound is characterized by 100% NPs, a mean size of 23 nm, a specific surface area of 50 m?/g,
a mixture of anatase and rutile grains (85/15) and an isoelectric point at pH 6.5 [18, 19]. In
Figure 3, some physical and chemical properties of E171 and P25 samples, extracted from two
studies [18, 19], are reported.

The P25 samples clearly distinguish from E171 samples by all parameters taken into account.
A peculiar sample of E171, rich in rutile phase, is observed as well. E171 TiO, being strongly
different from the reference material P25, we thus concluded that P25 does not appear to be
the most suitable reference material for toxicity studies by ingestion [18]. It is, moreover, not
the most relevant material to represent the nanoparticle fraction of E171.
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Figure 3. Physical and chemical parameters describing E71 and P25 forms of TiO,, namely the content in NPs, isoelectric
point (IEP), the mean size of the distribution deduced by transmission electron microscopy (mean S) and the span of the
particle size distribution (span). Data come from references [8, 19].
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2.5. Fate of TiO, after ingestion

Among the different routes of exposure to TiO, the oral uptake route remains the less
documented. Once ingested, TiO, particles pass through the digestive tract, starting with the
port of entry, the oral cavity followed by the gastrointestinal tract, comprising oesophagus,
stomach, small and large intestines and rectum (Figure 4).

During the transit through the digestive fluids, TiO, particles were not metabolized and were
found to be mainly agglomerated, mediated by proteins and electrolytes [35, 36], but according
to some studies, a small fraction is still in the nanosized range [35, 37, 38]. The low absorp-
tion of TiO, and reversely the high percentage of titanium dioxide excreted from the body in
faeces [39, 40] were believed to be the proof of any adverse effect. However, the recent data on
the intestinal compartment call this belief into question. Indeed, the intestinal barrier, which
involves epithelium, mucus and microbiota in its luminal side (Figure 4), provides a physical,
chemical and biological line of defence for the host, probably through an orchestrated manner
[41, 42]. Taken together or independently, these three partners exhibit some alterations due to
the presence of TiO, particles, which are briefly reported from the microbiota to the epithelium.

2.5.1. TiO, in interaction with the intestinal microbiota

The effects of TiO, on the gut microbiota composition and metabolic activity in animal models
or humans are largely unknown, whereas the intestinal microbiota contributes actively to the
maintenance of host homeostasis. Indeed, it plays a key role in the gut, fulfilling protection,
maturation and production functions. In particular, it acts as a barrier against pathogens, pre-
venting their implantation, and participates in xenobiotic metabolism [43].

I Ti0, and intestinal barrier

1.8-10.4 mg/kg bw per day [childre
0.6-6.8 mg/ kg bw per day (aduits
0.4-4.5 mg/kg bw per day (the elderly)

R R RR R —

Figure 4.Schematic representation of the fate of TiO, within the digestive tract illustrating potential mechanisms
by which ingested nanoparticles interact with the intestinal barrier; (1) mucus; (2) microbiota; (3-5) epithelium with
(3) internalization and active transport to Peyer’s patch lymphoid follicles by M-cells, (4) transcellular transport and
(5) paracellular transport through intercellular tight junctions (intercellular space between adherent epithelial cells).
The unrestricted migration through foci of damaged epithelium is not represented. For the sake of clarity, scheme is not
to scale.
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Studies reported to date were mainly focused on the antibacterial activity of TiO, nanoparticles
inin vitro pure cultures using Escherichia coli as the bacterial representative [44—46]. Such an activ-
ity is generally associated with the photocatalytic effects of TiO,, although increasing experi-
mental evidence also demonstrated TiO,-mediated cell alterations without UV illumination
[50, 51]. Taylor et al. [47] investigated the in vitro exposure of a gut microbial community from a
healthy donor to three different types of metal oxide nanoparticles, including TiO,, in a model
colon. Such exposure-induced changes in the phenotypic traits of the gut community, includ-
ing short-chain fatty acid production (particularly for butyric acid), cell hydrophobicity, sugar
content of extracellular polymers, cell size and electrophoretic mobility. In a further study,
Waller et al. [48] evaluated the impact of food-grade TiO, (vs industrial-grade TiO,) on the
composition and phenotype of a human gut microbiota. An inhibition of the control-induced
shift in microbial composition from Proteobacteria to Firmicutes phyla was observed. TiO,
exposure also resulted in a lower value of the colonic pH (~pH 4) as compared to the control
(>5). Additionally, similar trends in microbial community hydrophobicity and electrophoretic
mobility were obtained between control and food-grade exposures. Interestingly, different
microbial responses were observed with the industrial-grade form, underlying the significance
of physical and chemical properties of TiO, in intestinal homeostasis.

2.5.2. TiO, in interaction with the intestinal mucus

Mucus is the viscoelastic gel that lines and protects the intestinal epithelium. It is secreted con-
tinuously along the whole intestine by specialized goblet cells in the epithelium (Figure 4), and
is present in larger amounts in the colon than elsewhere. Mucus was long considered to act as a
‘simple’ physical barrier, but it is now known to have other key functions essential for the pres-
ervation of intestinal homeostasis [49-51], including (i) lubrication of the epithelium, facilitating
the progress of material along the digestive tract, (ii) maintenance of a stable microenvironment
at the epithelial surface, (iii) protection of the epithelium through the presence of immune sys-
tem molecules and (iv) provision of an ecological niche for the intestinal microbiota.

Interactions between TiO, and intestinal mucus are far from being understood. Variable
capacities for absorption and transport of TiO, nanoparticles have been described in vitro [52],
depending on whether epithelial cells are cultured alone or in the presence of mucus-secreting
goblet cells. In fact, Caco-2 cells in monoculture only displayed low levels of intracellular nano-
TiO, accumulation after 24-h exposure, whereas the same treatment in Caco-2/HT29-MTX
mucus-producing co-culture led to 50 times higher levels of accumulation [52]. In ex vivo stud-
ies on porcine buccal mucosa [36, 38], TiO, nanoparticles, regardless of their size and hydro-
philicity/hydrophobicity, were able to permeate mucus and penetrate underlying tissues.

2.5.3. TiO, in interaction with the intestinal epithelium

Epithelium is in charge of nutrients and water absorption while restricting the access for
potentially noxious substances to the internal organs. Thus, it constitutes a selective—and
dynamic—barrier, mediating transport of compounds through the transcellular pathway (i.e.,
across the cells) and/or the paracellular pathway (i.e., between the cells). It is polarized into
an apical and basolateral surface with the apical surface covered with microvilli to increase
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the absorptive surface area. There are at least three pathways enabling uptake/translocation
of TiO, nanoparticles (Figure 4): first, they can disrupt the cell junctions (paracellular route),
second they can be internalized by the cells (transcellular route, e.g., endocytosis) and finally
they can exert a toxic effect on the cells or alter their function, resulting in cell death [53]. In
addition, many studies underlined the involvement of the M-cell-rich layer of Peyer’s patches
which are epithelial cells specialized for the transcytosis of macromolecules and particles [40,
53-56] (Figure 4). However, this mechanism of translocation is still under debate since contra-
dictory results were obtained for in vitro cells [36, 40, 53, 55-57].

In vitro studies, mainly on Caco-2 cells, converge on the possible TiO,-mediated disruption of
the epithelial barrier. Indeed, subtle or more substantial alterations were depicted, including
cytotoxicity [58], alteration of the brush-border microvilli [26, 53], upregulation of nutrient
transporters and efflux pumps [59], production of reactive oxygen species [59, 60], misbalance
of redox repair systems [59], increase in epithelial permeability [60] and uptake/translocation
of TiO, nanoparticles [53, 55, 60], at a different extent according to the type of TiO, nanopar-
ticles (size and crystal phase) and experimental conditions used.

In line with the findings of Faust et al. [26], recent piece of evidence suggests some adverse
effects of oral exposure to E171 on the intestinal mucosa barrier with a putative additional
impact on intestinal diseases and colorectal cancer [61-63]. Proquin et al. [63] showed in vitro
that E171-induced ROS formation and DNA damage through its micro-sized and/or nano-
sized fractions in Caco-2 and HCT116 cells. In rodents, Bettini et al. [61] found TiO, particles
present in Peyer’s patches along the small intestine as well as in the colonic mucosa of rats
orally given E171 at human relevant levels. No significant change in epithelial paracellular
permeability was observed.

2.5.4. Biodistribution of TiO,

When TiO, particles overcome the mucus/microbiota/epithelium-protective triad, they may
enter systemic circulation [64, 65] but in an extremely limited amount [36] and infiltrate
organs like liver and kidney which are the organs for exogenous chemicals metabolism and
for the excretion of metabolic wastes, respectively. But they were also found in lung, spleen
and brain [66, 67] and presented a poor clearance [67]. With a half-life of 12.7 days [66], TiO,
particles may be thus regularly renewed in the organism, suggesting a bioaccumulation [23]
but there is an absence of toxicological effects in the conditions of the study [66]. In the ter-
minal ileum of children suspected of having inflammatory bowel disease, the amount of pig-
ment in Peyer’s patches became denser with increasing age [68].

3. Conclusion

With the aim to ensure a healthy food, the knowledge about TiO, as food additive increased in the
last 5 years. Among the large set of TiO, samples, E171 food-grade materials have different physi-
cochemical properties from the reference material P25. Indeed, it is characterized by a low specific
surface area (around 10 m%/g), a pure anatase crystalline phase (sometimes traces of rutile), a low
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isoelectric point (around 4.1 in ultrapure water) mainly related to the phosphate found at its sur-
face, a mean size of around 140 nm with a distribution spanning from 30 to 300 nm and a fraction of
nanoparticles comprised between 17 and 36%. Due to the lack of data on E171, the risk assessment
of oral exposure to TiO, has been mainly performed with TiO, nanomaterials like P25 which pos-
sess a different surface chemistry. As TiO, has a low absorption rate, it is mostly excreted in the
faeces, suggesting that it does not present any toxicity concern. Nevertheless, there is an increas-
ing awareness of proved or suspected deleterious effects of TiO, during its transit in the digestive
tract, by compromising intestinal homeostasis before absorption in the upper compartments and/
or throughout the entire intestine by the non-absorbed fraction. Albeit increasingly recognized as
key players in gut health, mucus and microbiota have often been neglected in food nanotoxicol-
ogy and should now be more deeply investigated. The link with some intestinal diseases needs to
be confirmed as well. For all further studies, the use of food-grade forms of TiO, is more relevant
than that of the nanomaterial P25.
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Abstract

Many aspects associated with the application of nanotechnology to agricultural activities
are still unknown. In particular, there is not enough information on nanotoxicology in crops
and we do not know the fate of nanoparticles in crops. Multiple experiments were carried
out to study the effects of titanium oxide nanoparticles (1nTiO,) on barley (Hordeum vulgare).
Germinating seeds were exposed to 0, 500, 1000, and 2000 mg I' nTiO,. Seed germination
percentage, mitotic index, root elongation, and Ti concentration in seedlings were observed.
In a greenhouse experiment, plants of barley were grown to physiological maturity in con-
trol soil and soil enriched with 500 and 1000 mg nTiO, mg kg™, respectively. The duration
of the growth cycle and the plant biomass was influenced by nTiO, compared to control
plants. Concentrations of Ti were not very high with the exception of roots. However, the
nTiO, soil amendment had an impact on composition and nutritional quality of barley
grains. Concentrations of Ca, Mn, and Zn in kernels were increased by nTiO2 treatments.
Concentration of amino acids was affected by the treatments as well. nTiO, treatments have
the potential to influence the food chain and processing and economics of barley.

Keywords: nanotechnology, titanium dioxide nanoparticles, agriculture, crop growth

1. Introduction

Nanotechnology is a multidisciplinary field, which includes a wide range of processes, materi-
als, and applications. The main aims of this new discipline are the characterization, fabrication,
and manipulation of material at nanoscale level [1]. The reason why these new materials are so
widely used is linked to their unique and novel properties principally related with the increase of
the surface area to volume ratio. Nowadays, a lot of products are based on nanotechnology; at the
beginning, these materials were applied in construction materials, new devices and techniques in

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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electronics, cosmetics, sporting equipment, wastewater treatment, medicine, and more recently
in agriculture and the food industry [2]. The agri-food was the last sector in terms of succession to
be interested by this technological revolution but at the same time it would be far reaching in the
next years [1]. In fact, the nanotechnology has recently emerged as the technological advancement
to develop and transform the entire agri-food sector, in terms of increasing global food produc-
tion and nutritional value, quality and safety of food [3]. The type of nanoparticles (NPs) or nano-
materials (NMs) used in plant science are quite wide, but they could be clustered in two principal
groups: the carbon nanomaterial (CBNMs) and the metal-based nanomaterials (MBNMs) [4]. In
the group of MBNMs, the most common NPs are TiO,, CeO,, Fe,O,, ZnO, and AgNO, [5]. Our
experiments were focused on TiO, nanoparticles (nTiO,) that represent the most used nanoma-
terial between the MBNMs. Several papers demonstrate the positive effects of #TiO, on plants
[6-9]. More recently, Dehkourdi and Mosavi [10] used nano-anatase to treat parsley seeds, which
resulted in an increase in the percentage of germination, the germination rate index, the root and
shoot length, the fresh weight, the vigor index, and the chlorophyll content of the seedlings. Also,
Feizi et al. [11] observed that the germination rate of Salvia officinalis improved when the seeds
were exposed to nTiO,. Previous studies demonstrate a positive effect also during the plant veg-
etative growth, for example, Hong et al. [7] demonstrate an acceleration in the rate of evolution of
oxygen by chloroplasts in spinach plants. Another experiment on spinach demonstrated a gain in
the photosynthetic carbon reaction in treated plants [9]. More recently, Qi et al. [12] treated tomato
plants with nTiO, and put them in a mild heat stress, the plants resulted to have an improvement
in the photosynthetic rate with respect to the control ones. Currently, the application of nano-
materials in the field of primary production is still under investigation, and therefore, it may
take many years before specific nanoproducts for agriculture are commercialized worldwide [1].
Since the studies performed up to now have been conducted in a very simplified experimental
condition, we still lack accurate information on what is happening in the soil. Further research is
required to ensure complete success for these applications of nanotechnologies [13].

2. Materials and methods

2.1. Nanoparticle characterization

Titanium (IV) oxide anatase nanopowder having a minimal average particle size of 25 nm
was purchased from Sigma-Aldrich (product ID 637254). Titanium nanoparticle (nTiO,)
characterization was carried out at the Facility for Environmental Nanoscience Analysis and
Characterization (FENAC), University of Birmingham (UK). Further details on analytical
methods are provided by Marchiol et al. [14].

2.2. Laboratory experiment
2.2.1. Seed germination and root elongation

Ten seeds of spring barley (Hordeum vulgare L. var. Tunika) were transferred in sterile condi-
tions into each Petri dishes soaked with distilled water (Ctrl), 500, 1000, and 2000 mg I"' #nTiO,
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suspensions; each treatment was replicated three times. The Petri dishes were taped and placed
in the dark at 21°C for 3 days. The germination percentage was calculated as the ratio of ger-
minated seeds out of the total seeds. The seedlings obtained were used for the measurements
of their total root length with Image] [15]. Root elongation was calculated as the average length
and the sum of all roots emerged from each seed.

2.2.2. Mitotic index

Seeds of barley were sterilized and transferred in sterile conditions into Petri dishes soaked
with distilled water. After 3 days, the germinated seedlings with actively growing roots
(atleast 2.5 cm in length) were placed in the nTiO, suspensions (0, 500, 1000, 2000 mgl™) for
24 h. Ten root tips per each treatment were studied to evaluate possible genotoxic effects
of nTiO,. The samples prepared were evaluated for a total of about 10,000 cell observations
per treatment. The mitotic index was recorded in Feulgen-stained preparations as the per-
centage of dividing cells out of the total number of cells scored.

2.2.3. Titanium uptake

The treated barley seedlings were rinsed three times with MilliQ water. Subsequently, they
were divided into three portions: roots, seeds, and coleoptiles. The seedlings portions were
dried at 70°C for 24 h, and they were acid-digested (10 ml HNO, 65%) in a microwave oven
according to USEPA method 3052. Plant extracts were filtered (0.45 mm PTFE), diluted with
MilliQ) water, and analyzed by ICP-OES.

2.3. Greenhouse experiment
2.3.1. Soil characterization and nTiO, amendment

The possible effects of nTiO, to barley were also evaluated along their entire life cycle; for this
purpose, seeds of barley were grown in soil contaminated with #nTiO, at 500 and 1000 mg kg™.
The soil characterization data were reported by Marchiol et al. [14]. According to Priester et al.
[16], the soil was amended with nTiO, powder before sowing plants reaching the final concen-
tration of 500 and 1000 mg kg™ of nTiO,.

2.3.2. Plant growth

In a semi-sealed greenhouse, seeds of spring barley were sown in pots containing the #nTiO,-
enriched soils. After 2 weeks, seedlings were thinned to two seedlings per pot. During the
plant growth, the pots were watered twice a week to maintain soil at 60% WHC. Phenological
stages were monitored by adapting the Decimal Growth Scale [17] throughout the growth
cycle and were based on 50% of plants within the treatments at each stage. Plants were har-
vested at physiological maturity. Plant shoots were severed at the collar and separated into
stems, leaves, spikes, and grains. Leaf area was measured using a LI-3100C Area Meter. The
plant fractions were oven dried at 105°C for 24 h and weighed.

25



26 Application of Titanium Dioxide

2.3.3. Spectroscopy analysis

Plant fractions were acid-digested in a microwave oven according to USEPA method 3052.
Titanium concentration in plant fractions, such as roots, stems, and leaves, was determined by
an ICP-OES, whereas Ti concentration in kernels was determined by an ICP-MS.

2.3.4. TEM observations

Serial ultrathin sections from each species were cut with a diamond knife, mounted on cop-
per grids, stained in uranyl acetate and lead citrate, and then observed under a Philips CM 10
transmission electron microscope (TEM) operating at 80 kV.

2.3.5. Macronutrient and micronutrient concentrations in kernels

Total B, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, and Zn contents were determined by an ICP-OES
with an internal standard solution of Y. Total Ce and Ti contents were determined by an ICP-
MS with an internal standard solution of ?Ge and ¥Y. Total N and S content were determined
through an Elemental CHNS Analyzer using up to 2.5 mg of finely ground samples.

2.3.6. Amino acids in kernels

Amino acids analysis was performed using a LC 200 Perkin Elmer. More technical details
about amino acids analysis were provided by Pos¢ic et al. [18].

2.3.7. Data analysis

The experiments were carried out in a completely randomized factorial design. Analysis of
variance was conducted with a one-way ANOVA. Tukey's Multiple Comparison test at 0.05 p
level was used to compare means. Statistical analysis was performed using the SPSS program
(SPSS Inc. Chicago, IL, USA, ver. 17).

3. Results

3.1. Characterization of nTiO,

The nTiO, powder measured with BET has a specific surface area equal to 61.6 m* g™ that aver-
age value is slightly higher than the product specifications which declares a specific surface
area comprehended between 45 and 55 m* g™'. The height distribution measured with AFM of
the nTiO, powder results 41.8 + 24.3 nm on average (Figure 1A). The nTiO, suspension was
characterized at dimensional level also by TEM (Figure 1B). In this case, the instrument allows
to measure the diameters of nanoparticles and the average size result equal to 24.09 +7.22 nm.
The DLS instrument gives information about nanoparticles at three different levels: (i) at size
level, in fact the instrument displays the zeta average size of nanoparticles, which correspond
to the average diameter; (ii) at stability level by measuring the zeta potential of nanoparticles,
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Figure 1. Characterization of: (A) height classes (nm) of nTiO, in powder form by AFM. (B) Diameter classes (nm) of
nTiO, suspension obtained by TEM.

this index gives information about the electric potential in the interfacial double layer, if this
value is comprised between -30 and +30 mV, the suspension tends to flocculate; and (iii) at
heterogeneity level by the Polydispersity Index (PDI). The nTiO, suspensions result to have
a zeta average size, zeta potential, and PDI equal to 925 + 105 nm (Figure 2A), 19.9 + 0.55 mV
(Figure 2B), and 0.84 + 0.17 nm, respectively. These values indicate a suspension made by big
nanoparticles which tend to aggregate along time, and this brings to a wide-size distribution.

3.2. Seed germination experiments
3.2.1. Germination and root development

After 3 days, the treated seeds (Figure 3A) were used for the calculation of germination per-
centage (Figure 3B). The root elongation does not seem affected by nTiO, treatments at 1000
and 2000 mg 17, in fact, the average values are quite comparable with the germinated control
seeds, whereas the average total roots value seems to slightly increase with increasing concen-
trations. The statistical analysis, however, shows there are not significant differences between
treatments. The germinated seeds treated for 7 days were used for measuring their root elonga-
tion (Figure 3C). The root elongation does not seem affected by nTiO, treatments at 1000 and
2000 mg I'!; in fact, the average values are quite comparable with the germinated control seeds,
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Figure 2. DLS data of nTiO, suspension: (A) nTiO, zeta average size distribution. (B) nTiO, zeta potential.

rather the average total roots value seems to slightly increase with increasing concentrations.
Conversely, the seeds treated with nTiO, at 500 mg "' seemed to be affected in a negative way
with respect to the other treatments. The statistical analysis has put on evidence a significant
negative effect of #nTiO, at 500 mg 1" for the root elongation, instead there are no significant
differences between the other treatments.
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Figure 3. (A) Petri dishes with treated barley seedlings; (B) germination percentage of seeds (mean + SE; n = 3); and (C)
total root length in barley seedlings treated with nTiO, suspension at 0, 500, 1000, and 2000 mg 1.

3.2.2. Mitotic index

Figure 4A reports data of mitotic index (MI), which was used as a sensor of genotoxicity. As
plant roots grow, the cell division is usually very fast in the apical meristem of root tips. In our
case, the control seedlings have a MI lower than the seedlings treated with nTiO, suspension
at 500 mg 1! but comparable with the other treatments. Like the germination percentage also
this parameter results not significantly affected by treatments.

3.2.3. Titanium seedlings uptake

The concentration of total titanium in different portions of barley seedlings is shown in
Figure 4B. A dose-response was recorded in the accumulation of titanium since the titanium
concentration in the seedling fractions increased with the increase of nTiO, exposure concen-
tration. In particular, the seedlings grown in the presence of #nTiO, at 500 mg "' did not uptake
and translocate the titanium in other seedling portions. Instead, the seedlings grown in the
presence of nTiO, at 1000 mg I' showed an uptake and a translocation of titanium in each por-
tion. This trend is confirmed by the seedlings grown in the presence of #nTiO, at 2000 mg 1'';
in fact, these seedling portions have the highest concentrations of titanium with respect to the
seedling portions of the other treatments. The roots are the most interested area of accumula-
tion; in fact, this portion recorded the highest concentrations of total titanium than the other
portions for each treatment. This is particularly evident in the seedlings grown with nTiO, at
1000 mg I"! where the concentration results significantly different from the other seedling por-
tions, whereas it is not like that in seedlings grown in the solution with 2000 mg 1.



30 Application of Titanium Dioxide

ES
E]

ar 1000F [ Seeds a
- 4 B Roots
# . a = | [ s

[ L -
g =~ 100F L]
; P :
= 4 = .
g w0l X
= 10
= 2 o ‘

1 ]

Cerl 500 myg I 1000 mg Il 2000 myg -1 500 mg I-1 1000 mg, i1 LT I
Treatment Treatment

Figure 4. Effects of nTiO, on seedlings of Hordeum vulgare. (A) Mitotic index (%) (mean + SE; n = 3) observed in root tips
of nTiO,-treated seedlings. (B) Concentration of Ti in seeds, roots, and shoots (mean + SE; n = 3) of nTiO, barley-treated
seedlings. Different letters indicate statistical difference between treatments at Tukey's test (p < 0.05).

3.3. Life cycle study
3.3.1. Plant growth

The data obtained from the phenological observation are shown in Figure 5. The barley plants
grown in soil spiked with nTiO, at 500 and 1000 mg kg™ are in delay with respect to the con-
trol barley plants in reaching each physiological maturity; this delay is already appreciable
from the second leaf stage. At the end of the physiological maturity, the barley plants were
used for measuring the representative parameters of plant growth in particular, the plant
height, number of tillers, total leaves area, and grain yield (Figure 6). The plant height was not
affected in a significant way by the nTiO, treatments; however, there is a gradual increment
of plant height with the increase of nTiO, concentration in the soil. The number of tillers, like
the plant height parameter, increases at the increase of #nTiO, into the soil. Differently from
the previous parameter, the average number of tillers of barley plants grown in the soil spiked
with nTiO, at 2000 mg 1" show almost significant difference from the other treatments. The
total leaf area parameter has the same trend of number of tillers parameter, also in this case
there is an increase of leaves surface at the increase of #TiO, in the soil with a slightly sig-
nificant difference in the average value obtained for the plants, which were grown in the soil
spiked with 1000 mg kg™ of nTiO,. The last parameter took into account has been the plant
yield. This parameter was affected by the treatments in a different way with respect to the
other ones; in fact, the control barley plants did not significantly differ from the barley plants
treated with 1000 mg kg™ of nTiO, except for the barley plants grown in the soil spiked with
500 mg kg™ of nTiO, resulted significantly affected.

3.3.2. Spectroscopy analysis

The spiked soil and the barley plant portions were analyzed by ICP-OES and ICP-MS in order to
check the total concentration of Ti (Table 1). The soils spiked with #TiO, at 500 and 1000 mg I"*
have a significant difference from the soil without #nTiO,, though the soil spiked with nTiO,
at 500 mg 1" results slightly different from the control soil. These results confirm that the soil
spiking was performed in a correct way. The analyses of the barley plant portions show there
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Figure 5. Duration of vegetative and reproductive phenological phases of Hordeum vulgare grown in control soil and
nTiO,-spiked soil. Asterisk denotes significant differences between control and treated plants (p < 0.05).

are no significant differences in the Ti concentrations both between the treatments and between
treatments and control. The only exception is the total Ti concentration in the stem portion of
the plants treated with #nTiO, at 1000 mg kg™ which results slightly different from the same por-
tion of the other plants.

3.3.3. TEM observations

To verify the uptake and subsequent translocations of nTiO, from roots to aerial plant frac-
tions, ultrastructural analyses on plant leaf tissues were carried out. Rare clusters of nanopar-
ticles were found in leaves sampled from plants grown in soil enriched with the different
combinations of nTiO,, at both concentrations (Figure 7). nTiO, were observed in leaf cells
and, in particular, in the stroma of the chloroplast and in the vacuoles. Despite the treatment,
the chloroplast ultrastructure appeared normal (Figure 7B).

3.3.4. Macronutrient and micronutrient concentrations in kernels

The accumulation of macronutrients in barley kernels is shown in Table 2. Both N and S
concentrations increase at the increment of nTiO,, whereas for Ca there was not the same
behavior. Apparently, K, P, and Mg concentrations in kernels did not respond to the treat-
ment. Table 3 reports the concentrations of micronutrients in kernels. The #TiO, treatments
determined an increase in Fe, Mn, and Zn concentrations in barley kernels, whereas B and Cu
concentrations were not influenced by the treatments.
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Figure 6. Biometric variables of Hordeum vulgare observed in plants grown in control soil and nTiO,-spiked soils.
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at Tukey's test (p < 0.05).

Treatment Soil (mg kg™) Roots (mg kg™  Stems (mg kg™  Leaves (mgkg™ Spike (ug kg™
Ctrl 1797 +119b 77+3.19a 0.26 +0.04 ab 1.03+0.06 a 219+12a

Ti 500 2153 119 ab 66.7+7.49 a 0.28 +0.03 ab 1.39+0.35a 1.71+0.53 a

Ti 1000 2537 +56.3 a 81.7+4.96 a 0.39+0.06 a 0.96 +0.09 a 1.39+0.27a

Values are mean + SE (1 = 5). Same letters indicated no statistical difference between treatments at Tukey's test (p < 0.05).

Table 1. Ti concentration observed in soil, roots, stems, leaves, kernels of primary and secondary spikes of barley plants
grown in control (Ctrl) and nTiO,-spiked soil.

3.3.5. Amino acids in kernels

The effects of #nTiO, treatments on amino acid concentrations in kernels are shown in Table 4.
Overall, Glu and Pro are the most abundant amino acids in kernels with concentration ranges
of 31-43 and 15-21 mg-g™, respectively. The nTiO, treatments did not significantly modify
concentrations of Ala, Arg, Asp, His, Ser, and Trp. On the opposite, the concentration of Cys,
Glu, Gly, Ile, Leu, Lys, Phen, Pro, Tyr, and Val in kernels significantly increased in response
to the nTiO, treatments. In the case of Thr, the response to the treatment was less evident. At
last, only in the case of Met contradictory results were recorded.
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Figure 7. Representative TEM micrograph of leaf tissues of Hordeum vulgare plants grown in (A) control soil and (B)
nTiO, 1000 mg kg'-spiked soils. Clusters of Ti nanoparticles are visible in the stroma of the chloroplasts of nTiO,-treated
plants (B).

Element Ctrl nTiO, 500 mg kg™ nTiO, 1000 mg kg™
N (% dw) 222+0.08b 262+0.12a 2.78+0.05a
K(gkg™ 457+0.10 a 419+0.16 ab 3.83+0.06 b

P (mg kg™) 4.55+0.33 a 4.87+023a 4.36+0.31 a

Ca (mg kg™) 377+21b 701+81 a 543+8ab

Mg (mg kg™) 1881+59 a 1983 £124 a 1731+44 a

S (mg kg™) 1814 +128b 2391+47 a 2027 161 b

Values are mean * SE (1 =5). Same letters indicated no statistical difference between treatments at Tukey's test (p < 0.05).

Table 2. Nitrogen percentage and concentration of macronutrients in barley kernels at ripening from main shoot grown
in control soil (Ctrl) and nTiO,-spiked soil.

Element Ctrl nTiO, 500 mg kg™ nTiO, 1000 mg kg™
B (mg kg) 8.64+1.02a 801+17a 6.02+1.58a

Cu (mgkg™) 891+133a 752+1.16a 8.24+0.28a

Fe (mg kg™) 464+9.80b 197 +43.7 a 101 27 ab

Mn (mg kg™) 18.8£0.64 b 25.1+£1.06 a 21.6+123ab

Zn (mg kg™) 55.7+5.36 b 69.6 £2.61a 59.6 +1.34 ab

Values are mean + SE (1 = 5). Same letters indicated no statistical difference between treatments at Tukey's test (p < 0.05).

Table 3. Concentration of micronutrients in barley kernels at ripening from main shoot grown in control soil (Ctrl) and
nTiO,-spiked soil.

33
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Amino acid Ctrl nTiO, 500 mg kg™ nTiO, 1000 mg kg™
Alanine (Ala) 5.65+0.51 a 7.35+1.05a 6.75+0.16 a
Arginine (Arg) 755+132a 9.26 +0.56 a 912+0.83a
Aspartic acid (Asp) 7.18+0.67 a 8.58 £0.65 a 9.09+0.49 a
Cysteine (Cys) 6.85+0.13b 8.07+0.01 a 8.42+0.36 a
Glutamic acid (Glu) 31.2+356b 40.7+3.73a 43+1.83a
Glycine (Gly) 598+0.45b 7.74+029 a 8.01+0.42a
Histidine (His) 3.14+051a 3.66+0.18 a 3.89+0.18 a
Isoleucine (lle) 529+047b 6.42+0.36 a 6.77+025a
Leucine (Leu) 9.4+0.74b 11.2+0.81a 11.7+042a
Lysine (Lys) 3.67+031b 5.85+0.33 a 598 +0.45a
Methionine (Met) 2.39+0.13b 3.08+0.01a 3+020b
Phenylalanine (Phe) 748 +094b 9.12+0.65a 9.37+045a
Proline (Pro) 148 +1.68b 20.4+3.04a 214+141a
Serine (Ser) 584+0.54a 6.78 £0.36 a 6.84+0.18 a
Threonine (Thr) 461+031a 5.11+0.36 ab 5.35+0.18 ab
Tryptophan (Trp) 1.15+0.67 a 0.53+0.01 a 0.75+0.18 a
Tyrosine (Tyr) 3.36+0.42b 434+020a 4.22+0.36 a
Valine (Val) 7.04+049b 8.29+0.65a 8.68+0.40 a

Table 4. Amino acid (mg-g™) concentration in barley kernels at ripening from main shoot grown in soil spiked with none
(Control), 500 mg nTiO, kg™, and 1000 mg nTiO, kg™

4, Discussion

The nTiO, suspensions did not affect germination of H. vulgare. Our results are in agreement
with the observations carried out, respectively, on rice [19], lettuce, radish, and cucumber
[20], tomato [21], and pea [22]. According to Ref. [11], we demonstrated that nTiO, treatment
did not affect root elongation of seedlings. Other authors published opposite results. In fact,
Mushtaq [23] showed an inhibitory effect of nTiO, on root elongation in cucumber, whereas
Fan et al. [22] verified decrease in the number of secondary lateral roots in pea. The nTiO,
treatments did not influence the mitotic index. That is in contrast with Moreno-Olivas et al.
[24] which observed a nTiO,-induced genotoxicity in hydroponically cultivated zucchini.
Although the size of nTiO, used in that experiment is comparable to ours, those experiments
were carried out in different conditions than ours. This can result in different experimental
conditions, with particular regard to the nTiO, traits (e.g., different grade of agglomeration
due to different z-average size and zeta potential). On the other hand, the results obtained
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by ICP-OES analyses seem to indicate a nTiO, uptake by root tissue and a subsequent trans-
location in the other seedling tissues. This result could be an indication of a real uptake and
translocation of nTiO,. A second hypothesis is that, despite the use of appropriate analytical
protocols, the analysis may have been disturbed by sample contamination. In that case, the
element concentration in the plant tissues could be significantly overestimated due to a frac-
tion of metal simply adsorbed onto the external sample surface.

With regard to the effects along the entire life cycle, the response of plant phenology was
in accordance with previous studies [25, 26]. In fact, the barley plants treated with nTiO,
result to have a longer vegetative phase. During this phase, the plants keep growing and
the leaves continue their photosynthetic activity and consequently the production of photo-
synthates [27]. Taking into account such evidences, a higher biomass production and grain
yield in treated plants respect the control ones it is expected. The analyses of biometric
parameters confirm in part the expected results. Except for the plant height and grain yield
per plants the other parameters result positively affected. Our results confirm other experi-
mental evidences. In particular, studies carried out on Spinacia oleracea have demonstrated
that nTiO, promotes plant photosynthesis increasing light absorbance and transformation of
light energy and enhancing Rubisco activity [28, 29]. The positive effects of nTiO, treatments
were evidenced also at the grain level. The grains obtained from treated plants result to have
a higher content of macro (Na and Ca) and micronutrients (Fe, Mn, and Zn); moreover, a
positive effect of nTiO, treatment was also observed for several amino acids. The increase of
macro/micronutrient and amino acid concentrations in kernels could be an effect related with
the longest vegetative phase caused by the nTiO, treatments. In order to find the relationship
between the effects and treatment, the material obtained at the end of the experiment was
analyzed by ICP-OES and observed by TEM. The ICP-OES analyses and the TEM observa-
tions were carried out in order to know if the #nTiO, can enter into plant tissues and subse-
quently cause the observed effects on plants. The ICP-OES results did not put on evidence
an effective uptake of titanium by the plants, but the TEM observations show the presence
of nTiO, in the stroma of the chloroplast and in the vacuoles of leaf cells. This discrepancy in
results could be related with the agglomeration tendency of nTiO, in water, previously evi-
denced by nTiO, characterization analyses. The agglomeration makes the nTiO, less available
because their increased dimension makes difficult the passage of them through the cell wall,
this means only the nTiO, with the smallest size can pass this plant barrier and consequently
small amount of titanium could be uptaken.

5. Conclusions

The amount of products containing nanoparticles will increase in the future years; this will
bring an increase of their presence in the environment. In the last years, the majority of lit-
erature was focused to investigate the potential negative impact of this new kind of material
on human, animals, and plants, but in our study, we put on evidence the potential beneficial
effects. At first, we demonstrate the absence of negative impact during the early development
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stages of barley plants; in fact, each nTiO, concentration did not affect the germination per-
centage and root elongation, except for the lowest concentration (nTiO, 500 mg kg™') which
significantly affects in a negative way the last parameter. The analysis focus moves to evalu-
ation of the possible effects at genetic level; for this purpose, the mitotic index was analyzed.
The results also show, in this case, the absence of an effect for this parameter. The AFM and
DLS analyses give information about the tendency of nTiO, to form big agglomerate once
dissolved in MilliQ water, this makes the nTiO, less available for the seeds/seedlings, and the
absence of effects could be related to the incapacity of nTiO, to cross the cell wall. However,
the ICP-OES and ICP-MS analyses demonstrate the capacity of seeds/seedlings to uptake
the titanium, then the absence of effects in the early developmental stages is not due to the
absence of titanium in the plant tissues but to this unharmful effect. The experiment set up to
evaluate the possible effect of nTiO, along the entire barley life cycle demonstrates the posi-
tive dose-response effect on vegetative growth, and this has a direct effect on the composition
and nutritional value of barley grains.
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Abstract

Titanium and its alloys have been extensively used as implantation materials due to their
favorable properties such as lower modulus, good tensile strength, excellent biocompat-
ibility, and enhanced corrosion resistance. However, their intrinsic bioinertness generally
prevents a direct bond with the bone on the surface especially at an early stage of implan-
tation. In recent years, bioactive scaffolds for bone regeneration are progressively replac-
ing bioinert prostheses in orthopedic, maxillofacial, and neurosurgery fields. Given the
need of enhanced mechanical strength, several combinations of bioactive and reinforcing
phases have been studied, but still no convincing solutions have been found so far. In this
context, titanium oxides are light and high-resistance bioactive materials widely employed
in dental and bone application due to their capacity of forming strong bonds with bone
tissue via the formation of a tightly bound apatite layer on their surface. The addition
of titania particles to hydroxyapatite has attracted considerable attention based on the
assumption that resulting materials can enhance osteoblast adhesion and promote cell
growth while also providing high strength and fracture toughness in the final composite
material, thus being adequate for load-bearing applications.

Keywords: hydroxyapatite, titania, bioactive composites, porous scaffolds, mechanical
strength, load bearing

1. Introduction

The regeneration of critical-size bone defects, particularly in load-bearing site, still represents
a remarkable challenge in orthopedics. Indeed, these clinical cases require the use of scaf-
folds with cell-instructive ability and remarkable strength to cope with the early and complex
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biomechanical stimuli in vivo [1]. As the use of autografts or allografts suffers many restrictions
and drawbacks, particularly in the case of large defects, synthetic biomaterials are today con-
sidered as elective in this respect; however, there is still a lack of suitable materials associating
bioactivity and high strength. Natural bone is a hybrid nanocomposite capable of outstanding
mechanical performance and ability to establish an active dialogue with cells. In particular, the
bone is composed of an inorganic compound (60%), a nearly amorphous calcium phosphate
with the crystal structure of hydroxyapatite (HA), heterogeneously nucleated on an organic
component prevalently made of type I collagen. The collagen phase provides the bone with
great flexural strength, while the mineral component increases the bone compression strength.

The unique factors that contribute to the toughness of bone are the presence of nano-size apa-
tite crystals and a dense network of collagen fibers.

For that reason, in the last decades, the research on biomaterials and scaffolds able to favor
bone tissue regeneration upon implantation, while also mechanically supporting the ana-
tomic site affected by lack of bone, has been increasing. In this respect elective materials are
calcium phosphates, due to their high chemical similarity with the bone mineral. However,
they suffer of low mechanical strength that makes them not suitable to be implanted in load-
bearing site. Therefore, a new approach was focused on the development of ceramic compos-
ites associating high bioactivity and strength.

The present chapter will provide an overview to illustrate novel potential approaches to
develop reinforced bioactive scaffolds to assist the regeneration of load-bearing bony sites,
considering that serious drawbacks can arise in case of mechanical mismatching at the bone/
biomaterial interface. In particular, the chapter will highlight the use of titanium dioxide,
which is a well-established biomaterial for bone applications, as a promising nanomaterial
with the ability to reinforce calcium phosphate matrixes.

2. The need of mechanically competent bioactive implants for bone
regeneration

In most of load-bearing applications, the main target is the achievement of high mechani-
cal strength. However, this approach can limit the success of the implant when it comes to
obtain substantial bone regeneration. As a matter of fact, to date bioinert metallic prostheses
are implanted upon occurrence of bone impairments or fractures. These devices are for sure
mechanically competent in restoring the bone shape and eventually the biomechanical func-
tion of joints in relatively short timing [2]. However, their well-known great mechanical perfor-
mance may be also detrimental, particularly in the long term. In fact, current implants utilized
in orthopedic and maxillofacial surgeries suffer various clinical drawbacks, such as implant
loosening, wear, and limited compatibility with the bone in permanent metal implants [3]. In
this condition, the excessive stiffness exhibited by metallic implants, generally much greater
if compared with the elastic behavior of the bone, results in improper prosthesis-to-bone load
transfer and stress shielding that can impair the stability of the implant and its long-term
performance (Figure 1) [4].
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Figure 1. Simple scheme of stress shielding [5].

Briefly, as a simple mechanical rule, considering every composite system composed of two mate-
rials where one component is stiffer, the stiffer component will sustain the greater part of the load.
In the normal healthy skeleton, the stresses flow symmetrically from there downward through
both hip joints, thighbones, knee joints, lower leg bones, and feet onto the floor (Figure 1a).

In case of total hip joint replacement, the shaft component generally takes over the majority
of the stresses; in this case, the body weight primarily flows down from the joint center and
then through the shaft of the device. As a consequence, the upper part of the thighbone is
unloaded, thus resulting in weaker areas more susceptible to fracture. Moreover, the skeleton
around the tip of the femoral component is overloaded, resulting in a thicker and stronger
part. The shaft component of a total hip device is much stiffer than the skeleton and will take
the greater part of the body weight load. Consequently, the shaft component is overloaded,
whereas the skeleton around the shaft is unloaded (Figure 1b) [5].

Unfortunately, the thickening of the skeleton is, in most cases, painful. The patients with
cementless shafts of total hip devices often claim about the pain in the thigh, especially during
the first years after the surgery [6].

In turn, this can provoke localized osteoporosis and bone resorption, loosening, and detach-
ment of the prosthetic device [7], thus impacting on the course of patient rehabilitation and on
the need of repeated revision/correction surgery.
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Commonly observed complications after prosthesis removal are infections, impaired wound
healing, secondary fractures, tissue and nerve damage, and postoperative bleeding. There is
some evidence indicating that the postoperative complication rate depends on the specific
localization of the implanted material [8].

Indeed, the above reported drawbacks mostly occur as the used bone/implant systems are
often integrated only at the surface [1].

In this respect, bone implants should exhibit substantial cell-instructive ability in order to
trigger and sustain the cascade of cell-based phenomena at the basis of new bone formation
and organization [9]. Key phenomena in this respect are protein adhesion including the for-
mation of bonds between cell surface receptors (integrins) and the protein functional groups
(ligands) (Figure 2) [10]. Then, cytoskeletal reorganization with progressive cell spreading
on the substrate can take place. Upon implantation in vivo, there are several factors affecting
how the proteins will adhere to the material, for example, surface chemistry, surface energy/
tension/wettability, roughness, crystallinity, surface charge, and mechanical properties. After
this first-stage extensive implant, colonization should take place, driven by a diffuse porosity
enabling cell penetration and new bone formation into the inner part of the implant. In this
respect, the implant nanotopography can influence the attachment and function of bone cells
by modulating key signaling effects essential for their survival [11].

Metallic Bone Tissue
prosthesis (e.g. femur)

Figure 2. Graphical overview of the effect of surface microstructure on the interaction between a metallic prosthesis
and bone tissue: (a) osseointegration, the surface features are able to induce bone formation, leading to long-lasting
interaction without side effects; (b) short-loss implant, the surface is now detrimental for bone tissue regeneration,
leading to dead bone cells.
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Nowadays, it is widely accepted that substantial mimesis of the physicochemical, morpho-
logical, and mechanical features of the bone are crucial requisites for regenerative bone scaf-
folds, particularly in case of repair of long and load-bearing bone segments [12-14]. Indeed,
such features can properly drive physiological processes of bone regeneration, to obtain the
full recovery of the diseased tissue with all its function. In this respect, recent progresses in
materials science research developed a variety of bioactive scaffolds for the healing and repair
of damaged or missing bone parts, which are progressively replacing bioinert implants in an
increasing number of applications in orthopedic, maxillofacial, and neurosurgery fields [9].

Biomaterials based on hydroxyapatite (HA, Ca,(PO,),)(OH),) or {-tricalcium phosphate
(TCP: B-Ca,(PO,),) have attracted considerable interest for orthopedic and dental applica-
tions, thanks to their noticeable chemical resemblance to the mineral component of the bone
which provides intrinsic biocompatibility and osteointegration ability [15, 16].

Particularly, tricalcium phosphate has been used in clinics to repair bone defects for many
years [17, 18]. As well, a wide range of bioactive materials has been investigated so far, in alter-
native to calcium phosphates, including bioglasses and apatite-wollastonite glass-ceramics
[19-21]. The main attractive feature of such bioceramics is their ability to form a direct bond
with the host bone resulting in a strong interface compared to bioinert or biotolerant materials
that form a fibrous interface [22]. For biomedical applications the incorporation of biomimetic
foreign ions in the HA structure (CO,*, Mg*, SiO,") is needed to increase its functionality in
terms of stimulation of the natural bone regeneration processes [23].

However, applications of these materials for long bone replacement are hindered by their
insufficient strength and toughness [24].

Also, some calcium phosphates can suffer a relatively high dissolution rate in simulated
body fluid that affects their long-term stability [25]. In this context, a great deal of research
effort has been devoted so far to develop methods of processing hydroxyapatite with good
mechanical properties and high resistance to corrosion [26]. As a general rule, ceramic oxides
or metallic dispersions have been introduced as reinforcing agents [27, 28]. In respect to the
use of reinforcing ceramics, several attempts have been performed by the addition of alumi-
num or zirconium oxide to calcium phosphate matrices [29, 30]. The main problems arising
when developing such materials mainly concern phase decomposition as a consequence of
the chemical interactions between HA and the reinforcing phases at high temperatures. In
fact, ceramic materials have to be subjected to sintering process for physical consolidation; in
the case of ceramic composites, the phenomena of grain coalescence induced by the thermal
treatment can thus coexist with solid-state reactions between the ceramic components which
often gives rise to formation of undesired phases and phase decomposition. In this context,
HA largely decomposes into tricalcium phosphate, and although in many cases the pres-
ence of zirconia improves the mechanical resistance of the final composite, secondary phases
depressed the bioactivity and bioresorbability of the scaffolds. In various cases, the formation
of secondary phases also resulted into volume modifications in the ceramic body, thus pos-
sibly inducing microcracks in the final scaffold after the sintering treatments [31, 32].

Among the most interesting ceramics for composite scaffolds, bioactive calcium silicates were
also explored as biomaterials for hard tissue repair and replacement since the early 1970s,
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when Hench and coworkers invented Bioglass®, a silico-phosphate-based glass with compo-
sition close to that of bone mineral [20]. However, due to their nature, bioactive glasses were
not indicated for scaffold reinforcement; however, the presence of silicon in bone scaffolds
has always been addressed as promoter of new bone formation in vivo, due to its ability to
be a center for nucleation of apatite phase in physiological environment [33]. On this basis,
calcium silicate phases such as dicalcium and tricalcium silicate, as well as wollastonite or
pseudo-wollastonite (CaSiO,), were widely investigated as scaffolds or cements [34, 35]. In
particular, the development of composites made of HA reinforced with dicalcium silicate
was investigated [36], on the basis of its high flexure strength (=200 MPa) and reduced elas-
tic modulus (=40 GPa) [37], compared with HA, thus resulting as promising compositions
for bone scaffolding. As a main drawback, calcium silicates exist in a variety of polymorphs
stable in different conditions of temperature [38], thus making difficult to obtain pure phases
and avoid decomposition detrimental for the mechanical properties.

A different system that recently attracted the interest of scientists is given by titanium (Ti) and
its alloys, particularly titanium dioxide (TiO,), which have been already validated and exten-
sively used as implantation materials due to their favorable properties such as lower modu-
lus, good tensile strength, excellent biocompatibility, and enhanced corrosion resistance [39].

3. Strengths of titanium dioxide in bone tissue engineering

Titanium oxide has been extensively investigated as a biomaterial due to its excellent biocom-
patibility and superior corrosion/erosion resistance, as well as high stability [40]. The addition
of titania particulates to HA has attracted considerable attention based on the assumption that
titania is capable of enhancing osteoblast adhesion and inducing cell growth [41].

Titanium oxides (anatase and rutile) are light and high-resistance bioactive materials widely
employed in dental and bone application due to their capacity of forming strong bonds with
bone tissue via the formation of a tightly bound apatite layer on their surface [33, 42—44].

In particular, rutile is a very interesting biomaterial for developing bioactive ceramic compos-
ites with improved mechanical performances [45].

In this respect, in spite of the numerous studies and applications of HA/TiO, composites
as bioactive coatings for load-bearing titanium prostheses [46—49], only a few studies were
reported so far about the development of bulk TiO,-containing composites addressed to the
development of bone scaffolds [50, 51].

The use of spark plasma sintering and hot pressing to obtain TCP/TiO, composites from
hydroxyapatite and titania nanopowders has been previously reported [51, 52], whereas Nath
et al. used metallic titanium by traditional sintering at different maximum temperatures [50].
In these works, an accurate physicochemical description of the phenomena occurring after
thermal treatment of HA/TiO, mixtures pointed out the capability of TiO, to favor the decom-
position of HA, with subsequent formation of 3-TCP and CaTiO,, according to the following
reaction:
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Ca,, (PO,) (OH),+TiO, — 3Ca, (PO,) +CaTiO, +H, O} (1)

In particular, good cell adhesion and proliferation in contact with bulk TCP/TiO, composites
were reported [50]. This finding was also confirmed by Hu et al. [47] and Sato et al. [48], which
reported good cell behavior in contact with coatings of similar compositions.

4. A focus on calcium phosphate/titania bulk composite materials

Most studies have been devoted so far to the investigation of calcium phosphate sintering
and the mechanical properties of pure TCP or the pure TiO,. However, a little work has been
reported on the performances of TCP-TiO, composites [28, 52, 53]. These papers focused on
the synthesis of TCP-TiO, composites where titania nanoparticles could enhance the mechani-
cal properties of calcium phosphate matrices, without penalizing biocompatibility.

In particular, Sprio et al. proposed a pressureless air sintering of mixed hydroxyapatite and
titania (TiO,) powders [28]; the sintering process was optimized to achieve dense ceramic
bodies consisting in a bioactive/bioresorbable 3-TCP matrix reinforced with defined amounts
of submicron-sized titania particles.

A crucial step in the development of ceramic composites is the control of particle size and the driv-
ing energy for thermal consolidation processes [54]. Indeed, homogeneous ceramic composites
come from adequately prepared powder mixtures, possibly preventing particle agglomeration.
In this respect, HA powder was calcined at 900°C to increase the particle size whereas reduc-
ing surface activity possibly promoting the formation of particle clusters and to promote the
achievement of composites with homogeneous microstructure [55]. On the other hand, an exces-
sive increase of the HA particle size can reduce the driving energy for further HA grain growth
during sintering, thus resulting in limited consolidation [54]. This comes very relevant when
designing materials for load-bearing applications which need improved mechanical properties.

Therefore, a detailed study of the phase composition of HA/TiO, mixtures with temperature was
mandatory; several mixtures were prepared (HA/TiO, = 90:10, 80:20, 70:30 vol%) and treated at
different temperatures. As a general rule, the starting phase composition remained unchanged
upon firing at temperatures up to 700°C, where the transformation of anatase into rutile started
to take place; at higher temperatures, anatase underwent progressively increasing transforma-
tion in rutile and completely disappeared at 850°C. Therefore, even though titanium dioxide is
present in different polymorphs, this does not result as a drawback, as above certain tempera-
tures, of interest for ceramic sintering; the thermodynamically stable phase is always rutile.

As induced by the presence of rutile, the decomposition of HA phase into 3-TCP occurred at
relatively low temperatures (950°C); in the same temperature range, the formation of perovskite
(CaTiO,) was also detected. At higher temperatures, the phase composition of the mixture
resulted unchanged up to 1250°C, when part of B-TCP was converted into the high-temperature
polymorph a-TCP [56]; the raising of the firing temperature up to 1300°C promoted a further
increase of the a-TCP content. Therefore, despite the highest volume shrinkage was detected at
1300°C by dilatometric analysis, the final sintering temperature was limited to 1250°C. Indeed,
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as o-TCP is characterized by very high solubility in physiological environment [56], its pres-
ence may result in excessively fast resorption in vivo, hindering an adequate bone regeneration
process. Moreover, the transformation of 3-TCP in a-TCP is associated with an average 10%
volume increase, which potentially penalizes the mechanical performances by micro-damages.
A full consolidation of the composites was obtained by applying a dwell time of 1 h.

On this basis, the reinforcing mechanisms of titania particles embedded in the sintered com-
posites were investigated by scanning electron microscopy, thus revealing that the presence
of different amounts of titania does not strongly influence grain growth. Moreover, the spatial
distribution of the submicron grains of titania (the brighter areas) could be still recognized
also showing that, in high concentrations, they tended to coalesce in an interconnected frame-
work (Figure 3).

The increase of mechanical properties was shown to depend strongly on the amount of titania
particles introduced in the calcium phosphate matrix (Figure 4) [28].

Due to the different mechanical and thermal properties of the constituent phases, possible
toughening mechanisms operating in these composites are crack deflection [57], crack bowing
[58], residual stress [59], and microcracking toughening [60].

The Knoop hardness increased almost linearly with the content of TiO,, as this phase is much
harder than 3-TCP. In literature, hardness is reported to be 10 GPa for TiO, [61] and 3.43 GPa for
B-TCP [62].

Calcium phosphate matrix

Tio,

Figure 3. Schematic representation of the TCP/TiO, composite microstructure, evidencing the interconnection of TiO,
grains.
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Figure 4. Plot of the flexural strength and Knoop hardness as a function of initial TiO, content.

TiO,-based composites exhibited mechanical properties compliant with those of human corti-
cal bone [33]. In this respect, the sample containing about 20 vol% of TiO, was of particular
interest, as it represented the maximum level for successful strengthening of the final com-
posite, at least in the range 0-30 vol% (Figure 4). This was attributed to a reduced number of
microstructural defects, unavoidably generated by adding excessive amounts of titania. With
the aim to develop porous bioactive scaffolds, the achievement of good mechanical properties
by introducing limited amounts of bioactive, but nonresorbable, reinforcing components is a
relevant point that place TCP/TiO, composites as very promising materials for the regenera-
tion of load-bearing bone segments.

5. Designing porous calcium phosphate/titania scaffolds exploiting direct
foaming method

Regeneration of load-bearing bone segments is still an open challenge due to the lack of bioma-
terials mimicking natural bone with suitable physicochemical and mechanical performance.
Additionally, bone scaffolds should exhibit wide open and interconnected porosity, which
however could strongly penalize the mechanical strength. Therefore, the research on adequate
methods for porous ceramic development is today a hot topic in materials science [9].

Among the several processes proposed in literature to produce porous ceramics [63, 64], tem-
plate-free foaming techniques are particularly promising, especially due to the absence of
large amounts of organic phases to be eliminated during thermal consolidation. Indeed, form-
ing techniques, making use of sacrificial templates, require long and slow thermal treatments
to eliminate the organic component, possibly yielding structural damage and penalization of
the final mechanical properties.
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In particular, the direct foaming method was stated to be a low-cost and easy process that can
provide pore volumes in the range 40-97% by incorporating air into a ceramic suspension that
is subsequently dried and sintered. It was also reported that cellular structures prepared by
direct foaming usually exhibit considerably higher mechanical strength than those obtained
by other template-based techniques, mainly due to the strongly reduced occurrence of flaws
in the cell struts [64, 65]. The decisive step in direct foaming methods is related to the devel-
opment of ceramic slurries with optimal rheological properties, so that they can be dried and
physically stabilized upon pouring into preshaped containers, while maintaining the shape,
size, and distribution of the air bubbles.

This method was successfully applied to the synthesis of ceramic bone scaffolds made of
B-TCP and TiO,, developed from hydroxyapatite (HA) and TiO, powders, on the basis of the
approach carried out by [23] exhibiting high and interconnected macroporosity (>70 vol%).

As the foaming process is based on a concentrated ceramic suspension, rheological proper-
ties are a critical issue. Indeed, when applied on a simple mixture of HA and TiO, powders
(see previous paragraph), phase separation occurred in the green ceramic body, thus result-
ing in scaffolds characterized by reduced structural homogeneity. Therefore, an alternative
approach was needed to obtain homogeneous blends, for which the mixture was subjected to
a thermal treatment at 1000°C with a dwell time of 1 h before applying the foaming process,
to obtain a powder with homogeneous composition.

With this, the application of direct foaming process was feasible and successful in obtaining
ceramic bone scaffolds exhibiting high and interconnected macroporosity (>70 vol%).

Direct foaming process resulted very interesting to generate highly porous ceramics, as
described in Ref. [66]. As observed by scanning electron microscopy, the microstructure of
foamed scaffolds was characterized by large pores in the range 700-900 um, in turn contain-
ing smaller pores, which provide interconnection throughout the whole scaffold (Figure 5).

Such microstructure is ideal when it comes to enable extensive penetration of new bone and
expressing, at the same time, remarkable strength. In fact the spheroidal pore morphology pro-
vides enhanced resistance against fracturing, whereas smaller pores can aid to develop an effec-
tive vascular network. In this respect, the lack of vascularization in critical-size bone defects was
reported as among the most critical issues limiting the extent of bone regeneration [1].

Besides morphology, compositional aspects can play a relevant role in determining the mechani-
cal properties. Indeed the compressive strength of the TCP/TiO, composite scaffolds resulted
about 8 MPa, with 75% porosity, i.e., thrice than the reference HA scaffolds. Together with Young's
modulus, these composites thus exhibited mechanical properties in the range of cancellous bones
(i.e., compression strength, 2-12 MPa; Young’s modulus, 0.05-0.5 GPa). The enhanced mechanical
competence was also associated to superior biological performance in vitro. Osteoblast-like cells
(MG63) cultivated on the scaffold surface for 7 days covered almost completely the external sur-
faces of the scaffolds, and most of the macropores were completely infiltrated by cells, demon-
strating high biocompatibility and osteointegrative potential as well [33].

Furthermore, an increase in cell proliferation was detected during 2 weeks of analysis, whereas
the analysis of alkaline phosphatase (ALP) activity revealed a higher osteogenic activity for
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p-TCP/TiO, scaffolds (Figure 6). This improvement could be related to both the higher solu-
bility of TCP that yielded enhanced release of calcium ions to cells and also the presence of
TiO, that in physiological environment can be promptly covered by a layer of HA.

1.0mm

Figure 5. Porous microstructure of sintered porous TCP/TiO,.
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Figure 6. Proliferation of MG-63 osteoblast-like cells (a) and alkaline phosphatase (ALP) activity (b) when seeded on
B-TCP/TiO, scaffolds and HA control [66].
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6. Conclusions and future perspectives

The presented results show that porous scaffolds with bone-like composition and strength can
be developed, by following approaches based on ceramic composite development. In particu-
lar, TiO, is a promising material as bioactive reinforcing phase for calcium phosphate matrices,
giving its high biocompatibility. In respect to the design and development of adequate ceramic
compositions, the challenge is still open as the settling of ceramic systems requires optimiza-
tion of a variety of parameters related to initial composition, preliminary powder processing,
forming methods, and sintering, all of which are crucial for the final biologic and mechani-
cal properties. In this respect, direct foaming is a very promising method for porous scaffold
development that can be flexibly applied to a variety of compositions. Therefore, the applica-
tion of such process can be decisive for the development of reinforced scaffolds; in this respect,
TiO,-based scaffolds were still investigated in a limited extent, in spite of their potential to
chemically and mechanically assist the regeneration of bone tissue defects, particularly load-
bearing bone segments, as no regenerative solutions still exist in this field.
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Abstract

Titanium dioxide has been used in various industrial and cosmetic applications due to its
unique elemental properties. This substance has a refractive index higher than most other
compounds (1 = 2.6142, in comparison to water at 20°C n = 1.33). This allows titanium
dioxide to have an iridescent and bright quality. It has been used in the cosmetics indus-
try for “whitening” and “thickening” in multiple make-up brands. As titanium dioxide
has the ability to greatly absorb UV light, it has been used as a physical sunscreen for
many years. Over time, newer formulations, including “nanoparticle” formulations, have
been marketed for ease of consumer use. We aim to discuss the evolution of titanium
dioxide in sunscreens over time, discuss its mechanisms of actions, and comment on the
efficacy and safety of these products.

Keywords: titanium dioxide in sunscreens, titanium dioxide, skin, allergic contact
dermatitis

1. Introduction

A systematic search with the keywords “titanium dioxide” and “sunscreen” all in the title
was conducted using the Google Scholar database. No restrictions on year of publication,
language, full-text availability, human- or animal-based studies were applied to the initial
search. The results were then manually filtered using a systematic approach. Articles that did
not pertain to the topic of titanium dioxide and sunscreens were excluded. Articles which
were published only in a language other than English or in which full text was not available
were excluded. A similar search and systematic review was conducted using the PUBMED
database with the same keywords. However, the filters “clinical trials,” “review,” “full text,”
and “humans” were applied to result in 133 results which were then manually filtered exclud-
ing articles in non-English languages and not pertaining to the topic.
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Titanium dioxide (TiO,) is a Food and Drug Administration (FDA)-approved sunscreen, which
is considered broad spectrum (protects against UVB radiation as well as UVA2 radiation 320-
340 nm). Previously, TiO, had a suboptimal cosmetic profile, appearing thick and white on
application. Current formulations are micronized or nanoparticle formulations, which blend
in with the skin tone and attain better cosmesis. Concern about dermal penetration of these
smaller particulate formulations and safety has been raised. However, current data are con-
troversial. Several studies demonstrate negligible penetration beyond the stratum corneum,
whereas other studies demonstrate cytotoxicity and oxidative stress in cell models. More stud-
ies are needed to definitively comment on long-term use of TiO, sunscreens and health effects.
TiO, has interestingly been implicated in allergic contact dermatitis in gold allergic patients in
recent years. We discuss a newly hypothesized mechanism of TiO, and gold particulate matter
interaction on the surface of the skin.

2. History of photoprotection and titanium dioxide

For generations, humans have sought various methods of sun protection, extending to
ancient times. Ancient Egypt, India, Greece, and indigenous American populations used
physical barriers such as hats, umbrellas, cloth wrapped over the head and face, and even
topical materials such as tars and oils. During those times, these efforts were mostly directed
at preventing darkening effects from the sunlight as in some of these cultures, fairer complex-
ion, especially for female members of society, was desired [1]. The more important effects of
ultraviolet radiation, that is, damage to the skin’s cells and subsequent cancerous/mutagenic
potential from prolonged sunlight exposure were not studied until 1800s [1]. The develop-
ment and use of sunscreens on a population-wide scale was initiated during and after WWII
as American troops experienced high intensity sunlight exposure from spending months
to years in equatorial and tropical regions [2]. Multiple products and agent have been used
in sunscreens to date and the FDA has currently approved 17 active ingredients, which are
allowed in sunscreens bought and sold in the USA. With the variety of sunscreen agents used
in cosmetic and UV protection products, Australia, Canada, and the European Union (EU)
have also developed regulatory protocols on safe sunscreen product use. Unlike the USA
though, Australia has approved 34 active sunscreen ingredients and the EU has approved
28 of these ingredients. This is thought to be due to the designation of sunscreen products
in the USA as over-the-counter agents unlike in other countries which designate many of
these ingredients as cosmetic. The former type of designation requires greater scrutiny in
the approval process by a regulatory body [2, 3]. The introduction of titanium dioxide use in
sunscreens came in 1952, around which time other physical blockers such as zinc oxide and its
derivatives were also being introduced. Even so, the FDA only recently approved the use of
titanium dioxide in sunscreens in 1999 [4]. However, titanium dioxide along with zinc oxide,
although effective in sun protection, were not popular commercially when first introduced.
This is because of the large particle size of these agents and thick white, opaque appearance
upon application [3]. This characteristic of the products made them cosmetically unappealing
and less preferred among consumers. However, in the 1990s, micronized versions of titanium
dioxide sunscreens were marketed for their cosmetic superiority to older versions. These
versions along with “nanoparticle” formulations of the product quickly rose to popularity.
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However, the newer formulations came with their own set of troubles with questions about
safety, toxicity, and efficacy arising from the consumer as well as scientific community as is
discussed in the following sections.

3. Mechanism of action

Titanium dioxide is a widely used substance due to its convenient chemical properties, ease
of mass production, and relatively low cost. The substance is chemically inert, which means
that it rarely interacts with other chemical substances to undergo a reaction which can change
its own chemical composition or the chemical milieu of the surrounding environment. This is
true for biological surfaces and environments as well, thus leading to its safe use in food addi-
tives, cosmetics, and sunscreen products [4]. TiO, is a semiconducting material with very high
refractive indices for all its crystalline forms. The high refractive index is what allows the sub-
stance to scatter visible light as well as has a significant ability to whiten substances in which it
is an additive. There are three main crystalline forms in which TiO, can occur: rutile, anatase,
and brokite. The rutile form of TiO, has an impressive refractive index with the average of rutile
polycrystalline films being 1 = 4.0 from experimentation. This refractive index is higher than
that of zinc oxide derivatives, and therefore TiO, has a greater whitening effect [5]. Titanium
dioxide is used in sunscreens mainly due to its ability to reflect and scatter ultraviolet radia-
tion. However, the high refractive index is not the only property that determines how well a
substance blocks light. The film thickness in which the substance is suspended as well as the
size of the individual particles also affects the efficacy of the sunscreen. However, the reflec-
tant property, a numerical value often used to compare efficacies of different sunscreen agents
does rely wholly on refractive index of the substance. The formula for this measure is defined
by the refractive index of the substance divided by the refractive index of the surrounding
medium [6]. This high refractive index of TiO, as discussed earlier also confers it an opaque,
cosmetically unappealing appearance upon topical application. Therefore, most formulations
are micronized, and the properties of these agents are more relevant to discuss. Older forms
of TiO, products were created with particle sizes of 150-300 nm. The newer micro-formula-
tions which are transparent upon topical application have TiO, particle sizes of 20-150 nm
[2]. The micronized particle formula of TiO, does not cross the stratum corneum and confers
broad spectrum UV protection against both UVB and UVA2 which includes wavelengths from
315-340 nm. However, there is no protection against UVA1 wavelength ranges [7]. The caveat
when manufacturing micronized forms of inorganic particulate sunscreens is the possibility
of agglomeration. This describes a phenomenon in which the TiO, particles have a tendency to
join together and form larger clusters. This physically causes the sunscreen to appear opaque
once again on application and reduces its photoprotection efficacy defeating the purpose of
the micronized formula. Therefore, many manufacturers coat the TiO, particles with either
silica or dimethicone to prevent aggregation. In addition to micronized formulas, it should be
mentioned that the addition of other ingredients into TiO, formulations has also been tried.
Iron oxide, another inorganic blocking agent, naturally has a reddish tinge which can resemble
the complexion of human skin. This substance is sometimes added to TiO, products to reduce
the white opacity of the final application. Furthermore, iron oxide, itself being an inorganic
blocking agent, enhances the photoprotection of TiO, formulations when included [2, 3, 6].
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For the sake of comprehensive discussion, the mechanism of action of organic sunscreens, also
known as chemical sunscreens should also be noted. Whereas, the inorganic blockers, mainly
titanium dioxide, zinc oxide, and iron oxide compounds, scatter and reflect light, the organic
sunscreens actually absorb UV light which tends to be high energy in the natural environment
and release it in a lower energy state that does not damage skin cells. Chemically, most of these
compounds are aromatic and have a conjugated carbonyl group. These include aminobenzo-
ates, anthralates, cinnamates, salicylates, benzophenones, dibenzoylmethane, and camphor to
name a few [7].

4. Ultraviolet radiation and its effects on human skin

It is worthwhile to briefly discuss ultraviolet radiation, its definition and categorization, and
its effects on human skin. The main source of ultraviolet radiation exposure for human beings
is natural sunlight. There are three main categories of ultraviolet radiation including UVA,
UVB, and UVC radiation. UVC radiation (100-280 nm)" will not be emphasized as this form
of radiation does not generally reach the earth’s surface to a significant degree. The earth’s
atmosphere blocks most UVC rays, and therefore, they are not thought to be important con-
tributors to the biological effects on human skin [8]. UVB radiation (280-315 nm),! on the
other hand, has been implicated in three major adverse effects in human beings: sunburn
(radiation-induced erythema and inflammation of the skin), skin cancer, and immunosup-
pression. However, it should be noted that UVB does play a beneficial role in human health
and wellness as it is important in the conversion of vitamin D in the skin to useable forms
for human metabolism. Recent evidence in the literature also suggests that it may lower the
risk of certain cancers including colon, prostate, and breast cancer [8]. UVA radiation (315-
400 nm)* was previously regarded as having insignificant carcinogenic potential and mainly
implicated as a cause of aging and wrinkling. However, recent evidence has suggested that
it too has an important role in carcinogenesis and immunosuppression [8, 9]. Although, the
major source of human exposure to UVA is still natural sunlight, tanning beds have had an
increasing role in UVA exposure during recent years [8].

The molecular effects of UV radiation on human skin can be broadly separated into short-
term (acute) effects, and long-term, continuous effects. When the skin is acutely exposed to
UV radiation, DNA damage in the form of pyrimidine dimers occur. However, most humans
with normal cell functioning are able to fix these lesions through DNA repair mechanisms.
Furthermore, when individual cells recognize that too much damage has ensued and normal
DNA repair processes will not suffice, cells engage in active, purposeful cell death to pre-
vent the cell from multiplying and propagating mutagenic DNA which would lead clinically
to cancer. On a physical level, acute UV radiation exposure can lead to two main changes:
sunburn and tanning. Sunburn describes the phenomenon thickening of the outer skin layer
(stratum corneum) and swelling in the layers of the skin containing blood vessels. This clini-
cally appears as swollen, red skin that is painful to the touch. In addition to sunburn, tanning

‘These wavelength ranges vary depending on the source of the text. However, they are all within range of +5 nm.
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is a known side effect of UV radiation exposure as the cells in the skin responsible for pigment
production (melanocytes) are stimulated to produce more pigment for unclear physiological
reasons. Certain theories suggest that the hormone melanocyte-stimulating hormone and its
receptor may have a role depending on individual skin type [9]. Long-term effects of sunlight
exposure include both photoaging and increased risk of skin cancer including both non-mela-
noma type as well as melanoma. Photoaging results from thickening of outer skin layers and
breakdown in the support structure proteins of the skin, mainly collagen and elastin. The clin-
ical manifestations of photoaging include freckles, dryness, hyperpigmentation, wrinkling,
and dilated blood vessels [9]. Malignancy resulting from chronic UV radiation exposure is
thought to result from two major processes. Chronic UV exposure can lead to accumulating
genetic mutations which can affect normal DNA repair and cell self-destruction mechanisms
over time. The accumulation of genetic changes can lead to cell transformation and dysplasia
which can eventually lead to clinical malignancy. In addition to genetic changes, chronic UV
exposure is also thought to play a role in immune suppression in the outer layers of the skin
which can make it easier for cancerous cells to escape detection and subsequent cell death as
the immune system plays a role in the elimination of genetically damaged cells [9].

5. Efficacy of titanium dioxide sunscreens

The efficacy of sunscreens is determined by the ability to protect against both UVB radiation
and UVA radiation. As discussed in previous paragraphs, titanium dioxide sunscreens are
effective broad-spectrum agents, meaning that they are capable of protection against both
types of radiation. A sunscreen’s efficacy in protecting against UVB radiation is assessed based
on two values: the sun protection factor (otherwise known as SPF) and substantivity. The SPF
is calculated as a ratio of the amount of ultraviolet radiation needed to cause sunburn when
the skin is protected with a certain sunscreen to the amount of ultraviolet radiation needed
to cause sunburn when the skin is left unprotected. Therefore, if a product is SPF 30, then 30
times the UV radiation is needed to cause sunburn if the patient is wearing the sunscreen with
that SPF value [10]. Generally, in order to be considered broad spectrum, a sunscreen must
be at least SPF 30 or greater. Substantivity is another measure that sunscreens are subjected
to when being evaluated for use in the United States. This measurement evaluates the ability
of a sunscreen to withstand exposure to factors which can cause the physical removal of the
agent off the skin (and still remain effective afterward). These factors include sweat and water,
among others. By measuring the substantivity of a product, manufacturers can have insight
into the product’s actual usability in the real-world setting. Interestingly, until 1933, many
products were being labeled as “waterproof” based on superior product stability when tested
with water immersion. However, the FDA released a statement disapproving the terminology
as misleading since all products lose effectiveness after a certain amount of exposure. Now,
the term “water-resistant” is more commonly seen on products [2].

Efficacy of UVA radiation protection is often measured by immediate pigment darkening
(IPD), persistent pigment darkening (PPD), and protection factor (PFA). Both IPD and PPD
measure photo-oxidation of melanin in the skin which contributes to skin pigmentary changes.
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However, PPD is seen as the better measure in most cases, as the measurement takes place
2-24 h following exposure to radiation unlike IPD which reaches peak levels within 1 min of
exposure. PPD also measures the photostability of the sunscreen being tested. Protection fac-
tor measures redness and tanning 24 h after UV radiation exposure and can also be used to
test UVA protection efficacy [2].

Both titanium dioxide and zinc oxide sunscreen formulations have several advantages as inor-
ganic blockers. These agents are not only effective against UV radiation but also protect against
infrared radiation and visible light. As mentioned before, titanium dioxide is chemically inert—
this is useful since in most cases, titanium dioxide is combined with other organic sunscreens
and does not react with other ingredients in the compound. In the past, both titanium dioxide
and zinc oxide sunscreens were less preferred due to their chalky, white appearance on applica-
tion. However, micronization of particles and more recently “nanoparticle” formulations have
made TiO, sunscreens more popular in recent years [11]. Early studies comparing micronized
versions of TiO, versus micronized versions of zinc oxide sunscreens concluded that micronized
zinc oxide sunscreens were superior as they conferred better protection against longer wave
UVA and had greater cosmetic outcomes [12]. However, nanoparticle formulations of TiO, have
virtually replaced all other forms in the sunscreen market and these sunscreens have demon-
strated great effectiveness. Nanoparticle TiO, sunscreens not only have superior cosmetic out-
comes as these product are virtually invisible upon application, but they also possibly confer
greater UV protection. One study published by Tyner and colleagues in 2011 demonstrated that
nanoparticle TiO, may have greater UV radiation attenuation. The authors also commented that
overall formulation of the sunscreen is important when attaining high levels of efficacy. The
best TiO, sunscreens occur when particles are coated, stabilized, and distributed evenly on the
surface of the skin. Coated nanoparticles are very effective at non-agglomeration and therefore
distribute effectively on the skin surface [13]. It is also important to note that the vehicle of the
sunscreen can also affect effectiveness. The best vehicles avoid significant interaction between
active and inactive ingredients. Vehicle also affects the substantivity measure of the sunscreen
since the vehicle is often the main determinant of how well the sunscreen resists water, sweat,
and other environmental factors. The vehicle types currently available include lotions and
creams, gels, sticks, and sprays. Gels are often the most sensitive to water and sweat removal [3].

6. Safety of titanium dioxide sunscreens

The safety of sunscreens has various dimensions and is assessed most commonly by toxicity
studies. However, irritation and allergic sensitization as well as dermal penetration are also
commonly studied when assigning safety profiles to different products [10].

Titanium dioxide and zinc oxide have always been considered safe alternatives to their organic
counterparts because of their chemically inert status. However, with the introduction of micro
and nanoparticulate formulations, titanium dioxide sunscreens have fallen under greater
scrutiny. The two most important concerns noted have been the potential of TiO, nanopar-
ticles to generate reactive oxygen species when exposed to UV radiation which can cause
DNA damage within skin cells and the dermal penetration of TiO, nanoparticles themselves.
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Other concerns related to the size of the particles themselves include greater surface reactivity
due to the fact that nanoparticles have a greater proportional surface area compared to their
larger particle counterparts. Catalytic reactions with proteins and translocation into tissues,
which may lead to autoimmune consequences, and evasion of regular immune surveillance
mechanisms have also been discussed [14].

Since the 1990s, there have been several studies with evidence supporting the claim that
TiO, nanoparticles can generate potentially dangerous free radicals. In 2001, Serpone and
colleagues demonstrated that TiO, particles absorbed significant UV radiation to gener-
ate hydroxyl-radical species. These free radicals can cause DNA strand breaks and lead to
increased susceptibility to genetic aberrations [15]. In 2006, Hidaka and colleagues published
similar results describing specific damage to DNA induced by titanium dioxide and zinc
oxide which had absorbed UV radiation. This led the subsequent production of free radicals,
mainly hydroxyl species which then caused conformational changes in DNA at a rapid rate
[16]. However, even though there was ample evidence for reactive oxygen species forming
from irradiation of titanium oxide and zinc oxide nanoparticles, Newman and colleagues
aptly noted in a recent review that the true biological consequences on humans was not truly
known. In order for the reactive oxygen species to be concerning, they would have to pen-
etrate deeper levels of skin. The question of whether nanoparticles penetrate the outer layer of
skin to any significant degree is controversial, but there have been several published studies
in recent years which provide evidence against such a phenomenon [14].

In 1999, Lademan and colleagues conducted a study in which penetration of coated titanium
dioxide microparticles into the horny layer of the skin and orifice of the hair follicle was evalu-
ated. They took biopsies of relevant skin areas and noted that penetration of particles had
occurred in the open segments of the hair follicles, but this was less than one percent of the
total sunscreen applied. They also noted that no particles were found in the viable sections of
skin tissue [17]. Pflucker and colleagues published a study in 2001 which used electron and
light microscopy to evaluate whether dermal penetration of micronized titanium dioxide par-
ticles occurred to any measurable degree. Their results suggested that particles could only be
found in the top most layer of the stratum corneum and further penetration into deeper layers
of stratum corneum, epidermis, or dermis was not noted [18]. Sadrieh and colleagues con-
ducted a similar more recent study in 2010 using electron microscopy-energy dispersive x-ray
analysis and again noted that there was no significant penetration of particles past the intact
epidermis [19]. A general review of the toxicology of titanium dioxide nanoparticles by Shi and
colleagues was published in 2013. They concluded that most dermal exposure studies with
TiO, had not found significant penetration of particles into deeper layers of skin. However,
the review noted that long term studies of TiO, inhalation were associated with lung tumors in
rats. Several reviewed studies also suggested that intravenous injection of TiO, nanoparticles
could potentially result in pathological lesions to a variety of internal organs [20].

The current opinion and recommendation on nanoparticles is controversial with the data that
has been presented in recent years. The European Union’s Scientific Committee on Emerging
and Newly Identified Health Risks notes that TiO, nanoparticle use in sunscreens and cosmetics
appears to be safe, but they advise caution when using such products on areas of impaired
barrier function until more data can be obtained [21].
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Another potential health and safety concern with the general use of sunscreens is the potential
of vitamin D deficiency. Appropriate vitamin D synthesis necessitates certain levels of UVB
exposure and the American Academy of Dermatology has recently revised its position on
sunscreen effects on adequate vitamin levels. They note several populations are at higher risk
for vitamin D deficiency including the elderly, darker skinned those who live in areas of low
sunlight exposure, the obese, and the photosensitive. It is generally recommended that indi-
viduals obtain 1000 international units of vitamin D daily and some may have to supplement
this through oral formulations [3].

Unlike other organic sunscreens, the inert nature of titanium dioxide sunscreens makes it one
of the least likely compounds to cause irritation and sensitization of the skin. In fact, because
of its chemical inertness and lack of photoreactivity, it is often the preferred sunscreen for
individuals with sunscreen allergies and children [3]. However, in recent years an interest-
ing interaction between gold allergic patients and titanium dioxide has been proposed and
studied. In 2005, Nedorost and Wagman hypothesized that patients with facial and eyelid
dermatitis may be experiencing reactions due to an interaction between their gold jewelry
(earrings, bracelets, etc.) and the titanium dioxide in their cosmetic products. Mechanistically,
titanium dioxide was thought to adsorb gold particulate matter which then caused contact
dermatitis in the locations of makeup application. Their results demonstrated a subgroup of
individuals who used TiO, containing makeup on areas then affected by contact dermatitis,
benefiting from gold jewelry avoidance, lending credence to the interaction theory [22]. In
2015, Danesh and Murase published a clinical pearl in the Journal of the American Academy
of Dermatology regarding a trial of gold avoidance in patients presenting with eyelid allergic
contact dermatitis. They noted that the North American Contact Dermatitis Group implicated
gold as the most common allergen to cause eyelid dermatitis most likely through a mecha-
nism in which eyelid cosmetics containing titanium dioxide particles adsorbed gold particles
from elsewhere on the body [23].

7. General recommendations on appropriate sunscreen use

The American Academy of Dermatology has set forth guidelines for appropriate sunscreen
use and sun protection. They recommend using sunscreen with broad-spectrum properties
(protection against both UVA and UVB radiation) daily. These include sunscreens with sun
protection factors greater than 30. Sunscreen should be applied 15-30 min prior to sun expo-
sure and be reapplied as needed when environmental factors (swimming and sweating) cause
sunscreen removal [3].

8. Conclusions

In conclusion, titanium dioxide sunscreens are effective agents against UV radiation.
They also have an advantage as they protect against multiple wavelengths of energy
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including UV radiation, visible light, and infrared radiation. Furthermore, unlike organic
compounds, titanium dioxide, like its zinc counterpart, is a chemically inert substance,
and therefore, there is less concern about reactivity in terms of toxicity profiles and aller-
gic reactions. Although these agents were not heavily marketed in previous decades due

to their thick, chalky appearance on the skin, the development of nanoparticle formulas
improved their cosmetic profile. Nanoparticle formulations are considered effective sun
protection agents as well as cosmetically acceptable. Concerns about safety with induc-
tion of radical oxygen species on the skin as well as absorption have been discussed.
However, current evidence does not support claims of nanoparticle toxicity to humans.
With this said, a greater number of studies with longitudinal data will be helpful in fur-
ther informing this topic.
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Abstract

The research efforts in understanding the influence of TiO, 1D nanoarchitecture structure
and morphology on its biological and photocatalytic activity absorbed a lot of attention
during last few years. Nowadays, the application of TiO, coatings in biomedical tech-
nologies (e.g., in modern implantology) requires the material of strictly defined struc-
ture and morphology, possessing both high biocompatibility, as well as antimicrobial
properties. The presented review is a compilation of interdisciplinary knowledge about
the application of 1D TiO, nanostructural coatings (nanotubes, nanofibres, nanowires) in
biomedical technologies. The methods and parameters of their synthesis, and the physi-
cochemical techniques used in the characterization of their structure and morphology,
are discussed. Moreover, their ability to be applied as innovative coatings for modern
implants is presented.

Keywords: 1D nanoarchitecture, TiO,, nanotubes, nanofibers, nanowires, implant

1. Introduction

The use of modern materials in biomedical technologies requires detailed knowledge on the
impact of the structure and the physicochemical properties of produced systems on their bio-
activity. There are a lot of biomaterials, which can be applied in the human body, such as met-
als, ceramics, synthetic and natural polymers [1-8]. Among them titanium and its alloys have
become extremely popular, especially in the implantology [9-15]. Commercially pure titanium
(cpTi) is one of the dominant materials used for dental implants [16-20]. Ti6Al4V alloy plays an
important role for orthopaedic applications [21-25]. Nickel-titanium alloy (Nitinol, shape mem-
ory alloy) has been used in the treatment of cardiovascular implants [26-30]. The combination
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of the high corrosion resistance, the tensile strength, the flexibility, and the biocompatibility,
is the reason of widespread and successful application of titianium and its alloys in modern
implantology [31-34]. The mentioned outstanding corrosion resistance of Ti and its alloys is a
consequence of the passivation oxide layer spontaneous formation. This oxide layer is in fact
responsible for the biocompatibility of Ti/Ti alloy. The thickness and the composition of natural
oxide coatings, which appear in the presence of air or oxidizing media, and which are based on
mainly TiOz, TizO3 or TiO, depend on the environmental conditions [13-15, 35-37]. However, the
stoichiometric defects and the low stability of this film can lead, in the case of implants, to their
delamination and loosening. The key parameter in the success of bone implants (orthopaedics
and dentistry) and the clinical goal is the establishment of a strong and long-lasting connection
between the implant surface and peri-implant bone, in other word, achieving the optimal osseo-
integration [38—43]. Even if Ti and its alloys are biocompatible materials, as they are biostable and
biologically inert, the human body recognizes them as foreign ones and tries to isolate them using
thin nonmineral, soft tissue layer. Instead, the mechanical interlocking of the titanium surface
asperities and the bones pores leads to the formation of the bond between the implant and the
bone, that is to the successful osseointegration [44—47]. The mechanical, chemical, and physical
methods have been reported to improve the bioactivity of titanium and the bone conductivity
(Table 1) [12, 48-81].

Modification method ~ Modified surface layer The aim of modification Ref.
Mechanical methods [12]
Machining Rough or smooth surface formed Production of the specific surface  [49]
o by subtraction process topography; surface cleaning
Grinding and roughening, improvement of ~ [50-52]
dhesion in bondi
Polishing adhesion in bonding (53]
Blasting [50, 51, 54, 55]
Chemical methods [48]
Acidic treatment <10 nm of surface oxide layer Removal of oxide scales and [56, 57]
contamination
Alkaline treatment ~1 pum of titanate gel Improvement of biocompatibility, [57, 58]
bioactivity and bone conductivity
H,0, treatment ~5 nm of dense inner Improvement of biocompatibility, [59]
bioactivity and bone conductivity
Sol-gel ~10 pm of thin film, such as Improvement of biocompatibility, [60-62]
calcium phosphate, TiO, and silica  bioactivity and bone conductivity
Anodic oxidation ~10 nm to 40 um of TiO, Production of the specific surface  [63-66]
nanotubular or porous layer, topography; improvement of
adsorption and incorporation of biocompatibility, bioactivity and
electrolyte anions bone conductivity, improvement

of corrosion resistance

CVD (chemical vapor ~1 pm of TiN, TiC, TiCN, diamond Improvement of wear resistance, [67-69]
deposition) and diamond-like carbon thin films corrosion resistance, and blood
compatibility
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Modification method = Modified surface layer The aim of modification Ref.
Biochemical methods ~ Modification through silanized Inducing the specific cell and [70, 71]
titania, photochemistry, self- tissue response by means of
assembled monolayers surface immobilized peptides,
proteins, or growth factor
Physical methods (48]
Thermal spray ~30 um-200 pm of coatings such as  Improvement of wear resistance,  [72-76]
titanium, hydroxyapatites, calcium  corrosion resistance, and
Flame spray silicates, AL,O,, ZrO,, TiO, biological properties
Plasma spray
Physical vapor ~1 um of TiN, TiC, TiCN, diamond, Improvement of wear resistance, [77,78]
deposition and diamond-like carbon thin corrosion resistance, and blood
. film; hydroxyapatite coating by compatibility
Evaporation sputtering
Ion plating
Sputtering
Ion implantationand ~ ~10 nm of surface modified layer Modification of surface [79, 80]
deposition composition, improvement
of wear resistance, corrosion
resistance, and biocompatibility
Glow discharge plasma ~1 to ~100 nm of surface modified ~ Cleaning, sterilization, and [81, 82]

oxidation of the surface, surface
nitridation, removal of the native
oxide layer

treatment layer

Table 1. Overview of surface modification methods for Ti and Ti alloys.

A review of the Ti/Ti alloys surface chemical modification processes, which led to the formation of
1-D titanium dioxide nanostructures and improve the bioactivity of modified titanium materials,
is the aim of this chapter. The relationship between the structure and the morphology of titania
nanotubes (TNT), titania nanofibres (TNF), and titania nanowires (TNWs) and their bioactivity
is discussed in the next subsections. Moreover, it cannot be forgotten that from chemical point of
view, described 1D titania nanostructures are in the whole sense of the word, TiO,, which is very
known semiconducting photocatalyst. So, the aspects associated with the photoactivity of TNT,
TNEF, and TNW coatings are also discussed. This feature of titania can be treated as additional
attribute to use, for example, in the process of implant surface antibacterial disinfection, with
the use of UV light. But, the reader should bear in mind the fact that the photoactivity of TiO, is
strongly dependent on its structure and morphology.

2. Structural characterization of 1D titania coatings

Titania is well known to exist mainly in three crystalline modifications: tetragonal rutile, tetrago-
nal anatase, and orthorhombic brookite [82]. The structure of the titania lattice is determined by
the way in which TiO, octahedra are linked [83]. These polymorphic forms of TiO, characterize
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different structural stability, different photo- and bioactivity, as well as different electrical and
optical properties [84-86]. This fact causes that the determination of the structure of materials
basing on TiO, is especially important for their further, for example, biomedical, applications.

In order to determine the titania structure, X-ray diffraction studies are often carried out.
Characteristic set of 2@ [°] signals: 25.33 (101), 37.80 (004), 48.08 (200), 55.12 (211) indicates the
presence of anatase form, whereas the signals: 27.50 (110), 36.17 (101), 41.50 (111), 54.46 (211)
prove that rutile form is our studied sample [87-90].

Raman spectroscopy is another very useful method to recognize and characterize the titania
structures. Basing on the group analysis, there are six active Raman modes (A, , 2B, , 3E ) for
anatase D, (I4,/amd) and four active Raman modes (Alg, Blg, Bzg/ and Eg) for rutile D, (P4,/
mnm) [91, 92]. According to previous reports, the set of bands, which appear in Raman spec-
tra at 197, 339, 519 and 639 cm™, indicates the formation of TiO, anatase form. For TiO, rutile
form, the base of identification is the detection of bands at 447 and 612 cm™ [91-94]. It should
be pointed out that very often the fabrication of materials based on TiO, on nanoscale causes
the formation of amorphic systems or amorphic systems containing small amount of crystal-
line phases [95, 96]. In such cases, Raman mapping of whole sample surface can help in the
detailed determination of the structure.

The structure of thin titania films can be determined by the use of transmission electron
microscopy studies, on the base of selective area electron diffraction (SAED) and the determi-
nation of d-spacing from HRTEM images of nano-TiO,-sample [97, 98].

The use of mentioned in this subsection instrumental methods led to state about the structure
of 1D-titania nanostructures. Even if they are not perfectly crystalline just like in case of amor-
phous samples possessing some crystalline islands in the structure.

3. Titania nanotubes (TNTs)

The choice of titania nanotubes as the first of the described 1D-titania nanostructures is not
accidental, as the methodology of their production is well known. The electrochemical oxida-
tion process of Ti and Ti alloys, in which TiO, nanotubes are produced, is one of the most pop-
ular methods to produce controlled and strictly defined structures on the surface of implants
[99-106]. Sol-gel techniques, hydrothermal and solvothermal methods with or without tem-
plates, and atomic layer deposition (ALD) into the template are among other methods used
in the production of TiO, nanotubes [107-111]. However, tailoring the process conditions and
the possibility to obtain strictly defined morphology of nanotubes, caused that electrochemi-
cal anodization of titanium substrate, is particularly actively reviewed and practically used
[67, 112-115]. The anodic oxidation process includes electrode reactions and metal and oxy-
gen ions diffusion. The combination of these actions leads to the formation of oxide layer on
the surface of Ti/Ti alloy, which acts as an anode (Figure 1).

This process is usually carried out by applying a constant voltage between 1 and 30 V in aque-
ous electrolyte or 5-150 V in nonaqueous electrolytes, containing in both cases approximately
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Pt cathode TiTi alloy anode
—

Figure 1. Scheme of the anodization setup.

0.1-1wt% fluoride ions. The presence of F~ions in the electrolyte is absolutely essential, as they
are, in fact, responsible for the creation of nanotubes morphology. Without them, a compact
oxide layer would be formed on the titanium surface. Fluorides form water-soluble [TiF >
species, both in the process of the complexation, which occurs with Ti* ions ejected at the
oxide-electrolyte interface as well as by chemical attack of the formed TiO,. The fluoride con-
centration is crucial for this process, and up to it, three very different electrochemical charac-
teristics can be obtained. In case of fluoride content <0.5 wt%, stable compact oxide layer is
formed. If the concentration is high, approximately 1 wt%, no oxide formation is observed,
as all the Ti* ions formed in the oxidation of Ti, immediately react with the abundant fluo-
rides, forming soluble complex anions [TiF ]*. And for intermediate fluoride concentrations,
between 0.5 wt% and 1 wt%, porous oxide or nanotubes formation can be observed as a conse-
quence of a competition between oxide formation and Ti*" solvatization [116, 117].

By tailoring the anodization parameters, such as applied voltage, anodization time, and con-
centrations of chemicals, TiO, nanotubes of different diameters (from 15 nm up to 300 nm) and
lengths are possible to obtain (Figure 2a). And in such stable conditions, regular nanoscope
pores/tubes, open on the top and close at the bottom, are formed. Our studies showed that the
use of very small potential (below 4 V) led to the formation of regularly nanoporous coatings.
The use of the potential from the region 4-12 V led to the creation of nanotubular coatings, in
which nanotubes still posses common walls. Only the use of potential higher than 12 V gave
the coatings composed of independent and separated nanotubes (Figure 2b—d) [118].

Some modifications in the tube geometry can be achieved by changing the anodization volt-
age during the tube growth process. Applying voltage steps, pulsing between two appropriate
voltages can be used to generate tube stacks, bamboo nanotubes, or nanolaces [119-121]. The
use of organic electrolytes, such as ethylene glycol, DMSO, glycerol, or ionic liquids, leads to
the formation of nanotubes of different morphology and composition. The presence of lower
water content in the electrolyte, which controls tube splitting, determines the synthesis of coat-
ings with very long tubes and smooth walls, as well as with large diameters (up to 700 nm)
[122-125].
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Figure 2. (a) The dependence between the applied voltage and diameter of nanotubes, SEM images of TNT3 (b), TNT10
(c), and TNT18 (d).

Regardless of whether an aqueous or nonaqueous electrolyte was used in the anodic oxida-
tion process, TiO, nanotubes product is typically amorphous. It is necessary to anneal them in
order to obtain crystalline product. Phase transformation to anatase takes place at 300-400°C,
and from anatase to rutile at temperatures 500-700°C. Elevated temperatures (700-800°C)
lead to the sintering and the collapsing of TNT [126]. The conversion temperature is strictly
dependent on the several factors, such as nanotubes diameter, morphology, and impurities. It
was proved that for small diameters (below 30 nm) rutile rather than anatase appears during
annealing of amorphous nanotubes. Moreover, our studies showed that at very low potential
(5 V), it was possible to obtain product in the rutile form, without annealing the sample. Both
GAXRD and HRTEM proved this polymorphic form [118].

Taking into account the fact that titania nanotube arrays are one of the most promising candi-
dates for coating of Ti and Ti alloys surface in implants fabrication (even for 3-D implants, as
it can be seen in Figure 3), it is worth to consider the TNT structure and morphology impact
on the cellular response.

There is a clear effect of the TNT diameter on the cell adhesion, proliferation and differentia-
tion. Diameters of 15-20 nm are optimal and in case of such TNT presence on the surface of
titanium implants, increase in adhesion and proliferation of several types of living cells, such
as fibroblasts, osteoblasts, osteoclasts, mesenchymal stem cells, hematopoietic stem cells, and
endothelial cells, was confirmed [127-134]. Higher tube diameters (>100 nm) have no positive
influence on the increasing of adhesion or proliferation and some authors have shown that
TNT of such diameters led to apoptosis, i.e., programmed cell death [135]. The size effect
can be explained by the fact that integrin clustering in the cell membrane leads to a focal
adhesion complex with the size of about 10 nm in diameter, perfectly fitted to nanotubes
with about 15 nm diameters [134]. Gongadze et al. suggest that nanorough titanium surfaces
with edges and spikes could promote the adhesion of living cells, especially osteoblasts [129].
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Figure 3. The surface of 3-D implant (a), uncoated (b) and coated by nanotubes (c).

A small diameter nanotube surface has more sharp convex edges per unit area than a large
one. This fact can explain stronger cellular binding affinity on the surface of small diameter
nanotubes, than on the surface of TNT with larger diameters. All studied samples mentioned
above were annealed before carrying the adhesion and proliferation studies, so they were in
crystalline form, mostly in anatase form. In our work, we studied the biological answer of
as-obtained nanotubes, mostly amorphous, containing crystalline islands. We have noticed
that even without further annealing, titania nanotubes showed better osseointegration than
pure titanium. The adhesion and the proliferation of fibroblasts were different for the nano-
tubes of different diameters. The best biological answer was visible for nanotubes obtained
at 5V, whose diameters were ~20 nm [136]. This result is in accordance with earlier reports
[127-134], however, our investigations revealed that the annealing of amorphous samples
was not so indispensable [136].

Successful osseointegration is an important clinical goal but the important thing is the reduc-
tion of the bacterial biofilm formation on the surface of implant. Regardless of the type of
biomaterial used, the initial inflammation response is always present and it may turn into an
acute inflammation or even chronic inflammation. So, it is not surprising that the possibilities
of a bacteria-repellent surface modification are investigated. Literature data and own stud-
ies showed that controlled diameter nanotubes displayed significantly changed responses to
Staphylococcus aureus and Staphylococcus epidermis [137-140]. The size-effect exists for bacteria
but also the structure of TNT influences the direction of the changes. According to Puckett et
al., the use of larger diameter nanotubes decreased the number of live bacteria as compared to
lower diameter ones and pure titanium [141]. But it is worth to know that analyzed nanotubes
coatings were crystalline, in the form of anatase, as they were posttreated after anodization
process by annealing. According to results of studies on amorphic nanotubes, which were not
postannealed, the best antibacterial properties against S. aureus were seen for the nanotubes
with small diameter but possessing the rutile form [118].
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TiO, is one of the most photocatalytically active material used to decompose the organic pol-
lutants and also bacteria [142-145]. The reason for this high activity is the band-edge posi-
tions in relation to typical environments, for example H,O. The energy band gap is adequate
to the ultraviolet light energy and UV light promotes electrons from the valence band to the
conduction band. As a result, the holes are formed in the valence band. Separated holes and
electrons reach the semiconductor-environment interface, and react with appropriate redox
species. Because of water presence, several highly reactive species are generated by charge
exchange at the valence band (H,O + h* — OH*) and at the conduction band (O + e~ — O,).
These radicals and peroxo ions are able to virtually oxidize all organic materials to CO, and
H,O. Furthermore, at the valence band, direct h* transfer to adsorbed species to initiate the
decomposition may also be considered [146-150].

It should be pointed out that in all of the photocatalytic applications, a higher overall reac-
tion rate is achieved using high-surface-area geometries. Ordered nanotube arrangements
offer various advantages over nanoparticulate assemblies, as their defined geometry provides
strictly determined retention times in nanoscopic photoreactors. Moreover, the 1-D geometry
may allow a fast carrier transport and thus less unwanted recombination losses [151, 152].

The earlier researches showed that TiO, nanotube coatings can indeed have the higher pho-
tocatalytic reactivity than a comparable nanoparticulate layer. The optimized reaction geom-
etry for charge transfer, UV absorption characteristics over the tube, and solution diffusion
effects are the main factors, which may be responsible for this effect. They allow an improved
photoabsorption, longer electron lifetime, and diffusion length in TiO, nanotubes in compari-
son with nanoparticles [152, 153]. Photoactivity of TNT depends on the dimensions and wall
thickness of the nanotubes, their crystallinity, and their packing density, because the separa-
tion and transport of charge, as well as the grain boundary effect, would greatly hinge on such
factors [154]. It was shown that silver or gold particle decoration led to a significantly higher
photocatalytic activity [155]. The same increasing of photoactivity was also obtained by apply-
ing an external anodic voltage [156]. These facts suggest that in case of investigated objects,
a valence-band mechanism dominates, and the observed accelerating effects have a common
origin in increased band bending, either by applied voltage or by the junction formation [157].

Our studies showed that amorphic titania nanotubes possessing some crystalline impurities
indicated very high photoactivity in the reaction of methylene blue and acetone degradation in
the presence of UV light [118]. The clear influence of the tubes diameter, and at the same time,
of specific surface area, on the value of observed rate constants, was also visible. Additional
information which we have obtained from our research was the fact that it was not possible
to make a clear comparison of TNT photoactivity in the degradation of different organic pol-
lutant patterns (water-soluble methylene blue and volatile aceton), as the mechanisms of their
degradation were completely different and they depended on variable parameters (the size of
pattern molecules which affects the reactant molecule adsorption, pH of solution). However, the
surface of the implant modified by anodic oxidation can possibly be disinfected/sterilized only
with the use of UV light, as it reveals higher activity than unmodified Ti surface possessing only
the natural passivation oxide film. It is an important property because the same coating plays a
dual role for the implants—increases osseointegration process and creates optimal conditions
for carrying out the process of implant surface sterilization/disinfection with the use of UV light.
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4. Titania nanofibrous coatings (TNFs)

The electrospinning is a technique mostly used in the fabrication of the TNF coatings
[158-160]. It is a very simple and convenient method for the preparation of polymer
fibers and ceramic fibers, which are extremely long, uniform in diameter, raging from
tens nanometer to several micrometers, and diversified in compositions [161]. The elec-
trospinning process involves a high voltage source connected to a needle and a metallic
collector where the fibers are deposited. The needle, which is attached to injection pump,
represents the positive electrode. The collector is connected to the negative electrode,
thus creating a potential difference. Electric field created in this way stretches the drop
that forms on the needle tip, which is then deformed into a conical shape (Taylor cone).
When the applied electric field exceeds the surface tension of the drop, the solution is
ejected in the form of an electrically charged jet, reaching the negative electrode, which
is the collector. During this process, the solvent is evaporated resulting in the deposition
of nanofibers over the collector. The diameter of the fibers can be adjusted by varying the
rheological properties of the solution and turning the processing parameters [162, 163].
The scheme of the electrospinning setup is given in Figure 4. Electrospun TiO, nanoarchi-
tecture is formed by electrospinning titania precursor (e.g., titanium(IV) alkoxides) along
with adequate polymer and subsequent polymer burning in high temperature sintering
process. The synthesis involves the following four steps: (1) the preparation of the titania
precursor sol, (2) mixing of the sol with the polymer template to obtain the solution for
electrospinning, (3) electrospinning of the solution with the use of the apparatus showed
in Figure 4, and (4) the calcination of as-prepared TNF to obtain crystalline titania nanofi-
bers [164]. The morphology and the diameter of the electrospun titania depend on the fol-
lowing parameters related to: (a) the solution, (b) the process, and (c) the ambient (Table
2), while the structure of formed nanofibers is strictly associated with the postcalcination
process [165-173].

syringe  ——— 5
electro spinning
solution

canillarv fin

nanofiber

Figure 4. Scheme of electrospinning setup.
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Parameter Effect on TNF morphology Ref.
Solution parameters
Polymer concentration Increase in TNF diameter with increase of polymer concentration [165-167]

Titania precursor

Increase in TNF diameter with increase of titania precursor

[165, 166, 168, 169]

concentration concentration

Viscosity Low viscosity leads to bead formation, higher viscosity leads [165,170]
to disappearance of bead but nanofiber with larger diameter is
produced

Solvent volatility High volatility leads to formation of nanofiber in concave [171]
morphology

Dielectric constant Low dielectric constant results in the formation of larger size [171]
nanofibers

Processing parameters

Applied voltage, electric TNF diameter decreases with increasing applied voltage; when  [165, 166]

field the applied voltage is above 1.6 kV/cm, the diameter increases,
because of the jet instability

Feeding rate Increase in feeding rate results in the increase of nanofiber [165]
diameter

Collector geometry The geometry affects the directionality of the formed nanofibers  [170]

Ambient parameters

Calcination temperature Higher temperature results in the reduction of nanofiber size,
because of the loss of polymer and the crystallization process of

titania

[165, 168, 171-173]

Table 2. Summarization of the electrospinning parameters affected the nanofibers morphology.

Another technique to produce titania nanofibrous coatings is the laser ablation, proposed by
Tavangar et al. [174]. During the laser irradiation of titanium substrate, the illuminated region
is heated up and vaporized, producing the plasma plume. The plume expands outwards and
its temperature and pressure decreases. The next process is the condensation of plasma plume
leading to the formation of liquid droplets in saturated vapor, which is responsible for the
nucleation. Continuous irradiation pulses maintain the plasma plume formation, which in
turn generates a continuous flow of vapor plume increasing the density of formed nucleus.
Hugh amount of nuclei favors the growth of nanoparticles, which come in contact and aggre-
gate to form interwoven nanofibrous structure [175].

Also, the anodization was used in order to obtain titania nanofibrous coatings, but only in
some very special conditions. Lim and Choi reported that such fibers were obtained on the
top of 20 nm in diameter nanotube array, which were more than 10 um in length [176]. In
another report, Chang et al. presented novel method to synthesize nanofibrous coatings—
rotating of titanium anode with as-formed nanotube arrays, with the speed of 30 rpm in the
same solution, in which the anodization of TNT has taken place (ethylene glycol solution
containing 0.3 wt% NH,F and 2 wt% of H,O) for next 3 h [177].
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Very interesting morphology, from the medical application point of view, has been shown
for titania nanofibrous coatings obtained in the process of Ti/Ti alloy chemical oxidation with
the use of hydrogen peroxide with or without simple inorganic salts: NaCl, Na,5O,, CaCl,, in
elevated temperature (80°C) [118].

Wang et al. studied the influence of titania electrospun nanofiber dimensions and microstruc-
ture pattern on the adhesion and proliferation of human osteoblasts MG63. Bioactivity of
two types of nanofiber dimensions (184 + 39 nm and 343 + 98 nm) and two different ways of
TNF alignment (flat and patterned TiO, nanofibers) were checked and the obtained results
indicated that cell morphology was not sensitive to the differences in nanofiber diameter and
in microscale structure [178]. These results are in contradiction to some other researchers’
studies, which showed preferential cell attachment along patterned TNF. The same authors
proved that the combination of microroughness and the nanotopography can be used to mod-
ify the differentiation of osteoblasts and generate an osteogenic environment [179-181].

Considering the fact that the rate of osseointegration is strictly related to the efficiency of
bone-like apatite formation on the implants, Tavanger et al. used the nanofibers obtained in
femtosecond laser ablation process to evaluate the apatite-inducing ability of nanofibrous
titania [174]. SEM studies showed that all TNF coatings obtained by Tavanger et al. were cov-
ered by dense and homogeneous apatite precipitation layer, after soaking them in simulated
body fluid (SBF) for 3 days. EDX results proved that Ca/P ratio was around 1.63, which was
attributed to hydroxyapatite, possessing a composition similar to the bone. Moreover, the
wettability tests of TNF were performed and very low contact angle (<9.2°), and almost com-
plete spreading of H,O droplets was observed on all the titania nanofibrous surface samples.
Conclusion of the studies was the thesis that TiO, nanofibrous structure with the rapid apatite-
inducing capability is expected to improve bone formation during in vivo implantation [174].

Chang et al. made a bioactivity comparison of different nanomorphology titania coatings:
TiO, flat, TNT, and TNF, using human osteoblasts MG63. SEM studies revealed that the cell
attached to flat TiO, possessed a round morphology, whereas these ones attached to nano-
tubes and nanofibers, showed polygonal shape and extending filopodia. Higher ratio of cell
attachment and clearly visible lamellipodia were seen on nanofibrous coatings than on nano-
tubular ones [177]. This suggests that titania nanofibers surface, because of its rough and
porous morphology, provides optimal environment for the cell adhesion, proliferation, and
differentiation. The results of bioactivity studies of nanofibrous coatings obtained during Ti/
Ti alloy chemical oxidation with the use of hydrogen peroxide with or without simple inor-
ganic salts: NaCl, Na,SO,, CaCl,, in elevated temperature (80°C), confirm this [118]. Results of
fibroblasts adhesion and proliferation studies carried out with the use of MTT test are shown
in Figure 5.

Taking into account the different nanotopography and the structure of TNF coatings presented
in Ref. [118] (analysis of GAXRD and DRIFT data revealed that TNF obtained in the presence
of H,0, and HCI was amorphous with anatase islands; TNF/H,O,, TNF/ H,0, + Na,SO,, and
TNEF/ H,O, +NaCl-amorphous with anatase and rutile islands, TNEF/ H,0, +CaCl,-amorphous
titania), it can be stated that both above-mentioned attributes influence the bioactivity toward
osseointegration processes taking place on their surface.
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Figure 5. Results of MTT assay carried out on TNF coatings, obtained from different oxidation mixtures, with the use of
murine fibroblasts 1929 (adhesion after 24 h, proliferation after 72 h and differentiation after 5 days).

Photocatalytic activity of titania nanofibers, obtained by electrospinning method and annealed
in 550°C, was studied with the use of dye degradation tests (basic blue 26, basic green 4, basic
violet 4) [182]. The concentration of dye solution was measured in relation to UV irradiation time,
using UV-Vis spectrophotometer. Additionally, the same tests were done for TiO, nanoparticles
obtained by sol-gel method and for composite coatings consisting of titania nanofibers and TiO,
nanoparticles. Doh et al. showed that after 3 h of UV illumination, 25.3% of basic blue 26 was
degraded by titania nanofibers. This degradation efficiency was almost the same as for TiO,
nanoparticles obtained by sol-gel method, for which the value was 23.7%. In comparison, the
photoactivity of composite material (TiO, nanofibers and TiO, nanoparticles) was much higher,
as basic blue 26 was degraded by 78.7%. Rate constant calculated for titania nanofibers, tita-
nia nanoparticles, and composite material, on the base of simplified equation of the Langmuir-
Hinshelwood kinetic model was equal adequately 15.7 x 10 min™, 14.3 x 10* min™, and 85.4 x
10* min™. The values of kinetic rates obtained for composite material but during the degradation
processes of dyes: basic green 4 and basic green violet were 81.2 x 10 min™ and 67.4 x 10 min’,
respectively. Authors concluded that composite materials consisted of TiO, nanofibers and TiO,
nanoparticles had high photocatalytic activity due to their high active surface area and due to
complex pore structure. They stated that such materials could be suitable for the application to
the degradation of organic dye pollutant.

The photocatalytic activity of TiO, nanofibrous coatings obtained during Ti/Ti alloy chemical
oxidation with the use of hydrogen peroxide with or without simple inorganic compounds:
HCI, NaCl, Na,SO, in 80°C, was analysed also on the base of degradation of two organic
pollutant patters: acetone (A) and methylene blue (MB) [118]. Based on the same simplified
equation of the Langmuir-Hinshelwood kinetic model, it was possible to calculate the kinetic
rates. The values of calculated kinetic rates are showed in Table 3.

The values obtained during these studies are very close to those, obtained by Doh et al., how-
ever, titania nanofibers obtained in the process of chemical oxidation were not post annealed
and they were not enriched by the titania nanoparticles [118, 182]. What should be pointed
out clearly is the fact that the observed rate constants do not inform about the real nature
of the appropriate processes. However, they provide basic information about change in the
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10* kobsMB (min™) 10* kobsAF (min™)
H,0,/Na,SO, 81.8+1.0 24.0+0.1
H,0, 67.0+£3.2 13.5+0.1
H,0,/HCl 253+0.7 21.3+01
H,0,/NaCl 93.6+3.2 14.0+0.1

Table 3. The observed rate constant values for the degradation of MB (k, M") and acetone (k
under UV light.

A) on titania nanofibers
degradation rate, depending on the structure, morphology, and active surface of the TiO,
coatings. The different degradation rate values result from the completely different steps,
which occur during the degradation processes: the multistep degradation process of methy-
lene blue (MB) and formation and degradation of some dimeric forms like mesityl oxide,
which are observed during acetone degradation.

The results of carried out photocatalytic activity studies showed the potential usefulness of
TNF coatings as photoactive ones. Even if they show lower kinetic rate values than titania
nanotubes for which these values were almost in all cases five to ten times higher, comparing
to titania nanofibers [118].

5. Titania nanowires (TNWs)

From the geometrical point of view, nanowires offer exceptional properties, such as flexibility
and fatigue resistance, and the possibility to integrating them in large area with controlled
pattern. Sometimes, nanofibers are also used to describe nanowires morphology, especially
when nanowires (NW) are very long and not single crystalline. However, in order to achieve
1D NW morphology, it is crucial to obtain one rapid growth direction during the evolution
of nanocrystals. This requirement is quite often fulfilled for some crystals, due to the strong
anisotropic property of their crystal structures. For example, wurtzite crystals naturally have
rapid growth along the [0001] direction and because of this fact NW is one of the preferred
morphologies during self-assembly growth. For some other crystals, titania, for example,
such anisotrophic behavior is less evident, and they demand additional support to create 1-D
nanotopography [159]. Among auxiliary activities, the surface functionalization, introducing
dislocations, applying catalysts, and increasing the building block concentration should be
mentioned. More detailed strategies for crystal morphology control are given in review arti-
cles [182-186]. Plenty of TNW synthesis routes have been examined. Bottom up approaches
include a large variety of solution- and vapor-based growth strategies [187-189]. Top down
procedures, such as direct oxidation and electrochemical etching techniques, have also been
explored for nanowires synthesis [190-192]. The widespread utilization of nanostructured
TiO,, including TNW, is often hindered by the opposite demands for precise control of well-
ordered surface features and low-cost rapid production. Taking this into consideration, the
synthetic routes, which engaged inexpensive techniques to produce nanowire coatings, are
presented in this review.
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Most of wet chemical methods require many steps, which increase production costs.
Moreover, titania nanostructures, including nanowires, obtained in anodization process or by
the electrospinning method, are amorphous, and they need to be annealed in order to endow
them in high crystalline form. A method, which can be applied to the formation of titania
nanowires, is the thermal oxidation of Ti/Ti alloy surface under a limited supply of oxygen,
in argon atmosphere [193-195]. The exposure or pure titanium to argon, which contains ppm
of oxygen, at a flow rate of 200 cm®*/ min for 8 h at 600°C resulted in the growth of titania
nanowires of the length 50-400 nm. Such obtained nanowires posses the structure of rutile.
What should be pointed out is the visible impact of the argon flow rate on the morphology
of nanostructural TiO,. Increasing of the flow rate from 200 cm?/min to 1000 cm®/min caused
the disappearance of nanowires. This effect was even more intensified by the increase of the
temperature. Higher flow rate and higher temperature promoted growth of not nanowires
but platelets and faceted oxide crystals. It can be concluded that the window of high aspect
ratio nanowire growth is very narrow for pure titanium. The situation looks much better in
case of titanium alloy —Ti6Al4V. The same procedure of thermal oxidation in the presence of
argon both in low and high flow rates gives the same results—titania nanowires. However,
the effect of increasing temperature is similar to adequate one for pure titanium. The optimal
temperature of the titanium alloy oxidation in order to obtain nanowires is 700°C. At 800°C, a
mixture of nanowires and well-faceted crystals is possible to obtain and at 900°C, only plate-
lets and crystals are the results of process. The higher temperature impact on the formation of
well-faceted equiaxed crystals indicates that one-dimensional growth at the low temperature
is the result of oxidation reaction anisotrophy with the growth preferential on certain crystal
faces. At higher temperatures, this anisotrophy decreases and the growth on other surface is
promoted, allowing the formation of facetted crystals [194, 195].

My experience with the formation of nanowires, during the titanium direct oxidation, is simi-
lar to above mentioned. The use of lower argon flow rate (30 cm’/min) led to obtain well
morphologically oriented nanowires at 475-550°C (Figure 6a). Above this temperature, main-
taining the same gas flow, facetted crystals were obtained (Figure 6b). The addition of H,O,
vapors to the carrier gas caused that the formation of nanowires was much slower and less
efficient (Figure 6c¢). Prolongation of the process time improved the quality of the nanowires,
but only a little, but failed to get a system similar to those received for pure argon (Figure 6d).

Figure 6. SEM images of titania nanowires obtained in the process of thermal oxidation with the use of pure argon, at
450°C (a), at 600°C (b), and with the use of vapors Ar/H,O,, at 500°C, but in 2 h (c) and in 6 h (d).
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Daothong et al. found that in the presence of adequate organic vapour, titanium can be
directly oxidized and TNWs were formed. They presented a size-controlled growth of titania
nanowires in the presence of ethanol vapor at high temperature (650-850°C) and low pressure
(~10 Torr). The nanowire length was proved to be directly proportional to the oxidation time,
and their diameter was strictly connected with applied temperature [196].

The aspect ratio and the shape of titania nanowires were described as resembling the needle-
like shape of crystalline hydroxyapatite and collagen fibers found in the bone. Such environ-
ment was reported as the place, which ensures the proper cell organization, their vitality,
and functionality. Studies on osteoblasts adhesion and growth assessment carried out by Tan
et al. showed that osteoblast was able to adhere and spread on the nanowire coating [197].
Osteoblasts adhered to the surface, exhibited an oval shape on the first day and polygonal
shape with some protruding lamellipodia on days 3-7. On day 14, osteoblasts formed inter-
cellular network and indicated the cell-to-cell communication, by stretching out their filopo-
dia toward each other. Osteoblasts growth was determined with the use of AlmarBlue assay,
and it was proved that osteoblasts were able to proliferate on nanowires coatings. The cell
number of osteoblasts on TNW coatings was increased significantly over the level of pure
titanium sample. Degree of osteoblasts differentiation was investigated with the use of exami-
nation of intracellular ALP (key marker) activity. The test showed that until 7 days, the ALP
level was significantly higher than for adequate pure titania coatings. Extracellular matrix
mineralization of osteoblasts was evaluated on the base of Alizarin Reds. Also, this assay
showed that greater number of discrete mineralized nodules in greater abundance was seen
on the nanowire surface.

Our studies on the adhesion and proliferation of fibroblasts show that these processes pro-
ceed more efficiently on nanowires, but there are no significant difference between nanowire
coatings and pure Ti/Ti alloy (Figure 7).
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Figure 7. Adhesion (after 24 h) and proliferation (after 72 h and 5 days) of fibroblasts on the surface of titania nanowires
obtained at different conditions of temperature and Ar rate flow: TNW1-TNW4 (475°C), TNW5-TNWS8 (500°C), TNW1,
TNW3, TNW5, TNW7 (30 cm®/min), TNW2, TNW4, TNW6, TNW8 (100 cm®/min).
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Assuming the biological activity of all reviewed titania nanostructures, it can be stated that
at the moment, titania nanotubes are the strongest used in biomedical applications, as the
procedure of their fabrication is the most predictable and easy. However, the necessity of their
further annealing may lead to the increase of the interest to systems, e.g.,, TNW, during the
production of which, a specific crystalline structure is formed.

The photoactivity of titania nanowires should also be taken into the consideration as such activ-
ity gives the possibility to use these coatings in the process of UV-activated sterilization. Most
of earlier reports showed the usefulness of titania nanowires rather in the processes of photo-
electrochemical water splitting than in the degradation of organic pollutants. In case of sooner,
the photoactivity of Au-decorated TiO, nanowires electrodes for photoelectrochemical water
oxidation, was enhanced in the entire UV-VIS region by the manipulation of the shape of deco-
rated Au nanostructures: nanoparticles and nanorods [198]. The titania nanowires photoactiv-
ity in the degradation of 4-chlorophenol was studied by Stengl et al. [199] They calculated the
degradation rate constant assuming the reaction kinetic of the first order. The obtained values
were in the range 0.0045-0.0083 min™. So, they were comparable with those obtained for titania
nanofibers. The authors noticed that the photocatalytic activity of the annealed samples gradu-
ally increased from the temperature of 350°C (0.0045 min™) to 750°C (0.0129 min™), and for the
samples annealed to temperatures 900°C and 1000°C, respectively, the photoactivity decreased
(0.0104 and 0.0083 min™). They assumed that the initial photocatalytic activity growth for sam-
ples annealed in the range 350-750°C corresponds with enlargement of the anatase crystalline
phase in consequence of annealing. The decrease of photocatalytic activity of the sample heated
above 750°C, they associated this with the transformation of anatase to rutile phase and also
with the lowering of surface area. In case of samples obtained in our lab during the thermal
oxidation of titanium, in which the rutile phase was present, the calculated rate constants for the
methylene blue photodegradation process were in the range 0.0001-0.0002 min™, so much lower
than in case of Ref. [199]. The rutile structure and the low surface area (see Figure 6¢ and d) were
burdened of such low activity reason.
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Abstract

A multifunctional titanium dioxide (TiO,) coating was used to provide anticorrosive,
antimicrobial, and bioactive properties for the surface modification of biomedical materi-
als because TiO, has a stable bonding structure, photocatalytic characteristics, and nega-
tively charged surfaces in nature. For successful deposition, an arc ion plating technique
was adopted to deposit the TiO, coating. The antimicrobial activity values of anatase-
TiO,-coated stainless steel specimens against Staphylococcus aureus and Escherichia coli
were 3.0 and 2.5, respectively, which are far beyond the value designated in JIS Z2801:2000
industrial standard. TiO, coatings on stainless steel also generate an increased (i.e., less
negative) corrosion potential and decreased corrosion current in a sodium chloride solu-
tion, showing a reduced tendency and rate of substrate dissolution as well as a reduced
coating of species into the electrolyte. In addition, TiO, coatings, especially with rutile
phase, satisfied the requirements for activating the biological property of a polymeric
polyetheretherketone surface. Therefore, TiO, is a promising surface modification for the
biomedical materials used in surgical instruments and implants.

Keywords: anticorrosive, antimicrobial, bioactive, titanium dioxide, biomedical material

1. Introduction

Biomedical material is any substance that has been engineered to interact with biological sys-
tems for a medical purpose, which may be therapeutic (i.e., to treat, augment, repair, or replace
malfunctioning tissue in the body) or diagnostic. Among the various types of biomedical
materials, metallic materials are the most widely used because of their high load-supporting
capacity, desirable qualities of wear and friction, and acceptable biocompatibility. Stainless
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steel, titanium, and their alloys are considered especially promising materials for surgical
instruments and implants of many types and sizes. Polymeric materials have also garnered
considerable interest in research and development as soft- and hard-tissue replacements, on
the basis of the ease of manufacturing and modifying such materials, and their appropriate
physical, chemical, and mechanical properties.

When biomedical materials come in contact with physiological tissue and body fluids, vari-
ous interactions, such as corrosive reaction, inflammation, and host response, are triggered.
For this reason, knowing and understanding the surface properties of biomedical materials
are crucial. Unfortunately, metallic materials are easily influenced by corrosion damage due
to electrochemical reactions; additionally, the bioinertness and hydrophobic surface prop-
erties render polymeric materials unfavorable for cell adhesion. Long-term clinical experi-
ments have also indicated that the primary causes of implant failure include not only unstable
implant fixation to bone tissue, but also bacterial infection.

To overcome the aforementioned problems, a surface modification technique that uses a mul-
tifunctional titanium dioxide (TiO,) coating is introduced to provide anticorrosive, antimicro-
bial, and bioactive properties for the underlying biomaterial. These versatile natural features of
TiO, are attributed to its stable bonding structure, photocatalytic characteristics, and negatively
charged surfaces. In this paper, a brief overview of TiO, coating modification in the field of bio-
medical material is provided. The two main topics discussed in the next section are as follows:

¢ Antimicrobial and anticorrosive titanium dioxide coating on stainless steel to reduce hos-
pital-acquired infection.

* Bioactive titanium dioxide coating on polyetheretherketone for spinal implant application.

2. Antimicrobial and anticorrosive titanium dioxide coating on stainless
steel to reduce hospital-acquired infection

2.1. Background

The increasing incidence and host risk of device-related infections that result in morbidity and
even mortality have been noted for some time, particularly regarding the spread of antibiotic-
resistant bacteria, such as methicillin-resistant Staphylococcus aureus and bursting Clostridium
difficile. These hospital-acquired infections are a worldwide problem [1]. The outbreaks of
SARS and avian influenza have also drawn attention to novel preventative measures, includ-
ing the development and application of antimicrobial materials, to enhance the conventional
disinfection concept. This movement compelled us to develop an antimicrobial technique for
medical implements in clinical use.

Antimicrobial or antibacterial refers to the inhibition of bacterial growth and reproduction [2].
Antimicrobial functions can be performed by essential materials themselves or through the
use of coating materials. One example of an essential antimicrobial alloy material is stainless
steel that has been doped with copper. This material forms when e-copper precipitates in a
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steel matrix; specifically, copper ions can be dissolved into a surface-passivated chromium
oxide film. Such creates an antimicrobial effect on the stainless steel surface, resulting in the
inhibition of bacterial growth [3]. The similar antimicrobial metal alloys, such as copper-con-
taining ferritic stainless steel [4], martensitic stainless steel [5], and austenitic stainless steel
[6], were also developed. On the other hand, for the antimicrobial purpose on coating materi-
als, the idea of coatings containing with copper, silver, zinc, and other antimicrobial active
metals was considered [7]. Unfortunately, such substance may induce the corrosion reaction
because of the undesired Galvanic effect between two metals, which may be unsustainable
during service. In this regard, TiO, with anatase (A-TiO,) phase may be the promising candi-
dates for antimicrobial purposes.

The antimicrobial effects of TiO, are attributed to its photocatalytic characteristics, as discov-
ered by Fujishima and Honda [8]. The photocatalytic process of TiO, involves the generation
of electron-hole pairs when the material is exposed to light that emits energy exceeding the
band gap energy of TiO,. The aggressive superoxide ions (O*) are generated by the elec-
tron attack, and the holes accelerate hydroxyl radical (*OH) formation on the material surface
[9, 10]. These active radicals subsequently inhibit the growth of germs and bacteria that are
known to be antimicrobially active through the direct oxidation of intracellular coenzyme,
reducing the respiratory activity and thereby causing cell death [11].

In the present study, arc ion plating (AIP) was used to deposit a TiO, coating on common med-
ical-grade AISI 304 stainless steel. The antimicrobial efficacy of the TiO,-coated stainless steel
specimens was then evaluated according to the JIS standard. The corrosion resistance of the
TiO, coating was also examined to determine whether such films can be stable in a physiologi-
cal environment. The results suggest that this modification may be effective as an antimicro-
bial surface coating for medical implements to reduce the risk of hospital-acquired infections.

2.2. Preparation of antimicrobial and anticorrosive TiO, films

TiO, deposition was conducted using a typical AIP technique and involved three steps: argon
ion bombardment, bottom titanium layer deposition, and TiO, coating deposition. The ion bom-
bardment was performed to clean and mildly preheat the substrate, followed by the bottom tita-
nium layer deposition, which enhanced the adhesion between the substrate and TiO, coating.

The wide acceptance indicates that an A-TiO, phase structure is the key factor for maximizing
the antimicrobial efficiency of TiO,. This corresponds to a specific condition with 100% oxy-
gen pressure at 0.5 Pa by using the AIP technique with a cathode target voltage of 20 V and
a cathode target current of 90 A. Under this optimized deposition condition, the proportion
of A-TiO, in the TiO, coating has been reported to be 76.8% [12-14].

2.3. Antimicrobial characteristics of TiO,-coated stainless steel

The JIS Z2801:2000 [15] was employed as a standard to test the antimicrobial efficacy of
TiO,-coated stainless steel specimens. The bacterial strains used in this test were Gram-posi-
tive Staphylococcus aureus (S. aureus, ATCC 6538P) and Gram-positive Escherichia coli (E. coli,
ATCC 8739) with an initial concentration of 4.0 x 10° bacteria/mL. In the antimicrobial test,
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the specimens were divided into three groups: group A and group B consisted of uncoated
stainless steel specimens, and group C consisted of TiO,-coated stainless steel specimens.
The specimens in group A immediately underwent serial dilution and plate culture after
inoculation, while the specimens of groups B and C were incubated with exposure to fluo-
rescent lighting for 24 h. The fluorescent lamp used was a regular daily-living light source
that emitted mainly visible light and had a weak emission of 365 nm. Antimicrobial activity
(R) of the specimens in all three groups was then calculated.

As revealed in Figure 1 [13], the petri dishes corresponding to groups A and B (the uncoated
stainless steel specimens) presented significant numbers of S. aureus and E. coli bacterial colo-
nies, respectively; by contrast, the TiO,-coated stainless steel specimens in group C did not
show a significant amount of bacterial colonies. This qualitatively describes the antimicrobial
ability of the TiO, coating. Although only one out of the three petri dishes corresponding to
each group is pictured in Figure 1, those not shown revealed a similar situation; this confirms
the statistical accuracy of the antimicrobial test.

For both S. aureus and E. coli, the numbers of viable bacteria for groups A, B, and C are com-
pared in Figure 2 [13]. The group A specimens showed 2.85 x 10° and 1.06 x 10° viable bacteria
cells, respectively, for S. aureus and E. coli, whereas the group B specimens showed 1.04 x 10*
and 1.36 x 10* viable bacteria cells, respectively, for S. aureus and E. coli. By contrast, the group
C specimens showed no bacterial colonies (10 bacteria cells) for S. aureus and 4.30 x 10! viable
bacteria cells for E. coli. Based on these results, the TiO,-coated stainless steel specimens pre-
sented R values of 3.0 and 2.5, respectively, for S. aureus and E. coli. Such values are far beyond
the index of 2 stipulated for the JIS test standard.

S. aureuns

Figure 1. S. aureus and E. coli colonies formed on petri dishes after 24 h on the (a) group A stainless steel specimens, (b)
group B stainless steel specimens, and (c) TiO,-coated stainless steel specimens [13].
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Figure 2. Viable bacteria numbers of S. aureus and E. coli for (a) group A stainless steel specimens, (b) group B stainless
steel specimens, and (c) TiO,-coated stainless steel specimens [13].

To further investigate the antimicrobial mechanism of a TiO, coating, the bacterial micro-
structure was observed using transmission electron microscopy (TEM; JEOL JEM-1230). This
closer examination revealed that most of the S. aureus cells were retained their integrity as
the cells were inoculated on bare stainless steel with the exposure to fluorescent light for
24 h; moreover, the complete cell structure, including the cell wall, cytoplasmic membrane,
cytoplasma, and nucleoid, was observed. The cells were undergoing mitosis, as presented in
Figure 3(a) [14], was also found. These results indicate that the inoculated S. aureus cells on
bare stainless steel were not deactivated by the fluorescent light. However, for the S. aureus
cells on the TiO,-coated stainless steel specimens, detachment of the cell wall from the cell
membrane was frequently observed in the microscopic field (Figure 3(b) [14]). As has been
noted elsewhere [16-18], the cell walls in these specimens are attacked by superoxide ions and
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(a)

0.2 um

0.2 ym

Figure 3. Cell structures of S. aureus inoculated on (a) bare stainless steel and (b) TiO,-coated stainless steel specimens,
following continuous exposure to a fluorescent lamp for 24 h. (The arrow indicates detachment of cell wall from the cell
membrane.) [14].

hydroxyl radicals, and lipid peroxidation caused polyunsaturated phospholipids in the cell
membrane to be destroyed; similarly, the degeneration of the membranes in the present study
caused the detachment of the cell walls from the cell membranes.

A high percentage of the E. coli cells inoculated on bare stainless steel and exposed to fluo-
rescent light for 24 h also retained their integrity, as depicted in Figure 4(a) [14]. By contrast,
a large amount of E. coli cell fragments were observed following inoculation on TiO,-coated
stainless steel specimens and exposure to fluorescent light for 24 h, as presented in Figure 4(b)
[14]. This occurred because E. coli cell walls are too thin to protect against attack by superox-
ide ions and hydroxyl radicals, resulting in massive death. A closer examination of the E. coli
cells reveals that the nucleoid structures in the cytoplasma tend to give way to features of
condensation, as indicated by the arrow in Figure 4(b) The degeneration of E. coli in response
to photocatalysis found in the present study is similar to the degeneration that was observed
in response to the antimicrobial effects of silver ions [16].

2.4. Anticorrosive characteristics of TiO,-coated stainless steel

A potentiodynamic polarization test was carried out in a potentiostat (EG&G 263 A) accord-
ing to the ASTM G44-99 standard [19] to evaluate the corrosion resistance of a TiO, coating in
a 3.5 wt.% sodium chloride electrolyte. A saturated silver/silver chloride electrode was used
as the reference, with a platinum counter electrode; a TiO,-coated stainless steel specimen was
inserted as the working electrode.

Figure 5 illustrates the potentiodynamic polarization curves of bare stainless steel
and TiO,-coated stainless steel specimens [20]. The corrosive potential (E_ ) and corro-
sive current (I ) were-0.54 V and 6.0 x 10® A/cm?, respectively, for the bare stainless steel
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Figure 4. Cell structures of E. coli inoculated on (a) bare stainless steel and (b) TiO,-coated stainless steel specimens, following
continuous exposure to a fluorescent lamp for 24 h. (The arrows indicate the condensation features of the nucleoid) [14].

Stainless steel

TiO, coated N

Potential v.s. Ag/AgCl (V)

Log current density (A/cm?)

Figure 5. Polarization curves of bare stainless steel and TiO,-coated stainless steel specimens in a 3.5 wt.% sodium
chloride solution [20].
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specimens. Once the specimens had been coated with TiO,, the E__and I _ of the specimens
were-0.42V and 1.0 x 10® A/cm?, respectively. Notably, TiO, is an inorganic compound,
and its inertness in corrosive environments (e.g., a sodium chloride solution) helps reduce
the tendency and rate of substrate dissolution and species coating in an electrolyte. This
increases the corrosive potential and decreases the corrosive current, as noted herein.

In summary, the research results show that A-TiO, adds effective antimicrobial characteristics
to stainless steel. The key to providing efficient antimicrobial efficacy lies in the photocatalytic
performance of the coating, which originates from the anatase phase. Furthermore, based on
the TEM observation results, the antimicrobial mechanisms that inhibit S. aureus and E. coli
bacteria under the photocatalytic action of A-TiO, are different; specifically, the antimicrobial
efficacy of A-TiO, against E. coli is more thorough. The A-TiO, coating also reduces the over-
all rate of corrosion and increases the corrosion barrier, compared with the features of bare
stainless steel.

3. Bioactive titanium dioxide coating on polyetheretherketone for spinal
implant application

3.1. Background

Orthopedic implants have become one of the most highly developed fields in hard-tissue
replacement. Polyetheretherketone (PEEK) polymer, with its high chemical resistance, radio-
lucency to X-ray scanning, and low elastic modulus similar to human cancellous bone, has
become a highly preferred biomaterial, providing a promising alternative to metallic implants
[21]. In particular, the elastic modulus can avoid the stress shielding effect, and prevent com-
pression fractures and osteopenia syndrome; the X-ray radiolucency characteristic does
not present a medical image shielding problem. PEEK can also be sterilized and shaped by
machining to fit the contour of bones [22]. Consequently, PEEK has been widely used for
load-bearing orthopedic applications, including dental implants, screws, and spinal inter-
body fusion cages [23, 24].

Despite these excellent properties, PEEK is still categorized as a bioinert material because of its
hydrophobic feature and inertness with the surrounding tissue [21]. To overcome this problem,
two primary strategies, bulk modification and surface modification, have been proposed to
enhance the bone fusion ability of the PEEK. Bulk modification incorporates various bioactive
materials, such as hydroxyapatite (HA) [25], strontium-containing hydroxyapatite [26], -tri-
calcium phosphate [27], or TiO, [28], into the PEEK matrix to form PEEK-based biocomposites.
However, their tensile strength and toughness decrease as more of the bioactive materials are
added, resulting in a substantial increase in the elastic modulus of these biomedical compos-
ites; the biomechanical property of these PEEK-based biocomposites is therefore no longer
similar to that of human cancellous bone [21]. Conversely, surface modification only alters the
surface properties of a material, without adversely affecting its bulk properties. In other words,
surface modification is a more suitable approach for adapting PEEK to be used as implant.
Consequently, various surface modification approaches have been developed to promote the
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hydrophilic and biological characteristics of PEEK, such as using plasma treatment to change
the surface chemistry [29], using chemical treatment to graft functional groups [30], and using
laser treatment to roughen the surface [31]. Moreover, adding a functional coating to PEEK to
create a bioactive surface is a more effective method for enhancing osseointegration perfor-
mance [32-38]. Functional coating materials include HA [32], titanium [33, 34], TiO, [35-37],
and diamond-like carbon [38]. To date, by taking the advantage of good biocompatibility of
titanium with human body, very thick titanium produced over PEEK surface via vacuum
plasma spray for spinal implant has been clinically available.

It has been well established that under humid conditions, the surface of TiO, generates
hydroxyl groups (—OH"), followed by the conjunction with calcium ions (Ca*) and phos-
phate groups (PO,”) from physiological fluid. Therefore, bone-like apatite compounds can
be formed on the TiO, surface to induce osteoblast cell adhesion and proliferation [39, 40].
Based on the results, TiO, has been reported to exhibit excellent biocompatibility and further
classified as a bioactive material [39, 40]. Furthermore, TiO, demonstrated excellent osseointe-
gration ability, according to the animal experiment study [41]. These biological characteristics
render TiO, film an even more promising material for the successful modification of PEEK
surfaces, in comparison with regular titanium film.

In this research, the AIP technique was used to deposit TiO, films with controllable A-TiO,
and rutile (R-TiO,) phases onto PEEK substrates. The investigation focused on determining
the effects of introducing a TiO, coating on the in vitro and in vivo characteristics of TiO,-coated
PEEK specimens, and evaluating the ability of the modified PEEK in a clinical application to
shorten the osseointegration period for spinal implants and bone tissues.

3.2. Preparation of biocompatible TiO, films

The detailed AIP-TiO, deposition work is described in Section 2.2. The deposition conditions
used in this section are listed in Table 1; target current and substrate bias were systematically
manipulated to achieve specific ratios of A-TiO, and R-TiO, in the deposited films, character-
ized by a fixed 100% oxygen pressure of 0.5 Pa and a cathode target voltage of 20 V.

Based on the microstructure characteristics results [12], the AIP process can successfully fabricate
TiO, films of varying A-TiO, and R-TiO, composition when appropriate coating parameters are
used. Specifically, the A-TiO, phase in the deposited films ranged from 9.1% to 92.7% (Table 1).

Sample code Target current (A) Substrate bias (V) A-TiO, content (%)
60A0V 60 0 92.7

90A0V 90 0 76.8

90A20V 90 -20 46.6

90A25V 90 -25 21.5

90A30V 90 -30 9.1

Table 1. Deposition conditions and the proportions of A-TiO, phases for TiO, coatings.
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A low target current promotes the growth of A-TiO,, whereas a high substrate bias induces the
formation of R-TiO,. The mechanism behind this outcome was previously investigated [12].

3.3. In vitro characteristics of TiO,-coated PEEK

First, the MC3T3-E1 osteoblast cell line was used in the osteoblast compatibility test to assess
the cell adhesion test, cell proliferation test, cell differentiation test, and osteogenesis perfor-
mance [namely quantification of osteopontin (OPN), osteocalcin (OCN), and calcium content].
Next, the cell morphology that had attached to the PEEK and TiO,-coated PEEK specimens
was observed using field emission scanning electron microscopy (FESEM; Hitachi S-4800).

Figure 6 shows the osteoblast cell adhesion ability, cell proliferation ability, cell differentiation
ability, and osteogenesis performance on the PEEK and TiO,-coated PEEK specimens at various
deposition conditions [36]. Notably, the osteoblast cell adhesion, proliferation, and differentia-
tion abilities on TiO,-coated PEEK specimens were superior to the bare PEEK specimens for
all of the deposition conditions. This indicates that all of the obtained TiO, coatings possessed
cell induction capabilities, which led to accelerated cell adhesion and growth and increased
cell proliferation and maturity. These three indicators confirmed the osteoblast compatibility of
the TiO,-coatings deposited on PEEK. Furthermore, the osteogenesis performance (revealed by
OPN, OCN, and calcium content as shown in Figure 6(d)—(f) [36], respectively) demonstrated
that TiO, coatings also significantly increased the osteogenesis performance. This suggests that
TiO, coatings enhance extracellular bone matrix growth. Figure 6 [36] also shows that the speci-
men 90A30V, which was the richest in R-TiO, phase, exhibited the most osteoblast compatibility.

Figure 7 shows the morphologies of the osteoblast cells after they were cultured for 0.5 and
48 h on PEEK and TiO,-coated PEEK specimens at different deposition conditions [36].
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Figure 6. (a) Cell adhesion ability, (b) cell proliferation ability, (c) cell differentiation ability, (d) OPN, (e) OCN, and (f)
calcium content of the osteoblast inoculated on bare PEEK and TiO,-coated PEEK specimens with various deposition
conditions [36].
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Figure 7. Morphologies of the osteoblasts cultured for 0.5 and 48 h on (a) the bare PEEK specimens, and the TiO,-coated
PEEK specimens at different deposition conditions: (b) 60A0V, (c) 90A0V, (d) 90A20V, (e) 90A25V, and (f) 90A30V [36].
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Specifically, the morphology of osteoblast cells on the bare PEEK specimens remained spheri-
cal without the appearance of filopodium, suggesting the poor adhesion to the specimen. By
comparison, osteoblasts on the TiO,-coated PEEK specimens with the culturing time of 0.5h
showed a very comfortable adhesion features, that is, the filopodia extension and well-devel-
oped lamellipodia on the cells; this was particularly notable on the films with high ratios of
R-TiO, to A-TiO,. Similar results were observed in the cells cultured for 48 h. Overall, these
results further confirm that a deposited film with high R-TiO, content has superior osteoblast
growth.

Furthermore, bare PEEK, and TiO,-coated PEEK specimens were then immersed in a simu-
lated body fluid (SBF) for 1, 3, 7, 14, and 28 days, to investigate the effect of TiO, coating on the
ability to induce HA formation. The TiO, coatings that possessed A-TiO, and R-TiO, under
the deposition conditions of 60A0V and 90A30V, respectively, were examined. This biomi-
metic immersion test is a valuable approach for evaluating bioactivity of a candidate bone
implant material prior to an in vivo test [42].

Figure 8 illustrates the X-ray diffraction (XRD) patterns of bare PEEK, A-TiO,-coated PEEK,
and R-TiO,-coated PEEK specimens after immersion in the SBF for a varying number of days
[43]. During the early immersion period, the diffraction peaks that are ascribed to PEEK
showed no observable change, indicating that the growing layer was undetectable in all of
the specimens. After 28 days of immersion, weak and broadened diffraction peaks that are
ascribed to HA were found, as shown in Figure 8(a) [43]. This implies that a very poor crys-
talline or even amorphous calcium phosphate layer had formed on the PEEK specimens. By
contrast, after only 7 days and 3 days of immersion in the SBF solution, diffraction peaks that
are ascribed to HA could be observed in A-TiO,- and R-TiO,-coated PEEK specimens, respec-
tively. Over time, the intensity of these diffraction peaks increased significantly, as shown
in Figure 8(b) and (c) [43], suggesting that additional crystalline HA was formed on them.
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Figure 8. XRD patterns of the (a) bare PEEK, (b) A-TiO,-coated PEEK, and (c) R-TiO,-coated PEEK specimens immersed
in a SBF for 1, 3, 7, 14, and 28 days [43].
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Opverall, these results suggest that HA growth in a SBF solution can be enhanced by adopting
TiO, coatings, and that the R-TiO, coating seems to exhibit a superior capability to induce HA
formation. Therefore, the results of the biomimetic immersion tests agree well with the find-
ing of in vitro characteristics from osteoblast compatibility tests.

3.4. In vivo characteristics of TiO,-coated PEEK

Bullet-shaped PEEK implants with a diameter of ¢ 4.0 mm x L 6.0 mm were used in an ani-
mal experiment. Bare PEEK, A-TiO,-coated PEEK, and R-TiO,-coated PEEK implants were
inserted into the femurs of New Zealand white male rabbits to evaluate the in vivo osseointe-
gration capacity through the push-out test and histological observation.

The push-out test can precisely quantify the degree of fixation between an implant and bone
tissues [44]. Figure 9 shows the push-out test results for the three implants after 4, 8, and
12 weeks [37]. Notably, the shear strength between the bone tissues and the implant increased
as implantation time increased; at 12 weeks, the shear strength of the bare, A-TiO,-coated,
and R-TiO,-coated PEEK implants was 2.54 MPa, 3.02 MPa, and 6.51 MPa, respectively. It was
thus concluded that the bare PEEK implant had the poorest shear strength, but this could be
enhanced by adding a TiO, coating. Overall, the R-TiO, coating had the optimal fixation.

To identify the failure mode between the implant and bone tissues after the push-out test,
FESEM was adopted to observe the fracture morphology of the implant surface at 12 weeks,
as shown in Figure 10 [37]. It was noted that new bone tissue had fully peeled off the surface

Shear strength (MPa)

Figure 9. Shear strength between bone tissues and mplant for the (a) bare PEEK implant, (b) A-TiO,-coated PEEK
implant, and (c) R-TiO,-coated PEEK implant at 4, 8, and 12 weeks after implantation [37].
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Figure 10. Fracture morphology of the (a) bare PEEK implant, (b) A-TiO,-coated PEEK implant, and (c) R-TiO,-coated
PEEK implant with (d) the composition analysis of its bone tissues and implant interface after the push-out test
conducted at 12 weeks [37].

of the bare PEEK implant (Figure 10(a) [37]), indicating that failure occurred at the bone/PEEK
interface. Thus, the osseointegration capacity of a bare PEEK implant is poor. By contrast, when
a TiO, coating was applied to the implant, a large area of the residual bone tissue adhered to the
surface of the implant (Figure 10(b) and (c) [37]). Additionally, a particularly large amount of
residual bone tissue on the R-TiO,-coated PEEK implant surface was confirmed by elemental
mapping, as revealed in Figure 10(d) [37]. These analytical results indicate that TiO,-coated
implants have a superior ability to induce bone growth and achieve bone ingrowth. The A-
TiO,-coated PEEK implants experienced some coating detachment, resulting in a mixed adhe-
sive failure between the A-TiO, coating and PEEK substrate, as well as cohesive failure of the
bone itself. However, the R-TiO,-coated PEEK implant surfaces were almost completely cov-
ered with new bone tissue, almost no film detachment from the implants was observed, and
thus, the failure can be regarded as cohesive failure by the bone tissue itself.

Figure 11 depicts the histological sections of the three implants at 4, 8, and 12 weeks after
implantation [37]. Notably, new bone tissue that was generated by bone remodeling had
formed mature lamellar bone, and directly connected to the TiO,-coated PEEK implants
after 4 weeks, indicating excellent osseointegration performance. Thus, it was concluded that
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Figure 11. Histological sections of the bare PEEK implant, A-TiO,-coated PEEK implant, and R-TiO,-coated PEEK
implant at 4, 8, and 12 weeks after implantation [37].

TiO, coating exhibits strong osteoblast compatibility and rapidly activates bone remodeling.
Subsequently, the coating induced adhesion and proliferation of osteoblasts on the implant
surface, and differentiation into osteocytes for the production of new bone tissue and later
bone bonding. Conversely, new lamellar bone on the surface of the bare PEEK implants was
not completely mature and not fully bonded with the implant.

The response of the TiO,-coated PEEK implants in the marrow cavity (located far from the
cortical bone) at 4 weeks indicated that regenerated bone tissues grew onto the implant sur-
faces; moreover, this new bone is the result of bone tissue repair, which proliferates from the
endosteum of cortical bone. Due to the osteoconductive effect, the new bone tissues grew
inward to the implant surfaces in the marrow [45]. These findings indicate that TiO, coatings
have excellent osteoconductivity and promote new bone growth on the TiO,-coated PEEK
implant surfaces, with connections to cortical bone. By contrast, the surfaces of the bare PEEK
implant were covered with fibrous tissue, implying that bone bonding did not occur between
the implant and the cortical bone. Fibrous tissue growth is likely caused by micro movement
in the implant and poor stability during the early implantation period [46].
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When the implant period was extended to 8 weeks, immature osteogenesis was observed in
the cortical bone around the bare PEEK implant, and new bone tissue was maturing after
12 weeks. However, fibrous tissue was still identified at the interface between the implants
and bone tissues, indicating that the osseointegration capacity of bare PEEK implants is very
limited, even when the implantation period is extended. By contrast, 8§ weeks after the implan-
tation of the TiO,-coated PEEK implants, histological sections in the marrow cavity revealed
that the new bone tissue was maturing and osteocytes covered the their surface. In other
words, the osteoconductive effect of TiO, coating triggers quick bone remodeling. The new
bone was fully mature and closely integrated with the TiO, coating in the cavity after 12 weeks
(Figure 11 [37]). However, a comparison of the TiO, coatings with different phase structures
indicated that the degree of bone bonding between new bone and the R-TiO,-coated PEEK
implant was significantly better than that between new bone and the A-TiO,-coated PEEK
implant. In addition, some gaps existed between the A-TiO, coating and the new bone in some
areas; detachment of the A-TiO, coating was also noted.

In summary, the in vitro and in vivo characteristics can be improved by TiO, coating because of
its bioactivity; R-TiO, coatings perform particularly well, promoting biomimetic HA growth,
osteoblast compatibility, and osseointegration. These phenomena are attributable to the abun-
dance of negatively charged hydroxyl groups on the R-TiO, surface [35-37].

4. Conclusions

In this chapter, TiO, coatings prepared using the AIP technique to alter the surface properties
of biomaterials were described. Specifically, it was found that introducing TiO, coating to
stainless steel and PEEK specimens adds various anticorrosive, antimicrobial, and bioactive
surface properties to the materials, which were systematically reviewed herein. The following
conclusions can be drawn:

1. Owing to the efficient photocatalytic performance of its anatase phase structure, A-TiO,-coated
stainless steel exhibits excellent antimicrobial efficacy against S. aureus and E. coli bacteria. The
material could possibly serve as a new antimicrobial treatment for surgical instruments and
medical implements to reduce the risk of hospital-acquired infections.

2. The high corrosion resistance of TiO, coatings in a 3.5 wt% sodium chloride solution was
postulated as a direct consequence of its ceramic nature, suggesting that TiO, is electro-
chemically inert in the human body environment.

3. Based on the in vitro and in vivo tests, the bioactivity and osseointegration of all TiO, coat-
ings were far superior to bioinert PEEK; moreover, R-TiO, coatings exhibited greater per-
formance than A-TiO, coatings because of the abundance of negatively charged hydroxyl
groups on its surface. Consequently, TiO,-coated PEEK specimens are suggested for use
in clinical applications.

4. Overall, the aforementioned results prove that TiO, coatings are highly suitable for surface
modifications of biomedical materials.
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Abstract

The increasing of emerging micropollutants presence in drinking water sources has
brought new challenges to existing water treatment systems (WTS), highlighting the need
of innovative and low-cost technological solutions. Recent advances in nanotechnology
enable highly efficient and multifunctional processes, providing sustainable alternatives
to current water treatment practices. This chapter presents the results of several pilot-scale
studies developed to assess the effects of TiO, nanoparticles on antibiotic removal effi-
ciency, using different low-cost photocatalytic reactors. The characterization of its photo-
oxidation kinetics also performed considering different test scenarios in order to assess the
effects of the major abiotic parameters on oxytetracycline (OTC) removal efficiency, which
achieved the maximum values of 96% and 98% using the photocatalysis with TiO, and the
photocatalytic filtration, respectively. It must be highlighted the surprising regeneration
ability showed by the photocatalytic porous medium, developed at a lab-scale, which can
completely recover its oxidative properties after few hours of simple sun exposure.

Keywords: heterogeneous photocatalysis, photo-oxidation kinetics, TiO, nanoparticles,

photocatalytic filtration, antibiotic removal, safe drinking water

1. Introduction

Reliable access to clean and safe water remains a major worldwide challenge for the twenty-first
century, in a global climate change context. In recent years, the classic problems associated
with the presence in the ecosystems of priority pollutants have been extended to the detection
of increasing amounts of micropollutants commonly called emerging. These, due to their

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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toxicity and persistence in the environment (water column and sediments), have brought
new challenges to existing water treatment systems (WTS) aiming to protect public health
and the preservation of drinking water sources.

The Directive 2008/105/EC (PSD) lays down environmental quality standards (EQS) and pres-
ents the List of Priority Substances as afforded on the Article 16 and Annex X of the Water
Framework Directive 2000/60/EC (WFD). However, the pharmaceuticals are not yet included
among those compounds to be monitored, despite the increase in its occurrence reported in
many European countries [1]. For urban water monitoring, possible priority pharmaceutical
compounds (PhCs) should be the mainly analgesics, antidepressants, antibiotics, antineoplas-
tics [2], synthetic estrogens, and hormones [3]. The inclusion of target PhCs in the EU List of
Priority Substances implies the definition of their corresponding EQSs and the necessity to
subject to monitoring EU aquatic ecosystems.

Recent advances in nanotechnology offer opportunities to develop next generation of WTS, as
sustainable and safe alternative to current water treatment practices relied on centralized sys-
tems. The highly efficient and multifunctional processes, enabled by nanotechnological solu-
tions, can also provide new capabilities allowing economic utilization of unconventional water
sources on water-stressed regions [4]. Future water treatment systems in developing countries
will most likely opt for nanotechnology-based water monitoring, treatment and reuse systems
that can efficiently immobilize a wide variety of water emergent pollutants (for which existing
technologies are inefficient or ineffective) coupled with affordability and ease of operation [5].

Advanced oxidation processes (AOPs) have been widelly studied because of their potential as a
complementary or alternative process to conventional wastewater treatment. These AOPs have
proven to be particularly efective in the degradation of many toxic pollutants [6-8] when nano-
materials are applied as photocatalyst. Photocatalytic oxidation with TiO, has been used in the
removal of micropollutants (like antibiotics) and microbial pathogens from waters, as a useful
pre-treatment and/or a polishing step to oxidize hazardous and recalcitrant organic compounds.

This chapter presents the development and results of several pilot-scale studies aiming to assess
the effects of TiO, nanoparticles on antibiotic removal efficiency and to define its photo-oxidation
kinetics, using different low-cost photocatalytic water treatment systems.

The antibiotic tested in this work was oxytetracycline (OTC) is a widely used broad spectrum
antibiotic, especially employed in veterinary medicine [9, 10] and for human therapy [11]. It
can be found not only in raw and treated wastewaters but also in surface water sources [12].
The catalyst used is Degussa (Evonik) P25 TiO,, which was applied as suspended and immo-
bilized nanoparticles exposed to UV and solar radiation in two photocatalytic reactors: water
columns and columns filters with a granular porous medium coated by immobilized TiO,
nanoparticles using a sol-gel method.

For both photo-oxidation reactors, different test scenarios are defined in order to assess the
effect on OTC removal efficiency of the major abiotic parameters, such as hydraulic conditions,
OTC initial concentration, pH, cumulate solar energy, and media granulometry.

The experimental results were very promising, because removal efficiencies in both reactors
achieved the maximum value of 96% for water columns with suspended TiO, nanoparticles
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[13] and 98% for the photocatalytic filtration performed by the porous medium coated with
TiO, [14].

It must be also highlighted that the surprising regeneration ability showed by the developed
photocatalytic porous media can completely recover its oxidative properties after a simple
sun exposure [15], allowing a truly sustainable use of the developed photocatalytic filter.

2. Urban water cycle sustainability: new challenges to ensure safe water

Urban water cycle management involves the fields of water supply, urban drainage, wastewater
treatment, reutilization, and sludge handling with a river basin scale approach.

Conventional approaches to urban water management for providing water supply and sanita-
tion services are often costly, inefficient, and not integrated. Hence, there is a need for finding
new ways for improving and assess the urban water systems to enable better sustainability of
these systems [16] to face new challenges in a climate change context.

In an urban water systems context, life cycle assessment (LCA) can provide a pertinent holis-
tic approach supporting the critical processes identification and the potential improvements of
these systems, including the water and wastewater treatment facilities, as well as, its interactions
with source or receiving waters. Several researchers used LCA approach for comparing water
treatment technologies sustainability [17, 18], as well as the major environmental impact changes
resulting from centralized wastewater treatment systems commutation to decentralized ones [19].

This kind of approaches allowed to identify new threats for the urban water cycle sustainability,
concerning with the obligation to ensure safe drinking water in order to safeguard public
health and urban aquatic ecosystems.

2.1. Occurrence of emerging micropollutants in urban water systems

Aquatic ecosystem pollution is particularly problematic due to the cumulative effect of pol-
lutants on aquatic organisms during its life cycle. This cumulative effect can occur so slowly
that major impacts may remain undetectable until the hatching of irreversible ecosystem
changes [20]. The hydrodynamics and the longitudinal dispersion patterns presented by
receiving water systems have a decisive role in its ability to self-regenerate [21] and to wash-
out inflow pollutants like nutrients and xenobiotics [22].

During the last decades, the impact of chemical pollution has focused almost exclusively on
the conventional priority pollutants, especially those acutely toxic/carcinogenic pesticides
displaying persistence in the environment.

At the same time (but receiving much less attention), the anthropogenic activities increased
the diversity and load discharge of another groups of bioactive hazardous chemicals into
urban water systems (Figure 1), namely:

¢ Contaminants of emerging concern (CECs), such as pharmaceutical compounds (PhCs),
diagnostic agents, steroids, phthalates, and disinfectants.
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* Endocrine disrupting compounds (EDCs), like natural and synthetic estrogenic or andro-
genic chemicals.

* Personal care products (PCPs), such as fragrances, sun-screen agents, and cosmetics.

The widespread use of antibiotics as a therapy for bacterial infections in humans and animals
(even for promoting it growth) has led to the concentration increase of antibiotic-resistant
bacteria (ARB) in surface waters and urban waterways [23-25], used for domestic sewage,
hospital wastewater, and livestock feeding operations drainage. As opposed to the conven-
tional persistent priority pollutants, PhCs need not be (necessarily) “persistent” if they are
continually introduced to surface waters, even at very low concentrations.

The use of conventional water treatment technologies against these emerging contaminants is
limited due to their ineffectiveness and incomplete biodegradation of the waste products as
outlined in the applicable EU directives.

The presence of PhCs, PCPs, and EDCs in drinking water indicates that conventional and most
commonly used water treatment technologies may not be enough to completely eliminate
these compounds from source waters [26], which can be polluted because existing Wastewater
Treatment Plants (WWTPs) were usually not designed to remove antibiotics present at trace
levels, implying the need for its urgent improvement. Indeed, if urban WWTPs play a vital
role in minimizing the discharge of many water pollutants, including antibiotics [27] and
pathogenic microorganisms [28] to the aquatic ecosystems, they are also potential breeding
grounds and point sources for environmental dissemination of antibiotic resistance [29].

Indeed, the very high bacterial density into biological reactors (e.g., activated sludge) pro-
motes selective elimination and/or changes in the proportions of phenotypes within efflu-
ent bacterial populations turning WWTPs into important reservoirs of enteric bacteria which

AR
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Figure 1. Threats to urban water cycle sustainability due to xenobiotic load increase.
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carry potentially transferable resistance genes. For these reasons, higher frequency of multiple
resistant coliform bacteria in treated sewage than in raw sewage [30, 31] for most antibiotics,
especially for ciprofloxacin and tetracycline, have been found.

Human health risk characterization related to the pharmaceutical water ingestion exposure
can be performed by the assessment of risk quotients (RQs). This risk index can be estimated
dividing the maximum concentration of a pharmaceutical (MPC) found in the water matrix
by the respective Drinking Water Equivalent Level (DWEL), which can be obtained as an
exposure criteria based on other related parameters, such as acceptable daily intake; body
weight, hazard quotient, and drinking water daily ingestion; gastrointestinal absorption rate;
and frequency of exposure. So, a RQ value higher than 1 leads to a risk concern related to
inadvertent exposure through drinking water, and measures must be considered in order to
prevent public health.

A recent monitoring program performed along Lisbon’s drinking water supply system [32]
showed that appreciable risks to the consumer's health arising from exposure to trace levels
of pharmaceuticals in drinking water were yet extremely unlikely, because all risk quotient
(RQ) values were less than 0.001. Therefore, a high environmental risk was detected for
Erythromycin (RQ = 1.55), the urgency of the study and development of new low-cost tech-
nologies for an effective removal of the most prevalent antibiotics in WTP raw waters.

2.2. Advanced oxidation processes: the role of photocatalysis as a low-cost alternative
technology

Nanotechnology offers significant opportunities to revolutionize approaches toward drink-
ing water treatment by enhancing the multifunctionality and versatility of treatment systems,
while reducing reliance on stoichiometric chemical addition, shrinking large facilities with
relatively long hydraulic contact times, and minimizing energy intensive processes [33]. So,
it can provide low-cost, safe, and efficient water treatment systems with minimal energy
requirements contributing for a more sustainable urban water cycle.

Nanomaterials properties have been explored for applications in water and wastewater treat-
ment, due to its advantages related to the high specific surface area, fast dissolution, high
reactivity, and strong sorption. Micropollutants’ removal ability of new materials, such as car-
bon nanotubes, nanofibers, nanoscale metal oxide, nano-zeolites, and magnetic nanoparticles,
is being tested and assessed when used in selected treatment unit processes, like adsorption,
photocatalysis, membrane filtration, and disinfection.

Different advanced water treatment techniques for antibiotic removal have been studied,
especially focus on membrane filtration, activated carbon adsorption, and advanced oxida-
tion processes (AOPs). AOPs are recommended when water pollutants (such pharmaceu-
ticals) have a high chemical stability and/or low degradability, allowing a more useful and
cost-efficient combination with biological processes, namely in wastewater treatment [34].

The efficacy of AOPs depends on the generation of very reactive and nonselective free radicals —
such as hydroxyl radicals (*OH), superoxide radical (O*), hydroperoxyl radical (HO,"), and
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alkoxy radical (RO*)—involving chemical (e.g., O,, O,/H,O,), photochemical (UV/O,, UV/
H,O,), or photocatalytic (TiO,/UV, ZnO/UV) oxidation processes. In recent years, semiconduc-
tor photocatalytic process has shown a great potential as a low-cost, environmental friendly,
and sustainable treatment technology to align with the “zero” waste scheme in the water/
wastewater industry. The ability of this advanced oxidation technology has been widely dem-
onstrated to remove persistent organic compounds and microorganisms in water [35] and
some hazardous inorganic micropollutants (e.g., arsenic, heavy metals, uranium).

Recent research works were mainly focused on AOPs assisted by solar radiation (a clean and
renewable energy source), such as heterogeneous photocatalysis, in order to develop more
sustainable and low-cost processes. The photocatalytic reactors can be divided into two main
groups: with suspended nanoparticles (e.g., TiO,, ZnO) in the reaction mixture (water and
wastewater) and with immobilized nanoparticles on a carrier material (e.g., glass, quartz,
stainless steel, zeolites).

When the catalyst is in suspension, the active surface is greater. However, its particles have
to be removed from the treated water after the detoxification, and the manipulation of pow-
dered semiconductors are difficult. To ensure complete rejection of TiO, nanoparticles, an
extensive and relatively costly installation technology is necessary, including pumps. Very
promising techniques for solving problems concerning separation of the photocatalyst as well
as products and by-products of photo-degradation from the reaction mixture are the use of
photocatalytic membrane reactors (PMRs) and the introduction of a magnetic into the nano-
composite [36]. However, the energy costs evolved in membrane processes can compromise
the economic sustainability of the water treatment utilities, namely in medium and small
water supply systems.

A solution for avoiding the contamination with the photocatalytic nanoparticles is their
immobilization on the surface of specified materials by use of suitable coating techniques, as
a wet chemical process. Quartz has been found to be the best support for titanium dioxide,
because it is the most neutral and stable one at high temperatures. As a consequence, it has
been chosen as the ideal support for new experiments with TiO, in the photodegradation of
organic micropollutants in water [37].

3. Experimental methodology

During this research work, a set of experiments under different test scenarios were performed
in order to assess the antibiotic removal efficiency and to characterize its photo-oxidation
kinetics, using two different lab-scale photoreactors. In the first one (PR1), the heterogeneous
photocatalysis was performed using suspended TiO, nanoparticles as catalyst to remove the
antibiotic from water. In the second (PR2) one, a photocatalytic filtration was performed using
a granular porous medium coated by immobilized TiO, nanoparticles.

In these experiments, the antibiotic used to prepare all synthetic solutions was the oxytet-
racycline hydrochloride (MW = 496.89, CAS# 2058-46-0), supplied by Sigma-Aldrich with



Photocatalytic Treatment Techniques using Titanium Dioxide Nanoparticles for Antibiotic...
http://dx.doi.org/10.5772/intechopen.69140

a purity higher than 95%. The OTC concentrations were always measured using a UV-VIS
spectrophotometer, Shimadzu UV-1800, at 354-nm wavelength. Titanium dioxide (TiO,) used
was Degussa (Aeroxide®) P-25 (80% anatase and 20% rutile).

The intensity of solar radiation is measured by a global UV radiometer (OHM — HD 9021),
which was placed next to the solar reactors, in order to provide data in terms of incident solar
radiation intensity (W/m?). A reagent kit for rapid analysis of the amount of iron (Aquaquant®,
E. Merck Darmstadt Germany) was also used.

Test scenarios were defined aiming to assess the effect on OTC removal efficiency of some
abiotic parameters (e.g., OTC initial concentration, pH, hydraulic conditions, UV radiation
source, and water matrices).

3.1. Photo-oxidation experiments using suspended TiO,

In reactor PR1, photo-oxidation experiments were performed, with and without suspended
TiO, nanoparticles, using two different UV radiation sources: solar radiation and UV lamp
reactor (Figure 2).

For the OTC photo-degradation under solar radiation, bottles of colorless polyester with
a capacity of 1.5 L were used as reactor. These water bottles were placed vertically, being
shaken manually every 10 minutes to prevent the deposition of TiO, at the bottom. The sun
exposure time was 210 minutes for all photodegradation tests.

The UV reactor (Heraeus Noblelight, System 2) used in photodegradation assays consists of an
UV immersion lamp TQ 150, an immersion tube, a cooling tube, and a reactor vessel. The UV

Figure 2. UV radiation sources used in OTC degradation experiments: solar (polyester bottles); UV reactor Heraeus
Noblelight.
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immersion lamp is a medium-pressure mercury vapor lamp with a broad emission spectrum
in the UV range above 190 nm and lamp output of 150 W. The reactor vessel has a capacity of
0.8 L and three openings (one central and two sideways). In the central opening, the UV lamp
tube is inserted, and only a side opening is used to carry out the extraction of the samples dur-
ing the tests. The container is placed on a magnetic stirrer that was in operation throughout
the test. The UV lamp exposure time was 60 minutes for all tests.

Equation (1) allows the calculation of the amount of accumulated UV energy (Q,;, .,,) received
on any surface in the same position with regard to the sun, per unit of volume of water inside
the reactor, in the time interval At.

Q4507950” = Q4507950”,1 + Atn x 450-950 x

<|>

3 ’ Atn = tu_tn-l (1)

Where ¢t is the experimental time of each sample (s); V, is the total reactor volume (L); A, is
the exposed surface area (m?) of the reactor; and 450-950is the average solar radiation (W/mZ)
measured during the period At (s).

Photolytic and photocatalytic experiments were carried out under static hydraulic conditions
using 20 mg/L of OTC, as initial pollutant concentration, in all tests. For photocatalysis, the
chosen initial suspended catalyst concentrations were 50 and 25 mg/L of TiO,, in order to
assess the effect of doubling the value of this parameter on OTC removal efficiency.

In order to assess the photocatalysis ability as post-treatment unit in WTPs for antibiotic
removal, OTC solutions were prepared using two different water matrices (distilled and tap
water) in order to assess the potential influence of other water supply constituents on OTC
removal efficiency. The pH values measured in all experiments ranged between 4.3-4.9, for
distilled water, and 6.6-7.3, for tap water.

To evaluate the influence of radiation in OTC degradation, at any given irradiation time
interval, the dispersion was sampled (5 mL), filtered through a Millipore filter (pore size of
0.22 um) to separate the TiO, particles, and the absorption was monitored to obtain OTC
concentration.

Table 1 summarizes the different assay conditions (scenarios) under which the OTC photo-
degradation tests, using suspended TiO,, were performed (reactor PR1).

Most of the studies carried out on heterogeneous photocatalysis with TiO, have shown that the
kinetics underlying the photo-oxidation of emerging pollutants can be represented by Eq. (2),
according to the Langmuir-Hinshelwood model [38, 39].

_ dC_kXKXCO
rO__E_1+KxCO (2)

Where r, is the initial rate of photo-oxidation (ppm minutes™); C, is the initial pollutant
concentration (ppm); k is the reaction rate constant (ppm minutes™); and K is the pollutant
adsorption coefficient (L/mg) measured during the period At (s).
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Scenario UV radiation Water matrix [TiO,], (ppm)
S1 Solar Distilled 50
S2 25
S3 Tap 50
S4 25
S5 Distilled -
56 Tap -
S7 UV lamp Distilled 50
S8 25
59 Tap 50
S10 25
S11 Distilled -
S12 Tap -

Table 1. Scenario analysis for OTC photo-oxidation in reactor PR1.

Considering that “KxC,” product can be a value quite low for photo-oxidation processes,
which can be described by a pseudo-first order decay kinetics [35], the final pollutant concen-
tration (C)) is given by Eq. (3).

C = G xek 3)

Where K___ is the apparent velocity reaction constant (minutes™).
aap

So, the initial rate of photo-oxidation can be obtained by Eq. (4) when the pollutants present
vestigial concentrations.

r.=K xC (4)

3.2. Photocatalytic filtration experiments using immobilized TiO,

The lab-scale reactive filter applied on photocatalytic oxidation of OTC consists of two boro-
silicate glass cylinder (DURAN®) with 750 mm length, 70 mm external diameter, and 62 mm
inner diameter. The filtration columns, with this quartz porous medium coated with TiO, are
assembly as showed in Figure 3, and the OTC solution was feed to the columns by a peristaltic
pump (Watson-Marlow 503U).

The porous bed consists of a quartz extracted from a quarry located in Ponte da Barca
(Portugal), which was characterized by X-ray diffraction (XRD) (Figure 4).

The quartz was crushed and sieved in order to reduce its grains size till the desired granu-
lometry, as well as, to facilitate the removal of the usual impurities. After sieving out, a grain
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Figure 3. Filtration columns with a quartz porous media for OTC photo-oxidation.
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Figure 4. Characterization of a quartz sample by X-ray diffraction.
size distribution between 2.36 and 4.75 mm was dipped coated with TiO,, also from Degussa
(Aeroxide®), using the method described by Jeong et al. [40].

Prior to the start of the photocatalytic filtration tests, a study was carried out to optimize the
hydraulic operation of the filter (e.g., flow rates ranges, head losses, hydraulic retention times)
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in order to select the most suitable flow rates: for photocatalysis, experiments were defined 4,
6 and 12 L/h; for adsorption, tests were defined 2, 4 and 6 L/h.

The selected range of flow rates for photocatalysis allows to simulate filtration (loading)
rates similar to those occurring in WTP rapid and high rate filters (real scale hydraulic
conditions) and also leads to OTC contact times with the TiO, that can provide an efficient
photodegradation.

The hydraulic tests were performed both in open and closed (looped) circuit. An open circuit
operation (without filtered water recycling) allows to maintain the initial OTC concentration
constant and thus to evaluate the maximum capacity of retaining pollutant mass correspond-
ing to the occurrence of porous medium saturation. A closed circuit operation allows to per-
form the number of loops (cycles) necessary to obtain the desired OTC contact time with the
porous medium coated with TiO, nanoparticles.

The photocatalytic filtration tests of OTC solutions were performed in looped circuit during
270 minutes, considering different flow rates, initial OTC concentration (20 and 40 ppm),
and aeration conditions. Final OTC concentrations were obtained by absorbance measure-
ment using an UV-VIS spectrophotometer (Shimadzu UV —1800) at 354 nm wavelength.
The effect of the aeration on the photo-degradation efficiency of OTC feed solution was also
evaluated.

Table 2 summarizes the different test conditions (scenarios) under which the photocatalytic
filtration was performed (reactor PR2)

Adsorption test was carried out under similar hydraulic conditions and the same duration
of photodegradation tests, passing the OTC solution through the filter, first with quartz and
after with quartz coated with TiO,, in darkness to avoid any photodegradation contribute on
final OTC removal.

3.3. Acute toxicity test

In order to assess the toxicity of OTC and oxidation by-products, it was used a simple toxicity
test, not normalized but standardized by the international organization WaterTox Network
[41]. In this toxicity assay, lettuce seeds (Lactuca sativa) are used.

Scenario [OTC], (ppm) Flow rate (L/h) Filter aeration
F1 20 4 No

F2 40 6

F3 20

F4 12

F5 Yes

Table 2. Scenario analysis for OTC photocatalysis in reactor PR2.
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Each of the lettuce seed root growth inhibition test was performed with 20 seeds in a Petri
dish, containing a filter paper embedded in 2 mL of each sample dilution (100, 75, 50, and
25%). Root lengths were measured after 72 hours of incubation (Figure 5), and the average
lethal concentration (LC50) was calculated as stated by Dutkka [42].

The samples used consisted of the oxytetracycline before and after photocatalytic treatment
and, as negative control, distilled water. The tests were always carried out in triplicate.

Figure 5. Preparation and final result of the acute toxicity bioassay using L. sativa.

4. Results and discussion

4.1. Photo-oxidation experiments (reactor PR1)

Figure 6 shows the degradation kinetics of OTC photocatalysis (scenarios S1-54) and pho-
tolysis (scenarios S5 and 56) performed in two different aqueous matrices (distilled and tap
water), always with an initial concentration of 20 mg/L and exposed to solar radiation (a free
and renewable energy source) during 210 minutes (experimental).

For OTC degradation using solar radiation exposure, the maximum average value of 88% was
reached for the scenarios S1 and S3 (different water matrix), which correspond to the highest
TiO, concentration.

The constituents present in the tap water, namely the iron, showed to have a significant effect
on the OTC degradation efficiency, with special emphasis in photolysis experiments (almost
quintupled), while in photocatalysis, this increase was only about 20%, under similar condi-
tions of accumulated UV energy. Indeed, auxiliary control testing of tap water quality param-
eters detected the presence of iron concentrations in the range of 0.08-0.1 mg/L.

In order to assess a potential efficiency increase in OTC removal, due to an alternative UV
radiation source (although with energy costs), those two photo-oxidative processes were
also performed for the same aqueous matrices and OTC initial concentration but using
the described UV lamp reactor with an exposure time of 60 minutes (scenarios S7-512). The
obtained results are depicted in Figure 7.
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Figure 6. OTC photo-oxidation efficiency with solar radiation.

Figure 7. OTC photo-oxidation efficiency with UV lamp reactor.

For OTC degradation using UV reactor exposure, the same behavior was observed. The maxi-
mum efficiency (near 96%) was reached for the scenarios S7 and S9 (different water matrix),
which correspond to the highest TiO, concentration. As depicted in Figure 7, the use of those
two different aqueous matrices had a negligible effect on final OTC removal efficiency.

In this case (UV lamp reactor), the efficiency gains on OTC removal, related to the catalyst
action, are much less significant than in the case of the solar radiation tests. Due to this find-
ing the benefit of the use of photocatalysis would not be sufficiently attractive given the costs
inherent to the necessary removal process of suspended TiO, nanoparticles.
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Table 3 summarizes the major experimental results obtained for OTC removal using sus-
pended TiO, namely the maximum average efficiencies, some photo-oxidation kinetic
parameters, and the coefficient of determination (R?) observed in the adjustment of the
Langmuir-Hinshelwood model to the experimental data set obtained for each assay.

The obtained R? values (Table 3) allow to conclude that the Langmuir-Hinshelwood model
adapts adequately to the kinetic behavior observed in the OTC photo-oxidation for any of
those experimental scenarios tested and analyzed in this study.

For both water matrices solutions and in the scenarios using 50 mg/L of TiOZ, OTC removal
efficiencies may achieve values higher than 88% if the accumulated solar energy quantity is
higher than 113 kJ/L.

Comparing the results obtained using these two different UV radiation sources, the photo-
catalysis using TiO, with solar radiation seems to be a sustainable alternative for antibiotic
removal in WTPs due to its minor energy costs and high efficiency removal, even requiring
more exposure/retention time and achieving lower efficiencies, when compared with the ones
observed in UV reactor tests.

4.2. Photocatalytic filtration experiments (reactor PR2)

The results of OTC removal efficiency by photocatalytic filtration performed in the reactor
PR2 are depicted in Figure 8, considering the experimental scenarios F1-F5, which were
defined aiming to assess the influence of different filtration fluxes, OTC initial concentration,
and the OTC solution aeration in the feed tank.

The results showed that slower flux resulted in better OTC removal efficiency at the beginning
of the experiment, due to longer retention times in the filter (curves F1, F3 and F4). Aeration is
important for the oxidation reaction in photocatalytic processes. This process requires dissolved
oxygen to act as an oxidant and to slow down the electron-hole recombination reaction. The curve
F5 for the experiment with aeration shows the highest value for the initial photo-degradation rate.

In Figure 8, it can be seen that the experiments F1, F4, and F5 with 4 and 12 L/h had higher ini-
tial degradation rates, and these tests removed more than 96% of OCT by 270 minutes of solar
irradiation time. The highest OTC removal efficiency obtained for photocatalytic filtration,

Parameter S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
C, (ppm) 19.25 2059 18.69 20.83 1539 20.69 19.57 20.62 12.13 1813 20.69 21.04
C (ppm) 248 480 248 760 13.67 1006 086 216 048 143 402 322
K,,, (minutes™) 0.013 0.009 0.011 0.006 0.001 0.004 0.061 0.047 0.078 0.052 0.030 0.040

R? 0.844 0909 0974 0987 0931 0982 0899 0866 0816 0.807 0.992 0.321
7, (ppmminutes™) 025 019  0.21 012 0.01 0.08 1.19 097 095 094 062 084

OTC removal (%) 87 77 87 64 11 51 96 90 96 92 81 85

Table 3. Results synthesis of OTC photo-oxidation experiments in reactor PR1.
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Figure 8. OTC removal efficiency using photocatalytic filtration with TiO, (PR2).

using a quartz porous medium coated with TiO,, was 98% achieved for scenarios F4 and F5,
which correspond to the higher flow rates tested (without and with filter aeration).

Table 4 summarizes the major experimental results of OTC removal experiments using pho-
tocatalytic filtration with a porous medium coated with TiO,, namely the maximum average
efficiencies, some photo-oxidation kinetic parameters, and the coefficient of determination (R?)
observed in the adjustment of the Langmuir-Hinshelwood model to the experimental data sets.

The results presented were obtained on different days with variations in the amount of accu-
mulated energy from solar radiation received on the surface of the porous medium.

The calculated R? values (Table 4) allow to verify that the Langmuir-Hinshelwood model also
adapts adequately to the kinetic behavior observed in the OTC photocatalytic filtration
performed in this study for any of the analyzed experimental scenarios.

The effect of the flow rate variation on OTC adsorption was assessed using the reactor PR2
in darkness conditions and filtration with two different porous media (quartz without and
with TiO, functionalization). The results of the OTC adsorption tests are depicted in Figure 9,

Parameter F1 F2 F3 F4 F5

C, (ppm) 20.01 40.59 19.38 18.62 18.48
C (ppm) 0.74 3.94 0.95 0.33 0.47
K., (minutes™) 0.011 0.009 0.007 0.010 0.013
R? 0.941 0.956 0.999 0.999 0.958
r, (ppm-minutes™) 0.44 0.36 0.14 0.38 0.51
OTC removal (%) 96.3 90.3 95.1 98.2 97.5

Table 4. Results synthesis of OTC photo-oxidation experiments in reactor PR2.
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Figure 9. Results of the OTC adsorption tests and final look (color changes) of the porous medium.

as well as the final look (color changes) of the porous medium in the following four distinct
situations:

a. Quartz without TiO,
b. Quartz coated with TiO,
¢. Quartz coated with TiO, after saturation (OTC adsorption)

d. Quartz without TiO, after OTC adoption test.

In darkness and after 120 minutes, the quartz (without TiO,) has a negligible OTC adsorption,
but in the column filter with the coated quartz, the adsorption is function of the feed flow rate.
With a flow rate of 6 L/h, the equilibrium concentration was reached within 90 minutes, and
for 4L/h, the equilibrium concentration was only reached after 120 minutes.

Moreover, it was also observed a high regeneration ability by the photocatalytic porous
medium, which can completely recover its oxidative properties after a simple solar radiation
exposure of about 4 hours [15]. Figure 10 presents the time evolution of saturation and regen-
eration processes observed in this photocatalytic filter.

Asreported on item 3.3, the toxicity of the oxytetracycline both before and after the photocata-
lytic degradation (performed in each reactor — PR1 and PR2) was evaluated by using L. sativa
seeds germination as a bioindicator.

The results of these toxicity tests toward lettuce seed growth showed a toxicity decrease after
the photocatalytic OTC degradation, enabling the adoption of this emerging water treatment
technique as an apparently safe alternative for the antibiotics removal challenge.
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Figure 10. Saturation and regeneration processes evolution observed in the photocatalytic filter (PR2).

5. Conclusions

The chemical structure of OTC was effectively degraded by in both lab-scale photo-oxidation
reactors, achieving very high OTC removal efficiencies for photocatalytic experiments
(96-98%), even with small amounts of suspended and coated TiO, nanoparticles.

The results obtained in the photo-oxidation experiments using suspended TiO, indicate that:

* The photocatalytic tests were more effective than testing photolysis, which proves the high
catalyzing power of TiO, particles described in the literature.

* OTC solutions exposed to UV-lamp radiation reached higher OTC removal efficiency
(maximum about 96%) than those exposed to solar radiation (maximum about 88%). Nev-
ertheless, the last one UV radiation source seems to be a more sustainable alternative for
antibiotic removal in WTPs due to its minor energy costs and high efficiency removal.

* The overall efficiencies of the OTC degradation in distilled and tap waters are very close,
namely when the iron concentration in water is low.

* The kinetics of OTC photo-oxidation reveals a faster degradation during the first 10-20
minutes.

The results obtained in the photocatalytic filtration experiments performed by a porous media
coated with TiO, nanoparticles indicate that:

¢ The best OTC removal efficiency was 98%, achieved for an antibiotic initial concentration of
20 mg/L, a flow rate of 12 L/h in a looped hydraulic circuit, and for a cumulate solar energy
near 805 kJ/L.

* Slower flux seems increase OTC removal efficiency at the beginning of the experiment, due
to longer retention/contact time into the column filter.

¢ The experiment performed with aeration shows the highest value for the initial photo-
oxidation rate, and one of the best final OTC removal efficiency.
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* In darkness, the quartz (without TiO,) has a negligible OTC adsorption, but in the column
filter with the coated quartz the adsorption is relevant, and function of the feed flow rate
increase.

* It must be highlighted the surprising regeneration ability showed by the developed pho-
tocatalytic porous media, which can completely recover its oxidative properties after a
simple sun exposure for 4 hours, allowing sustainable use of the photocatalytic filter.

The Langmuir-Hinshelwood model was adequately adapted to the kinetic behavior observed in
the OTC photo-oxidation processes in all of the analyzed scenarios, and for both used photo-
catalytic reactors.

The toxicity tests carried out showed that the use of heterogeneous photocatalysis with sus-
pended TiO, does not induce the appearance of toxic by-products in the water, since the seeds
of lettuce L. sativa always showed inhibition percentages lower than 22% after treatment.
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Abstract

The water bodies’” pollution with phytosanitary products can pose a serious threat to
aquatic ecosystems and drinking water resources. The usual appearance of pesticides in
surface water, waste water and groundwater has driven the search for proper methods to
remove persistent pesticides. Although typical biological treatments of water offer some
advantages such as low cost and operability, many investigations referring to the removal
of pesticides have suggested that in many cases they have low effectiveness due to the lim-
ited biodegradability of many agrochemicals. In recent years, research for new techniques
for water detoxification to avoid these disadvantages has led to processes that involve
light, which are called advanced oxidation processes (AOPs). Among the different semi-
conductor (SC) materials tested as potential photocatalysts, titanium dioxide (TiO,) is the
most popular because of its photochemical stability, commercial availability, non-toxic
nature and low cost, high photoactivity, ease of preparation in the laboratory, possibility
of doping with metals and non-metals and coating on solid support. Thus, in the present
review, we provide an overview of the recent research being developed to photodegrade
pesticide residues in water using TiO, as photocatalyst.

Keywords: titania, pesticides, water, photocatalytic degradation

1. Introduction

Pesticide may be defined as ‘any substance or mixture of substances intended for preventing,
destroying, or controlling any pest including vectors of human or animal diseases, unwanted
species of plants or animals causing harm during, or otherwise interfering with, the produc-
tion, processing, storage, or marketing of food, agricultural commodities, wood and wood
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products, or animal feedstuffs, or which may be administered to animals for the control of
insects, arachnids or other pests in or on their bodies. The term includes chemicals used as
growth regulators, defoliants, desiccants, fruit thinning agents, or agents for preventing the
premature fall of fruits, and substances applied to crops either before or after harvest to pre-
vent deterioration during storage or transport’ [1]. There are many hundreds of them including
herbicides, insecticides, fungicides, rodenticides, nematicides, plant growth regulators and
others. Pesticide products contain both ‘active’” and “inert’ ingredients: active ingredients are
the chemicals in pesticide products that kill, control or repel pests. All other ingredients are
called ‘inert ingredients,” which are important for product performance and usability.

Pesticides have been widely applied to protect agricultural crops since the 1940s, and their
use increased steadily during the subsequent decades. The Green Revolution was the notable
increase in cereal-grain production in many developing countries in the 1960s and 1970s. This
tendency resulted from the introduction of hybrid strains of wheat, rice and corn and the
adoption of modern agricultural technologies, including irrigation and large doses of agro-
chemicals, fertilisers and pesticides [2]. However, Rachel Carson (1907-1964) with the pub-
lishing of her sensational book Silent Spring in 1962 [3] warned of the dangers to all natural
systems from the misuse of some pesticides such as DDT (1,1,1-trichloro-2,2-di(4-chlorophe-
nyl) ethane). As a result, a wider audience was warned of the environmental effects of the
widespread use of pesticides, and DDT was banned for agricultural use 10 years later in the
USA, and the regulation of chemical pesticide use was strengthened. Currently, all pesticides
are subject to strict registration as meaning ‘the process whereby the responsible national
government authority approves the sale and use of a pesticide following the evaluation of
comprehensive scientific data demonstrating that the product is effective for the purposes
intended and not unduly hazardous to human or animal health or the environment’ [4]. In
evaluating a pesticide registration application, a wide variety of potential human health and
environmental effects associated with their use must be tested. Registrants must generate the
necessary scientific information to address concerns corresponding to the identity, composi-
tion, potential adverse effects and environmental fate of each pesticide. These data allow eval-
uating whether a pesticide could harm certain nontarget organisms and endangered species.

Protection of crop losses/yield reduction and increase in food quality are key benefits associ-
ated with the use of pesticides in agriculture. However, most organic pesticides characterised
as persistent in the environment can bioaccumulate through the food web and can be trans-
ported in long distances [5], as evidenced by the accumulation in regions where persistent pes-
ticides have never been used [6]. Persistent organic pollutants (POPs) are chemical compounds
that persist in the environment and adversely affect human health and the environment around the
world [7]. Because they can be transported by wind and water, most POPs can affect human
health and wildlife far from where they are applied. They have high persistence in the environ-
ment and can accumulate passing from one species to the next through the food chain. To treat
this environmental concern, the USA joined forces with 90 other countries and the European
Community to sign the agreement United Nations treaty in Stockholm (Sweden, May 2001). The
Stockholm Convention on Persistent Organic Pollutants, approved by Council Decision 2006/507/
EC [8], entered into force on 17 May 2004. The aim of the Convention was to protect human
health and the environment from POPs. Under the treaty, known as the Stockholm Convention,
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countries agreed to reduce or eliminate the production, use and/or release of 12 key POPs (‘the
dirty dozen’, mainly organochlorine (OC) insecticides) and specified under the Convention a
scientific review process that has led to the addition of other POP chemicals of global concern.
Currently, there are 30 substances catalogued as POPs including mainly pesticides, industrial
chemicals and by-products.

In addition, many pesticides are endocrine-disrupting chemicals (EDCs), compounds that alter
the normal functioning of the endocrine system of both wildlife and humans increasing incidence of
breast cancer, abnormal growth patterns and neurodevelopmental delays in children, as well as changes
in immune function [9-11]. Most of them are organochlorine (OC) pesticides that affect the
reproductive function.

Worldwide consumption of pesticides for agricultural use is constantly increasing as increased
human population and crop production, and it has undergone significant changes since the
1960s. Nowadays, the worldwide consumption of pesticides is about 2 million tonnes per
year, which 45% is used by Europe alone, 25% is consumed in the USA and 30% in the rest
of the world. The proportion of herbicides in pesticide consumption increased rapidly, from
20% in 1960 to 47.5% in 2015. However, the proportion of consumption of insecticides (29.5%)
and fungicides/bactericides (17.5%) declined despite their sales increased with other accounts
for 5.5% only [12]. The rapid increase of herbicide consumption enhanced agricultural inten-
sification and productivity.

The application of chemical pesticides, in particular the organic-synthesised pesticides, has
been a significant mark of human civilisation, which greatly protects and facilitates agricul-
tural productivity. Worlwide, insect pests cause an estimated 14% loss, plant pathogens cause
a 13% loss, and weeds causes a 13% loss [13]. Pesticides are so indispensable in agricultural
production. About one-third of the agricultural products are produced by using pesticides
[14]. Without pesticide application, the loss of fruits, vegetables and cereals from pest injury
would reach 78, 54 and 32%, respectively [15]. Ideally, a pesticide must be lethal to the tar-
geted pests, but not to nontarget species, including humans. Unfortunately, this is not the
case, so the controversy of use and abuse of pesticides is obvious. Consequently, the risks of
using pesticides are serious as well [13]. Most pesticides are not spontaneously generated,
and they are toxic to humans and the environment in greater or lesser degree [16]. Pesticides
and their degraded products can pass into the atmosphere, soils and water, resulting in the
accumulation of toxic substances and thus threatening human health and the environment. In
addition, accumulated application leads to loss of biodiversity. Because many pesticides are
barely degradable, they persist in soil and pollute surface water and groundwater. Depending
on their chemical properties, they can bioaccumulate in food chains and consequently affect
human health.

For many pesticides, there is evidence of long-term ubiquity in the aquatic environment at
the European Union (EU) level, and therefore they need special consideration as regards their
impact on the presentation of chemical status under the European Water Framework Directive
(EWEFD) [17]. The EWED establishing a framework for community action in the field of water
policy lays down a strategy against the pollution of water. Directive 2008/105/EC [18], amended
by Directive 2013/39/EU [19] on environmental quality standards in the field of water policy,

149



150 Application of Titanium Dioxide

lays down environmental quality standards in accordance with the EWFD, for the 33 priority
substances. The EWED also sets out general provisions for the protection and conservation of
groundwater. The establishment of detailed quality criteria for the assessment of groundwater
chemical status in Europe was laid down in the European Groundwater Directive [20]. For
this reason, the EU established the following groundwater quality standards: 0.1 ug L™ for
individual pesticide and 0.5 pg L™ for the sum of all individual pesticides to safeguard people
from harmful effects.

During the 1990s of the last century, atrazine (herbicide) and endosulfan (insecticide) were
found most often in surface waters in the USA and Australia due to their widespread use.
In addition, although in lower proportions, other pesticides such as pronofos, dimetho-
ate, chlordane, diuron, prometryn and/or fluometuron were detected [21]. Studies that are
more recent also reported the presence of several pesticides in environmental waters (sur-
face water, groundwater and seawater) close to agricultural lands over the world [22-34].
In addition, different studies have corroborated the presence of some pesticides in drinking
water [35-38].

Pesticides are being continuously released into the aquatic environment through anthropo-
genic activities. Their detection in storm and wastewater effluent has been reported to be a
major obstacle as regards wide-ranging acceptance of water recycling [39]. In addition, their
variety, toxicity and persistence present a threat to humans through pollution of drinking
water resources (e.g. surface water and groundwater). The frequent occurrence of pesticides
in surface water and groundwater has prompted the search for suitable methods to destroy
them. Although conventional biological treatments of water offer some advantages such as
their low cost and easy operation, most studies concerning the treatment of pesticides have
concluded that they are not very effective due to their low biodegradability [40, 41]. Other
technologies such as adsorption or coagulation merely concentrate pesticides by transfer-
ring them in other phases but still remain and not being completely eliminated. To solve this
problem, apart from reducing emissions, two main water strategies are followed: (i) chemi-
cal treatment of drinking water, surface water and groundwater and (ii) chemical treatment
of wastewaters containing biocides and bio-recalcitrant pollutants as pesticides. Chemical
treatments of polluted surface water, waste water and groundwater are part of a long-term
strategy to improve the quality of water by removing toxic compounds of anthropogenic
origin before returning the water to its natural cycle. The Directive 2013/39/EU [19] promotes
the preventive action and the polluter pays principle, the identification of pollution causes,
dealing with emissions of pollutants at the source, and finally the development of innova-
tive wastewater treatment technologies, avoiding expensive solutions. Therefore, effective,
low-cost and robust methods to decontaminate waters are needed, as long as they do not fur-
ther stress the environment or endanger human health, particularly prior to direct or indirect
reuse of reclaimed water. In this context, the development of Solar Chemistry Applications
is of special relevance, especially photochemical processes where solar photons are absorbed
by reactants and/or a catalyst causing a chemical reaction. Consequently, in recent years there
has been growing interest in the use of advanced oxidation processes (AOPs) to remove pes-
ticide residues as alternative to methods that are more conventional because they allow the
abatement of them by mineralisation.
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2. Advanced oxidation processes to remove pesticides from water

AOQOPs have been commonly defined as near-ambient temperature treatment processes based on
highly reactive radicals, especially the hydroxyl radical ("OH). Other radicals and active oxygen
species involved are superoxide radical anions (O,*), hydroperoxyl radicals (HO,™), triplet
oxygen (30,) and organic peroxyl radicals (ROO"). In all probability, the *OH (E, = 2.8 V) is
among the strongest oxidising species used in water treatment and confers the potential to
greatly accelerate the rates of pesticide oxidation. Hydroxyl radicals can degrade indiscrimi-
nately micropollutants with reaction rate constants usually around 109 L mol™ s [42], yielding
CO,, H,0 and, eventually, inorganic ions as final products. After fluorine (E;=3.1 V), "OH is the
strongest oxidant [43], and its production can be achieved by many pathways, which allows
one to choose the appropriate AOP according to the specific characteristics of the target water/
wastewater and treatment requirements. Regarding the methodology to generate hydroxyl
radicals, AOPs can be divided into chemical, electrochemical, sono-chemical and photochemi-
cal processes. Typical AOPs can be also classified as homogeneous that occur in a single phase
and heterogeneous processes because they make use of a heterogeneous catalyst like metal-
supported catalysts, carbon materials or semiconductors such as TiO,, WO,, ZnO, CdS, SnO,,
ZnS and others [44]. Figure 1 shows some homogeneous and heterogeneous processes [41, 45].

When the chemical process (mineralisation) destroys the contaminants and their reaction
intermediate products (metabolites), critical secondary wastes are not generated and, thus,
post-treatment or final disposal is not required [46]. However, if complete mineralisation is
not achieved or the reaction period is too long, a final post-treatment may be necessary. A
higher biodegradability and lower toxicity of the reaction by-products, in comparison with the
parent compounds, are desirable benefits of applying AOPs to treat wastewaters. However,
in some cases, these by-products are less biodegradable and/or more toxic than the parent
compounds. For this reason, AOPs can be applied as post- or pretreatment of biological pro-
cesses. The integration of different AOPs in a sequence of treatment processes is a common
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Figure 1. Scheme for conventional AOPs.
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approach to achieve a biodegradable effluent, which can be further treated by a conventional
biological process, reducing the residence time and reagent consumption in comparison with
AOPs alone. Figure 2 shows possible integration of AOPs in wastewater and drinking water
treatment plants.

One drawback of these processes is the presence of scavengers in wastewaters because
these species consume *‘OH, competing with pesticides. They can be organic matters (e.g.
humic and/or fulvic acids, amino acids, proteins and carbohydrates) or inorganic ions
(CO,5, HCO,, S, Br, NO, and others). Because most natural waters contain these scav-
engers, optimisation of AOPs must be performed bearing them in mind. The knowledge
of their effect on the process efficiency is difficult because they have different reactivities,
as well as due to the constant variations in the aqueous phase when the parent pollutants
are continuously transformed into many different intermediates. Among these techniques,
photocatalytic methods in the presence of artificial or solar light, like heterogeneous pho-
tocatalysis (HP), have been proven very effective for the degradation of a wide range of
pesticides [48].

2.1. Basis of heterogeneous photocatalysis

Photocatalysis may be defined as the acceleration of a photoreaction by the presence of a catalyst.
HP, the use under irradiation of a stable solid semiconductor for stimulating a reaction at the solid/
solution interface, is a technique of environmental interest for the treatment of pesticide-pol-
luted water combining the low cost, the mild conditions and the possibility of using natural
sunlight as the source of irradiation [39, 49]. Progress and challenges of HP can be reviewed
in recent published papers [50, 51]. In brief, HP is based on the irradiation of semiconduc-
tor (SC) particles, usually suspended in aqueous solutions, with wavelength energy v > E_
(band-gap energy). Thus, an electron (e7) is driven to the conduction band (cb), remaining a
positive hole (h*) in the valence band (vb). Both the e~ and h* migrate to the particle surface
(Figure 2). The e”, and the h* , can recombine on the surface or in the bulk of the particle in
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Figure 2. Possible implementation of AOPs in waste water and drinking water treatment plants (adapted from Petrovic
et al. [47].
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short time, and the energy dissipated as heat. In addition, they can be trapped on the surface
reacting with donor (D) or acceptor (A) species adsorbed or close to the surface of the par-
ticle [52] as can be seen in Figure 3. The wavelength (A) of radiation required to activate the
catalyst must be equal or lower than the calculation by Planck’s equation, A = he/E,, where h
is Planck’s constant (6.626176 x 10 J s™), ¢ is the speed of light and E_is the semiconductor
band-gap energy.

As a rule, TiO, is considered the best photocatalyst due to different qualities such as high
photochemical stability, high efficiency, non-toxic nature and low cost, whose behaviour is
very well documented in the recent literature [53, 54]. Excellent reviews have been published
during the last years on the photoactivity of TiO, to purify pesticide-polluted waters [39, 48,
55-60].

2.2. Properties and characteristics of titanium dioxide photocatalysts

Titanium dioxide is by far, the most investigated photocatalyst to remove organic pollut-
ants from water. The photocatalytic activity of TiO, slurries depends on physical properties
of the catalyst (crystal and pore structure, surface area, porosity, band gap, particle size and
surface hydroxyl density) [61, 62]. On the other hand, operating conditions such as light
intensity and wavelength, initial concentration and type of pollutants, catalyst loading,
oxygen content, interfering substances, presence of oxidants/electron acceptor, pH value
and configuration of photoreactor have a key role [39, 58, 63-66]. Finally, the mode of TiO,
application (suspended, immobilised or doped) is fundamental to rate the photocatalytic
activity.
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2.2.1. Composition of TiO, and its types

Titanium dioxide is known to occur in nature as anatase (At), brookite (Bk) and rutile (R1)
(Figure 4). Rl is usually considered to be the high-temperature and high-pressure phase rela-
tive to At, whereas Bk is often considered to be of secondary origin. Rl is the most common,
most stable and chemically inert and can be excited by both visible and ultraviolet (UV) light
(wavelengths smaller than 390 nm) [67]. At is only excited by UV light and can be transformed
into Rl at high temperatures. Both Rl and At have a tetragonal ditetragonal dipyramidal crys-
tal system but have different space group lattices. UV light does not excite Bk, but its ortho-
rhombic crystal system can be transformed into Rl with the application of heat.

Generally, At exhibits higher photocatalytic activities than Rl. However, the reasons for the dif-
ferences in photocatalytic activity between At and Rl are still being debated. Although At has
lower absorbance ability to solar light than RI because its band gap is larger (3.2 eV) than that
of RI (3.0 eV), the photocatalytic activity of At is higher than that of Rl. This can be explained
because At has a higher surface adsorption capacity to hydroxyl groups and a lower charge
carrier recombination rate than Rl [68]. Also, the lower photocatalytic activity of Rl is due to
its larger grain size [69], lower specific surface areas and less capacity for surface adsorption.
In addition, the lifetime of photo-generated e~ and h* in Rl is about an order of magnitude
smaller than that of At. Consequently, the chance of participation of photoexcited e- and h+ of
At in surface chemical reactions is greatly enhanced. According to Zhang et al. [70], Rl and Bk
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Figure 4. (1) The schematic conventional cells for anatase (a), rutile (b) and brookite (c) phases [73]; (2) SEM image of
TiO, P25 and (3) XRD pattern of TiO, P25.
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belong to the direct band-gap SC category, while At appears to be an indirect band-gap SC. As
a consequence, At exhibits a longer lifetime of photoexcited e and h* than Rl and Bk because
the direct transition of photo-generated electrons from the conduction band to valence band
of At is not possible. Moreover, At has the lightest average effective mass of photo-generated
e and h* than Rl and Bk suggesting the fastest migration of photo-generated e” and h* from the
interior to the surface of At. This results in the lowest recombination rate of photo-generated
charge carriers within At. Therefore, it is not surprising that Rt and Bk show a smaller photo-
catalytic activity than At.

TiO, can use natural sunlight because it has an appropriate energetic separation between its
valence and conduction bands which can be surpassed by the energy content of a solar photon
(380 nm > A >300 nm). The sunlight puts 0.2-0.3 mol photons of m2h™ in the 300400 nm range
with a typical UV flux of 20-30 W m™. In addition, photons can be generated by artificial irradia-
tion although it is the most important source of costs during the treatment of wastewater [65].
Different available TiO, catalysts (with different surface areas, crystal sizes and compositions)
such as Degussa P25, Hombikat UV100, PC500, PC10, PC50, Rhodia and others have been tested
for the photolytic degradation of pesticides in aqueous environments [39]. From them, Degussa
P25 has been the most used because it has good properties (i.e. typically a 70:30 At:Rl composi-
tion, non-porous, Brunauer, Emmett and Teller (BET) around 55 m? g! and average particle size
30 nm) and a substantially higher photocatalytic activity than other commercial TiO, [65]. The
higher photocatalytic activity of P25 has been attributed to its crystalline composition of Rl and
At. It is known that the smaller band gap of rutile absorbs the photons and generates e”/h* pairs.
Then, the electron transfer takes place from the rutile to electron traps in the At phase. Thus, the
recombination is inhibited and allows the hole to move to the surface of the particle to react [71].

2.2.2. Operating conditions

The e7/h* formation in the photochemical reaction is strongly dependent on the light intensity at
a given wavelength [72]. Therefore, the dependency of pollutant degradation rate on the light
intensity has been studied in numerous investigations of various organic pollutants. According
to Herrmann [73], the reaction rate is proportional to the radiant flux (¢) <25 mW cm™?, while
above this value, the rate varies as ¢”, which indicates a too high value of the flux increasing the
e /h* recombination rate. When the intensity is high, the reaction rate does not depend on light
intensity because at low intensity, reactions involving e’/h* formation are predominant, while
e /h* recombination is not significant [74].

Several authors have indicated that when the level of the target pesticide increases, a large
number of molecules of the compound are adsorbed on the photocatalyst surface and, conse-
quently, the reactive species ("OH and O,"") required for pesticide degradation also increase.
However, the formation of *OH and O, on the catalyst surface remains constant for a given
catalyst amount, light intensity and irradiation time. Hence, at higher concentrations the avail-
able *OH is inadequate for pollutant degradation. Therefore, as the concentration increases,
the pollutant degradation rate decreases [75]. In addition, an increase in pesticide concentra-
tion leads to the generation of intermediates (metabolites), which may be adsorbed on the
surface of the catalyst.
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Because TiO, is often used as suspension, the photocatalytic degradation rate initially increases
with catalyst loading and then decreases at high concentrations due to light scattering and
screening effects. Although the number of active sites in solution will increase with catalyst
loading, light penetration is compromised because of excessive particle concentration. The
interaction between particles (agglomeration) increases at high concentration, and, conse-
quently, the surface area available for light adsorption is reduced and photocatalytic activity
decreases. The optimum catalyst loading has to be found in order to avoid excess catalyst and
ensure the maximum absorption of photons. Although the results in the literature are very dif-
ferent, it may be deduced that the incident radiation and path length inside the photoreactor
are of special interest in determining the optimum catalyst mass.

Waste water, surface water, groundwater and drinking water pHs vary significantly and play
an important role in the photodegradation of pesticides since it determines the size of aggre-
gates it forms and the surface charge of the photocatalyst. The surface charge of the photo-
catalyst and the ionisation or speciation (pK) of a pesticide can be seriously affected by the
solution pH. Electrostatic interaction between the surface of the semiconductor, substrate,
solvent molecules and radicals formed during photocatalytic oxidation strongly depends on
the solution pH. At pH below its pK_ value, an organic compound exists as neutral state.
Above this pK value, organic compounds attain a negative charge, which can significantly
influence their photocatalytic degradation. The point of zero charge (PZC, the pH at which
the surface has a neutral net electrical charge) of TiO, is not very sensitive to the crystal-
lographic structure (At vs Rl) and the experimental method used. The common value is pH
5.9 for both phases. Although the PZC of TiO, depends on the production method, the most
frequent value for TiO, P25 is 6.3 [76]. Below or above this value, the charge of the catalyst
surface is positive or negative, respectively, according to the following reactions:

pH<pzcTiOH +H* —» TiOH;, pH>pzcTIOH+OH" - TiO+H,O (1)

At low pH, the positive holes are considered as the major oxidation step, whereas at neutral
or high pHs, *OH is the predominant species [77]. It is expected that the generation of *OH
will be higher due to the presence of more available OH™ on the TiO, surface. Thus, the degra-
dation efficiency of the process will be enhanced at high pH. A very important feature of the
photocatalytic process is that in many cases, a great number of different metabolites are pro-
duced, which may behave in a different way depending on the pH of the solution. As regards
temperature, photocatalytic systems do not require heating and operate at room temperature
because of photonic activation [65].

The e/h* recombination is one of the main drawbacks in the application of semiconductor
photocatalysis as it causes waste of energy. In the absence of suitable electron acceptor, recom-
bination step is predominant, and thus, it limits the quantum yield [39]. In HP reactions, O,
is generally used as electron acceptor. Addition of exogenous oxidant/electron acceptors into
a semiconductor suspension has been shown to improve the photocatalytic degradation of
many pesticides because they can eliminate the e/h* recombination by accepting the con-
duction band electron, increase the *OH concentration and oxidation rate of intermediate
compound and produce more radicals and oxidising species to accelerate the degradation
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efficiency of intermediate compounds. Because *OH plays an important role in photodegrada-
tion, several researchers have investigated the effect of addition of different electron acceptors
(i.e. HO, KBrO, or Na,S O,) on the photocatalytic degradation of many pesticides [75, 78].

272 27278

The ability of peroxydisulfate is not only attributed to the promotion of charge separation
but also to the production of sulphate radicals (SO,*"), which are very strong oxidising agents
(E,=2.6 V), and the appearance of more hydroxyl radicals (*OH) according to the following
reactions:

S,0+e” - SO+S0O;” (2)

SOy +e - SO; @)
SO;+H,0-S0O;+*OH+H" 4)
SO;+ RH — Intermediates - SO+ CO, (5)

Besides, the addition of H,O, enhances the degradation due to the increase in the *OH con-
centration as follows:

H,0+e - *OH+OH" ©6)
H,0+0; — *OH+OH+0, )
H,0,+hv —2°OH 8)

The quantum yield of 5,0,* (1.8 mol Einstein™) is much larger than that of H,O, (1 mol
Einstein™'), which can be related to the rate of recombination of *OH (5.3x10° M™' s™) and SO,
(8.1x108 M1 s1) [79].

As reviewed by Ahmed et al. [39], many studies have demonstrated that water components
like Ca*, Mg*, Fe*, Zn*, Cu*, HCO,, PO43’, NO,, SO,* and CI" and dissolved organic matter
(DOM) can affect the photodegradation rate of organic pollutants since they can be adsorbed
onto the surface of TiO, [80, 81]. These dissolved components can compete with the pesticide
for the active sites depending on the solution pH, reducing the formation of *OH. Anions
result in corresponding anion radicals scavenged by “OH. However, they have lower oxida-
tion potential. In addition, DOM, ubiquitously present in storm and wastewater effluent, also
plays an important role regarding pesticide degradation. The observed slowdowns are related
to the inhibition (surface deactivation), competition and light attenuation effects. Moreover,
the presence of humic acids in the reaction solution has been reported to significantly reduce
light transmittance and consequently the photooxidation rate.

As usual, two types of photoreactors are used for photocatalytic wastewater treatment pro-
cesses: (i) slurry photoreactors and (ii) fixed-bed photoreactors [82]. The slurry photoreactors
utilise suspended photocatalyst particles, while the other type utilises immobilised photocata-
lyst particles on a surface. Currently, the catalysts are applied in the form of a slurry in most
cases. However, the separation of catalyst after the reaction in the slurry systems is an expensive
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and tedious stage, which adds to the overall running costs of the plant. Therefore, immobilised
catalyst systems are preferred in order to avoid an increase in cost and time. However, the
immobilised catalyst systems have low interfacial surface areas and consequently a very low
activity, being also difficult to scale [83]. It is noted that configuration of photoreactor has an
important role in the efficiency of the photocatalytic wastewater treatment processes.

2.2.3. Bare, doped and immobilised application of TiO,

Generally, the use of TiO, slurries has been demonstrated to have higher photocatalytic activ-
ity as compared to the same immobilised catalyst. This is due to changes on the surface of
the catalyst by blocking pores and the appearance of by-products causing the loss of active
sites on its surface. Usually, TiO, is prepared in the form of nanopowders, crystals, thin films,
nanotubes and nanorods. As a rule, the immobilisation of TiO, onto supporting material has
been carried out via one of two major routes: (i) physical (thermal treatment) and (ii) chemi-
cal (sol-gel, electrodeposition, etc.). The evolution of different supports and the benefits and
drawbacks of various immobilisation techniques to obtain a high-surface-area TiO, can be
seen in the reviews by Shan et al. [84] and Dahl et al. [85]. Nonetheless, the interest for the
development of TiO, supported on different materials is growing because the use of the bare
TiO, phases presents some drawbacks as (i) necessity of irradiation with UV light due to the
small amount of photons absorbed in the Vis region, (ii) high recombination rate for the pho-
toproduced e /h* pairs, (iii) difficulty to improve the performance by doping with some mate-
rials that often act as recombination centres, (iv) deactivation in the absence of H,O vapour
when aromatic molecules must be abated and (v) difficulty to support powdered TiO, on
some materials [45]. Consequently, the research line in HP has been driven to modify some
electronic and morphological properties of TiO, to enhance its photoefficacy. In this context,
nanosized particles and films on glasses or other supports and powdered samples with high
specific surface areas have been obtained to increase the possibility for the involved species to
avoid the separation step [86]. Doping, loading and sensitisation of TiO, are methods aimed
to shift the light absorption towards visible light and/or to increase the lifetime of the photo-
produced e /h* pairs.

A number of approaches have been suggested in recent years to enhance photocatalytic activ-
ity of TiO, in the visible light region for its use in water detoxification [87]. Metal ion doping
and co-doping with non-metals can improve trapping of the photoexcited conduction band
electrons at the surface, thereby minimising charge carrier recombination. Several dopants
used (e.g. Sn, Ag, Pd, Re, Bi, V, Mo, Th or Pt among others), have been shown to enhance pho-
tocatalytic activity for the systems examined. However, the photoactivity of the metal-doped
TiO, photocatalyst significantly depends on the dopant ion nature and concentration, prepa-
ration method and operating conditions [88]. The deposition of metal ions on TiO, can modify
the photoconductive properties by increasing the charge separation efficiency between elec-
trons and holes, which will enhance the formation of both free hydroxyl radicals and active
oxygen species [89]. Recent research indicates that the desired narrowing on the band gap of
TiO, can be achieved using non-metal elements such as N, F, S and C. Thus, modified TiO,
showed a significant improvement on the absorption in the Vis light region due to band-gap
narrowing and enhancing the degradation of pesticides under Vis light irradiation, mainly
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under sunlight [90, 91]. Also, it is possible to produce coupled colloidal structures using TiO,
such as TiO,-5nO,, TiO,-CdS, TiO,-Bi,S, TiO,-WO, or TiO,-Fe,O,, in which illumination of
one semiconductor produces a response in the other at the interface between them by increas-
ing the charge separation and extending the energy range of photoexcitation. On the other
hand, the coating of one semiconductor or metal nanomaterial on the surface of another semi-
conductor or metal nanoparticle core is called capping. Semiconductor nanoparticles of TiO,
can be coated with another semiconductor (i.e. SnO,) with a different band gap to enhance its

emissive properties [92].

2.3. Heterogeneous photocatalytic degradation of pesticide residues in water over
titanium dioxide

A desirable feature in the photodegradation of pesticides in water is the transformation of
the parent compounds in order to avoid their toxicity. However, the main objective is the
mineralisation of the pesticides. As previously commented, *OH is the main species involved
for organic substrate oxidation, but the free radical HO," and its conjugate O, also play an
important role although those radicals are much less reactive than *“OH. All these free radi-
cals react with pesticides by hydrogen abstraction or electrophilic addition to double bonds.
Further, the radicals react with O, to give organic peroxyl radicals (ROO") initiating differ-
ent oxidative reactions that may lead to the complete mineralisation of the pesticides. Since
*OH is non-selective, numerous and different transformation products (intermediates) can be
formed at low concentrations being in certain cases more persistent and toxic than the parent
compounds.

Mineralization: —» Organic pesticide — Intermediates
- CO,+H,0+CI+NO+S0O+P O] etc. 9)

The presence of pesticide residues in water is usually monitored using chromatographic
techniques such as gas chromatography (GC) and liquid chromatography (LC) coupled
to mass spectrometry (MS") and time-of-flight (TOF) detection systems. However, since
identification of all the transformation products generated during the photooxidation is
not possible, the measure of total organic carbon (TOC) and more specifically dissolved
organic carbon (DOC) is crucial in the process because determination of CO, must be stoi-
chiometric with the organic carbon in the parent pesticide. This determination can be car-
ried out in a simple and rapid way to know the mass balance and the remaining amount
of metabolites. As example, Figure 5 shows the photodegradation pathways proposed for
chlorantraniliprole [93] and tebuconazole [94] dissolved in water when illuminated in the
presence of TiO,.

In the case of chlorantraniliprole, a new class of anthranilic diamide insecticide, several trans-
formation products are generated during irradiation as a result of different reactions such as
hydroxylation, deamination, hydrolysis of the amide bridge and rearrangement followed by
cyclisation, methyl amine transfer and fragmentation. For tebuconazole, a common triazole
fungicide with numerous agricultural and urban uses, the transformation pathway was found
to proceed through tert-butyl chain cleavage, hydroxylation, oxidation and dechlorination
and showed that its degradation mechanism was mainly driven by *‘OH and h*.
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Figure 5. Photometabolic pathways proposed for chlorantraniliprole (insecticide) and tebuconazole (fungicide) in water
slurries when illuminated in the presence of TiO,.

The use of HP has showed a powerful growth in recent years. Today, pesticides constitute
an important group concerning pollutant treatment. The large number of papers published
in the last years proves this interest. A review to the literature extracted from the Web of
Science™ (formerly ISI Web of Knowledge, www.isiknowledge.com) managed by Thomson
Reuters (Philadelphia, USA) using the following keywords, TiO,, pesticides and water, shows
463 papers only in the period 2005-2016.

Table 1 shows some of the most popular journal publishing on the topic “photocatalysis and
pesticides” according to the following criteria: impact factor > 2 and Eigenfactor score > 0.01
(Journal Citation Reports (JCR) Science Edition 2015).

The Journal Impact Factor is defined as all citations to the journal in the current JCR year to
items published in the previous 2 years, divided by the total number of scholarly items (these
comprise articles, reviews and proceeding papers) published in the journal in the previous
2 years. The Eigenfactor score calculation is based on the number of times articles from the
journal published in the past 5 years have been cited in the JCR year, but it also considers
which journals have contributed these citations so that highly cited journals will influence the
network more than lesser cited journals. References from one article in a journal to another
article from the same journal are removed, so that Eigenfactor scores are not influenced by
journal self-citation.

Following the criteria above, some of the most representative publications are presented in
this summary (Table 2). Results show that sunlight photoalteration (photolysis) processes are
well now to play an important role in the degradation of pesticides and other contaminants
in the aquatic environment. These technologies allow the removal of pesticides by minerali-
sation. When the exciting energy used comes from the Sun, the process is called solar photo-
catalysis [95]. Photocatalytic oxidation by semiconductor oxides is an area of environmental
interest for the treatment of polluted water, particularly relevant for Mediterranean agricul-
tural areas, where solar irradiation is highly available making this process quite attractive.
An ideal photocatalyst is characterised by photostability, biologically and chemically inert
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Journal title (ISO)  Editorial/country ISSN ° IF® 5Y-IF ES¢

Chemical Reviews ~ American Chemical Society (USA)  0009-2665 37.369 51.560 0.24503

Journal of Elsevier Science BV (Japan) 1389-5567 12.162 15.268 0.00442

Photochemistry

and Photobiology

C: Photochemistry

Reviews

Applied Catalysis  Elsevier Science BV (The 0926-3373 8.328 8.142 0.05714

B: Environmental Netherlands)

Journal of Catalysis Academic Press INC Elsevier 0021-9517 7.354 7.482 0.03438
Science (USA)

Water Research Pergamon-Elsevier Science Ltd. 0043-1354 5.991 6.769 0.08394
(England)

Environmental American Chemical Society (USA)  0013-936X 5.393 6.396 0.20232

Science and

Technology

Chemical Elsevier Science SA (Switzerland) 1385-8947 5.360 5.439 0.09715

Engineering

Journal

Catalysis Science Royal Society of Chemistry 2044-4753 5.287 5.547 0.02367

and Technology (England)

Journal of Elsevier Science BV (The 0304-3894 4.836 5.641 0.09715

Hazardous Netherlands)

Materials

Solar Energy Elsevier Science BV (The 0927-0248 4.732 5.016 0.04275

Materials and Solar ~Netherlands)

Cells

Catalysis Today Elsevier Science BV (The 0920-5861 4.312 4.105 0.03376
Netherlands)

Applied Catalysis  Elsevier Science BV (The 0926-860X 4.012 4.403 0.03476

A: General Netherlands)

Science of the Total Elsevier Science BV (The 0048-9697 3.976 4.317 0.08394

Environment Netherlands)

Journal of Elsevier Science BV (The 1381-1169 3.958 4.045 0.01727

Molecular Catalysis Netherlands)

A: Chemical

Chemosphere Pergamon-Elsevier Science Ltd. 0045-6535 3.698 4.068 0.06483
(England)

Solar Energy Pergamon-Elsevier Science Ltd. 0038-092X 3.685 4414 0.02277
(USA)

Journal of Academic Press-Elsevier Science 0301-4797 3.131 4.049 0.03326

Environmental Ltd. (England)

Management

Catalysts MDPI AG (Switzerland) 2073-4344 2.964 3.194 0.16915
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Journal title (ISO)  Editorial/country ISSN ° IF® 5Y-IF ES¢

Journal of 0021-8561 2.857 3.308 0.08776

Agricultural and
Food Chemistry

American Chemical Society (USA)

Environmental 0944-1344 2.760 2.876 0.02617

Science and
Pollution Research

Springer Heidelberg (Germany)

Journal of Chemical 0268-2575 2.738 2.744 0.01051

Technology and
Biotechnology

Wiley-Blackwell (England)

Journal of 1010-6030 2.477 2.573 0.01025

Photochemistry
and Photobiology
A: Chemistry

Elsevier Science SA (Switzerland)

Photochemical and 1474-905X 2.235 2.673 0.01040

Photobiological
Science

Royal Society of Chemistry
(England)

Journal of 1001-0742 2.208 2.699 0.01282

Environmental
Science

Science Press (Mainland China)

International Standard Serial Number.
"Impact factor.
5-Year impact factor.

dEigenfactor score.

Table 1. Some of the main and influential journals of interest to readers where the authors usually publish their works
about ‘photocatalytic degradation of pesticides in water’ (source: JCR, 2015).

Pesticides Photocatalysts Light source Main findings References

Pyrimethanil TiO, P25 and home Solar Similar photoefficiences in [81]
made mineralisation

Acephate, omethoate, Fe,0,@5i0,@mTiO, uv Disappearance after 45-80 min [96]

methyl parathion nanomicrospheres

Imidacloprid TiO, and TiO,-based Solar TiO, + fly ash is 2-3 times less active [97]
hybrid than sol-gel TiO,

Spirotetramat, ZnO, TiO, P25, TiO, uv ZnO > TiO, P25 > TiO, Kronos vlp [98]

spirodiclofen, Kronos vlp 7000, 7000 > Zn,TiO, > ZnTiO3

spiromesifen Zn,TiO, and ZnTiO,

Flubendiamide ZnO/Na,S,0,and TiO, UV ZnO and TiO, oxides strongly enhance [99]
P25/N aZSZO8 the degradation rate

Thiamethoxam, ZnO/Na,5,0,and TiO,  UV/solar Solar irradiation was more efficient [100]

imidacloprid, P25/Na,S,0, compared to artificial light for the

acetamiprid removal of these insecticides (t, =

0.3-2 min)

Chlorantraniliprole Zn0, TiO, P25, TiO, uv Half-lives of 53 and 71 min for ZnO/ [93]

Kronos vlp 7000, Na,S,0, and TiO,/Na,S,0, systems,

Zn,TiO,

respectively
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Pesticides Photocatalysts Light source Main findings References
Metamitron, Different TiO, uv t,, lower than 8 min using TiO, P25 [101]
metribuzin nanopowders
Dichlorvos TiO, supported on uv Complete degradation in 360-540 min  [102]
zeolites
Atrazine N-Doped TiO, uv Enhanced performance compared to ~ [103]
supported by either pure N-TiO, nanoparticles or
phosphors bare phosphors microparticles
Spinosad, indoxacarb  ZnO/Na,5,0,and TiO, UV 95% degradation rate was observed [104]
P25/Na,S,0, for both spinosyns after 2 min when
using Na 5,0,
Methabenzthiazuron ~ ZnO, TiO, P25 uv Half-lives of 2 and 7 min for ZnO and  [105]
TiO,, respectively
Monocrotophos, TiO, coated on Solar Rapid photodegradation using [106]
endosulfan, polymeric beads immobilised bead photoreactor
chlorpyriphos
Isoproturon TiO, coated on inert uv 85% degradation rate after 6 h [107]
cement beads
Diazinon TiO, doped with N, NS~ UV LED The FeFNS-doped TiO, was found [108]
and FeFNS to be an efficient catalyst (96%
degradation after 100 min)
Methyl oxidemeton, TiO, P25, Hombikat UV UV TiO, P25 was the most effective for [109]
methidathion, 100, Millennium PC (50, pesticide degradation. Removal of
carbaryl, dimethoathe 100, 105), Kronos 7101 pesticides in less than 300 min
30 sulfonylurea ZnO and TiO, P25 in uv Average time required for 90% [110]
herbicides tandem with Na,5,0, degradation about 3 and 30 min
for ZnO/Na28208 and TiOz/Na25208
systems, respectively
Chlorotoluron, Zn0, TiO,, WO,, SnO, Solar The time required for 90% [111]
diuron, fluometuron, and ZnS degradation ranged from 23 to 47
isoproturon, linuron min for isoproturon and linuron,
respectively, when using the tandem
ZnO/Na,S,0,
Carbofuran Zn0O, TiO, P25 Degussa  Solar Half-lives ranging from 6 to 385 min ~ [112]
Malathion WO,/TiO, 2% WO,/TiO, exhibited the best [113]
photocatalytic activity achieving
abatement of 76% TOC after 300 min
Ethoprophos, Zn0O, TiO,, WO,, SnO,,  Solar Half-lives for ZnO ranged from 9 to [114]
isoxaben, metalaxyl, ZnS 38 min (t,;, 0.3-1.7 min), while in the
metribuzin, presence of TiO,, ranged from 41 to
pencycuron, 260 min (t,,,, 1.9-16.3 min)
pendimethalin,
propanil,
tolclofos-methyl
Simazine, prometryn,  ZnQO, TiO, Solar Degradation rate >70% after 240 min [115]

terbutryn, atrazine,
terbuthylazine,
propachlor,
S-metolachlor, alachlor

in the ZnO/NaZSZO8 system
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Pesticides Photocatalysts Light source Main findings References
Fenamiphos Zn0O, TiO,, WO,, SnO,  Solar Half-life <3 min for ZnO, TiO, in [116]
tandem with Na 5,0,
Cyprodinil, ZnO, TiO, Solar DT, referred to the normalised [117]
fludioxonil illumination time (t,,, ), was lower
than 40 and 550 min (t,,,, =2 and 40
min) for both fungicides using ZnO
and TiO,, respectively
Methyl parathion, N-doped and P25 TiO,  UV/solar N-doped TiO, showed higher [118]
dichlorvos photocatalytic activity under solar
radiation compared to UV and visible
light
MCPA, clopyralid, Fe- and N-doped TiO, = UV Lowering of the band gap of [119]
mecoprop titanium dioxide by doping is not
always favourable for increasing
photocatalytic efficiency of
degradation
2,4-D, Diuron, TiO, slurry Solar Results showed that the overall [120]
ametryne model fitted the experimental data of
herbicides mineralisation in the solar
CPC reactor satisfactorily for both
cloudy and sunny days
Carbendazim TiO, slurry uv More than 90% of fungicide was [121]
degraded after 75 min
Glyphosate TiO, slurry uv Addition of Fe*, Cu*, H,0, K,5,0, or  [122]
KBrO, enhances the photodegradation
Alachlor, atrazine, TiO, slurry and Fe* Solar Photo-Fenton treatment was found [123]
chlorfenvinphos, to be shorter than TiO, and more
diuron, isoproturon, appropriate for these compounds
pentachlorophenol
Triclopyr, dantinozid ~ Different types of TiO, ~ Solar The photocatalyst Degussa P25 [124]
slurries in tandem with was found to be more efficient as
electron acceptors compared with other photocatalysts
Cymoxanil, TiO, slurry and Fe*" Solar Total disappearance of the parent [125]
methomyl, oxamy], compounds and nearly complete
dimethoate, mineralisation were attained with all
pyrimethanil, telone pesticides tested
Dimethoate ZnO, TiO, uv Both catalysts were unable to [126]
mineralise dimethoate, but the
addition of oxidants improved the
efficiency of the processes
Dichlorvos, TiO,'SiO, beads Solar After 420 min illumination by [127]
monocrotophos, sunlight, 0.65 x 10™* mol dm™ of four

parathion, phorate

organophosphorus pesticides can
be completely photocatalytically
degraded into PO,>.

Table 2. A brief summary of recent research studies in which TiO, was used for treating pesticide-polluted waters in the

period 2005-2016.
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nature, low cost and availability and capability to adsorb reactants under efficient photonic
activation. Due to these characteristics, titanium dioxide (TiO,) has been demonstrated to be
an excellent catalyst, and its behaviour is very well documented for the photodegradation of
pesticide residues in water.

2.4. Environmental impact and treatment cost

As previously stated, there is a very extensive literature (at laboratory and pilot plant scale) on
the photocatalytic degradation of organic pollutants in water. However, there are not many
works devoted to the study of the impact of the process from an environmental and economic
point of view. In this context, the well-known life cycle impact assessment (LCIA) tool has
been successfully used to assess the environmental impact of chemical processes. This tool
finds the potential impacts associated with the entire life cycle of a product or a process. This
methodology has been devised to study and compare processes at the industrial level but can
be perfectly used at the laboratory level. On the other hand, there are several methods of esti-
mating the costs of implementing each of the different AOPs. In general, the following items
are proposed: (i) facility cost, (ii) project contingency, (iii) engineering project and (iv) replace-
ment costs. The sum of these four concepts is the total installed cost, based on which the yearly
economic impact can be evaluated. Then, operating costs have to be calculated. These costs are
normally yearly and consist of the following items: (i) personnel, (ii) maintenance, (iii) electric-
ity and (iv) materials and services. These costs added to the annual facility costs are the total
annual costs [128].

3. Conclusion

Currently, population growth, technology development, inadequate agricultural practices
and land use have created unprecedented water pollution problems. Agricultural wastewa-
ter is characterised by high organic matter content and traces of organic pollutants, mainly
pesticides. In addition, effluents from the agro-food and other industries have a potentially
environmental risk that requires appropriate and comprehensive treatment. The most often
used methods for the treatment of the industrial wastewaters, including membrane filtration,
chemical coagulation/flocculation, ion exchange, precipitation, adsorption, biological deg-
radation and ozonation, are not efficient enough and have important limitations to remove
bio-recalcitrant compounds as many pesticides. In recent years, advanced oxidation processes
(AOPs) have been proposed as a most promising way for degradation of various pollutants.
Among them, heterogeneous photocatalysis technology is an interesting route among AOPs,
which can be conveniently used for the complete degradation of different hazardous com-
pounds including pesticides. Results show that sunlight photoalteration processes are well
now to play an important role in the degradation of pesticides and other contaminants in
water. These technologies allow pesticides to be removed by mineralisation. Photocatalytic
oxidation by semiconductor oxides is an area of environmental interest for the treatment of
polluted water, particularly relevant for Mediterranean agricultural areas, where solar irradia-
tion is highly available (more than 2800 h of sunshine per year on average) making this process
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quite attractive. Due to its specific characteristics, titanium dioxide (TiO,) has been demon-
strated to be an excellent catalyst, and its behaviour is very well documented for the photodeg-
radation of pesticide residues in water. Recently, many authors have also developed combined
AQOP and biological systems to implement in wastewater treatment plants. In addition to the
experimental and modelling work, the aspect most lacking of this combination systems for
the treatment of bio-recalcitrant specific industrial wastewater is the performance of complete
economic studies, which could present this innovative technology as a cost-competitive one.

Acknowledgements

The authors acknowledge the financial support received from the European Commission
through the LIFE+ program (LIFE 13 ENV/ES/000488) and the EU’s funding instrument for
the environment and climate action.

Abbreviations
POPs Persistent organic pollutants
EDCs Endocrine-disrupting chemicals
oC Organochlorine
EWFD European Water Framework Directive
AQOPs Advanced oxidation processes
HP Heterogeneous photocatalysis
E, Band-gap energy
D Donor

Acceptor
cb Conduction band
e Electron
h* Hole
vb Valence band
sC Semiconductor
At Anatase
Bk Brookite
RI Rutile
SEM Scanning electron microscopy
XRD X-ray diffraction

uv Ultraviolet



Recent Overview on the Abatement of Pesticide Residues in Water by Photocatalytic Treatment Using TiO,
http://dx.doi.org/10.5772/intechopen.68802

BET Brunauer, Emmett and Teller
PZC Point of zero charge

TOC Total organic matter

DOM Dissolved organic matter
GC Gas chromatography

LC Liquid chromatography

MS Mass spectrometry

TOF Time of flight

JCR Journal Citation Reports
LCIA Life cycle impact assessment
EU European Union

ISSN International Standard Serial Number
IF Impact factor

5Y-IF 5-year impact factor

ES Eigenfactor score
Author details

Nuria Vela!, Gabriel Pérez-Lucas? José Fenoll® and Simén Navarro®*
*Address all correspondence to: snavarro@um.es

1 Applied Technology Group to Environmental Health, Faculty of Health Science, Catholic
University of Murcia, Murcia, Spain

2 Department of Agricultural Chemistry, Geology and Pedology, Faculty of Chemistry,
University of Murcia, Murcia, Spain

3 Sustainability and Quality Group of Fruit and Vegetable Products, Murcia Institute of Agri-
Food Research and Development, Murcia, Spain

References

[1] Food and Agriculture Organization (FAO) of the United Nations. International Code of
Conduct on the Distribution and Use of Pesticides. [Internet]. 2003. Available from: ftp://
ftp.fao.org/docrep/fao/005/y4544e/y4544e00.pdf [Accessed: 24-01-2017]

[2] Briggs, J. Green revolution. In: Kitchin R, Thrift N, editors. International Encyclopedia of
Human Geography. Amsterdam: Elsevier; 2009. pp. 634-638

167



168 Application of Titanium Dioxide

(3]

(4]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

Carson, R. Silent Spring. Anniversary edition (2002 and 2012). Boston: Houghton Mifflin
Harcourt; 2002. 400 p

Food and Agriculture Organization (FAO) of the United Nations. Pesticides Registration
Legislation. [Internet]. 1995. Available from: http://www.fao.org/docrep/012/T0553E/
TO553E.pdf [Accessed: 24 January 2017]

Shen L, Wania F, Lei YD, Teixeira C, Muir DCG, Bidleman TF. Atmospheric distribu-
tion and long-range transport behavior of organochlorine pesticides in North America.
Environmental Science & Technology. 2005;39:409-420

Dietz R, Riget FF, Sonne C, Letcher R, Born EW, Muir, DCG. Seasonal and temporal
trends in polychlorinated biphenyls and organochlorine pesticides in East Greenland
polar bears (Ursus maritimus), 1990-2001. Environmental Science & Technology. 2004;331:
107-124

Mehemetli E, Koumanova B. The Fate of Persistent Organic Pollutants in the Environment.
Dordrecht: Springer; 2008. 471 p

European Community. Council Decision (2006/507/EC) of the 14 October 2004 concern-
ing the conclusion of the Stockholm convention on persistent organic pollutants. Official
Journal of the European Union. 2004;L 209:1-2

Mnif W, Hassine AIH, Bouaziz A, Bartegi A, Thomas O, Roig B. Effect of endocrine dis-
ruptor pesticides: A review. International Journal of Environmental Research and Public
Health. 2011;8:2265-2303

Roig B, Mnif W, Hassine Al, Zidi I, Bayle S, Bartegi A, Thomas O. Endocrine dis-
rupting chemicals and human risk assessment: A critical review. Critical Reviews in
Environmental Science and Technology. 2013;21:2297-2351

Giulivo M, Lopez de Alda M, Capri E, Barcel6 D. Human exposure to endocrine disrupting
compounds: Their role in reproductive systems, metabolic syndrome and breast cancer. A
review. Environmental Research. 2016;151:251-264

Food and Agriculture Organization (FAO) of the United Nations. FAOSTAT. Statistic
Division. [Internet]. 2016. Available from: http://www.fao.org/faostat [Accessed: 24
January 2017]

Pimentel D. Pesticides and pest control. In: Rajinder P, Dhawan A, editors. Integrated
Pest Management: Innovation-Development Process. Vol. 1. Dordrecht: Springer; 2009.
pp- 83-87

Liu CJ, Men WJ, Liu Y], Hao Z. The pollution of pesticides in soils and its bioremedia-
tion. System Sciences and Comprehensive Studies in Agriculture. 2002;18:291-297

Cai DW. Understand the role of chemical pesticides and prevent misuses of pesticides.
Bulletin of Agricultural Science and Technology. 2008;1:36-38

Aktar W, Sengupta D, Chowdhury A. Impact of pesticides use in agriculture: Their ben-
efits and hazards. Interdisciplinary Toxicology. 2009;2:1-12



(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Recent Overview on the Abatement of Pesticide Residues in Water by Photocatalytic Treatment Using TiO,
http://dx.doi.org/10.5772/intechopen.68802

The European Parliament and the Council of the European Union. Directive 2000/60/EC
of the European Parliament and of the Council of 23 October 2000 establishing a frame-
work for community action in the field of water policy, Official Journal of the European
Community. 2000;L 327:1-69

The European Parliament and the Council of the European Union. Directive 2008/105/
EC of the European Parliament and of the Council of 16 December 2008 on environmen-
tal quality standards in the field of water policy, amending and subsequently repealing
Council Directives 82/176/EEC, 83/513/EEC, 84/156/EEC, 84/491/EEC, 86/280/EEC and
amending Directive 2000/60/EC of the European Parliament and of the Council. Official
Journal of the European Community. 2008;L 348:84-97

The European Parliament and the Council of the European Union. Directive 2013/39/EU
of the European Parliament and of the Council of 12 August 2013 amending Directives
2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy.
Official Journal of the European Community. 2013;L 226;1-17

The European Parliament and the Council of the European Union. Directive 2006/118/
EC of the European Parliament and of the Council of 12 December 2006 on the protection
of groundwater against pollution and deterioration. Official Journal of the European
Community. 2006;L 372:19-31

Cooper B. Central and North West Regions Water Quality Program 1995/1996: Report
on Pesticide Monitoring. TS96.048. Sydney: NSW Department of Land & Water
Conservation; 1996

Cerejeira M], Viana P, Batista S, Pereira T, Silva E, Valério M]J, Silva A, Ferreira M, Silva-
Fernandes AM. Pesticides in Portuguese surface and ground waters. Water Research.
2003;37:1055-1063

Konstantinou IK, Hela DG, Albanis TA. The status of pesticide pollution in surface waters
(rivers and lakes) of Greece. Part I. Review on occurrence and levels. Environmental
Pollution. 2006;141:555-570

Gilliom R]J. Pesticides in U.S. streams and groundwater. Environmental Science &
Technology. 2007;41:3408-3414

Arias-Estévez M, Lopez-Periago E, Martinez-Carballo E, Simal-Gandara J, Mejuto JC,
Garcia-Rio L. The mobility and degradation of pesticides in soils and the pollution of
groundwater resources. Agriculture, Ecosystems & Environment. 2008;123:247-260

Woudneh MB, Ou Z, Sekela M, Tuominen T, Gledhil, M. Pesticide multiresidues in
waters of the Lower Fraser Valley, British Columbia, Canada. Part I. Surface water.
Journal of Environmental Quality. 2009;38:940-947

Anasco N, Un, S, Koyama J, Matsuoka T, Kuwahara N. Assessment of pesticide residues
in freshwater areas affected by rice paddy effluents in Southern Japan. Environmental
Monitoring and Assessment. 2010;160:371-383

169



170 Application of Titanium Dioxide

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

Jurado A, Vazquez-Surie E, Carrera J, Lopez de Alda M, Pujades E, Barcelé D. Emerging
organic contaminants in groundwater in Spain: A review of sources, recent occurrence
and fate in the European context. Science of the Total Environment. 2012;440:82-94

Lapworth DJ, Baran N, Stuart ME, Ward RS. Emerging organic contaminants in ground-
water. A review of sources, fate and occurrence. Environmental Pollution. 2012;163:
287-303

Bottoni P, Grenni P, Lucentini L, Caracciolo A. Terbuthylazine and other triazines in
Italian water resources. Microchemical Journal. 2013;107:136-142

Moreno-Goénzalez R, CampilloJA, Leén VM. Influence of anintensive agricultural drainage
basin on the seasonal distribution of organic pollutants in seawater from a Mediterranean
coastal lagoon (Mar Menor, SE Spain). Marine Pollution Bulletin. 2013;77:400-411

Grung M, Lin Y, Zhang H, Orderdalen Steen A, Huang J, Zhang G, Larssen T. Pesticide
levels and environmental risk in aquatic environments in China— A review. Environment
International. 2015;81:87-97

Yadav IC, Devi NL, Syed JH, Cheng Z, Li ], Zhang G, Jones KC. Current status of persis-
tent organic pesticides residues in air, water, and soil, and their possible effect on neigh-
boring countries: A comprehensive review of India. Science of the Total Environment.
2015;511:123-137

Ccanccapa A, Masia A, Navarro-Ortega A, Pico Y, Barcel6 D. Pesticides in the Ebro river
basin: Occurrence and risk assessment. Environmental Pollution. 2016;211:414-424

Dolan T, Howsam P, Parsons D]. Diffuse pesticide pollution of drinking water sources:
Impact of legislation and UK responses. Water Policy. 2012;14:680-693

Kaushik CP, Sharma HR, Kaushik A. Organochlorine pesticide residues in drinking
water in the rural areas of Haryana, India. Environmental Monitoring and Assessment.
2012;184:103-112

Barbosa AMC, Solano M, Umbuzeiro G. Pesticides in drinking water—The Brazilian
monitoring program. Frontiers in Public Health. 2015;3: Article 246

Mekonen S, Argaw R, Simanesew A, Houbraken M, Senaeve D, Ambelu A, Spanoghe
P. Pesticide residues in drinking water and associated risk to consumers in Ethiopia.
Chemosphere. 2016;162:252-260

Ahmed S, Rasul MG, Brown R, Hashib MA. Influence of parameters on the heteroge-
neous photocatalytic degradation of pesticides and phenolic contaminants in wastewa-
ter: A short review. Journal of Environmental Management. 2011;92:311-330

Stanisakis AS. Use of selected advanced oxidation processes (AOPs) for wastewater
treatment— A mini review. Global NEST Journal. 2008;10:376-378

Ribeiro AR, Nunes OC, Pereira MFR, Silva AMT. An overview on the advanced oxi-
dation processes applied for the treatment of water pollutants defined in the recently
launched Directive 2013/39/EU. Environmental International. 2015;75:33-51



[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

Recent Overview on the Abatement of Pesticide Residues in Water by Photocatalytic Treatment Using TiO,
http://dx.doi.org/10.5772/intechopen.68802

Hoigné J. Inter-calibration of OH radical sources and water quality parameters. Water
Science and Technology. 1997;35:1-8

Pera-Titus M, Garcia-Molina V, Bafios MA, Giménez ], Espluga, S. Degradation of
chlorophenols by means of advanced oxidation processes: A general review. Applied
Catalysis B. 2004;47:219-256

Di Paola A, Garcia-Lopez E, Marci G, Palmisano, L. A survey of photocatalytic materials
for environmental remediation. Journal of Hazardous Materials. 2012;211:3-29

Babuponnusami A, Muthukumar K. A review on Fenton and improvements to the Fenton
process for wastewater treatment. Journal of Environmental Chemical Engineering.
2014;2:557-572

Andreozzi R, Caprio V, Insola A, Marotta R. Advanced oxidation processes (AOP) for
water purification and recovery. Catalysis Today. 1999;53:51-59

Petrovic M, Radjenovic J, Barcel6 D. Advanced oxidation processes (AOPs) applied for
wastewater and drinking water treatment. Elimination of pharmaceuticals. The Holistic
Approach to Environment. 2011;1:63-74

Reddy PV, Kim K. A review of photochemical approaches for the treatment of a wide
range of pesticides. Journal of Hazardous Materials. 2015;285:325-335

Bhatkande DS, Pangarkar VG, Beenackers A. Photocatalytic degradation for environ-
mental applications: A review. Journal of Chemical Technology and Biotechnology.
2002;77:102-116

Fechete I. Wang, Y. Védrine C. The past, present and future of heterogeneous catalysis.
Catalysis Today. 2012;189:2-27

Qu Y, Duan X. Progress, challenge and perspective of heterogeneous photocatalysis.
Chemical Society Reviews. 2013;42:2568-2580.

Litter MI. Heterogeneous photocatalysis—Transition metal ions in photocatalytic sys-
tems. Applied Catalysis B: Environmental. 1999;23:89-114

Serpone N, Sauve G, Koch R, Tahiri H, Pichat P, Piccinini P, Pelizzetti E, Hidaka H.
Standardization protocol of process efficiencies and activation parameters in hetero-
geneous photocatalysis: Relative photonic efficiencies. Journal of Photochemistry and
Photobiology A: Chemistry. 1996;94:191-203

Lazar MA, Varghese S, Nair SS. Photocatalytic water treatment by titanium dioxide:
Recent updates. Catalysts. 2012;2:572-601

Konstantinou IK, Albanis TA. Photocatalytic transformation of pesticides in aqueous
titanium dioxide suspensions using artificial and solar light: Intermediates and degrada-
tion pathways. Applied Catalysis B: Environmental. 2003;42:319-335

Herrmann JM. Heterogeneous photocatalysis: State of the art and present applications.
Topics in Catalysis. 2005;34:49-65

171



172 Application of Titanium Dioxide

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Devipriya S, Yesodharan S. Photocatalytic degradation of pesticide contaminants in
water. Solar Energy Materials Solar Cells. 2005;86:309-348

Gaya UI, Abdullah AH. Heterogeneous photocatalytic degradation of organic contami-
nants over titanium dioxide: A review of fundamentals, progress and problems. Journal
of Photochemistry and Photobiology C: Photochemistry Reviews. 2008;9:1-12

Plantard G, Janin, T, Goetz V, Brosillon S. Solar photocatalysis treatment of phytosani-
tary refuses: Efficiency of industrial photocatalysts. Applied Catalysis B: Environmental.
2012;115:38-44

Reddy PAK, Reddy PVL, Kwon E, Kim KH, Akter T, Kalagara S. Recent advances in
photocatalytic treatment of pollutants in aqueous media. Environment International.
2016;91:94-103

Fujishima A, Zhang X, Tryk DA. TiO, photocatalysis and related surface phenomena.
Surface Science Reports. 2008;63:515-582

Henderson MA. A surface science perspective on TiO, photocatalysis. Surface Science
Reports. 2011;66:185-297

Yu JG, Jimmy CY, Leung MKP, Zhao X]J, Ho WK, Zhao JC. Effects of acidic and basic
hydrolysis catalysts on the photocatalytic activity and microstructures of bimodal meso-
porous titania. Journal of Catalysis. 2003;217:69-78

Kabra, K, Chaudhary R, Sawhney RL. Treatment of hazardous organic and inorganic
compounds through aqueous-phase photocatalysis: A review. Industrial & Engineering
Chemistry Research. 2004;43:7683-7696

Malato S, Fernandez-Ibafiez P, Maldonado MI, Blanco ], Gernjak W. Decontamination
and disinfection of water by solar photocatalysis: Recent overview and trends. Catalysis
Today. 2009;147:1-59

Chong MN, Jin B, Chow CWK, Saint C. Recent developments in photocatalytic water
treatment. Water Research. 2010;44:2997-3027

Hashimoto K, Irie H, Fujishima A. TiO, photocatalysis: A historical overview and future
prospects. Japanese Journal of Applied Physics. 2005;44:8269-8285

Hanaor DAH, Sorrell CC. Review of the anatase to rutile phase transformation. Journal
of Materials Science. 2011;46:855-874

Zhang Z, Wang C, Zakaria R, Ying JY. Role of particle size in nanocrystalline TiO,-based
photocatalysts. Journal of Physical Chemistry B. 1998;102:10871-10878

Zhang ], Zhou P, Liu ], Yu J. New understanding of the difference of photocatalytic
activity among anatase, rutile and brookite TiO,. Physical Chemistry Chemical Physics.
2014;16:20382-20386.

Hurun DC, Agrios AG, Gray KA, Rajh T, Thurnaur MC. Explaining the enhanced pho-
tocatalytic activity of Degussa P 25 mixed-phase TiO, using EPR. Journal of Physical
Chemistry B. 2003;107:4545-4549



[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

(83]

(84]

[85]

(86]

Recent Overview on the Abatement of Pesticide Residues in Water by Photocatalytic Treatment Using TiO,
http://dx.doi.org/10.5772/intechopen.68802

Cassano AE, Alfano OM. Reaction engineering of suspended solid heterogeneous pho-
tocatalytic reactors. Catalysis Today. 2000;58:167-197

Herrmann JM. Heterogeneous photocatalysis: Fundamentals and applications to the
removal of various types of aqueous pollutants. Catalysis Today. 1999,;53:115-129

Ollis DF, Pelizzetti E, Serpone N. Photocatalyzed destruction of water contaminants.
Environmental Science and Technology. 1991;25:1522-1529

Bahnemann W, Muneer M, Haque MM. Titanium dioxide-mediated photocatalysed
degradation of few selected organic pollutants in aqueous suspensions. Catalysis Today.
2007;124:133-148

Kosmulski M. Isoelectric points and points of zero charge of metal (hydr)oxides: 50 years
after parks’ review. Advances in Colloid and Interface Science. 2016;238:1-61

Shifu C, Ghengyu C. Photocatalytic degradation of organophosphorus pesticides using
floating photocatalyst TiO,/SiO, /beads by sunlight. Solar Energy. 2005;79:1-9

Wei L, Shifu C, Wei Z, Sujuan Z. Titanium dioxide mediated photocatalytic degradation
of methamidophos in aqueous phase. Journal of Hazardous Materials. 2009;164:154-160

Kusic H, Peternel I, Ukic S, Koprivanac N, Bolanca T, Papic S, Loncaric Bozic A. Modeling
of iron activated persulfate oxidation treating reactive azo dye in water matrix. Chemical
Engineering Journal. 2011;172:109-121.

Carbajo J, Garcia-Mufioz P, Tolosana-Moranchel A, Faraldos M, Bahamonde A. Effect of
water composition on the photocatalytic removal of pesticides with different TiO, catalysts.
Environmental Science and Pollution Research. 2014;21:12233-12240.

Carbajo J, Jiménez M, Miralles S, Malato S, Faraldos M, Bahamonde A. Study of applica-
tion of titania catalysts on solar photocatalysis: Influence of type of pollutants and water
matrices. Chemical Engineering Journal. 2016;291:64-73

Kowalska E, Rau S. Photoreactors for wastewater treatment: A review. Recent Patents on
Engineering. 2010;4:242-266

Charles G, Roques—Carmes T, Becheikh N, Falk L, Commenge JM, Corbel S. Determination
of kinetic constants of a photocatalytic reaction in micro-channel reactors in the pres-
ence of mass—transfer limitation and axial dispersion. Journal of Photochemistry and
Photobiology A: Chemistry. 2011;223:202-211

Shan AY, Ghazi TI, Rashid SA. Immobilisation of titanium dioxide onto supporting
materials in heterogeneous photocatalysis: A review. Applied Catalysis A: General.
2010;389:1-8

Dahl M, Liu Y, Yin Y. Composite titanium dioxide nanomaterials. Chemical Review.
2014;114:9853-9889

Bourikas K, Kordulis C, Lycourghiotis A. Titanium dioxide (anatase and rutile): Surface
chemistry, liquid-solid interface chemistry, and scientific synthesis of supported catalysts.
Chemical Review. 2014;114:9754-9823

173



174 Application of Titanium Dioxide

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Kumar SG, Devi LG. Review on modified TiO, photocatalysis under UV/visible light:
Selected results and related mechanisms on interfacial charge carrier transfer dynamics.
The Journal of Physical Chemistry A. 2011;115:13211-13241

Dvoranova D, Brezova V, Mazur M, Malati MA. Investigations of metaldoped tita-
nium dioxide titanium dioxide photocatalysts. Applied Catalysis B: Environmental.
2002;37:91-105

Kato S, Hirano Y, Iwata M, Sano T, Takeuchi K, Matsuzawa S. Photocatalytic degra-
dation of gaseous sulphur compounds by silver-deposited titanium dioxide. Applied
Catalysis B: Environmental. 2005;57:109-115

Pelaez M, Nolan N, Pillai S, Seery M, Falaras P, Kontos AG, Dunlop PSM, Hamiltone JWJ,
Byrne JA, O’Shea K, Entezari MH, Dionysiou DD. A review on the visible light active
titanium dioxide photocatalysts for environmental applications. Applied Catalysis B:
Environmental. 2012;125:331-349

Chatterjee D, Dasgupta S. Visible light induced photocatalytic degradation of organic
pollutants. Journal of Photochemistry and Photobiology C: Photochemistry Reviews.
2005;6:186-205

Gupta SM, Tripathi M. A review of TiO, nanoparticles. Chinese Science Bulletin. 2011;
56:1639-1657

Fenoll ], Garrido I, Cava ], Hellin P, Flores P, Navarro S. Photometabolic pathways of
chlorantraniliprole in aqueous slurries containing binary and ternary oxides of Zn and Ti.
Chemical Engineering Journal. 2015;264:720-727

Stamatis N, Antonopoulou M, Konstantinou I. Photocatalytic degradation kinetics and
mechanisms of fungicide tebuconazole in aqueous TiO, suspensions. Catalysis Today.
2015;252:93-99

Spasiano D, Marotta R, Malato S, Fernandez-Ibafiez P, Di Somma I. Solar photocatalysis:
Materials, reactors, some commercial and pre-industrialized applications. A compre-
hensive approach. Applied Catalysis B: Environmental. 2015;170-171:90-123

Zheng LL, Pi FW, Wang YF, Xu H, Zhang YZ, Sun XL. Photocatalytic degradation of
acephate, omethoate, and methyl parathion by Fe,0,@S5iO0,@mTiO, nanomicrospheres.
Journal of Hazardous Materials. 2016;315:11-22

Andronic L, Isac L, Miralles-Cuevas S, Visa M, Oller I, Duta A, Malato S. Pilot-plant
evaluation of TiO, and TiO,-based hybrid photocatalysts for solar treatment of polluted
water. Journal of Hazardous Materials. 2016;320:469-478

Fenoll J, Garrido I, Hellin P, Vela N, Flores P, Navarro S. Photooxidation of three
spirocyclic acid derivative insecticides in aqueous suspensions as catalyzed by tita-
nium and zinc oxides. Journal of Photochemistry and Photobiology A: Chemistry.
2016;328:189-197



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Recent Overview on the Abatement of Pesticide Residues in Water by Photocatalytic Treatment Using TiO,
http://dx.doi.org/10.5772/intechopen.68802

Fenoll ], Vela N, Garrido I, Navarro G. Pérez-Lucas G, Navarro S. Reclamation of water
polluted with flubendiamide residues by photocatalytic treatment with semiconductor
oxides. Photochemistry & Photobiology. 2015;91:1088-1094

Fenoll ], Garrido I, Hellin P, Flores P, Navarro S. Photodegradation of neonicotinoid
insecticides in water by semiconductor oxides. Environmental Science and Pollution
Research. 2015;22:15055-15066

Vela N, Fenoll ], Garrido I, Navarro G, Gambin M, Navarro S. Photocatalytic mitiga-
tion of triazinone herbicide residues using titanium dioxide in slurry photoreactor.
Catalysis Today. 2015;252:70-77

Goémez S, Marchena CL, Renzini MS, Pizzio L, Pierella L. In situ generated TiO2 over
zeolitic supports as reusable photocatalysts for the degradation of dichlorvos. Applied
Catalysis B: Environmental. 2015;162:167-173

Sacco O, Vaiano V, Han C, Sannino D, Dionysiou DD. Photocatalytic removal of atra-
zine using N-doped TiO, supported on phosphors. Applied Catalysis B: Environmental.
2015;164:462-474

Fenoll ], Vela N, Garrido I, Pérez-Lucas G, Navarro S. Abatement of spinosad and
indoxacarb residues in pure water by photocatalytic treatment using binary and ternary
oxides of Zn and Ti. Environmental Science & Pollution Research. 2014;21:12143-12153

Fenoll J, Flores P, Hellin P, Hernandez J, Navarro S. Minimization of methabenzthia-
zuron residues in leaching water using amended soils and photocatalytic treatment
with TiO, and ZnO. Journal of Environmental Sciences. 2014;26:757-764

Sivagami K, Krishna RR, Swaminathan T. Photo catalytic degradation of pesticides in
immobilized bead photo reactor under solar irradiation. Solar Energy. 2014;103:488-493

Verma A, Prakash NT, Toor AP. Photocatalytic degradation of herbicide isoproturon in
TiO, aqueous suspensions: Study of reaction intermediates and degradation pathways.
Environmental Progress & Sustainable Energy. 2014;33:402-409

Hossaini H, Moussavi G, Farrokhi M. The investigation of the LED-activated FeFNS-
TiO, nanocatalyst for photocatalytic degradation and mineralization of organophos-
phate pesticides in water. Water Research. 2014;59:130-144

Vicente R, Soler ], Arques A, Amat AM, Frontistis Z, Xekoukoulotakis N, Mantzavinos
D. Comparison of different TiO, samples as photocatalyst for the degradation of a mix-

ture of four commercial pesticides. Journal of Chemical Technology and Biotechnology.
2014;89:1259-1264

Fenoll ], Sabater P, Navarro G, Vela N, Pérez-Lucas G, Navarro S. Abatement kinetics of
30 sulfonylurea herbicide residues in water by photocatalytic treatment with semicon-
ductor materials. Journal of Environmental Management. 2013;130:361-368

175



176  Application of Titanium Dioxide

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Fenoll ], Martinez-Menchén M, Navarro G, Vela N, Navarro S. Photocatalytic degra-
dation of substituted phenylurea herbicides in aqueous semiconductor suspensions
exposed to solar energy. Chemosphere. 2013;91:571-578

Fenoll J, Hellin P, Flores P, Martinez CM, Navarro S. Degradation intermediates and
reaction pathway of carbofuran in leaching water using TiO, and ZnO as photocata-
lyst under natural sunlight. Journal of Photochemistry and Photobiology A: Chemistry.
2013;251:33-40

Ramos-Delgado NA, Gracia-Pinilla MA, Maya-Trevino L, Hinojosa-Reyes L, Guzman-
Mar JL, Hernandez-Ramirez A. Solar photocatalytic activity of TiO, modified with WO,
on the degradation of an organophosphorus pesticide. Journal of Hazardous Materials.
2013;263:36-44

Fenoll ], Flores P, Hellin P, Martinez CM, Navarro S. Photodegradation of eight mis-
cellaneous pesticides in drinking water after treatment with semiconductor materials
under sunlight at pilot plant scale. Chemical Engineering Journal. 2012;204-206:54-64

Fenoll ], Hellin P, Martinez CM, Flores P, Navarro S. Semiconductor-sensitized pho-
todegradation of s-triazine and chloroacetanilide herbicides in leaching water using
TiO, and ZnO as catalyst under natural sunlight. Journal of Photochemistry and
Photobiology A: Chemistry. 2012;238:81-87

Fenoll J, Hellin P, Martinez CM, Flores P, Navarro S. Semiconductor oxides-sensitized
photodegradation of fenamiphos in leaching water under natural sunlight. Applied
Catalysis B: Environmental. 2012;115-116:31-37

Fenoll ], Ruiz E, Hellin P, Flores P, Navarro S. Heterogeneous photocatalytic oxidation
of cyprodinil and fludioxonil on leaching water under solar irradiation. Chemosphere.
2011;85:1262-1268

Senthilnathan J, Philip L. Photodegradation of methyl parathion and dichlorvos from
drinking water with N-doped TiO, under solar radiation. Chemical Engineering
Journal 2011;172:678-688

Sojic DV, Despotovic VN, Abazovic ND, Comor MI, Abramovic BF. Photocatalytic deg-
radation of selected herbicides in aqueous suspensions of doped titania under visible
light irradiation. Journal of Hazardous Materials. 2010;179:49-56

Colina-Marquez ], Machuca-Martinez F, Puma GL. Photocatalytic mineralization of
commercial herbicides in a pilot-scale solar CPC reactor: Photoreactor modeling and
reaction kinetics constants independent of radiation field. Environmental Science &
Technology. 2009;43:8953-8960

Saien J, Khezrianjoo S. Degradation of the fungicide carbendazim in aqueous solu-
tions with UV/TiO, process: Optimization, kinetics and toxicity studies. Journal of
Hazardous Materials. 2008;57:269-276

Chen SF, Liu YZ. Study on the photocatalytic degradation of glyphosate by TiO, photo-
catalyst. Chemosphere. 2007;67:1010-1017



[123]

[124]

[125]

[126]

[127]

[128]

Recent Overview on the Abatement of Pesticide Residues in Water by Photocatalytic Treatment Using TiO,
http://dx.doi.org/10.5772/intechopen.68802

Maldonado MI, Passarinho PC, Oller I, Gernjak W, Fernandez P, Blanco ], Malato S.
Photocatalytic degradation of EU priority substances: A comparison between TiO,
and Fenton plus photo-Fenton in a solar pilot plant. Journal of Photochemistry and
Photobiology A: Chemistry. 2007;185:354-363

Qamar M, Muneer M, Bahnemann D. Heterogeneous photocatalysed degradation of
two selected pesticide derivatives, triclopyr and daminozid in aqueous suspensions of
titanium dioxide. Journal of Environmental Management. 2007;80:99-106

Oller I, Gernjak W, Maldonado MI, Pérez-Estrada LA, Sanchez-Pérez JA, Malato S.
Solar photocatalytic degradation of some hazardous water-soluble pesticides at pilot-
plant scale. Journal of Hazardous Materials 2006;138:507-517

Evgenidou E, Fytianos K, Poulios I. Photocatalytic oxidation of dimethoate in aqueous
solutions. Journal of Photochemistry and Photobiology A: Chemistry. 2006;175:29-38

Chen SF, Cao GY. Photocatalytic degradation of organophosphorus pesticides using
floating photocatalyst TiO, center dot SiO,/beads by sunlight. Solar Energy. 2005;79:1-9

Giménez ], Bayarri B, Gonzalez O, Malato S, Peral ], Esplugas S. Advanced oxidation
processes at laboratory scale: Environmental and economic impacts. ACS Sustainable
Chemistry & Engineering. 2015;3:3188-3196

177






Section 4

TiO2 - Semiconductor







Chapter 9

Heat Transfer Applications of TiO, Nanofluids

Hafiz Muhammad Ali, Muhammad Usman Sajid and
Adeel Arshad

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68602

Abstract

To achieve acme heat transfer is our main disquiet in many heat transfer applications
such as radiators, heat sinks and heat exchangers. Due to furtherance in technology,
requirement for efficient systems have increased. Usually cooling medium used in these
applications is liquid which carries away heat from system. Liquids have poor thermal
conductivity as compared to solids. In order to improve the efficiency of system, cooling
medium with high thermal conductivity should be used. Quest to improve thermal
conductivity leads to usage of different methods, and one of them is addition of
nanoparticles to base liquid. Application of nanofluids (a mixture of nanoparticles and
base fluid) showed enhancement in heat transfer rate, which is not possible to achieve
by using simple liquids. Different researchers used TiO, nanoparticles in different heat
transfer applications to observe the effects. Addition of titanium oxide nanoparticles
into base fluid showed improvement in the thermal conductivity of fluid. This chapter
will give an overview of usage of titanium oxide nanoparticles in numerous heat trans-
fer applications.

Keywords: titanium oxide nanoparticles, nanofluids, heat transfer enhancement, cooling
medium, heat exchangers

1. Introduction

Nanoparticles, which were named as ultra-fine particles during the 1970s and 1980s, have size
usually less than 100 nm. When a bulk material is considered then its physical properties remain
nearly constant, but in case of nanoparticles it is not true. Nanoparticles are being used in many
consumer goods such as paints, cosmetics and textiles. Nanoparticles are mixed with base fluid
such as water, ethylene glycol and oil, to improve its properties. This mixture of nanoparticles
and base fluid which is known as nanofluid can be used in different heat transfer applications.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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In the following chapter effects of using titanium oxide nanofluids in heat transfer applications
have been presented. Titanium oxide nanofluids have better thermal properties as compared to
simple liquids. Due to their better heat transfer characteristics they can be used as an alternate
for simple liquids in many heat transferring systems such as radiator of cars, heat exchangers
and heat sinks. The disadvantage associated with these nanoparticles is their potential toxicity.

2. Thermal performance enhancement by using TiO, nanoparticles

Liquids have poor thermal properties, which is a barrier in development of energy efficient
systems. Hence, some kind of technique should be adopted to overcome this problem. Addi-
tion of nanoparticles to base fluid showed better thermo-physical properties as compared to
simple fluid. The reasons attributed to this enhancement in heat transfer performance could
include Brownian motion and reduction in thermal boundary layer. This behaviour of
nanofluids attracts many researchers to do research work in this field.

Hamid et al. [1] experimentally found performance factor n = }:—b: =}’ and friction factor of
TiO, nanofluids. Reynolds number, temperature, concentration and thermal properties have
significant effect on the performance factor. At 30°C and volume concentration less than 1.2%,
the performance factor was less than base fluid. However, at 50 and 70°C for all concentra-
tions, nanofluid showed better improvement as compared to base fluid. Enhancement in
Reynolds number, temperature and concentration enhanced the performance factor, while
pressure drop increased as Reynolds number and concentration increased. We can convert
weight concentration to volume concentration by using Eq. (1)

WP
0= 1
[(T-0.01w)p, +0.01wp,] @

where w is weight concentration, py is density of base fluid and p,, is density of nanoparticles.

To find volume concentration if mass is given, Eq. (2) can be used

m
__ MelPy x 100 @)
mp/pp + mbf/pbf

Density of nanofluid p,¢ can be calculated from Eq. (3)

Pnt = 9P, + (1 = D)py ©)

Vakili et al. [2] measured enhancement in convective heat transfer coefficient of TiO, nanofluid
flowing through a vertical pipe. According to experimental findings, thermal conductivity has
nonlinear dependence on concentration. Increment in values of Reynolds number, nanoparticle
concentration and heat flux also improved convective heat transfer coefficient. TiO, nanofluid
with water/ethylene glycol as base fluid showed more enhancement in convective heat transfer
coefficient as compared to TiO, nanofluid with distilled water as base fluid. Azmi et al. [3] used
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TiO, and Al,O; nanofluids in his experimentation to find and compare heat transfer coefficient
and friction factor. At 30°C, Al,O3 nanofluid showed higher enhancement in viscosity and its
viscosity varies with temperature whereas TiO, nanofluid has viscosity independent of temper-
ature. Lower heat transfer coefficient than water and ethylene glycol is obtained for TiO,
nanofluid for all concentrations (0-1%) at 30°C. Similar trend in heat transfer coefficient for both
nanofluid is achieved at higher temperature. Friction factor augmentation for both nanofluids
with volume concentration is not considerable.

Wang et al. [4] added TiO, nanoparticles in paraffin wax (a phase changing material) to improve
its thermal properties. Thermal properties varied with the concentration of nanoparticles. A drop
in phase change temperature is observed when loading of nanoparticle was less than 1 wt%
while a drop in latent heat capacity is observed when nanoparticle loading was greater than 2 wt
%. Thermal conductivity of composite decreased as the temperature is increased and it is lower
in liquid state than in solid state. Azmi et al. [5] experimentally investigated the effects of
working fluid temperature and concentration on thermal conductivity, viscosity and heat trans-
fer coefficient. These thermo-physical properties were greatly influenced by temperature and
concentration. Thermal conductivity has direct relation with temperature at low concentration.
Range of variation in viscosity is 4.6-33.3% depending on temperature and concentration.

Sajadi et al. [6] study the turbulent heat transfer behaviour of TiO,/water base nanofluid. The
basic aim was to study the effects of volume concentration on heat transfer coefficient and on
pressure drop. Dispersion of nanoparticle is improved by mixing an ultrasonic cleaner.
Increasing concentration of nanoparticle has no significant effect on heat transfer but pressure
drop increased. When the Reynolds number is increased then the ratio of heat transfer coeffi-
cient for nanofluid to base fluid is decreased while the Nusselt number is increased for both
base and nanofluids. Wei et al. [7] did experimentation to find thermal conductivity and
stability of TiO,/diathermic oil nanofluid. Effect of temperature and concentration on thermal
conductivity had been examined. Thermal conductivity was having a linear correlation with
concentration. Thermal conductivity of nanofluid increased with an increase in temperature.
Zeta potential values of different samples indicated good stability of nanofluids. To calculate
thermal conductivity, classical models are available such as Hamilton-Crosser (H-C) [8] is
presented in Eq. (4)

kne _ kp 4+ (n =Dk + (n — 1)D(kp — ke)
ke kp + (n— 1)k — @(kp — k)

@)

where ky is thermal conductivity of nanofluid, k¢ is thermal conductivity of base fluid, k; is
thermal conductivity of nanoparticles, & is volume fraction and n = % W is the sphericity.

Yu et al. [9] also gave a model to find thermal conductivity of nanofluids and it is presented in
Eq. (5) as follows:
kni Ko + 20k — k) (1+ P)°0 + 2k

ke ky — 2k — ke)(1+ B0 + 2K ©

where f is the ratio of the nano-layer thickness to the original particle radius.
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Timofeeva [10] gave a model, which is given in Eq. (6)

kit _ 1 430 ©)
ke

Basic information such as nanoparticle size, concentration of nanoparticles in base fluid and
results, related to these research works can be obtained from Table 1.

3. TiO, nanofluids as coolant for radiator and electronic devices

Radiator (usually a cross flow heat exchanger) is an important component of automobile. It
cools down the liquid which is carrying heat from engine block and protecting it from damage.
For high heat transfer rate, if the size of radiator is increased then it will increase both the
volume and weight, which is undesirable. Researchers are interested to increase the effective-
ness and compactness of radiators by using coolants with additives such as nanoparticles to
the base fluids.

Hussein et al. [11] used SiO, and TiO, nanofluids in automotive cooling system to check the
effects of volumetric flow rate, inlet temperature and volumetric concentration on Nusselt
number. Statistical models have been obtained by statistical softwares using multiple linear
regression methods and factorial methodology. Nusselt number increases as the volume flow
rate, inlet temperature and volume concentration is increased. Wadd et al. [12] performed
experimentation on automobile radiator to check the performance of metal (copper/water)
and non-metal (titania TiO,/water) nanofluids. Sodium lauryl sulphate was used as dispersant.
Copper-based nanofluids showed more thermal conductivity than TiO,. The stability of metal
nanoparticle was found to be less than non-metal nanoparticles. Friction factor and pressure
drop was found to be nearly same for both.

Figure 1 shows the flow of nanofluid through radiator.
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Figure 1. Flow diagram showing flow of nanofluid through radiator [11].
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Sandhya et al. [13] used TiO, water/ethylene glycol base nanofluid in car radiator to check the
improvement in cooling performance. Nusselt number showed enhancement by increasing
volume flow rate, volume concentration and Reynolds number. By increasing the volumetric
flow rate, outlet temperature of the nanofluid also increased. The inlet temperature of nanofluid
has slight effect on Nusselt number. Bhimani et al. [14] used TiO,/water nanofluid as a coolant in
automobile radiator to study heat transfer enhancement. Chemical treatment is done to avoid
agglomeration and sedimentation because of hydrophobic nature to TiO,. Heat transfer coeffi-
cient enhanced as the flow rate and volume concentration increased.

According to Newton's law of cooling, heat transfer can be calculated as given by Eq. (7)
Q = hAAT = hA(Ty — Ts) @)

where } is heat transfer coefficient, A; is surface area of tube, T}, is bulk temperature and T; is
tube wall temperature.

Heat transfer rate can be calculated as given by Eq. (8)

Q = mCAT ®)

and heat transfer coefficient can be calculated as given by Eq. (9)

o mC(Tin - Tout)
hexp - I’ZAS(Tb — Ts) (9)

where 71 is number of tubes.

While Nusselt number can be calculated as given by Eq. (10)

Hexp X D
Nu — %Xh (10)

Chen and Jia [15] experimentally checked the enhancement in thermal conductivity and con-
vective heat transfer coefficient by using TiO, nanofluid in automobile radiator. Pump damage
due to application of nanofluid is studied by using cavitation corrosion test. Nanofluid
showed good corrosion impediment capability under circulation. Hamid et al. [16] did exper-
imental work to find pressure drop by application of TiO, nanofluid. Increase in pressure drop
will lead to higher pump power requirement, which is not desired at all. Experimental findings
showed no significant increase in pressure drop. Friction factor decreased at high Reynolds
number.

Darcy equation to calculate pressure drop is given by Eq. (11), and to calculate friction factor
Eq. (12) can be used as follows:

2
ap =t [Z)L (11)

03164

f=za5 (12)



187

Heat Transfer Applications of TiO, Nanofluids

http://dx.doi.org/10.5772/intechopen.68602

‘Afoanpdadsax

%66'6 PUe FH'C Inoqe st
UO[RIJUDUOD 9§ J& pInjjoueu
I9}eM/[COL], pUR I9)em

/015 Buisn £q Ayanonpuod ud (g x Wo g jo s/ %Y pue ¢'¢ Lrem-DIS  [81] e
[EULIBY} Ul Juswdueyuy w0330q Y3Im MUis jeap] 9gpuey g PCTOT1 ‘80 IudMgIny - - - IDyem-<OrL, welp
‘pmpjoueu wwI 9] JO I9jouwerp awnjoa (0%:09)
2011, 105 doxp amnssaxd 1ouur 3uraey w G Jo pogmads Aq %G T 000°0€ [024]8 sus[Ay3a [o1] Te 1
ur aseamdur Juedyrudis oN  Yi8uo] yiim aqny zaddo) JON pue‘gQ judMaIN], D0/ PuUe (S  UBY}SSd] WU (G Pue Ijem-OL], prurepy
‘9,01 INoqe I9JEM 9 IM
ST I9JSURI} JEaY DATDIAUOD ID)OWRIp W 9,GT pue [004[3
Ul pue 9,¢ ST AJIAONPUOd g pue Y3Sus] W g YIm QURTAYIe 9, [c1]1e 30
[EULIaY} U JUsUadueUs] aqmy raddoo ySreng  AJT 06-ST  WSom £q 91 - - - wugl MM %G8—COIL uayD
*dwnjoA Aq %] JO UOLIIUDUOD UO1O3S SSOID 000°0T
je pmyj aseq 0} paredurod padeys-wmnipe;s yim awmnoa £q pue 000S
Se 9, GF—0F SI JUSIDLJJI0D saqn} [ednIaA p¢ ‘adLy %1°0 PUe ‘40 uaaMIaq [¥1] Te 3@
I9jSUeI} Jeal UL JUSWROURYUY  2qry Pue Up Paraano] NA10ZI-06 ‘S0 °€0 10 IuSMainy 208 fueaN  wugl weM-TOLL  Tuewyg
‘pInyj aseq 9y} 03 ‘w0 Jo Yy3ua| pue
paredwod se 9,6 INOQe ST 967 () W G JO IOJOWRIP € YHIM awmjoa (9%0%: %09)
JO UOQBIJUSDUOD Je IDJsueI}  Saqn) H(T JO SMOI 321} Aq %G0 D.S¥ [004A[8 sudlAyre  [¢1] Te 3@
Feal Ul jusuI=dUeYUD 9y, JO SISISU0D I0jerpey| INdT16-C pPue ¢'0 ‘1’0 juemainy Pue 0F ‘6 000°ST-000% WU [T Ppue 193eM-COL], edypueg
"0, €T INOQE ST IdUINU J[3SSNN]
UT JUSWIDUBLUD WNUIIXEUT
sapnredoueu ¢OL] 10, U010 SSOID
*94,GT INOge ST JOqUINU J[aSSNN padeys-asdio ypim
UT JUSWSDUBYUD WINWIXeU saqny reonIaa /g ‘a0dLy ySeom Lyem-cOrr, [g1] e
sopnredoueu roddoo 104 aqny pue uy pareano] INdTS-T £q %10 BN, D.04-89 000°0C-000€  Wu (g 191eM-N3 pPpPeEM
"%S'CT St paureqo
OIS 10§ IaquInu j[assnu
JO JUSWIDDUBL[UD WNUIIXEIA eaIe [EUOT)DS SSOID
‘0, 1T ST paure}qo Jepy yim saqny raddoo
TOL], J0] I9qUINU J[9SSNU  [edT}IDA Je[J 7€ pue sumg awmjoa wLEem-<o1s  [11] e
JO JUSWISOUEUS WNWIXE[N  PIISANO[ UHIM IOJeIpey] N1 8¢ Aqo,z-1  reurwe] D,08-09 - - 19)eM-COLL, UTOSSNE]
a3uex pmp
UOT)EIjuUadU0d adfy aduex rquImu aseq pue
YL EEN uSisa@  sojermopy dpnredoueN mo[gy ammerddwa]  spouday azig  apnpredoueN IdyPILISIY




188 Application of Titanium Dioxide

*S9DTAdP JTUOIII[@ PUe IOjerpel Ul pasn spmjjoueu QL] g d[qeL

wu 1¢
SI 9ZIS
apnred
‘OLL
eunumye un (of %ST)
105 90T stozis [00A[3 auaAyo
“umwy/] | pue 6’0 ‘50 spnIed pue (104
JO 931 MO[J J UOL}RIJUSdU0D eruejn €OV %G/) 19rem
SLIWN[OA %E"() YHM 10§ %S0 wu L /(FOLL) eruely,
eurume 10y punoj st juabyyaod pue cz0 ‘10 S19ZIs (Fov)
Iajsuer} Jeay 9A}OIAUO0D (S96 ¥X II Wwouay ) JNdT1 ©oIIS 10J %G'T apnred eurwun[y [£1] Te 3@
UT JUSWIDUEYUD 9DIM], T0ssadoxd axodpeNnd) pue G/ 0 ‘S0 pue 0’1 ’‘go JTeurure] - - 015 (fOrg)eo111S nerey
‘Aoanoadsar ‘o, // 1
pue ¢ Sem S/ 9 JO AJIDO[A
JO[UI YJIM SPIN[JOURU J9jem
-COL], pue 121em-)Ig Sursn
Aq xn[y yeay ur JuswedUR YUY
a3uex pmp
UOT)EIjuUadU0d adfy aduex rquImu aseq pue
YL EEN uSisa@  sojermopy dpnredoueN mo[gy ammerddwa]  spouday azig  apnpredoueN IdyPILISIY




Heat Transfer Applications of TiO, Nanofluids
http://dx.doi.org/10.5772/intechopen.68602

where AP is pressure drop, f is friction factor, p is density, v is velocity, L is length and D is
diameter.

3.1. Cooling of electronic devices

Nowadays cooling of electronic devices is a challenging task because of compactness and high
heat dissipation. Different approaches are being used to increase the thermal performance of
electronic systems. One of such way is to enhance the thermal performance of coolant being
used in the system. Nanofluids have showed better thermal performance than base fluid.

Rafati et al. [17] used three different types of nanofluids as coolant for cooling of microchips.
A high conductive thermal paste is used between block and processor’s integrated heat spreader.
For computer cooling, the selection of nanofluid is based on factors such as better thermal
performance, economic aspect and having no chemical and corrosion impact. The highest
decrease in temperature was observed for alumina nanofluid, which was about 5.5°C.

ljam et al. [18] used SiC and TiO, nanofluids as coolant in electronic devices. Enhancement in
thermal conductivity and heat flux is achieved by increasing volume concentration. Pressure
drop increases as flow rate is increased, which results in increase in pumping power. Pressure
drop for SiC and TiO, nanofluid increases from 2159.26 and 2170 Pa, respectively, at 0.8% volume
fraction to 2319.58 and 2375.07 Pa, respectively, at 4% volume fraction with 2 m/s inlet velocity.
Pumping power increased from 0.28 to 5.49 W for SiC and from 0.26 to 5.64 W and for TiO, with
4% volume fraction when inlet velocity increased from 2 to 6 m/s. Table 2 provides information
about different parameters and result obtained in cooling of radiators and electronic devices.

4. Application of TiO, nanofluids in heat exchangers

The basic function of heat exchanger is to transfer heat energy from one fluid (which is at high
temperature) to other fluid (which is at low temperature). Two fluids in heat exchanger did not
come into direct contact or mix with each other. To achieve high heat transfer rate in heat
exchanger is our main concern. Use of nanofluid is one of simple way to attain this purpose.

Duangthongsuk et al. [19] used a double tube counter flow heat exchanger to check heat
transfer and flow characteristics of TiO, nanofluid. Nanofluid flows in inner copper tube while
hot water flows in annular. Heat transfer coefficient increased as mass flow rate of hot water
and Reynolds number increased while temperature of nanofluid is decreased. Hot water
temperature has no significant effect on heat transfer coefficient. When compared with base
fluid (water) pressure drop and friction factor are nearly the same. To calculate Nusselt num-
ber, different equations are available in literature such as Gnielinski equation [20] is defined as
in Eq. (13)

(5) (Re — 1000)Pr
Nu = 05
1+127(5) (P -1)

(13)
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where Nu is Nusselt number, Re is Reynolds number, Pr is Prandtl number and f is friction
factor in above equation.

To predict Nusselt number Pak and Cho [21] correlation is given in Eq. (14) as follows:

Ny = 0.21Re2EPrO? (14)

Another correlation in Eq. (15) to predict Nusselt number is given by Xuan and Li [22]

Nutpg = 0.0059(1 + 7.6286@" % Pef ") ReD > Prot (15)

where Pe is Peclet number of nanofluid in above relation.

Singh et al. [23] did experimental studies on double pipe heat exchanger by using CuO/TiO,
nanofluids with different flow rates and volume concentrations. Application of CuO/TiO, nanofluids
enhanced heat transfer rate as concentration and flow rate is increased. CuO nanofluid showed
better results than TiO, nanofluids because of high thermo-physical properties. Reddy et al.
[24] did experimentation to check heat transfer coefficient and friction factor in double pipe
heat exchanger with and without helical coil inserts by using TiO, nanofluid. Nanofluid flows
in the inner tube while hot fluid flows in the outer tube. Enhancement in heat transfer
coefficient and friction factor (in terms of pressure drop) is measured. New correlations for
Nusselt number and friction factor developed are given in Egs. (16) and (17)

Nitgeg = 0.007523Re®S P03 (1 + @)"°(1 + P/d)** (16)

fReg — 0.3250Re—042377(1 + @)2723(1 + P/d)0A041 (17)

Khedkar et al. [25] study TiO,/water nanofluid heat transfer characteristics in concentric heat
exchanger. Nanofluid with the highest concentration has the highest overall heat transfer
coefficient. Flow diagram of apparatus used in experimentation [25] is shown in Figure 2.

Duangthongsuk et al. [26] found that enhancement in heat transfer coefficient and pressure drop
is related to nanoparticle concentration. If nanoparticle concentration is increased beyond the

I e —) é
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A < For Nanofinids Tank
Pump ForNanofluids
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Figure 2. Schematic representation of nanofluid flow through concentric tube heat exchanger.




Heat Transfer Applications of TiO, Nanofluids
http://dx.doi.org/10.5772/intechopen.68602

limit then a decrease in the heat transfer coefficient is observed. This is attributed to increase in
viscosity. In this experiment, value of heat transfer coefficient increases as volume concentration
is increased up to 1% and after that decrease in heat transfer coefficient is observed. Proposed
correlations to predict Nusselt number and friction factor are mentioned in Egs. (18) and (19),
respectively.

Nu = O.O7R60.707Pr04385@0074 (18)

f — 0.961@0052126’_0‘375 (19)

Barzegarian et al. [27] used brazed plate heat exchanger to check enhancement in overall heat
transfer coefficient and pressure drop by using TiO, nanofluid. For a specified Reynolds number,
increment in weight concentration of nanoparticle in nanofluid increased the overall heat trans-
fer coefficient and pressure drop also. Increase in Reynolds number also enhanced the overall
heat transfer coefficient and pressure drop. Up to 20% enhancement in pressure drop has been
observed during experimentation. Tiwari et al. [28] used four different types of nanofluids
(including CeO,, AL,Os, TiO, and SiO,) with different concentrations and volume flow rates.
Better heat transfer behaviour of TiO, and CeO, nanofluid is observed at low concentrations
while that of Al,O3 and SiO; at high concentrations. CeO, > AL,O3 > TiO, > SiO; is the order of
nanofluids for which maximum heat transfer coefficient is obtained.

Overall heat transfer coefficient is calculated in Ref. [29] as by using Egs. (20)—(22)

Qan
____~ave 2
u AFAT M (20)
A = NHW @1)
Tyo—Tei) — (Tni—T
ATimmp =( ho LC’ l()Th ”,(T(hi’; o) (22)

(Th,i—Tc,0)

where U is over all heat transfer coefficient, A is total surface area, F is temperature correction
factor, N, is total number of plates, and H and W are height and width of plates.

Taghizadeh-Tabari et al. [29] performed experimentation on plate heat exchanger of milk
pasteurization industry by using TiO,/water nanofluid. Peclet number is used in experiment
to compare performance of nanofluid with different concentrations. Nusselt number and
pressure drop increased as the Peclet number or concentration or both are increased. Experi-
mental results showed dramatic increase in heat transfer coefficient while theoretical calcu-
lated results did not. Reasons behind this could include increase of nanoparticle Brownian
motions, particle migration and reduction of boundary layer thickness. The performance index
N = (hu/her)/(AP,s/APyf) is greater than 1 for all type of nanofluid concentrations used in the
experimentation. Benefit of using nanofluid in milk pasteurization industry is to reduce energy
consumption. Javadi et al. [30] did study work by using three different nanofluids in plate heat
exchanger to compare thermo-physical and heat transfer characteristics with base fluid. The
results confirmed that overall heat transfer coefficient, thermal conductivity, pressure drop,
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heat transfer rate and entropy generation increased with increase in volume concentration of
nanoparticles. While Prandtl number decreased as concentration of nanoparticles in base fluid
is increased, pressure drop is lowest for SiO,. Overall heat transfer coefficient is highest for
Al,Os. Prandtl number is highest for lowest concentration of nanoparticles. Entropy genera-
tion is lowest for SiO, as 25, while for TiO, and Al,Oj3 this value increases to 40 and 38.7,
respectively.

Ashrafi et al. [31] used nanofluid as coolant in heat exchangers of swimming pool. In shell and
tube heat exchanger, nanofluid flows through tubes while cold water in shell. Results show that
when weight concentration of nanoparticle and Peclet number is increased, the convective heat
transfer coefficient is also increased. Kumar et al. [32] used shell and tube heat exchanger to check
heat transfer characteristics of TiO,/water, CuO/water, TiO,/ethylene glycol and CuO/ethylene
glycol nanofluids with different concentrations. Hot water flows through shell and nanofluid flows
through tubes. CuO/water nanofluids showed highest enhancement among all nanofluids used in
the experimentation. Convective heat transfer coefficient is improved by increasing Reynolds
number, volume concentration, volume flow rate and temperature.

Different enhancements achieved by researchers are given in Table 3.

5. Application of TiO, nanofluids in heat sinks

Heat sink (which is a form of heat exchanger) is used to absorb excessive heat from a system to
maintain its temperature at an optimum value and to avoid from overheating. These are made
of conductive metals. Air or liquid is used to remove the heat from heat sink. Design of heat
sink is such as to maximize surface area contact with air or cooling liquid. Due to limitations,
we cannot increase area beyond limits rather we can use cooling liquid with higher thermal
conductivity. This enhancement in thermal conductivity will result in higher heat transfer and
can be achieved by addition of nanoparticles to base fluid.

Ali et al. [33] experimentally compared performance of staggered and inline pin fin heat sinks
under laminar flow of TiO, (rutile) and TiO, (anatase). TiO, (rutile) with staggered pin fin heat
sinks showed best performance. The arrangement of staggered pin fin allows more liquid to
interact with pin fins, which makes its performance better than inline pin fin. By using TiO,
(rutile) with staggered pin fin heat sinks minimum temperature of base obtained is 29.4°C. The
lowest thermal resistance is obtained for TiO, (rutile) with staggered pin fin heat sinks at
Reynolds number of 587 which was 0.012°C/W. Schematic diagram of nanofluid flow is shown
in Figure 3.

Mohammed et al. [34] used six different nanofluids in the experimentation to find enhance-
ment in the heat transfer coefficient, wall shear stresses, friction factor and pressure drop in
triangular micro-channel heat sink. Order of achieved enhancement in heat transfer coefficient
is Diamond> SiO, > CuO > TiO, > Ag > ALLO;. CuO/water and TiO,/water showed same
performance in terms of heat transfer coefficient. Order of pressure drop occurred along the
length of the channel in experiment is S5iO, > Diamond > Al,O3 > TiO, > CuO > pure water > Ag.
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Figure 3. Schematic diagram of nanofluid flow through heat sink. CR is coolant reservoir, DAS is data acquisition system,
F is flow meter, HS is heat sink, HT is heater, P is pump, R is radiator, T is thermocouple and V is valve in flow diagram.

Ag also has lowest wall shear stress. Diamond/water nanofluid has lowest thermal resistance
among six nanofluids.

Naphon and Nakharintr [35] performed experiments on mini- rectangular fin heat sinks with
different widths by using TiO,/de-ionized water nanofluid to check heat transfer enhance-
ment. Average outlet temperature and plate temperature decreased as Reynolds number is
increased. Average heat transfer rate is increased with mass flow rate of nanofluids. Nusselt
number has direct relation with Reynolds number. Increase in Reynolds number decreased the
thermal resistance while slight increase in pressure drop is observed. Average heat transfer
rate of heat sink with largest width is higher than the sinks with smaller width.

To calculate thermal resistance in Ref. [35], Eq. (23) can be used as

1 1
Rp=—— = (23)
Qav
h x A AiTLMiD

Parameters used in above equation include Ry, as thermal resistance, / as average heat transfer
coefficient and A, as total heat transfer surface area of heat sink.

Sohel et al. [36] used three different nanofluids to check thermo-physical properties and heat
transfer performance of nanofluids in a circular copper micro-channel. CuO/water nanofluid
showed best thermo-physical properties and heat transfer performance among the three
nanofluids. Reduction in friction factor for CuO/water nanofluid is 9.38%, for Al,Os/water is
1.13% and for TiO,/water is 1.79%. Reduction in thermal resistance for CuO/water nanofluid is
11.62%, Al,Os/water is 6.37% and TiO,/water is 5.84%. Khaleduzzaman et al. [37] performed
experimental work to find out the effect of nanoparticles volumetric concentration on flow
rates, heat transfer coefficient and thermal resistance for water block heat sink. The interface
temperature reduced as the volume flow rate increased. When the volume fraction and flow
rate increased, thermal resistance decreased. Augmentation in heat transfer coefficient
occurred when volume fraction and flow rate increased. Ijam et al. [38] performed cooling of
copper mini-channel heat sink using two different types of nanofluid. Effects of nanofluid
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volume fraction and inlet velocity on thermal conductivity, heat transfer coefficient, pumping
power and pressure drop had been investigated. Fluid at low velocity absorbs more heat than
the fluid at higher velocity. Mass flow rate and particle volume fraction has direct relation with
heat transfer coefficient. By increasing mass flow rate and inlet velocity of fluid, pressure drop
also increases. When volume fraction is increased then thermal resistance is decreased.
Improvement in heat flux with volume fraction of 0.8% and nanofluid inlet velocity of 0.1 m/s
for Al,O5 is 17.3% while for TiO, is 16.53%.

Xia et al. [39] compared heat transfer performance of fan-shaped micro-channel heat sink with
rectangular micro-channel heat sink by using TiO,/water and Al,Oz/water nanofluids. Pres-
sure drop and convection of heat transfer is higher in fan-shaped micro-channel heat sink.
Enhancement in heat transfer is greater for Al,Oz/water nanofluids when compared with TiO,/
water nanofluids, while thermal conductivity behaviour of TiO,/water nanofluid is better.

To calculate friction resistance coefficient in Ref. [39] Eq. (24) is used

_ 24PD,
- pLu,

f (24)

where AP is pressure drop between inlet and outlet, Dy, is hydrodynamic diameter, p is density,
L is length of micro-channel and u,, is mean velocity. Different enhancements obtained by
researchers are given in Table 4.

6. Application of TiO, nanofluid in nucleate pool boiling

Nucleate pool boiling is a boiling type which takes place when temperature of surface is about
5°C greater than the saturation temperature of liquid. This boiling region is the most desirable
as we can obtain high heat transfer rates with a small value of ATcycess. Usually two methods
are used to increase heat transfer rate in this region. One way is to increase the nucleation sites
by doing surface treatment and other way is use of nanofluids.

Ali et al. [40] experimentally found boiling heat transfer coefficient enhancement by using TiO,
(Rutile)/water nanofluid. Two different concentrations of 12 and 15% by weight are used in
experimentation. Experimental setup accuracy is checked by using Pioro [41] correlation,
which is given by Eq. (25) as follows:

hl 0.66
= = 0.075Cy ( 025) P (25)

q
higpg°[0g(p — pg)]

In above equation Cyrand n are constants, which are dependent on fluid and heating surface.

By increasing wall super heat a decrease in heat flux enhancement is observed. Average heat
flux and boiling heat transfer coefficient enhancement obtained at 15% concentration is 2.22
and 1.38 while for 12% concentration is 1.89 and 1.24, respectively.
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Trisaksri et al. [42] experimentally investigated nucleate pool boiling heat transfer at different
concentration and pressure of a refrigerant-based nanofluid on cylindrical copper tube. TiO,-
R141 nanofluid with three different concentrations had been used. When concentration of
nanoparticle is increased, a decline in boiling heat transfer for R141 is observed. Effect of
pressure is dominant at low concentrations. Rohsenow [43] correlation used in experimenta-
tion to predict nucleate boiling heat transfer is given by Eq. (26) as follows:

Cp,l(Ts - Tsat) q o 033
o csf( - ol e (26)
fg 1 g 801 = Py

Suriyawong and Wongwises [44] performed experimentation on two different circular plates
made of copper and aluminium with different roughness (0.2-4 um) to check nucleate boiling
heat transfer characteristics. When concentration was greater than 0.0001% by volume, a
decrease in heat transfer coefficient had been observed. The reason for this deterioration is
sedimentation of nanoparticles on heating surface and decrease in nucleation sites. Rough
surfaces provide more heat transfer coefficient as compared to smooth surfaces because more
nucleation sites are presented on such surfaces. Aluminium plate showed high heat transfer
coefficient than copper plate.

Das et al. [45] checked the effects of surface modification on nucleate boiling heat transfer. In
experimentation, Cu surface is coated with crystalline TiO, nanostructure. Increase in surface
roughness, surface wet ability or surface coating thickness provide enhancement in boiling
heat transfer coefficient.

7. Conclusion

This chapter gives an overview of titanium oxide nanofluids application in different heat
transfer systems. Because of high thermal conductivity of these fluids as compared to simple
water or other fluids, heat transfer systems using titanium oxide nanofluids performed more
efficiently. Pressure drop due to the presence of nanoparticles was not significant. Therefore,
no extra pumping power was required for circulation of nanofluids.

Nomenclature

Weight concentration w
Density of base fluid Pt
Density of nanoparticles Pp
Density of nanofluid Pnf
Thermal conductivity of nanofluid K

Thermal conductivity of base fluid ke
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Thermal conductivity of nanoparticles k,
Volume fraction 9]
Heat transfer coefficient h
Surface area of tube Ay
Bulk temperature Ty
Tube wall temperature T
Heat transfer rate

Mass

Specific heat capacity

Nusselt number Nu
Pressure drop AP
Friction factor f
Density P
Velocity v
Reynolds number Re
Prandtl number Pr
Peclet number Pe
Over all heat transfer coefficient u
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Abstract

TiO,, a photosensitive semiconducting material, has been widely reported as a good
photoanode material in dye-sensitized solar cells and new emerging perovskite cells.
Its proper electronic band structure, surface chemistry and hydrophilic nature provide
a reactive surface for interfacing with different organic and inorganic photon captur-
ing materials in photovoltaics. Here, we review its enabling role in incorporating two
special materials toward biophotovoltaics, including photosynthetic protein complexes
extracted from plants and plasmonic nanoparticles (e.g., gold or silver nanoparticles),
which interplay to enhance the absorption and utilization of sun light. We will first give
a brief introduction to the TiO, photoanode, including preparation, optical and electro-
chemical properties, and then summarize our recent research and other related literature
on incorporating photosynthetic light harvest complexes and plasmonic nanoparticles
onto anatase TiO, photoanodes as a means to tap into the charge separation, electron and
energy transfer, and photovoltaic enhancements in the bio-photovoltaics.

Keywords: photoanode, dye-sensitized solar cells, photosynthetic protein complexes,
charge separation, plasmonic effect, interface, Schottky barrier, energy transfer, hot
electrons

1. Introduction

As a photosensitive semiconductor material with good long-term stability, nontoxicity, low cost
and abundance, TiO, has been widely used in photocatalysis and photovoltaics [1]. However,
due to the wide band gap (i.e., 3.0 eV for rutile and 3.2 eV for anatase TiO,, respectively), pris-
tine TiO, only responds to the irradiation in UV region. It is inefficient for capturing the majority
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of photons lying in the visible range of the normal solar irradiation spectrum. Decorating visi-
ble-light-excitable compounds, so-called photo-sensitizers or dyes, on TiO, can effectively over-
come this issue, which has been adopted to develop dye-sensitized solar cells (DSSCs) [2].

The operation principle of DSSCs is illustrated in Figure 1. Organic dyes anchored on TiO,
surface are excited by absorbing visible light in the specific wavelength range. The charge
separation occurs at the sensitizer/TiO, interface by injecting electrons from the excited state
of the dye into the TiO, conduction band to generate free electrons, which are then diffused
through the sintered TiO, nanoparticle layer and external circuit to the cathode to generate a
photocurrent. Concurrently, the oxidized dye is reduced to its ground state by oxidation of
the redox mediator I" into L”, with I,” ions then diffusing through the electrolyte to the cath-
ode and reduced back to I" by accepting electrons combing back from the external circuit to
complete the whole regeneration process. Overall, this system converts solar energy into elec-
tricity without any net consumption of chemicals, and thus, the DSSC can continuous supply
power under irradiation by sun light. In 2011, a porphyrin sensitized DSSC incorporated with
Co™I! tris(bipyridyl) redox electrolyte achieved a record-high power conversion efficiency
(PCE) of 12.3% [4]. Recently, a new emerging perovskite solar cell using solid-state meso-
scopic TiO, photoanode sensitized with lead halide perovskite (CH,NH,PbX.,) was reported
to achieve an exciting PCE of more than 15% [5], and it quickly approached to 20% by post-
treatment of mesoporous TiO, photoanodes with lithium salts [6].

The prototype of DSSC is analogue to the photosynthesis in plants taking place at thylakoid
membrane in the chloroplast composed of various photosynthetic proteins. Figure 2 depicts
the light-dependent reactions in the photosynthesis. Briefly, solar energy is absorbed by excit-
ing the light harvesting complexes (i.e,, LHCI and LHCII), a kind of proteins binding a lot
of chlorophylls (Chls) as major pigments in the photosystems (PSI and PSII). The excitation
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Figure 1. Structure and operating mechanism of a DSSC. Reprinted with permission of Ref. [3].
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Figure 2. Photoreactions in photosynthesis at the thylakoid membrane of plant cells. Inset: the energy flow in PSII and
the structure of LHCII trimer. Adapted with permission of Refs. [7, 8].

energy is resonantly transferred to the associated reaction centers (RCs) where the energy is
converted into electrons by exciting a special pair of Chls, triggering a series of chemical reac-
tions, such as water splitting in PSII, reduction of NADP* to NADPH in PSI and ATP synthe-
sis. Inset of Figure 2 shows components of PSII and the energy flow therein. The largest PSII
supercomplex, C,5 M,, consists of a dimeric core complex (C,) containing RCs, 4 monomeric
minor antenna complexes (CP29), 4 strongly attached LHCII trimers (S, and M,), and 3-4
loosely attached LHCII trimers [9]. LHCII trimer is the most abundant Chl-protein complex in
nature and the major antenna complex in PSII. The LHCII trimer consists of three monomers
each of which comprises a polypeptide of about 232 amino-acid residues, 8 Chl a and Chl b
molecules, 34 carotenoids and one phospholipid [10].

It should be noted that both photosynthesis systems and DSSCs utilize separate media for
photon capture and energy transfer (executed by the excitation of LHCs and photosensitiz-
ers, respectively) and charge separation (occurs in RCs and the dye/TiO, interface, respec-
tively). This mechanism has an advantage to reduce the possibility of charge recombination
[11]. Owing to such similarity, various DSC architectures have been explored to directly use
natural extracted pigments [12, 13] and photosynthetic LHCs [14-17] as photosensitizers to
replace synthetic dyes in developing biophotovoltaic cells. Although the biophotovoltaic cells
have much lower PCE than normal DSSCs, these hybrid systems serve as a unique platform
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to study the crucial processes including charge separation and transport at the interface of
TiO, photoanode with natural photosensitizers and provide insights into the limiting factors.
In this chapter, we will summarize our recent research and other related literature on incor-
porating photosynthetic proteins and plasmonic nanoparticles (PNPs) onto anatase TiO, pho-
toanodes as a means to tap into the charge separation, electron and energy transfer processes,
and plasmonic enhancement in the biophotovoltaics. The following aspects will be involved:
(i) configuration and surface modification of TiO, photoanode, (ii) energy state coupling and
charge transfer between photosynthetic proteins and TiO,, (iii) plasmonic effects on biopho-
tovoltaics, and (iv) hot electrons across Schottky barrier at Au/TiO, interface.

2. Configuration and surface modification of TiO, photoanode

2.1. Fabrication of TiO, photoanode

Conventional photoanode in DSSCs is composed of a 10-um-thick nanostructured TiO, film
prepared from deposition and sintering of spherical TiO, nanoparticles (NPs) on conduct-
ing fluorine doped tin oxide (FTO) glass. This mesoporous layer has a large surface area for
dye adsorption while maintaining a percolation network for electron transport. Later, a vari-
ety of TiO, nanorods, nanowires and networks were designed to replace the spherical NPs
in photoanode [18-20]. These structures are regarded with more efficient electron transport
pathway owing to the inherent well-aligned crystalline domains and the greater electron dif-
fusion length [21, 22]. Typically, the TiO, nanomaterials are synthesized by sol-gel method,
then dispersed with surfactants into a paste and coated on FTO glass via doctor-blade casting,
spin coating or screen printing. This multi-step route is tedious and induces large variances
in prepared TiO, layers. The electron diffusion in the layer is restrained by large boundary.
Instead, direct growth of highly ordered architectures on substrates is among the most excit-
ing developments for novel photoanodes. Vertically aligned TiO, nanotube arrays have been
successfully produced by potentiostatic anodization of titanium metal in a fluoride containing
electrolyte and exhibit larger electron diffusion length [23]. A forest-like photoanode combin-
ing efficient light trapping and high surface area for dye absorption was synthesized via fine
control of pulse laser deposition, which consists of hierarchical assemblies of nanocrystalline
particles of anatase TiO, [24]. This hierarchical architecture was demonstrated to suppress
electron recombination with tri-iodide along with increase of electron lifetime and perform
no hindering in mass transport using ionic liquid electrolyte. Recently, we employed a similar
anatase TiO, nanotree array as photoanode scaffold for the LHCII sensitized biophotovoltaic
cells [25]. This TiO, nanotree array can be simply grown on TiO, coated FTO glass by one-pot
hydrothermal reaction without necessity of high-tech equipment [26]. The transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM) images in Figure 3 confirm
the morphology of the TiO, nanotrees prepared by this method. Each nanotree is composed
of 6-um-long TiO, nanowire trunk covered by short and thinner branches extending sideway.
The growing model is illustrated in Figure 4, showing a hierarchical assembly of TiO, nano-
structure in which the number and length of branches on the TiO, nanowire trunk can be
increased with the longer reaction time.
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Figure 3. (A) TEM image of the TiO, nanotree scraped off from the FTO substrate and (B) the cross-sectional view of TiO,
nanotree array by SEM. Reprinted with permission of Ref. [27].

In addition, post-synthesis thermal treatment can be applied to attain highly crystalline TiO,
photoanodes. Due to higher dye loading and faster electron transport rate, the TiO, with pure
anatase phase is more favorable than rutile phase in photoanode applications [28]. The crys-
tallization strongly depends on annealing process. It normally yields the anatase phase if the
annealing temperature is below 550°C but tends to form the thermodynamically stable rutile
phase at higher temperatures [29]. The XRD (Figure 5A) and Raman (Figure 5B) character-
izations confirmed that single crystalline anatase phase was attained for the TiO, nanotrees
subjected to 500 °C calcination for 30 min.

Figure 4. Schematic formation process of the hierarchical anatase TiO, nanotree arrays on FTO substrates. Reprinted
with permission of Ref. [26].
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Figure 5. (A) XRD pattern and (B) Raman spectrum of the TiO, nanotrees after 500 °C thermal annealing. The standard
XRD peak position of anatase TiO, (JCPDS card No 71-1166) is indicated as the vertical red lines in (A). Reprinted with
permission of Ref. [26].

2.2. TiO, barrier layer

In the photoanode of DSSCs, besides using TiO, for charge separation and electron transport,
a thin compact TiO, layer of tens to hundreds of nanometers is usually deposited between
mesoporous TiO, nanoparticle film and transparent conductive oxide (TCO) coated glass as a
barrier layer. This barrier layer was found to be critical in impairing the electron backflow at
the TCO/electrolyte interface, increasing the shunt resistance, and therefore increasing the fill
factor and overall cell efficiency [30, 31], as depicted in Figure 6A.
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Figure 6. (A) Charge recombinations in DSSC due to the electron back flow from TCO to oxidized dye and redox
electrolyte. (B) [llustration of the differences of the TiO, barrier layers formed by (a) TiCl, treatment and (b) Ti sputtering
followed by thermal annealing. Adapted with permission of Ref. [32].



TiO,: A Critical Interfacial Material for Incorporating Photosynthetic Protein Complexes and Plasmonic...
http://dx.doi.org/10.5772/intechopen.68744

To establish a reliable planar photoanode for biophotovoltaics, we systematically studied the
TiO, barrier layer deposited by two distinct methods and correlated the TiO, structure with its
barrier properties [32]. Figure 6B schematically shows that a porous dye-penetrable TiO, film
was attained by the TiCl, solution treatment, while a conformal compact TiO, film was obtained
by sputtering-annealing Ti. The latter seemed to be an ideal barrier layer since dye molecules can
only adsorb on the external TiO, surface. However, the performance of DSSCs made with the
sputtering-annealing method was worse than those by TiCl, treatments due to the lower electri-
cal conductivity since anatase structure is mixed with amorphous and rutile phases in the film.
In this work, the DSSCs fabricated with photoanodes by 20 min TiCl, treatment showed the best
performance, likely due to the formation of desired anatase crystallites with the optimum thick-
ness. Such thin-film DSSC was used as a model system to test the photovoltaic effects of photo-
synthetic proteins that cannot easily access the interior pores of traditional mesoporous DSSCs.

2.3. Biosensitizations on surface modified TiO, photoanodes

One complication to fabricate biophotovoltaic devices is to integrate biophotosensitizers with
artificial semiconductors in photoanode. Unlike synthetic dyes that can easily use various
anchoring groups, for example, carboxylate (—COOH), phosphonate (—H,PO,) or siloxy moiety
(—O—SiR,), through molecular engineering to increase binding affinity to metal oxide semicon-
ductor [33, 34], chemical modifications on natural extracted photosynthetic protein complexes
would cause unfavorable structural changes that impair their intrinsic photoelectric properties.
Although the photosynthetic protein complexes contain carboxylate groups in their polypep-
tide matrix, they are usually extracted and dispersed in aqueous buffer solution in which the
strong polar water solvent and the surfactants tend to break the adsorption equilibrium causing
desorption from the metal oxide surface. Addition of binding agents is desired to conjugate pho-
tosynthetic protein complexes to artificial photoanodes. Mershin et al. bioengineered PSI with
a designed peptide surfactant that contains an amino acid sequence with specific high binding
affinity to ZnO (Figure 7) [35]. In the study, the native electron acceptor subunit PsaE within
PSI was substituted with the ZnO-binding peptide tag: RSNTRMTARQHRSANHKSTQRARS to
promote attachment and orientation of the PSI on ZnO nanowires. Thus, the modified PSI was
preferentially bound to ZnO nanowires by the electron acceptor side, minimizing the electron
traveling distance between electron acceptor and electrode and maximizing the electron transfer.

Beyond introducing the specific linkers through delicate bioengineering on photosynthetic
protein complexes, another simpler method to improve the protein attachment is to perform
surface modifications on photoanode materials with binding molecules. Dihydroxyacetone
phosphate was reported as a suitable linker between PSI and metal oxide. The indium-tin
oxide (ITO) and titanium suboxide (TiO, x = 1, 2) substrates covered with a self-assembled
monolayer of dihydroxyacetone phosphate can immobilize a densely packed PSI layer by
electrostatic and hydrogen bond interactions with the polar stroma and lumen faces of PSI
[36]. LHCII of PSII can also be isolated and appointed as photosensitizers in biophotovoltaic
cells. However, the physisorption of LHCII on the TiO, photoanode was found to be very
weak and unstable, as indicated by the long incubation time (96 hours) required to reach satu-
rated adsorption [45]. It was recently reported that strong LHCII attachment can be obtained
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Figure 7. (a) Bioengineered modification of PS I by substitution of native PsaE with PsaE-ZnO. (b) Schematic electron
transfer path in PS I-based biophotovoltaic cells. Adapted with permission of Ref. [35].

on a APTES grafted FTO substrate via electrostatic interaction between the anionic residues
on the stromal side with cationic =NH," groups [14]. We adopted this approach and used
APTES to functionalize the surface of TiO, thin film, TiO, nanotree array photoanodes and
TiO,-encapsulated plasmonic NPs in LHCII sensitized solar cells [25]. Clear improvement in
protein attachment is indicated by the more intense and uniform greenish color on the APTES
modified photoanode (Figure 8a).

Moreover, adsorption of the photosynthetic proteins onto internal surface of the mesoporous
TiO, anode is also hindered by its much larger size (4-20 nm) than dye molecules (<1 nm),
researchers strive to increase their loading capacity by engineering more open three-dimen-
sional (3D) electrode architecture. The amount of the adsorbed proteins can be extracted into
buffer solutions and quantitatively assessed from the absorption spectra of the extracted Chls
in Figure 8b based on the following equation [37]:

Chlsa(a + b) = 17.6 A%66 +7.34 A6636 1

A is the absorbance at certain wavelength. By this means, the amount of LHCII trimers
adsorbed on APTES-treated TiO, nanotrees was determined to be 2.5 folds of that on bare TiO,
nanotrees. It can be derived from basic calculations that LHCII trimers containing 0.2 ug Chls
are required to form a hexagonal close-packed monolayer on a flat 1 x 1 cm?surface. Since the
adsorbed LHCII trimers were equivalent to 6.6 ug Chls, 33 times of that on the flat TiO, sur-
face, it is evident that nanoscale LHCII trimers were able to penetrate into the 3D TiO, nanotree
array and adsorb on a large surface area.
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Figure 8. (a) The digital photographs of the LHCII-sensitized region of an APTES-treated TiO, nanotree array (top) and
a bare TiO, nanotree array (bottom) (b) UV-Vis absorption of the chlorophylls pigment extracted from the LHCII trimers
adsorbed on TiO, nanotree photoanodes with and without APTES functionalization. Reprinted with permission of Ref. [25].

3. Energy state coupling and charge transfer between photosynthetic
proteins and TiO,

3.1. General electron transfer in the biophotovoltaic cells with photosynthetic protein
sensitized TiO, photoanodes

Similar to DSSCs, photocurrent generation by biophotovoltaic cells based on photosynthetic
proteins sensitized TiO, photoanode is inextricably linked with the charge separation at the
photosynthetic protein/TiO, interface. The energy state matching among photosynthetic pro-
teins, semiconductive TiO,, and redox mediators is crucial to enable the electron injection
from photosynthetic proteins to TiO, as well as the electron refill from redox mediators to the
proteins. The photoinduced electrons originate from Q band excitation of Chls. Since Chl is
the major pigment contained in photosynthetic proteins, the energy levels of the photosyn-
thetic proteins can be represented by the ground and excitation states of Chls Q band, and
they can be determined by measuring the oxidation potential and the absorption spectrum of
the photosynthetic proteins. Figure 9 shows the electron transfer and energy level scheme of
the biophotovoltaic cell based on LHCII aggregates as the sensitizer on thin film TiO, photo-
anode. Potentials are relative to the normal hydrogen electrode (NHE) [38]. Similar to DSSCs,
when the chlorophylls in the photosynthetic proteins are photoexcited to the higher energy
level Chl*, the electrons are able to inject into the less negative conduction band of TiO,. In



216  Application of Titanium Dioxide

E/V vs. NHE energy transfer

Figure 9. Electron transfer and energy level scheme of a photovoltaic device based on aggregated LHCII complexes.
Reprinted with permission from Ref [38].

this step, the harvested solar energy is converted into anodic photocurrent. Meanwhile, the
redox potential of the mediator should be more negative (i.e., in lower position in Figure 9)
than the hole left at the ground state of Chlorophyll Ch* so that it can resupply an electron to
the oxidized Chl, thus regenerating the sensitizer. The V,. (maximum output voltage of solar
cell) corresponds to the difference between the redox potential of the redox mediator and the
Fermi level of the FTO current collector.

3.2. Effect of charge transfer state in LHCs

Comparing to artificial DSSCs, the biophotovoltaics involving photosynthesis complexes as
sensitizers have two distinct features. First, the captured photon may go through a rapid inter-
nal energy transfer process to the charge-separation states. For example, Figure 10A shows
that the excitation energy of LHCII at 496.5 nm is quickly transferred to the lower-energy Q
band around 650-690 nm before giving fluorescence or producing charge separation. Second,
the charge transfer process of densely assembled chlorophylls in photosynthetic protein com-
plexes depends on the specific protein environments involving photosynthesis regulation
through a photoprotective mechanism called non-photochemical quenching (NPQ) [9, 39-44].
Excess energy in the photo-excited chlorophylls was dissipated through specific LHCII pro-
tein aggregation [45]. The Chl excited states in the aggregated LHCII, unlike in isolated LHCII
trimers, are severely quenched due to the formation of chlorophyll-chlorophyll coupled
charge transfer (CT) states, which has been observed by the high-resolution hole-burning
spectroscopy [46].
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Figure 10. Absorption and emission properties of LHCII aggregates associated with the formation of CT states. (A)
Absorption and fluorescence emission spectra (A, =496.5 nm) of small- and large-size LHCII aggregate in tricine buffer.
(B) Normalized steady-state fluorescence emission spectra (A, = 663 nm) of small- and large-size LHCII aggregate in
solutions and deposited on the APTES-TiO,-FTO photoanode surface, respectively. (C) Schematic illustration of the CT
states (dots) formed in small and large aggregates. Reprinted with permission of Ref. [38].

Previous study revealed that the photovoltaic performance of the biophotovoltaic cell was
correlated with strong coupling between the extensive CT states formed between the aggre-
gated LHCIIs (schematically depicted in Figure 10C) and the TiO, conduction band. The CT
states have slightly lower oxidation potential (i.e., less negative in energy level in Figure 9)
than the excited state of chlorophylls due to their more reddish absorption and red tail in UV
spectra (Figure 10A). The CT states couple with the TiO, conduction band more effectively,
convinced by severe quench on the fluorescence emission of the CT states when the large
LHCII aggregates were anchored on TiO, surface (as shown in Figure 10B). This strong cou-
pling facilitated more efficient electron injection across LHCII/TiO, interface and resulted in
larger photocurrent generation in the corresponding biophotovoltaic cells.

3.3. Effect of plasmonic nanoparticles

While the biophotovoltaic cells based on interfacing the artificial DSSC platform with the pho-
tosynthetic proteins provide useful insight into the fundamental photon capture and charge
separation processes, their PCE is much lower than the conventional DSSCs using organic dye
molecules (such as N719 [47]) as light harvesting antennas. Noble metal nanoparticles, that is,
gold or silver nanoparticles, have been explored to enhance the solar cell performance utilizing
their surface plasmonic resonance (SPR) effects that can enormously alter the optical absorp-
tion and emission of photosynthetic proteins near the nanoparticle surface [48]. An example of
such solar cells is shown in Figure 11 [25]. Enhancement of light absorption was observed for
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Figure 11. The structure of the plasmonic biophotovoltaic cell. The enlarged portion (in square) shows the binding
of different PNPs on LHCII-sensitized TiO, nanotrees and the electron injection from LHCII to TiO, (curve arrow).
Reprinted with permission of Ref. [25].

PSI attached to plasmonic nanoparticles (PNPs) [49]. The LHCs anchored on plasmonic gold
or silver island substrates were able to generate 10- to 20-fold of fluorescence emission [50-52].
A theoretical model for SPR-enhanced free electron production and photocurrent generation
was proposed based on PSI-RCs bound to Au and Ag nanocrystals [53]. The internal photosyn-
thetic efficiency of PSI-RC was found to be strongly enhanced by the metal nanoparticles, which
involved two competing effects, that is, plasmon enhanced light absorption of Chl molecules and
energy transfer from Chl to metal nanoparticles [53]. These studies provide useful insights into
energy-conversion devices involving the interplay between photosynthetic proteins and PNPs.

PNPs have already been widely employed in photovoltaic devices, including DSSCs [54-56]
and emerging Perovskite solar cells [57, 58], to enhance the performance. However, the expla-
nation of the interplays between PNPs and different light harvesting antennas is still ambig-
uous in each specific cases. Unlike single chromatic synthetic dye, photosynthetic proteins
contain multiple pigments whose light harvesting and conversion involve intrinsic energy
transfer among pigments and cofactors, inducing additional complexity to understand the
plasmonic effects on the whole photovoltaic processes of the bio-hybrid systems. Recently,
a bio-solar cell using natural extract graminoids coupled with silver nanoparticles (Ag-NPs)
has been reported to achieve larger photocurrent [59]. First, incorporating plasmonic Ag-NPs
(~13.8 nm in diameter) enables quenching the emission of the natural graminoid sensitiz-
ers and thus enhancing the electron collection efficiency. Meanwhile, the small size of the
Ag-NPs barely takes up surface area for attachment of light-harvesting sensitizers. Second, a
TiO,(001) nanosheet structure provides a good surface for collection of solar-driven electrons
from graminoids. Third, the ligand tethering enables good attachment between graminoids
and Ag-NPs on the (100) face of TiO, nanosheet. The enhanced performance of the plasmonic
biophotovoltaic cell in this case was attributed to the emission quenching by Ag-NPs for effi-
cient collection of photoinduced electrons from graminoid complexes, as well as the efficient
light trapping due to the plasmonic enhanced local electromagnetic field.
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We proposed another enhancement mechanism for plasmonic biophotovoltaics with the
design shown in Figure 12 [25]. Core-shell PNPs with a 2-5 nm TiO, shell and a plasmonic
silver or gold core were hybridized with LHCII and incorporated into the aforementioned
3D TiO, nanotree photoanode for the plasmonic enhanced biophotovoltaic cells. Compared
with the bare Ag NPs used in the above-discussed work [59], this core-shell structure has
multiple functions. First, the hydrophilic nature of TiO, shell makes the PNP surface compat-
ible for protein attachment [60]. Second, the semiconductive TiO, shell serves as an energy
barrier to prevent electron recombination on the metallic core due to unwanted electron flow
from the attached proteins to the metallic core [61]. Third, the TiO, shell acts as a protective
armor to ensure the stability of the metallic core in the corrosive iodide electrolytes in solar
cells [62]. These PNPs with different plasmonic resonance bands were able to enhance and
manipulate the photon capture of LHCII at specific wavelength ranges. The photocurrent
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Figure 12. Schematic diagram of the energy and electron pathways in LHCII-PNP hybrid system. The LHCII trimers are
excited by strong absorption of Chls’ Soret and Q bands (i). The excited Chls go through an ultrafast excitation energy
transfer (EET) from Soret band to Q band (ii) and then give fluorescence emission (iii) to return to the ground level. With
LHCII attached to TiO, surface, a charge transfer process occurs, leading to injection of excited electrons in Q band to the
conduction band (CB) of TiO, (iv). Thus, the fluorescence intensity is reduced. In the presence of the metallic core, further
excitation to LHCII may occur due to plasmon-induced resonance energy transfer (PIRET) from PNPs to LHCII (v),
resulting in larger electron injection from LHCII to TiO,. At the meantime, the injection of hot electrons from the metal
core of PNPs across the Schottky barrier (vi) leads to higher charge carrier density in TiO,. Reprinted with permission
from Ref. [25].
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and incident photon-to-current efficiency (IPCE) of the plasmonic biophotovoltaic cell were
achieved, while the fluorescence emission of excited LHCII was quenched along with short-
ened lifetime. Obviously, the electrons in the excited LHCII state flow efficiently through the
TiO, network.

Cushing et al. [63, 64] elaborated that three mechanisms are involved charge generation in a
semiconductor incorporated with plasmonic metal NPs, including light trapping based on
scattering, hot electron/hole transfer, and plasmon-induced resonance energy transfer (PIRET)
based on near-field. These are also applicable to the LHCII-PNP hybrids, with the possible
mechanisms illustrated in Figure 12. During the excitation process, electrons are pumped
from the ground state to the excited states of Soret band or Q band of LHCII. However, the
excited Soret band quickly goes through an ultrafast excitation energy transfer (EET) to the Q
band, as verified by a theoretical modeling [65]. Thus, all fluorescence emission from LHCIIs
is at 683 nm, corresponding to a radiative relaxation for the excited electrons to return to
the ground state of Q band. When LHCII is adsorbed on the TiO, surface, upon excitation a
charge transfer process occurs, that is, the excited electrons in Q band are injected to the con-
duction band (CB) of TiO,, resulting in the reduced fluorescence intensity. In the presence of
the metallic core, the incident photons by plasmonic absorption generate a strong near-field
oscillation with ~10 nm decay length, which can affect all LHCII adsorbed on the surface of
the ~2-3-nm-thick TiO, shell. A strong PIRET is enabled by the strong dipole-dipole cou-
pling between the plasmon and LHCII, leading to enhanced LHCII excitations at Soret and Q
bands. More efficient electron injection from LHCII to TiO, is also facilitated by the near-field
and thus quenches the fluorescence emission though PIRET induces higher LHCII excitation.
These effects collectively enhance the photocurrent of the corresponding plasmonic biopho-
tovoltaic cells. In addition, the plasmonic hot electrons excited at the metal core of PNPs may
overcome the Schottky barrier at the metal-TiO, interface, raise the charge carrier density in
TiO, shell, and therefore the charge collection efficiency. Details about such interfacial activity
are unravelled in the next section.

4. Hot electron injection from plasmonic metal to TiO,

Schottky barrier is an energy barrier for electrons formed at the junction of metal and semi-
conductor where their fermi levels merge together to achieve thermal equilibrium, leading
to the band bending and blocking the electron flow across the junction. The energy band
diagram of Schottky contact is illustrated in Figure 13. The height of Schottky barrier equals
to the subtraction of work function of metal with the bandgap of semiconductor, and it is usu-
ally much smaller in value (e.g., ~0.9 eV for Au/TiO, [66] and ~0.2 eV for Ag/TiO, [67]) than the
semiconductor bandgap (i.e., 3.2 eV for anatase TiO,). Recent studies proposed hot electrons
from plasmonic-excited metal cores could easily overcome this energy barrier and be injected
into the TiO, conduction band, resulting in a new mechanism for plasmon enhancement to
DSSCs [68]. In general, the injected hot electrons are considered to be either being converted
into photocurrent or functioning as charge carriers in the semiconductor matrix [69]. The
photocurrent generated by direct hot electron transfer across the Schottky barrier has been
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Figure 13. Energy band diagram of Schottky barrier formed at metal/n-type semiconductor interface.

collected and utilized for photodetection and photovoltaics based on well-designed devices
with a complete circuit allowing refilling electrons back to the metal [70-73]. However, for
the metal@TiO, NPs embedded in the mesoporous TiO, film in DSSCs, the sustainability of
the photocurrent generation from hot electron injection is under debate considering that the
metal core is unaccessible to the electron donors or the external circuit, which is needed for
charge regeneration. On the other hand, the initially injected hot electrons may be converted
into steady-state charge carriers and sufficiently raise the conductivity of the mesoporous
TiO, frame, as has been indirectly demonstrated by enhanced photoconductivity in metal
coupled semiconductors [74, 75]. In addition, a recent study by Cushing et al. reported that
metal@TiO, and metal@SiO,@TiO, NPs can also enhance DSSCs by exciting surrounding TiO,
matrix and dye molecules with near-field-based plasmon-induced resonance energy transfer
(PIRET) beside hot electron injection [63]. In the previous section, we have also discussed such
effects on the plasmonic biophotovoltaic cells based on hybrids of natural LHCII and PNP
[25]. Actually, these three effects are mixed in most plasmonic photovoltaic cells.

In order to sort out the contributions of hot electron injection, we propose a strategy by compar-
ing the photoconductivity and the photovoltaic properties of the same material, that is, Au@
TiO, network in two model devices, that is, a micro-gap electrode and a DSSC [76]. The core-
shell structure consisting of isolated Au NPs embedded at the nodes of a nanostructured TiO,
network was used as the bridging material in the micro-gap between two Au electrodes and as
the mesoporous film on a DSSC anode to measure photoconductance and photocurrent, respec-
tively. Enhancements on the photoconductance and the photocurrent were observed on both
devices, with distinct dependence on the illumination wavelength (Figure 14A and B). This
difference was explained with the scheme drawn in Figure 14C and D. The enhanced pho-
toconductance is ascribed to the hot electron injection from Au NPs to TiO, that increase the
charge carrier density of the TiO, network. This interfacial electron injection across the Au/TiO,
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Figure 14. (A and B) Wavelength dependence of photoconductance and incident photon-to-current efficiency (IPCE)
studies and (C and D) the schematics of the possible enhancement mechanisms for the Au@TiO, network on the micro-
gap electrode and in the DSSC, respectively. Reprinted with permission from Ref. [76].

Schottky barrier (~0.9 eV) can be easily realized under illumination over the whole visible range,
allowing extending the enhancement effect to the light in the near-infrared region. The pho-
ton energies in wavelength larger than 700 nm are smaller than the energy of semiconductor
band gap, Au plasmonic band, and dye absorption band. In the DSSC, the plasmonic gener-
ated hot electrons cannot be the source of continuous steady-state photocurrent, since the Au
NPs embedded within the TiO, shell are not accessible by the regenerating agents. The major
contribution for the photocurrent enhancement must be the surface plasmonic resonance effect
that can only be induced by the illumination in the range where the plasmonic band of Au NPs
is resonant with dye absorption band (i.e., band overlap in absorption spectra). However, the
injected hot electrons are sufficient to raise the charge carrier density in TiO, and reduce the
series resistance and charge transfer resistance in the corresponding DSSCs. This facilitates the
transport of the photo-induced electrons through the TiO, network.

5. Conclusions

This chapter reviews the synergistic interplay among TiO, photoanode, biophotosensitizers
(e.g., LHCII) and plasmonic nanoparticles in the photovoltaic devices. The effectiveness of
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TiO, as an interfacial photoanode material compatible with photosynthetic proteins and plas-
monic nanoparticles was demonstrated. The electron injection from excited LHCII to TiO,
conduction band was realized due to the perfect match of energy bands, resulting in the pho-
tocurrent generation in the LHCII sensitized TiO, solar cells. The charge separation at LHCII/
TiO, interface can be facilitated by incorporation of PNPs. This effect can be ascribed to the
near-field-assisted PIRET from PNPs to LHCII across the TiO, interfacial layer. The hot elec-
tron injection across Schottky barrier from plasmonic core into TiO, network can increase the
charge carrier density in TiO,, leading to the increase of photoconductivity and the improved
photovoltaic performance of TiO,-based photoanode. Understanding of these fundamental
energy/charge transfer processes and interface properties will inspire future optoelectronic
devices with smart designs for outstanding performance.
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