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Abstract

Photocatalysis is an area of immense research for finding suitable benign photocatalyst for fast
and complete mineralization of environmental pollutants such as pesticides and polycyclic
aromatic hydrocarbons. Undeniably, TiO; specifically P25-TiO, which is commercially available
TiO; have been widely studied for the same, however suffers from some disadvantages such as
crystal phase transformation at high temperature, UV-light sensitivity and low percentage of
mineralization of above mentioned molecules, limiting its utilization. This creates a scope to
modify TiO, and/or to find other Ti-O based materials possessing similar physicochemical
properties but with improved photocatalytic activity for decomposition of aforementioned
molecules. In this context, present work considers the synthesis of titania/titanate nanostructures
in different sizes, shapes, crystal structures which were loaded by metals/coated by SiO, of
different shell thickness and studied for the decomposition of some pesticides and polycyclic
aromatic hydrocarbons to CO; in comparison to P25-TiO,.

Titania based nanocatalysts such as sodium titanates of different morphology having
superior surface properties are getting wide importance in photocatalytic research. Despite
having sodium (Na) content and its high temperature synthesis (that generally deteriorate the
photoactvity), these Na-titanates often exhibit better photoactivity than P25-TiO, catalyst.
Hence, chapter-3 demonstrated the influence of crystal structure, BET surface area, surface
charge, zeta potential and metal loading on the photocatalytic activity of as-prepared sodium
titanate nanotubes and titania nanorods. Straw like hollow orthorhombic nanotube
(Na,;Ti,05-H,O) particles (diameter = 9-12 nm and length = 82-115 nm) and rice like anatase
nanorod particles (diameter = 8-13 nm and length = 81-134 nm) were obtained by the
hydrothermal treatment of P25-TiO, with NaOH, which in fact, altered the net surface charge of
these as-prepared nanoparticles. The observed zeta potential = -2.82 (P25-TiO), -13.5
(nanotubes) and -22.5 mV (nanorods) are significantly altered by the Ag and Cu deposition. It
has been found here that nanotube particles displayed best photocatalytic activity for
imidacloprid insecticide degradation to CO, formation under UV irradiation because of its
largest surface area 176 m’g” among the studied catalysts.

Sodium titanate nanotubes having higher photocatalytic activity than P25-TiO, was
photodeposited by Ag-nanoparticles (0.2-1.0 wt%, 3-5 nm) and studied for decomposition of

imidacloprid in chapter-4. The enhanced pseudo-first order rate constants for photooxidation of
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imidacloprid to CO, were found to increase with increase in Ag-photodeposition onto nanotubes
upto 0.5 wt%. The investigation for the fate of heteroatoms (N, O and Cl) present in imidacloprid
showed increase in formation of inorganic ions (nitrate, nitrite and chloride) with time of
photooxidation as confirmed by Ion chromatograph. Despite complete degradation of
imidacloprid in 180 min, its mineralization to CO, was 70% due to formation of some persistent
heteroatom containing intermediates as revealed by time dependant GC-MS study. Based upon
these results, a probable pathway for mineralization of imidacloprid and a chemical mass
balanced equation in relation to theoretically expected equation after its complete mineralization
is proposed and described.

Preparation of crystalline monoclinic stick like sodium titanate nanorods by calciantion
(at 800 °C) of sodium titanate nanotubes, having much less surface area (21 m°g") but higher
average relaxation time of excited charge carriers to that of nanotubes and P25-TiO,, as
confirmed by XRD, TEM and time resolved photoluminescence decay studies is presented in
chapter-5. These nanostructures were modified by Au-photodeposition (0.5 and 2.0 wt%) and
studied for photoreduction of m-dinitrobenzene and photooxidation of sulfosulfuron. The
selective formation of m-diaminobenzene by photoreduction of  m-dinitrobenzene was
comparable to sodium titanate nanorods (89.5 + 0.5%) and P25-TiO; (98.2+0.8%), whereas Au-
deposition (0.5 and 2 wt%) notably altered the products (m-nitroaniline and m-diaminobenzene)
distribution after 8 h of UV-light irradiation, confirmed by GC-MS analysis. This high
photoactivity of as-prepared nanorods could be credited to better delocalization and longer
relaxation lifetime (68 us) of photoexcited e/h™ pairs along the length of crystalline sodium
titanate nanorods than P25-TiO, (45 ps). The photooxidation of sulfosulfuron herbicide
(1000 ppm) and corresponding CO, formation was found to be highest with sodium titanate
nanotubes due to the presence of more hydroxyl groups over the largest surface area which was
found to dominates over its least relaxation lifetime (41 ps).

An understanding of the collective influence of Au-loading and calcination for the change
in crystal-structure, morphology, phase composition and their photocatalytic-activity of titanate-
nanostructures is investigated in chapter-6. Bare and Au-loaded (Au*’, Au® and Au-
nanoparticles) sodium-titanate-nanotubes were calcined in air at 800 °C, where TNT having
BET-surface-area 176 m2g’1 transformed into sodium-titanate-nanorods of surface-area of 21

m’g’ while Au-loaded nanotubes led to a variety of fragmented-particles having different



crystal-structures, surface-area (21-39 ng'l) and sizes (50-75 nm), attributed to the strain
induced thermal-decomposition of nanotubes after Au-loading. Their comparative
photocatalytic- activities were evaluated by the photooxidation of insecticide imidacloprid with
identification of intermediates formed during its mineralization to CO,; under UV-light
irradiation, where 0.5 wt% Au°’-deposited-nanotubes followed by calcination showed highest
photocatalytic-activity in-contrast to other catalysts. These results are well explained in
correlation with their crystal phase, surface-area, size, shape, and relaxation time of photoexcited
electron-hole pairs.

An important finding of the present work is delivered by chapter-7, showing complete
retention (> 98%) of anatase TiO, crystalline phase after high temperature (800 °C) treatment of
rice-like TiO; nanorods relative to 100% conversion of the rutile phase after calcination of P25-
TiO, under similar conditions. In addition to XRD, the existence of anatase phase at > 800 °C
was confirmed by the presence of its characteristic vibrational bands (144, 395, 513 and 639
cm™) in the Raman spectra. It was found that TiO, nanorods undergo fragmentation to a highly
crystalline irregular morphology (60-70 nm), nanopolygons (91-110 nm) and smaller rod-shaped
particles (length = 60-110 nm and diameter = 7-12 nm), accompanied by a gradual increase in
their crystallite size (from 16 to 40 nm) and decrease in surface area (from 79 to 31 m? g‘l) with
increased calcination temperatures from 200 to 900 °C. This TiO, anatase phase displayed
enhanced photocatalytic oxidation rate (~2—11 times higher than rutile TiO,) for methyl
parathion (a neurotoxic pesticide) degradation to various intermediate products and ultimately to
CO,, whereas 1.0 wt% Au-TiO; significantly improved the photoactivity.

Preparation of SiO, coated TiO, particles having different thickness of silica shell and
their comparative photocatalytic activity, for the photooxidation of naphthalene (20 ppm) and
anthracene (20 ppm) is shown in chapter-8. The presence of SiO, over TiO, was demonstrated
by FT-IR analysis, showing peaks corresponding to Si-O-Si (1081 cm™) and Si-O-Ti (950 cm™)
bonds. HR-TEM analysis confirmed the presence of SiO; in as-prepared samples of shell
thickness 12-15 nm and > 50 nm, with Si amount (0.8-4.2 at.%) determined by EDS analysis.
Increase in thickness of SiO, increases the surface area of TiO, (69-235 ng‘]) which in turn
improves the adsorption of naphthalene/anthracene. However, the observed trend for the
photocatalytic activity is in contrast to the trend of adsorption studies, where, as-prepared

samples with highest surface area exhibited the least photocatalytic activity, while catalyst of
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least surface area (among silica coated samples) showed highest activity for degradation of
naphthalene and anthracene to CO,. Despite complete degradation of naphthalene and
anthracene, an incomplete mineralization occurred, ascribed to the existence of various
intermediates identified by GC-MS analysis.

Influence of TiO, morphology and Au-loading (1.0 wt%) for photocatalytic activity
under UV- and Sun-light is delivered in chapter-9. The phase composition obtained by XRD
study of as-prepared TiO, nanowires (anatase = 72%, rutile = 28%) was found to be almost
similar to commercially available P25-TiO, (anatase = 70%, rutile = 30%). SEM analysis
revealed the presence of elongated nanostructures corresponding to length = 1.9-8.0 pm and
diameter = 80-270 nm for bare sample. The TEM analysis for Au-loaded TNW showed uniform
dispersion of Au nanoparticles (3-6 nm) over elongated nanostructures having dimension in
agreement with the SEM analysis. Time resolved analysis revealed that by changing the shape
from nearly spherical (P25-TiO,) to lengthy nanostructures, the recombination time of e /h* pair
increases from 45 to 64 ps and was 79 us after Au-loading on the later. The photocatalytic
activity of bare and Au-loaded TiO, nanowires under UV- and Sun-light was assessed by
decomposition of propiconazole to CO,, where Au-loaded TNW always exhibited higher activity
than P25-TiO,, and various intermediates after its complete degradation were identified by GC-

MS analysis.
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1. Introduction and literature survey

1.1 Principle of TiO, photocatalysis

Nanocrystalline TiO, an n-type semiconductor of band gap energy (E;) ~3.0-3.2 ev (vs NHE),
have been widely studied [1-10] as photocatalyst for decomposition of environmental pollutants.
It mainly exist in three crystal pahses, namely, anatase, rutile and brookite. Generally, TiO,
having anatse (~70%) and rutile (~30%) exhibit higher photocatalytic activity (for degradation of

pollutants) than any of these phase alone \;\%\\1

and 1s found in commerically avaliable P25- § @

TiO, (P25). Upon photoirradiation of TiO,

under ultraviolet (UV) and/or visible (Vis.) cge—€ € € € O:
51 2
light from sunlight or an illuminated light g 5 T
source having energy > its band gap energy E 5 : Band Gap
(Ey), electrons (¢) in its valence band (VB) h+ “hV+ ht l ht H,0
gets excited to the conduction band (CB) VB i
OH ; H*

resulting into the formation of the positively

charged holes (h™) in the VB and diffuse Energy

[1-3] to the surface from the bulk of the h*/ OH+ Organic molecule ----> CO, +H,0
catalyst. The photogenerated h* having Fig. 1.1 Mechanism of photocatalysis.

strong oxidizing power (+3.1 V vs NHE) reacts with either adsorbed water molecules or other
chemical species to form hydroxyl radicals or directly oxidizes [1-5] the molecules at interface
Ti0O; and e- in the CB (-0.5 to -1.5 V vs NHE) participates for reduction processes that converts
the adsorbed molecular oxygen to oxidative superoxide radical anions (O, ) or reduces [1-10]
the substrate molecule. There are indeed other good reasons for favoring TiO, which includes
strong oxidizing power, photogenerated e that are reducing enough to produce superoxide from
molecular oxygen, antibacterial activity, self-cleaning activity, cost effective, chemically inert,

and most importantly its non-toxicity to living beings, favouring its use as a photocatalyst.

Effect of metal loading on photocatalytic activity of TiO,:
The photocatalytic performance of TiO, can be further improve by metal (M) loading,

and is frequently used for variety of applications, viz., in solar energy conversion, photocatalysis



and electronic devices [1,4,5,11]. These M-TiO, hybrid nanoparticles often exhibit noticeably
different properties than the individual components due to separate electron and dielectric
confinement in the TiO, and M part, respectively [4,5]. The photoproduced charge carries in the
TiO;, can be transferred efficiently to the M part, resulting in shifting of plasmon frequency
and/or promotion of redox reactions by suppressing the recombination of excited charge species
as seen in Fig. 1.1. Another advantageous function of metal loading is comprehensible and
incoherent interactions between M and TiO,, leading to broadening and extension of its
absorbance spectra to the visible region [1,2,4,5,8]. Generally, noble metals (e.g. Au, Ag, Ni, Cu,
Pt, Rh, and Pd) with Fermi level lower than TiO; should have been deposited on its surface for
enhanced charge separation [1,4,5,8] and is advantageous compared with other photosensitized
systems because of its relatively more stability in an aerated atmosphere [1]. Therefore, theses
M-TiO, composites have been utilized for the photodegradation/decomposition of toxic organic
pollutants such for the waste water treatment and removal of other environmental pollutants such
as dyes [1-6,8-10], dehydrogenation of alcohols [12,13], reduction of pharmaceutically important
nitrocompounds [14-16], degradation of polycyclic aromatic hydrocarbons (PAHs) [17-30] and
other heteroatom containing organic molecules such as pesticides [31-53].
1.2 Pesticides

Pesticides are the organic compounds that are used [54,55] to enhance the crop
production by reducing/inhibiting/mitigating/killing the target species. However, their irregular
and indiscriminate application, acute toxicity at low concentration, bio-reluctance nature,
inefficient transfer (~ 0.1%) to the target organism resulted in contamination of soil, water and
air, where it can adversely affect [54,56] the non-target organisms. Moreover, because of longer
half life (t;,) i.e., slow natural degradation and over use of pesticides led to their accumulation
[54-56] in the environment. The pesticides once enter in the food chain are reported [58,59] to
undergo biomagnification i.e., their amount in tissue becomes many fold than that found in
surroundings. This has been identified as the cause for disturbed ecological system and is a threat
for the humans too. For instance, Malwa region of Punjab is found to be highly contaminated
[86-88] by the pesticides. Analysis of water and vegetable samples from this area showed the
presence [87,88] of pesticides, such as a carcinogen heptachlor with its content higher (0.00004-
0.006 ppm) than that of its permissible (0.00003 ppm) limit. Along with this, there is a threat to



human lives as excessive use of pesticides can cause diseases like cancer, e.g., reports [59a,59b]

showed that 560 persons are suffering from cancer per 100000 population in this region.

There are more than 500 pesticide formulations that are in use most of them have been
admitted in agricultural fields. Pesticides depending upon their molecular structure can be
categorized into nine groups viz., phenylurea (sulfosulfuron, amidosulfuron, imidacloprid etc.),
carbamates (methomyl, isolan etc.), triazines (atrazine, simazine etc.), organochlorines
(endosulfan, aldrin etc.), organophasphorous (methyl-, ethyl-parathion, propiconazole etc.),
phenoxy acids (propxour, MCPA etc.), quatneary ammonium salts (diquat, paraquat etc.),
thiocarbamate (butylate, eptam etc.) and chlorophenols (pentachlorophenol, 2,3,4-trichlorphenol
etc.). Among these, sulfosulfuron, imidacloprid (IMI), methylparathion (MP) and propiconazole
have been widely used as herbicide/insecticide on a variety of crops over the past two decades
[54,55]. These pesticides possess variable t;, (30-365 days), following natural slow degradation
process and transformed into some other heteroatom containing intermediates that are sometimes
reported to be more toxic than the parent compounds [54,56]. As a result, these pesticides
(Fig. 1.4) have been studied for their photodegradation in soil, water with/without the use of

TiO; as a photocatalyst and are being discussed.

HsCO 0 4 \ N NC.

|
/ N\ N/C\N—(li | | ‘ N N/(NH
e e pu Jo

H N
HsCO o=3=0 “
CaoHs
Sulfosulfuron Imidacloprid
OCHs
| CsH7—7=—
OCH; N=" |
</
N
Cl Cl
Methyl Parathion Propiconazole

Fig. 1.3 Structural formulae of studied pesticides.



1.2.1 Sulfosulfuron: It is an early-postmergent herbicide, introduced in 1982 by DuPont Crop
Protection to control the isoproturon resistant P. minor (unwanted plant in wheat). Its
degradation in wheat straw and in its grains was studied by Saha et al. [31], reporting 42% of its
degradation under optimum conditions. Various identified intermediates formed during its
degradation were also isolated. Ramesh et al. [32] studied the dissipation of sulfosulfuron (1 and
2 ppm) in water and suggested its t;» = 67-76, and identified its metabolites (aminopyrimidine,
demethyl sulfosulfuron, guanidine, sulfonamide, ethyl sulfone and rearranged amines). The study
related to degradation of sulfosulfuron [33] under sunlight showed its photostability upto 115
days, and proceeds with breaking of sulfonylurea bridge, yielding different intermediates under
alkaline and acidic conditions. Degradation of this pesticide in soil [34] revealed its varying half
life (11-28 days) and 14% of its residual amount was determined after 120 days of direct sun
light exposure. A very recent report [35] on photocatalytic oxidation of sulfosulfuron (5 ppm)
showed its 40% removal after 60 min of UV-light exposure in presence of bare P25, however in
presence of P25 and Na,S,Ogs its disappearance from solution becomes 80% after same time
interval and under similar reaction conditions.

1.2.2 Imidacloprid: This pesticide was introduced in 1986 by Bayer Crop-Science and has been
admitted in 120 nations worldwide over 140 agricultural and horticultural cultivated plants [35a].
Redlich et al. [35b] studied degradation of imidacloprid in aqueous solution under stimulated
solar irradiation and found its t;;, to be 3 days, while some of identified degraded intermediates
of the same were more persistent (t;, upto 660 days) than the imidacloprid itself toward their
decomposition. However, Liu et al. [36] reported its t;» = 30 min when its aqueous solution was
irradiated under UV-light in presence of P25. Kitsiou et al. [37] used P25 in relation to
P25/Fe+3/H202 system for its degradation and found increase in mineralization efficiencies from
3.4 to 14.1%, respectively after its photooxidation in UV-light. Various intermediates identified
were 6-chloronicotic acid, methyl-6-chloronicotinate, N-ethylformaide, dimethyl foramide, amyl
nitrite and chlorine dioxide. Tang et al. [38] studied bare P25 in comparison to P25 supported on
H-ZSM-15 for degradation of imidacloprid and reported decrease in t;,, from 215 min to 10 min,
respectively. The various intermediates formed during degradation were also reported. A report
by Zabar et al. [39] that takes into account the degradation of three insecticides including
imidacloprid showed 19% of actual mineralization despite its complete degradation in 2 h of

photooxidation by using P25 as photocatalyst under UV-light. Very recently, Changgen et al.

4



[40] studied H3PW,04/La-TiO, for the oxidative removal of imidacloprid and found it to be 5-

fold more active than bare TiO, for imidacloprid.

1.2.3 Methyl Parathion : Pignatello et al. [41] reported the complete oxidation of MP by UV
assisted fenton system and found to yield HNO3, H,SO4, H3PO4, oxalic acid, 4-nitrophenol and
dimethyl phosphoric acid as intermediate compounds. O’Shea et al. [42] demonstrated the
degradation of MP and its other family members using TiO, as photocatalysts, revealing that
their degradation can be accomplished in oxygenated aqueous solutions. The final products for
this photodegradation were found to be CO, and phosphoric acid. Similar to this, Konstantinou et
al. [43] also studied MP and its family members using aqueous suspension of TiO; and identified
their intermediates by mass spectroscopy. Sanjuan et al. [44] described the use of 2,4,6-
triphenylpyrylium ion encapsulated in Y-zeloite for the photocatalytic decomposition of MP. It
was suggested that encapsulation stabilized the pyrylium ion, resulting into its comparable
activity to that of P25 for the degradation of MP and was believed to work via formation of
radical intermediates. Evgenidou et al. [45] studied TiO, and ZnO as photocatalyst for the
degradation and mineralization of MP and found that activity of former is 5 times higher than
later and can be increased in the presence of K,S,0g oxidant. Various intermediates were also
detected that were suggested to be formed by oxidation, hydroxylation, dealkylation and
hydrolysis of its ester group. Moctezuma and his co-workers [46] investigated the degradation
of MP using P25 as a photocatalyst and suggested mechanism for its decomposition under acidic

conditions which was fast and distinct than that found for alkaline conditions.

1.2.4 Propiconazole: Vialaton et al. [47] studied the influence of humic acid and water (natural
and deionised) on its photostability under stimulated solar light. It was found that degradation
increases in presence of humic acid and its t;, were ca. to be 60£10 and 85+10 days in natural
and pure water, respectively. It was suggested that its degradation proceeds via. photocyclization
and photohydrolysis routes. Pliego et al. [48] elucidate the use of high temperature fenton
treatment for the removal of 18 pesticides including propiconazole from the waste water and
optimized the conditions (pH and amount of fenton reagent) for its complete removal. This
pesticide is also known to be degraded in soils [49] by hydroxylation of the n-propyl side chain
and the dioxolane ring as well as with formation of 1,2,4-triazole with DTsy (loss of 50% of the

parent) values of > 26 days under aerobic conditions at 25 °C. Another report [50] gave a range
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of its soil half life of 40-51 days in an aerobic soil under controlled conditions. In a laboratory
study, degradation of propiconazole and three other pesticides in four different types of soils
showed it to be more persistent than the other pesticides, which was dependent upon the soil
properties [51]. In laboratory studies on the, formation and loss of bound residues of
propiconazole in soils, Kim et al. [52] showed its t;, ~ 315 days in sandy loam soil, but was
beyond the experimental time limit for silty clay loam soil. In a very recent report [53], the
influence of ions for the degradation of Propiconazole along with 15 more pesticides was studied
and it was found that presence of nitrate ion accelerates its rate of degradation while bicarbonates

retards the same by scavenging hydroxal radicals.

1.3 Polycyclic Aromatic Hydrocarbons: It is a class of environmental pollutants that are
formed [116-120] largely by the incomplete combustion and crop residue burning is one of its
major sources in soil. These are found primarily in soil [60,61], sedements [62], oil [63] and air
[64]. Among variety of PAHs, 16 are of special concern and some of these are found to be
carcinogenic [60-64]. Studies have shown that humans are exposed to these PAHs and about
90% of PAHs intake comes from food [64], thereby making them another environmental
pollutnat that should be minimized. Indeed, there are number of PAHs but two PAHs namely
naphthalene (2 ring) and anthracene (3 ring) are initially formed during the combustion of
agriculture waste [66] and therefore are considered in the present study.

The literature about naphthalene oxidation by photocatalysis showed its transfpormation
into various compounds (naphthols, naphthoquinones etc.,) that finally mineralized to CO, and
H,0. Indeed, number of authors [17-20] used cosolvents (acetonitrile, ethanol etc.) which help in
dissolution of naphthalene, but at the same time alters the rate for its photooxidation. The
investigation related to the role of non-ionic surfactants [21] and organic contaminants [22]
during its photodegration in presence of P25 suggested that hydroxal scavenging molecules
reduced the rate of its degradation. Hykrdova et al. [19] studied the influence of quantum sized
TiO, nanoparticles for the degradation of naphthalene and proposed a mechanism for its
degradation, initiated by the attack of hydroxyl radicals. The role of photonic flux, temperature,
solution pH, amount of P25 on degradation of naphthalene was studied by Liar et al. [23]. It was
revealed that its degradation proceeds via hydroxylation and ring cleavage by the action of
photoproduced hudroxyl and superoxide radicals. In a very recent report [24], the simultaneous
degradation and hydrogen formation under inert conditions from aqueous solution of
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naphthalene (5-20 ppm) was studied using P25 as a catalyst at pH = 3-8 under the UV-light
irradiation. The degradation process was found to follow pseudo-first-order kinetics. The
conditions (air flow, catalyst dose and UV-light intensity) for photooxidation of naphthalene in a
batch reactor using slurry of P25 were optimised by Mahmoodi et al. [25] which were found to
be in correlation with the theoretical predicated conditions. Ohno et al. [26] studied the influence
of crystal phases of TiO, for the degradation of naphthalene. It was demonstrated that synergetic
effect between anatase and rutile always improved the PCA of TiO, than any of these phases
alone. The comparative photocatalytic (P25 as catalyst) and electrochemical degradation of
anthracene along with four other PAHs in aqueous medium was studied by Cordeiro et al. [27]. It
was proposed that photocatalytic degradation is initiated by hydroxyl radicals, while the direct
electron transfer from adsorbed PAH to the electrode, activated the electrochemical oxidation.
The mechanism involved during the photodegaration of anathracene in presence of P25 was
proposed by Theurich et al. [28] and further verified by the work of Dass et al. [29]. Both of
these reports indicated the attack of oxygenated radicals for the photooxidative transformation of
anthracene into other intermediates. Woo et al. [30] demonstrated the degradation of
naphthalene, anthracene and three other PAHs using P25. It was suggested that presence of
aceteone as a cosolvent increased the solubility of these PAHs but after adding ~16% of it,
significant alteration in the mechanism for degradation of naphthalene and anthracene was
observed. It was also shown that attack site for reactive free radicals on the PAHs were

dependent on localization energies of the different positions of compound.

Thus, it is clear from the above studies that the PCA of TiO,/P25 used for degradation of
aforementioned pesticides and PAHs is either slow/requires higher time for complete
mineralization. Hence, there is a scope to increase PCA of TiO,, and can be achieved by its
modifying size and shape, since at nanoscale the properties (optical, electronic etc.) becomes
dependant on these parameters.

1.4 Size, Shape and Surface modifications of TiO,

It has been revealed from the studies that decrease in the size of TiO, nanoparticles lead to the
change in the position of CB and VB to higher and lower values, respectively (Fig. 1.2) causing
widening of E, and is well known as quantum confinement [1,2,4,5,8,10]. As a result of this
variation in positions of CB and VB, considerable change in the recombination of e/h" pair and
hence in the PCA of TiO, was observed. Moreover, the Sger and surface-to-volume ratio
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dramatically increases as the size of a material decreases [1,2] as depicted in Fig. 1.2. For
instance, Zhang et al. [67] studied the PCA of four sizes (~7, 15, 30 and 45 nm) of spherical
TiO; nanoparticles on the decomposition of 2-propanol, and found that 7 nm particles showed
1.6 times better PCA than commercially available P25. Anpo et al. [68] investigated the PCA of
TiO, nanoparticles on hydrogenation reactions of CH3OH with H,O, and observed increase in

PCA with decrease in the diameter of the TiO, particles, especially below 10 nm.

1 1

Energy

vB

Increm

Fig. 1.2 Influence of decrease in particle size on band gap and other physical
properties

However, by alternation in shape of TiO, such as by making anisotropic TiO,
nanomaterials such as nanorods (TNR), nanotubes or nanowires (TNW) etc., have advantages
with respect to the less recombination because of the short distance for diffusion of charge
carrier [1,2,69-74] and delocalization of photoexcited electrons along their length. For example,
Wang et al. [75] with favor from other reports [76,77] showed 10-70% higher PCA of rutile TNR
for photooxidation of rhodamine-B. Testino et al. [78] showed superior activity of anatase TNR

particles than rutile TNR and P25 particles for the degradation of phenol. They also found
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comparatively higher activity of mixed phased (anatase and rutile) TNR particles than TNR with
any of pure phase alone. Similarly, nanotubes because of its enhanced surface area, layered
structure and of small wall thickness have also been often studied and found to exhibit higher
PCA for degradation of the dyes [79-83]. For example, Zhu et al. [41], Antonio et al. [42] and
Kim et al. [43] showed that the nanotubes prepared NaOH hydrothermal route exhibited 2-18
times higher PCA than P25 for the photooxidation of sulforhodamine, RB-69, rhodamine-B dyes,
respectively. In a similar way TNW with its anatase and rutile phase is proven to show higher
(~1.5-7.0 times) PCA than P25 for photooxidation of the toluene [85], methyl orange [86] and
for H, formation [87] by water splitting. The improved activity of TNW was ascribed to its
higher surface area and delocalization of photoexcited electrons. A report by Liu et al. [69]
demonstrated the formation of mixed phase (brookite-anatase) TNW having PCA double than
TNW with any of these phases alone. They indicated the improved charge migration as a cause
for their higher activity toward the degradation of methyl orange. The PCA of these anisotropic
structures have been also found to improve [88-100] after loading of metals (Ag, Au, Cu, Pt, Rh
etc.) that were studied for the decomposition of dyes. For instance, loading of Au and Ag onto
nanotubes [91] and TNW [91-100] was reported to increase rate of photooxidation and
photooxidation of CO and methylene blue, respectively, and was ascribed to the decrease in
excited charge recombination process.

Additionally, increase in the surface area of TiO, could also facilitate in the improvement
in its PCA by favoring the adsorption of the reacting molecule on its surface. In this connection,
the surface area of TiO, nanoparticles has been found to generally increase by attaching it to
inert silicon dioxide (SiO,). The relevant examples consider the incorporation of P25 particles
into mesoporous silica and the use of this composite material for the photooxidation of
B-naphthol [101], methylene blue [102], rhodamine-6G [103], propyzamide [104] and
propionaldehyde [105]. However, the thickness of the silica shell is a crucial parameter that
needs to be control while optimizing the PCA of TiO, nanoparticles coated by SiO,, since over
coating by SiO; reduces the light reaching the surface of TiO,, ultimately decreasing the
formation of e/h" pair and hence PCA. For example, in a recent report of Nussbaum et al.[106] it
was suggested that SiO, layer of thickness < 1 nm can enhance the activity of P25 for oxidation
of salicylic acid than its bare analogy, while layer of same ~2-3 nm can deteriorate its PCA under

the similar experimental conditions.



Thus, it is clear from the aforementioned studies that by changing the sie, shape, loading
of noble metal over it and/or coating by SiO; of suitable thickness improves the PCA of titania
nanoparticles that have been manily studied for degradtion of dyes and can be used for the

oxidative removal of other organic molecules such as pesticides and PAHs.
1.5 Research Gaps

Thus, literature revealed that most of the studies for photocatalytic degradation of pesticides and
PAHs have been carried out with TiO, nanoparticles (other than anisotropic shape) or P25.
However, it suffers from some drawbacks such as UV-light activity of TiO,, slow rate for
degradation of pesticides and PAHs, transformation of one intermediate into another which are
sometimes more toxic and persistent than parent molecule and low percentage of mineralization.
Therefore, any improvement in the photocatalytic activity of TiO, for degradation of
aforementioned molecules is highly desirable and can be achieved by the following ways:

1) Altering size and shape of TiO,, causing improved electronic and optical properties.

(i1) Loading noble metal(s) on these different size and shaped nanoparticles that will
further improve their charge dynamics.

(111)  Coating of a thin layer of porous SiO, over TiO, improves Sger of TiO; and thereby
adsorption efficiency of reacting molecules. The SiO, being inert and transparent to
light would neither affect reacting molecules nor inhibit penetration of light reaching
TiO,. Moreover, it would also prevent aggregation of TiO, particles and provide a
uniform well separated and dispersed TiO, nanoparticles that could deliver high PCA.

Although, these modified TiO, nanoparticles exhibiting higher photocatalytic activity than
unmodified part have been well considered for photdegradation of environmental pollutants such
as dyes, yet it has been rarely studied for photodecompostion of pesticides and PAHs. Moreover,
no information is available regarding the role (if any) of heteroatom(s) present in the pesticides
towards rate of their photooxiadation, formation and stability (i.e., t;») of their photoproduced
intermediates and final fate of the heteroatoms after complete degradation using these modified

TiO; nanoparticles.

1.6 Keeping in view above resarch gaps the objective are:

1. Synthesis of various sizes and shapes of TiO, nanoparticles.
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2. Studies of photocatalytic detoxification of some pesticides and polycyclic aromatic

hydrocarbons.
3. To study the enhancement of photocatalytic activity by loading of certain metals.

4. Comparative study of photocatalytic activity between Degussa P-25 and prepared TiO, of

different morphologies.
5. Effect of silica coating on the photocatalytic activity of TiO, nanostructures.
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2. Preparation and Characterization techniques of Titania nanostructures

This chapter includes the various materials and methods used for synthesis of bare and SiO,
coated/metal-loaded titania/titanate nanoparticles in different size and shape, various techniques
used for their characterization, detailed instrumental techniques used for analyzing the

photooxidised/photoreduced samples of the studied compounds and are being described.

2.1 Materials used

Methanol (AR; HPLC), Acetonitrile (HPLC), Sodium hydroxide (AR), 2-Propanol (AR), Nitric
acid (AR), Ethanol (AR), Sulfuric acid (AR), Ethyl acetate (AR), Cupric nitrate (AR), Silver
nitrate (AR), Chloroauric acid (AR), m-Dinitrobenzene (AR), m-Nitroaniline (AR),
m-Phenylenediamine (AR), Naphthalene (AR) and Anthracene (AR) were purchased from Loba
Chemie, India. Tetraethylorthosilicate (TEOS) and Cetyltrimethylammonium bromide (CTAB)
were obtained from Sigma Aldrich. All the gases (N, He, He:N,::70:30) of high purity were
purchased from Sigma Gases and Services, New Delhi, India. Commercially available P25-TiO,
was obtained as a gift sample from Evonik Corporation, Germany (formerly, Degussa
Corporation Germany). Technical grade pesticides viz., Imidacloprid (IMI) and Sulfosulfuron
were obtained from Markfed Pvt. Ltd. (India) while Propiconazole, Methyl Parathion (MP) were
obtained from Bayer Corpartion India Ltd., as gift samples. HPLC grade water was purchased
from Renchem (India). Millipore water (conductivity = 35 ohm™ cm™) was used for preparing

the reaction solutions and washing the catalysts.

2.2 Synthesis of titania/titanate nanostructures of different Sizes and Shapes

2.2.1 Sodium titanate nanotubes (TNT): Commercially available P25-TiO, was used as a
precursor for the synthesis of this material. It was synthesized by a reported method [1] as
follows: 4.73 g of P25-Ti0, was mixed with 72 ml of 10 N NaOH and subjected to hydrothermal
treatment at 130 °C in Teflon lined autoclave (80 ml capacity) for 20 h. The slurry was washed
repeatedly with 0.1 N HNOs;, followed by water and methanol, and dried in a hot air oven
(Navyug Q-5267) at 70-80 °C for 3 h.

2.2.2 TiO; nanorods (TNR): These nanoparticles were synthesized by autoclaving aqueous
slurry (pH= 5.6) of TNT (3.2 g in 64 ml) at 175 °C for 48 h [1]. After hydrothermal treatment
resulted slurry was filtered, washed with distilled water and methanol, and dried in hot air oven

at 70-80 °C for 3 h.
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2.2.3 Sodium titanate nanorods (TNT(S)): These were prepared [2] by calcining TNT
(prepared as per section-2.2.1) in an alumina crucibles at 800 °C (heating rate 5 °C/min) for 2 h

using muffle furnace (Jupiter Scientific).

2.2.4 TiO; nanowires (TNW): The TNW were synthesized [3] by dispersing TNT in dilute acid
solution at pH~1 for 72 h and then subjecting to hydrothermal treatment at 200 °C for 72 h.
Thereafter, the obtained slurry was washed with water followed by methanol and dried at 70-80

°C in hot air oven.

2.2.5 Thermally (> 800 °C) stable anatase TiO, nanoparticles (C-2 to C-9): In present study
as-prepared TNR particles (section-2.2.2) were found to retain its crystal structure, verified by
calcinning them in an alumina crucible for 2 h at 200-900 °C (heating rate 5 °C/min) using

muffle furnace.

2.2.6 Titania nanopolygons (TNP,): The TNP, were done by calcinning the Au-loaded TNT at
800 °C for 2 h. The detailed procedure for Au-loading (specifically used for this section) is

described in section-2.4.2 of this chapter.

2.2.7 Silica coated TiO, nanoparticles (S-C-5(x)): Silica was coated by sonicating
(ultrasonicator Branson-1610) 50 mg of as-prepared C-5 nanoparticles (TNR calcined at 500 °C
as per section-2.2.5) in a mixture of ethanol (12 ml) and acetic acid (18.4 ml) for 30 min to
ensure its well-dispersion in the media. Thereafter, mixture of ethanol (6.2 ml) and TEOS (10, 20
and 40 pl) was added drop-wise to the above suspension with vigorous stirring, followed by slow
addition of concentrated H,SO4 (50-100 pl), refluxed at 80-90 °C for 1 h, washed with
successive quantities of ethanol and dried. These catalysts are abbreviated as S-C-5(1), S-C-5(2)
and S-C-5(4) thereafter.

2.3 Synthesis of Au-nanoparticles

These nanoparticles were prepared by seed-mediated approach at ~ 0 °C as reported by our group
[4,5]. The Au seeds were first prepared by adding aqueous solution HAuCly (0.01 M, 250 ul) to
9.5 ml of aqueous solution of CTAB (0.1 M), followed by addition (600 ul) of aqueous solution
of 0.01 M NaBH, under magnetic stirring for 2 min. The growth solution was prepared by
adding HAuCl, (0.01 M, 500 pl) to 9.5 ml (0.1 M) of aqueous CTAB solution with 55 pl of
ascorbic acid (0.1 M). Then 12 pl of Au seed solution was added to it and the resultant

nanoparticles obtained were repeatedly washed with water and used further.
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2.4 Metal loading

2.4.1 Photodeposition: It was carried out [6,7] in a test tube containing de-aerated 5 ml of
aqueous (50% v/v) isopropyl alcohol, 50 mg titania nanoparticles (P25, TNR, TNT, TNT(S) etc.)
and required amount of aqueous metal salt (AgNOs;, Cu(NO3), and HAuCly.xH,O) solution
under UV light (125 W Hg arc lamp = 10.4 mW/cm?) irradiation for 2 h. The metal ions (Au*,
Ag" and Cu*?) present in titania slurry were reduced to elemental state by its photoexcited
electrons and metal nanodeposits were formed throughout the surface. The catalysts thus
obtained were repeatedly washed with water and methanol, dried at 70-80 °C and used further for

the photocatalytic reactions.

2.4.2 Au-loading onto TNT used for synthesis of TNP, (section 2.2.6): It was carried out by
three methods (i) by adding HAuCl,4.xH,O (1.2 ml of 0.01 mM aqueous solution = 0.5 wt% of
Au) during the preparation of TNT (section-2.2.1), which was (ii) irradiated in de-aerated 5 ml of
50% v/v aqueous isopropyl alcohol under UV light (125 W Hg arc lamp) for 2 h, as a result Au®?
was reduced [6] to Au® (TNT- Au’(P)), and (iii) by mixing of TNT (100 mg) in 3 ml of H,O with
500 pl spherical Au nanoparticles (NP, size 3-5 nm) under stirring for 2 h followed by drying.

2.5 Characterization

Aforementioned catalysts were characterized by different techniques and are being described as

under:

2.5.1 X-Ray Diffraction (XRD): This technique was used in the present research work to study
the phase composition, structural variations and crystallinity of the as-prepared samples.
Crystallite size was calculated by Scherrer’s equation d = kA/BCos6, where d = crystallite size,
A = X-ray wavelength, k = constant, 0 is diffraction angle and f is full width at half maxima of
the diffraction line. Stain in the nanoparticles was determined using Williamsons-Hall’s model,
by calculating the slope of line obtained by plotting fCos@ vs 4Sinf, where symbols have their
usual meaning and units, except 0 which was converted in radians. This study was carried out on
Panalytical X’-pert Pro, at Sophisticated Analytical Instrumentation Laboratory (SAI-Lab),
Thapar University, Patiala, India. The relative percentage of crystal structure was calculated by

X’pert High Score Plus software.

The lattice parameters of various crystal structures in as-prepared catalysts were

calculated by the following equations:
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(a) For Orthorhombic crystal structure:

1 h? k¥ 12

Z 2 eta

(b) For Monoclinic crystal structure:

11 (h N sin?p k? N 12 2hl cosp
d?2 ~ sin2p \a2 b2 c? ac

Where, = 90.3000 (for Na;Ti6O13, as per ICSD Card No. 01-073-1398)
=105.0000 (for Na;TigO9, as per ICSD Card No. 01-073-2256)
=101.9000" (for Na,;Ti307, as per ICSD Card No. 00-014-0085)

(c) For Rhombohedral crystal structure:

1 (h® +Kk*+1%) sin®o + 2(hk + kI + +hl) — (cos®a — cosa)
dz a?(1 — 3cos? + 3cos?)

Where, o = 90.00000(f0r NaTiO,, as per ICSD card No. 00-016-0251)
(d) For Tetragonal crystal structure:
1 h2+12 12
&2 ta
The symbols used in above equations for different crystal structures are referred as:

a,b,c = lattice parameters which were calculated

h, k, 1 Miller indices

d spacing and is known as d-spacing

2.5.2 SEM/FE-SEM coupled to EDS: It was used to study the external morphology and relative

amount (atom % = at.% or weight % = wt%) of the constituents of as-prepared catalysts. The

SEM analysis was done using JSM 7600F at SAI-Labs, Thapar University, Patiala, India; while
FE-SEM analysis was carried out on JEOL JSM-6510LV at Sophisticated Analytical

Instrumentation Facility (SAIF) center, IIT Bombay, India.
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2.5.3 TEM: This technique allows imaging of individual particle and to some extent to evaluate
the finest structural details and statistical distribution of sizes and shapes of particles in the
sample. Prior to this analysis, samples were dispersed in methanol by sonicating the suspension
for ~ 5 h, thereafter a drop of suspension was put on copper grid coated with carbon and
analyzed for Tem. This analysis was performed at National Institute for Pharmaceutical
Education and Research, Mohali, India; SAIF centre, IIT-Bombay, India and SAIF centre,
Panjab University, Chandigarh, India, using Hitachi 7500 (2.0 A, 120 KV), Phillips CM-200 (2.4
A, 200 KV) and FEI Tecnai G2 F20 (2.4 A, 300 KV), respectively.

2.5.4 Zeta potential ({): It is an indicator for the stability of a colloidal suspension, and its
magnitude reveals the degree of electrostatic repulsion between adjacent, similarly charged
particles in dispersion. This study was performed on Brook heaven 7610 using 2.5 ml aqueous

TNP slurry (0.13 mg/ml).

2.5.5 Surface Charge: This analysis was performed on Mutek-PCDO3pH using 50 ml aqueous
slurry (0.6 mg/ml) of different titania/titanate nanostructures at Thapar Center for Industrial

research and Development, Yumunanagar, India.

2.5.6 Diffuse Reflectance Spectroscope (DRS): It was performed (Ocean optics 4000USB) to
determine the reflectance/adsorption of the as-prepared catalyst in the UV/visible region, and for
determination of their Eg. The band gap was calculated [3] using the Tauc equation; (ahv)" = hv-
E,, where, v is frequency, h is Plank’s constant and n = 0.5 for indirect semiconductor, a is

absorption coefficient and E, is the band gap energy.

2.5.7 Time Resolve Photoluminescence Decay: The time resolve photoluminescence spectra
was measured by the pulse excitation method using Nitrogen laser (excitation at 390 nm) pulsed
in operation (5-7 ns pulse width) coupled with Tektronix TDS-1012 oscilloscope. The average
lifetime (tav), is related to band edge lifetime t; and trapping or defect’s states given by the

following equation [5],

Tav = (Clﬂ:] + aztz)/ a+a,

where, a; and a, denote the amplitude of band edge excitonic and trapping state emission,

respectively.

21



2.5.8 Raman Spectra: This technique used for structural information of the material was
obtained (100 to 800 cm'l) on Renishaw system (2000 spectrometer) using He—Ne laser
(operating at 514.5 nm) at SAIF-Jawaharlal Nehru University, New Delhi, India.

2.5.9 Dynamic Light Scattering (DLS): it was used to provide the particle size distribution,

carried out with Brookheaven-7610 particle size analyzer using 2 ml of aqueous dispersion of
(2 mg/10 ml) of TNT and TNR after 30 min sonication.

2.5.10 Surface Area: The determination BET surface area (Sggr) was performed on Smart Sorb

90/91, using 150 mg of sample, preheated at 150 °C for 1 h.

2.5.11 FT-IR: This study was carried out in Agilent Carry-600 FT-IR spectrometer by placing
the pellet made from sample (~1-2 mg) and 100 mg KBr (dried at 90-100 oC for 3 h).

2.6 Photocatalytic activity

2.6.1 Photooxidation: The rubbed capped tight test tube having aqueous solution of
pesticides/PAHs and catalysts was irradiated under UV- or Sun-light and summarized in table

2.1.

2.6.2 Photoreduction: A rubber capped test tube containing de-aerated 50% (v/v) isopropyl
alcoholic solution of m-Dinitrobenzene (m-DNB) was irradiated under UV-light (125 W Hg-arc

lamp) using various as-prepared catalysts (Table 2.1).

Table 2.1 Different molecules studied for photooxidation/photoreduction using various catalysts

S. No Substrate studied Concentration/ Catalyst used; Amount (mg/5ml)
Amount used

1 IMI 25 and 50 ppm  Bare P25, TNT, TNR, Ag (0.2-1.0 wt%)
photodeposited TNT and TNP,; 2.5

2 Sulfosulfuron 1000 ppm P25, TNT and TNT(S); 50

3 m-DNB 25 umol Bare and Au (0.5 and 2.0 wt%)
photodeposited P25, TNT and TNT(S); 50

4 MP 50 ppm P25, TNR (calcined at 200-900 °C) and their
Au (1 wt%)-photodeposited analogies; 5

5 *Propiconazole 50 ppm P25, bare and 1 wt% Au-photodeposited
TNW; 5

6 Naphthalene 20 ppm P25, bare and SiO, coated C-5; 5

7 Anthracene 20 ppm -do-

* Also studied under sun-light of flux = 9.2 mW/Cm’ on 08-06-2014 from 10:00 am to 4:00 pm
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The reaction solutions obtained after photooxidation/photoreduction were analyzed by different

techniques and are being described:

2.6.3 UV-Visible Spectrophotometer: The reaction solution having MP, propiconazole,

naphthalene and anthracene were analyzed using this instrument (Champion).

2.6.4 High Performance Liquid Chromatography (HPLC): The reaction solution obtained
after photooxidation of pesticides (IMI, Sulfosulfuron); reduction of m-DNB were analyzed by
HPLC (Agilent LC 1120) technique in reverse phase, at ambient temperature using C-18 column
(BDS, Qualigens) of dimensions 250 mm X 4.6 mm, and particle size of 5 um. The optimized

mobile phase and wavelength during the analysis is summarized in Table 2.2.

Table 2.2 The optimized HPLC conditions for studied molecules

S. No Analyte Mobile Phase (@1 ml/min) A (nm)
1 IMI acetonitrile : water :: 80:20 270
2 Sulfosulfuron methanol : water :: 70:30 254
3 m-DNB methanol : water :: 70:30 270

2.6.5 Gas Chromatograph (GC): This technique was used to study CO; evolution during the
photooxidation of studied pesticides and PAHs. It was determined by injecting 1 ml of gaseous
mixture from the reaction vessel (gas tight test tube) into GC (NUCON-5765) equipped with
Thermal Conductivity Detector (TCD) and Porapak-Q column having flow of nitrogen (30
ml/min) as carrier gas. Column oven was maintained at 40 °C while injector and detector were

isothermally kept at 70 and 80 °C, respectively.
2.6.6 GC (45X GC) coupled to Mass Spectrometer (MS, MS-Scion-45P): This technique was

used to identify the intermediates formed during the photooxidation of studied pesticides and
PAHs. The reaction solution (3 ml) of pesticide and PAHs obtained after photodegradation were
prepared by filtering (cellulose filter 0.22 um), extracting (with ethyl acetate, 3 x 3 ml) and then
evaporating to dryness over rota-evaporator (Hedloph). Residue was dissolved in ethyl acetate
(1 ml) and injected (1ul) to HP-5MS column (15m x 0.25 mm X 0.25 pm) with flow rate of

Iml/min of Helium gas. The injector and transfer line were isothermally kept at 250 °C and
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275 °C, respectively. The oven was programmed from 60 °C to 300 °C @ 6 °C/min rise of
temperature for MP, naphthalene, anthracene and m-DNB; 60 °C (5 min hold) to 240 °C@6 °C

for IMI and propiconazole.

2.6.7 Ion chromatograph (IC): In order to determine the fate of heteroatoms present in IMI,
this technique was used by injecting the reation solution in Waters’s system equipped with a
Waters 501pump, a Waters 431chemical conductivity detector, ion pack Metrosapp A Supp
column (250 mm x 4.0 mm, 5 mu) using methanol: water :: 60:40 as mobile phase @ 0.6 ml

min ' at Thapar Center for Industrial Research and Development, Yumunanagar, India.

2.6.8 Liquid Chromatograph-Mass Spectrometer (LC-MS): It was performed by injecting 20
pl of reaction sample in LC-MS (Bruker-300PS) having single-quadruple detector, equipped
with C-18 column (Hypersil, 150 mmx 4.6 mm, 5 um) using a mobile phase of 80:20::
acetonitrile : water at a flow rate of 1 ml/min at SAIF center, Panjab University, Chandigarh,

India.
2.6.9 Kinetic Analysis: In present study the degradation of the studied molecules was found to
follow pseudo-first order kinetics which is mathematically represented as

-In(C/Cy) = kxt
Where; Cy = initial concentration of the molecule, C = concentration of the molecule in solution
at any time t, k = apparent rate constant (min"', obtained from slope of graph plotted —In(C/Co) vs
t).

The half-life (t;) of the studied molecules (wherever applicable) was calculated by the

following:

tin = 0.693/k
Where, symbols have their usual meaning.
The dark adsorption studies for naphthalene and anthracene using bare and silica coated catalysts
was found to fit in the pseudo-second order kinetics as given below:

t 1 t

A ETCRERR
Where, t = contact time, . = adsorption capacity at equilibrium, q; = adsorption capacity per unit
mass of catalyst at time t, k, = rate of reaction (g mg"' min™) and was calculated by intercept of

graph between t and t/q.
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3. Preparation, surface morphology, electro-kinetic and photocatalytic

properties of titania nanostructures of different shapes

3.1 Introduction

The PCA of TNP is well proven to be influenced [1-10] by the crystal structure, surface
area, band gap energy, size, shape, crystallinity and noble metal loading etc. Extensive research
is still going on to find out better photoactive materials than mostly used P25 catalyst, possessing
limitation of photosensitivity in the UV range and crystal phase selective activity [3,5]. In this
context, different TiO, shapes and other titania based composite nanostructures have attracted a
great deal of research interest [11-15] due to their structural, surface and morphological
advantages. For example, lengthy cylindrical titania nanorods, and nanotubes [7-9,12,13]
exhibited high photocatalytic activity relative to P25 particles due to better delocalization of
excited e /h* pairs and well developed space charge region that reduced the recombination time
of photogenerated charge species.

Nowadays, TNT and TNR morphologies [7-9,12-18] display flexible photoactivity
depending on their crystal phase composition, geometric morphology, surface area, thermal
treatment and sodium content that generally deteriorate [18] the PCA of TiO,. For example, Zhu
et al. [9], Antonio et al. [14] and Kim et al. [15] found that the TNT without calcinations
exhibited decent photocatalytic activity, but many other reports demonstrated almost negligible
photoactivity [16-18] when sintered below 300 °C. In contrary, higher [3,7,8] and lower
[12,13,16-18] PCA of TNR than P25 catalyst is also reported in many photocatalytic reactions.
To understand this inconsistency in PCA of TNP, TNT and TNR catalysts, many essential
physico and electro-kinetic properties [19,20] such as, surface charge and zeta potential (()
responsible for affecting the adsorption or interaction of polar or non-polar reacting substrates,
depending upon the net surface charge present over suspended titania particles in photoreaction
mixture is needed to study in correlating and fine-tuning the PCA of various TNP catalysts. For
instance, a large values of { (positive or negative) indicates less agglomeration, i.e. more
particles will be available for adsorption of substrate molecules and thus, control the interfacial
properties of TNP catalysts and hence, the PCA [19,20]. These electro-kinetic parameters can be

tuned by altering the synthetic procedure, varying the surface area depending on the nature and
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dimension of photocatalyst and amount of metal loading that may hinder the surface charge
distribution and C of TiO, aqueous dispersion [19-23]. Although, some reports [19,20,24] have
demonstrated the effect of metal (Ag, Pd and Cu) doping in either TiO,/SiO, or the metal (Ag
and AgNi) core-TiO, composites on the development of {, yet no information is available
regarding the nature of electro-kinetic parameters of coinage metal (Au, Ag and Cu) deposited
TNP of different shapes although these M-TNP catalysts have recently been widely used for
efficient photocatalytic reactions [3—6,20,24]. In this respect, the present research is aimed to
determine the surface area, surface charge and ( of bare and coinage metal (Ag and Cu)
deposited as-prepared hollow porous-TNT and compact rigid-TNR as compared to P25 for the
photocatalytic oxidation [25,27-30] of IMI insecticide, used to control the pests in agriculture
crops that is toxic to insect’s nervous system [26]. This insecticide is being used over varieties of
crops throughout the world (half life 40-50 days), with high solubility (550 mg/l) in water [25]
causing soil and water contamination and posturing treat to humans [26]. This chapter discusses
the possibility to minimize/remove its contamination through a green remediation pathway
resembling TiO; photocatalysis.

3.2. Experimental section

3.2.1 Synthesis and Characterization of bare and metal (Ag, Cu) loaded TNT and TNR

nanoparticles: The bare TNT and TNR were synthesized as per procedures discussed in section-

2.2.1 and section 2.2.2 of chapter 2, respectively. Metal OZN\
loading onto these nanoparticles was carried out by N
photodeposition route as discussed in section-2.4.1 of Cl ‘ N\ N / "
chapter-2. These as-prepared catalysts were characterized by

XRD (section-2.5.1), SEM coupled to EDS (section- Z \\/
2.5.2), TEM (section-2.5.3), Zeta Potential (section-2.5.4), Structure of imidacloprid.

Surface Charge (section-2.5.5) and Sggr (section-2.5.10) techniques, discussed in chapter-2.

3.2.2 Photocatalytic Activity: Photodegradation of IMI was studied as per procedure given in
section-2.6.1 (chapter-2) by monitoring decrease in concentration of IMI and corresponding CO,
formation, monitored through HPLC (section-2.6.2) and GC (section-2.6.3) of chapter 2,

respectively.
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3.3 Results and discussions

The E, of TNT, TNR and P25, have been calculated (Fig. 3.1), using the Tauc equation

(section-2.5.7). The measured E, for TNR
(3.26 eV) and P25 (3.12 eV) are in good
agreement [3,7,8] with 3.2 eV of anatase
phase of TiO,. However, E, (3.43 eV) of
TNT was lowered by 0.17-0.44 eV as
observed in reported findings [32,33]. The
blue shift of E, ca. 0.31 eV of TNT as
compared to 3.12 eV of P25 occurs due to

the hydration and quantum size effect of
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Fig. 3.1 Band gap energy of various catalysts.

The XRD patterns of TNT and TNR in comparison to P25 nanoparticles are shown in

Fig. 3.2. The TNT prepared by alkali
treatment of P25 show crystallographic
planes (110) and (020)
corresponding to 20 = 24.05" and 48.07’,

Viz.,

that resemble [31] with diffraction pattern
of orthorhombic Na,Ti,05-H,O [33]
crystal structure. The calculated lattice
parameters, a = 22.36 A, b=3.75A and ¢
=2.99 A (section-2.5.1 of chapter-2) are
found to deviate [33] with the literature
values a = 19.36 A, b =3.78 A and ¢ =
3.00 A and could be ascribed to increase
in size of TiO¢ octahedral units during
acid washing [9]. The Na,Ti,Os-H,O
comprise of two dimensional layers in

which TiOg octahedras combine, and the
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Fig. 3.2 Comparative XRD patterns of various

catalysts.

protons are present in between the layers through the edge sharing [33]. However, all the

crystallographic planes of as-prepared TNR (Fig. 3.2) were found to correspond with anatase
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phase (JCPDS 21-1272) and are in accordance with previous reports [3,31]. The lattice
parameters calculated (section-2.5.1 of chapter-2) for TNR (a =b = 3.80 A and ¢ = 9.56 A) are
consistent with reported values [3] and confirmed by the presence of anatase phase in TNR
catalyst. The hydrothermal treatment of TNT at 175 °C for 48 h under mild acidic conditions (pH
= 5.6, iso-electric point of anatase phase) favour the growth of anatase TNR, because at a pH
away from the iso-electric point, the strong electrostatic forces between the anatase nuclei retard
its aggregation and hence the crystal growth of TNR [31] particles. It was proposed [31] that
during hydrothermal treatment, the TNT structure got ruptured, dissolved and rearranged to form
anatase nanocrystals that would join in a way known as “oriented attachment” to form TNR
morphology. The TNR particles show intense diffraction lines (Fig. 3.2) indicating high
crystallinity of TNR despite being synthesized in a autoclave at 175 °C as compared to
amorphous nature of TNT that exhibited broad XRD peaks.

SEP 15kV WD12mm  SS37 X&OQQ‘ Sum e SEl  15kV WD12mm  SS37
Sample - 0000 Sample

Fig. 3.3 FE-SEM images of (a-b) TNR and (c-d) TNT particles.
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The FE-SEM images (Fig. 3.3a-b) with two different resolutions showed uniform
distribution of many TNR particles of almost equal size. However, some vertically aligned or
broken TNT particles (as noticed in Fig. 3.3c), Hement I Atomico
and few long tubular and bent finger like TNT 0K 57.09
particles seems to have hollow interior are also Na K 3.02
observed (Fig. 3.3d). The EDS elemental K 2262
analysis (Fig. 3.4) established the presence of 39 HI080

at.% Ti, 57 at.% O and 3 at.% Na in TNT

nanostructures, where Na contamination comes Flg 3.4 EDS elemental analy51s of TNT.

from NaOH treatment of P25 nanoparticles during TNT preparation.

a

(105) Q211
(200)
00 4)

a0
A

Fig. 3.5 TEM images of TNR (a-b) bare, (c) 1 wt% Ag loaded (d) SAED pattern for bare.

The tem images (Fig. 3.5) reveal the formation of lengthy TNR particles of various dimensions.
There are some long and short rice like morphology of TNR particles having diameter 8-13 nm

and length 81-134 nm that can be seen in Fig. 3.5 a-b. The average length 104.2 + 2 nm and
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diameter 10 £ 0.1 nm is determined by considering 20 particles. Similar morphology of TNR
particles having diameter 610 nm but of smaller length 50-70 nm were reported by Christy et
al. [34] and Nian et al. [31]. A very fine deposition of Ag nanoparticles (3-5 nm) were present
on many TNR particles as can be seen in Fig. 3.5c. The SAED pattern (Fig. 3.5d) displayed the
characteristic circular X-ray diffraction rings corresponding to lattice planes ca. (101), (004),
(200), (105) and (211) of anatase crystal structure of TNR, and is in accordance with the XRD
pattern (Fig. 3.2). The bright and distinct diffraction rings reveals that the TiO, nanorods are

polycrystalline in nature.

Fig. 3.6 TEM images of (a-c) TNT and (d) its SAED pattern.

The TEM images show the open ended straw like hollow TNT particles (Fig. 3.6) having
diameter 9-12 nm and length 82-115 nm. The average diameter of TNT is found to be 10 + 0.1
nm and length 104.6 +£2 nm, while the wall thickness and internal diameter of TNT are measured
to be 1-1.2 nm and 8-13 nm, respectively. Similar types of TNT with a much higher diameter
ca.70-100 nm and wall thickness of 14-50 nm were obtained by Hoyer et al. [35], however,
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those were unstable at higher temperatures. SAED pattern of TNT (Fig. 3.6d) exhibit a diffuse
and fuzzy diffraction ring due to relatively amorphous structure as compared to TNR particles.
The lattice plane corresponding to single diffraction ring is indexed to be (020) plane of
Na,Ti,0s. H>O nanostructure as observed in XRD pattern in Fig. 3.2.

The Sger (Table 3.1) of as-prepared TNT, TNR in comparison to P25 particles is found to
be 176, 79 and 56 m2g71, respectively, and is in accordance with difference in their structural

morphology and solidity.

Table 3.1. Various physicochemical and electrokinetic parameters of bare and metal
deposited titania nanostrutures of different shapes.

Titania catalyst Surface area (m”g™") Conductance (uS)
Bare 56.0 57
P25 1 wt% Cu 48.1 42
1 wt% Ag 50.6 39
Bare 176.0 83
TNT 1 wt% Cu 152.3 46
1 wt% Ag 162.1 51
Bare 79.0 56
TNR 1 wt% Ag 69.0 37
1 wt% Cu 71.2 39

Although, the dimensions of TNT and TNR are same, yet the surface area of the former is
around 2.2 times higher than the later, ascribed to its hollow and open ended morphology as
observed clearly in TEM images (Fig. 3.6a-c). The decrease in Sger of TNR suggests the
collapse of hollow TNT to compact solid and rigid TNR rice like particles during autoclaving at
175 °C for 48 h. It has been found that Sggr is decreases after photodeposition of 1 wt% Ag and
Cu onto TNP of different shapes as can be seen in Table 3.1.

This decrease in Sggr can be accounted for the partial surface coverage of TNP surface by
Ag and Cu nanodeposits. The Cu deposition onto TNP showed comparatively less reduction in
Sger than Ag-TNP, which might be due to the difference in the size of Cu or Ag islands on TNP
surface. It is interesting to note that the decrease of Sggr due to Ag and Cu deposition over TNT
is always higher than Ag/Cu loaded P25 and TNR particles despite having same amount (1
wt%) of metal deposition. This is probably occurs due to blockage of hollow porous surface and

open outlet channel to some extent, though we have no such proof to confirm the same. The

32



adsorption capacity of Ag and Cu may also affect the Sggr, since it is reported [36] that
adsorption capacity of Cu is more than Ag, thus adsorption of gases (N,: He:: 70: 30) during
BET analysis by 1 wt% Cu-TNP might be more than 1 wt% Ag-TNP, which accounts for higher
Sger of the former particles.

The measured surface charge present over different TNP in their aqueous dispersion were
found to be +8.82 pequi./g for P25
(pH = 5.8), —1.79 pequi./g for TNT
(pH = 6.8) and —6.17 pequi./g for
TNR (pH = 6.9) particles. This
difference in surface charge of
various TNP in the aqueous

dispersion could be explained on the

Zeta Potential (mV)

basis of difference in surface
adsorbed ionic species or surface

acidity and basicity [19,22] of TNP, Twi% cy 1wty Ag

which arises because of  Fig. 3.7 Zeta potential of bare and 1 wt% Ag and Cu

hydrothermal treatment of P25 with photodeposited titania nanoparticles.

0.1 M HNO; and 10 M NaOH during preparation [16-19,31] of TNR and TNT particles,
respectively. Thus, it is evident that the effective electronic charge on P25 was positive, while it
was negative for TNR and TNT particles, and has no influence of the difference in Sggr of TNP
catalysts. The variation in  (-2.8 to -24.8 mV) of different bare and 1 wt% Ag and Cu metal
deposited TNP catalysts in their aqueous dispersion are shown in Fig. 3.7. The observed value of
€ -13.5 mV for TNT (pH = 6.85), -22.5 mV for TNR (pH = 6.99) and -2.8 mV for P25 (pH =
5.86) catalysts reveal that their aqueous suspensions (except P25) are quite stable because of
electrostatic repulsion between similar charged species. The variation in  and surface charge can
be explained on the basis of pH and point of zero charge (PZC, around 5.8 for P25 [37]). When
TiO, is dispersed in water then the surface becomes anionic and thus increase in surface area
renders more coverage of hydroxyl groups from H,O [19], leading to the generation of fewer
hydrogen ions in solution and thus increase in pH. If this pHgouion > pHpzc then the zeta potential
will become negative and vice versa [22]. Since, pHsomtion Of TNT and TNR is more than pH of

PZC, hence both have negative ( values. Furthermore, pHoution 0f TNR is much more than
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PHsowtion 0f TNT, hence, its { is more negative. However, the { (in magnitude) gradually
increases (2.8 to 11.7 mV) after 1 wt% deposition of Cu and Ag onto P25 without a notable
change in pH (5.92-6.04), while it decreases in case of TNT (pH = 6.53-6.72) from 13.5 to 5.4
mV, after loading the same amount of these metals. Whereas, no notable change in { (-22.5 to -
24.8 mV) has been noticed for Ag and Cu photodeposited TNR (pH = 6.99—7.09). This variation
in {, could be justified by the fact that, both the conductance (uS) due to effective electronic
charge present over bare P25, TNT and TNR surface in their aqueous dispersion and Sggr
decreases (Table 3.1) after Cu and Ag loading. As a result, the interactions between Ag and Cu
loaded TNP particles and hydroxyl groups may change resulting in changes of pHsowution and
hence, the { value. Other plausible factor might be the formation of some Ag" and Cu" ions and
their hydroxides by atmospheric oxidation of photodeposited metals that may also contribute to
the overall electro kinetic properties.

The PCA of various TNP was assessed by the photooxidation of 25 ppm aqueous
imidacloprid solution upon exposure of UV irradiation at a different time intervals (Fig. 3.8).

Hollow and porous TNT nanostructure

possessing  largest  surface  area 2 > ;‘ """ E;Q:O-N-SE);E:I- """ :
exhibited highest PCA for the _ 2p- : (Imidac1|o7pgd) |
imidacloprid degradation followed by % : Sl- +2 ] :
TNR and P25 catalysts. During 4050 g ° L9 G027 SNO™ +aH +3Ha0+Cl (.;)
min UV-light irradiation, almost g 10- A

complete photodegradation of 25 ppm § (d)
IMI by TNT particles occurred as § 51 > (:) )
compared to 2 h in case of TNR and 0 | | | | | ﬁ?
P25 catalysts having low photoactivity. 0 20 40 60 80 100 120

) ] Time (min)
The exponentional decrease in

Fig. 3.8 Photodegradation of aqueous suspension of
imidacloprid (25 ppm) and (a) P25 (b) TNR, (c)
TNT and CO, produced by (d) TNR and (e) TNT;
increase in CO, formation with inset: expected balanced chemical equation after

irradiation time indicated degradation —complete mineralization of imidacloprid

concentration of imidacloprid during

its photooxidation and simultaneous

kinetics to be first order. The highest photoactivity of TNT could be ascribed to the collective

effect of (i) hollow interior and high specific surface area, that favours better adsorption of the
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substrate, (ii) the better delocalization of charge carriers along its length, that decreases their
recombination, and (iii) the presence of hydrated water in its crystal structure, provoking more
number of —OH formation, thus increasing the PCA [3,12,14,15]. Despite having Na content (3
at.%) in its crystal structure which generally reduces [16—18] the photoactivity of TNP, TNT still
showed superior degradation of imidacloprid to conventionally best active P25 catalysts
[12,14,15]. Being non-ionic in nature, the adsorption of imidacloprid molecules over bare TNP
catalyst’s surface having different electronic nature of surface charge, does not seem to impart
any effect and depends only on the Sggr. It has been found that the highest amount (12.5 ppm =
1.42 pmol) of CO, produced during 2 h photooxidation of 23 ppm imidacloprid by TNT
corresponds to 31.5% of the initial concentration (25 ppm = 0.5 pmol) of imidacloprid utilized

and calculations show 4.5 umol of CO, (9 times of initial amount 0.5 pumol, inset Fig. 3.8)

expected from its complete
S 200 z @)
photooxidation. Whereas, 18.1% (0.84 180 e —
| 60| [Mmigecionrid e
pmol) CO, formation was found after 140
120
the photodegradation (2 h) of 21.1 ppm  — 100
=] 80
imidacloprid by TNR catalyst. This g eo
— 40
observed variation in CO, formation S 20 .
b o S N .
could be explained on the basis of =2 22-2 _ D = (b)
. .. 17-5 E E
incomplete decomposition of 1s 0 e =
imidacloprid or the presence of other ii'i = =
intermediate photoproducts comprising ;i
53.62% heteroatoms (N, O and Cl) as z'i i '
observed (Fig. 39) in HPLC * Tirzne (mi?w) N

chromatographs. The ~appearance ~ of Fig. 3.9 HPLC chromatograph for (a) authentic

unidentified HPLC peaks at retention  imidacloprid and (b) its phtooxidation by TNT
time = 1.75 and 2.91 min are probably  after 120 min of UV light irradiation.

due to the formation [25,27] of intermediates like imidacloprid urea, imidacloprid guanidine, and
6-chloronicotinic acid etc. as detected during photooxidation of imidacloprid by P25 catalyst,

although are not confirmed here.
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3.4 Conclusions

In summary, the present research work correlated the crystal phase, surface, structural and

electro-kinetic properties of bare, and Ag and Cu deposited TNT (orthorhombic structure) and

TNR that were obtained from Degussa P25-TiO,. By changing the size and shape depending on

the preparation conditions, causes the alteration in electronic charge of TiO, surface and

subsequently, the { value is markedly varied in case of different TNP aqueous suspensions.

These electro-kinetic parameters could be beneficial for determining dispersion stability of TNP

for potential use in metal oxide based nanofluids. The photocatalytic activity of TNT crystals for

the photo-oxidation of imidacloprid is found to be superior to the conventional best photoactive

P25 owing to its largest surface area and hollow porous surface structure.
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4. Photocatalytic Activity of Sodium Titanates for m-Dinitrobenzene
Reduction and Sulfosulfuron Oxidation

4.1 Introduction

Nanostructures of different geometric shapes of TiO, have been recently studied due to their
superior optical and photocatalytic properties attributed to their dimensional anisotropy, where
the photoexcited e /h™ pair is a key factor in controlling these properties [1-11]. As discussed in
section-1.2.2 of chapter-1 that increased delocalization of charge carriers in elongated
nanostructures led to a remarkable decrease in e /h" recombination probability, hence larger
numbers of € and h" exist on the active sites of the lengthy nanocrystal’s surface, resulting in
higher photoactivity as compared with spherical nanoparticles. Especially, TiO, nanorods and
nanotubes are proven to be effective photocatalysts because of the presence of a large number of
surface exposed atoms, high specific surface area and higher relaxation lifetime [3,4]. As
photocatalysis is an area of intense research activity for finding suitable materials, hence, Ti-O
based other materials such as TNT [12-17] and TNT(S) [5,13-15] nanoribbons [17] etc. are
found to be of special interest because of their crystalline and scroll structure and therefore,

considerably utilized for a wide range of applications, including photocatalysis [13—17].

Several groups found [5,13,15,18-21] that the TNT and TNT(S) may possess better or
poorer photocatalytic activity in comparison to P25 catalyst. For instance, Stengl et al. [13] and
Song et al. [5] demonstrated the good photooxidation ability of TNT(S) for 4-chlorophenol and
chloroform degradation, respectively relative to P25 catalyst. In contrast to this, reports by Yu et
al. [15] and Lee et al. [20] conveyed the TNT(S) to be as an inferior photocatalyst to that of P25.
Thus, there is a quite inconsistency in the literature reports about its photocatalytic activity.
Similarly for TNT, Zhu et al. [21] found that the as-prepared TNT without calcination exhibited
decent photocatalytic activity for the oxidation of sulforhodamine, but Yu et al. [15] claimed
negligible photoactivity of TNT when sintered below 300 °C. One of the important factors
responsible for fluctuating photocatalytic activity of the TNT and TNT(S) may be the sodium
content [20] which plays a crucial role in crystal phase and morphology as a function of
calcination temperatures. Generally, sodium titanates are investigated for their physicochemical
properties [22,23] and a little data is available in literature dealing with the photocatalytic

activity [13-15] of TNT and TNT(S) that may be a promising photocatalyst in the environmental
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applications. Although, the photoxidation ability of TNR and TNT have been revealed in a few
reports but no information is available on photoreductive ability and the effect of noble metal

loading for the same as a function of relaxation time of photoexcited charge carriers.

The production of amino-derivatives from the corresponding nitro-aromatics has attracted
a great deal of interest [24,25] due to their potential use as intermediates for the synthesis of a
variety of fine chemicals. Recent reports [24,25] indicate the potential of chemoselective —NO,
group reduction through TiO, photocatalysis. Thus, m-DNB has been chosen as a model
compound to explore the photoreduction activity resulting in two different reduction products,
namely m-DAB and m-NA. Therefore, this chapter is devoted to the preparation of TNT(S) from
TNT to study the effect of Au deposition on the photocatalytic reduction of m-DNB relative to
P25 catalyst under UV-light irradiation, with identification of its photoreduction products. Apart
from this, photodegradation of sulfosulfuron herbicide with corresponding evolution of CO; is
also comparatively tested by TNT, TNT(S) and P25 catalysts because of its enormous use in
wheat crop to control troublesome grass weeds P. minor [26] whose persistence in soil and water

could damage the crops.

4.2 Experimental section

4.2.1 Synthesis and characterization of bare Au-loaded TNT and TNT(S): TNT and TNT(S) were
prepared as described in section-2.2.1 and section-2.2.3 of chapter 2, respectively. The
photodeposition of Au onto P25, TNT and TNT(S) was carried out by the photodeposition
method reported in section-2.4.1 of chapter-2. These as-prepared samples were characterized by
XRD (section-2.5.1), SEM coupled to EDS (section-2.5.2), TEM (section-2.5.3), Time resolve
decay (section-2.5.7) and Sggr (section-2.5.10) techniques which are discussed in chapter-2.
4.2.2 Photocatalytic activity: It was done by analyzing reaction samples obtained after
photooxidation of sulfosulfuron (section-2.6.1) with HPLC (section-2.6.4), GC (section-2.6.5)
and GC-MS (section-2.6.6) techniques as described in chapter-2.

4.3 Results and discussion
The XRD patterns of titania precursor P25, the effect of thermal treatment on as-prepared TNT at
different temperatures for the gradual change in crystal phase and TNR formation at 800 °C are

shown in Fig. 4.1. TNT, prepared by hydrothermal alkali treatment, is composed of
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orthorhombic crystal structure (Fig. 4.1b) as shown in chapter-3 (section 3.3). Upon calcination
of TNT at 500 °C for 2 h, peaks at 20 =

37.7914°,  48.0844° and  55.0144° (111) (d)
(311)

corresponding to anatase phase appear A B

(Fig. 4.1c). However, upon thermal (110) :(492) (020)(713)
treatment at 800 °C, the complete — ““LJ H ' A (41l 3’)' ‘ A
conversion of hollow TNT to highly g A

crystalline TNT(S) formation (Fig. 4.1d) g (C)
occurs. The characteristic peak at 20 = Z) A A
24.4945° for monoclinic unit cell of GEJ (101) w
Na,TigO;3 with lattice parameters, a = (100) (b)
153 A, b =9.03 A, and ¢ = 3.54 A are in

good agreement with the literature report (a)
281 a =152 A, b=9.02 A, and ¢ = 3.52 A A RA

A. There are many other crystallographic A B‘AB MM
planes viz., (100), (110), (311), (402) and 20 (degrees)50 60

(020) corresponding to 20 values of Fig. 4.1 XRD patterns of (a) P25, (b) TNT, (b)
24.4935°, 26.7589°, 30.0901° 33.39811°  INT calcined at 500 °C and TNT(S).

and 48.5410° have also been observed for TNR particles.

This structural transformation was explained [14,15] by the condensation of corrugated
layers of trititanate having three edge-sharing TiOg octahedral units into a Na,Ti6O,3 structure by
the connecting corners of opposing octahedra to link the layers together. The distortion in the
crystal structure of TNT and TNR is further evidenced by magnetic susceptibility (MSP)
measurement, though it has no correlation with the photocatalytic activity. The MSP for TNT(S)
(-48.5 m3/kg) is found to be around 2-times to that of TNT (-28.2 m3/kg) in comparison to zero
of P25, and is attributed [23] to the change in coordination number of lattice O-atoms in their
respective crystal structures.

The FE-SEM images of TNT(S) (Fig. 4.2a-b) show the formation of many lengthy
nanorods particles of various dimensions aggregated haphazardly. The EDS elemental analysis
(Fig. 4.2c-d) confirmed the presence of 39.8 at.% Ti, 57.0 at.% O and 3.0 at.% Na in TNT and
38.4 at% Ti, 58.9 at% O and 2.6 at% Na in TNT(S) nanostructures. The presence of Na
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contamination came from NaOH treatment of P25 particles during preparation of nanotubes and

nanorods.

Atomic % Element Atomic%

58.91 OK 57.09
2.61 Na K 3.02
38.48 TiK 39.89
100.00 100.00

5 8 10

Fig. 4.2 (a and b) SEM images of TNT, EDS elemental analysis of (c) TNT(S) and (d) TNT.

The TEM images for TNT (Fig. 4.3 a-b) show its open ended morphology (already
discussed in section 3.3 of chapter-3). Whereas, TEM images for TNT(S) (Fig. 4.3c-e), clearly
show the formation of long stick like lengthy cylindrical particles of diameter = 25-35 nm and
length = 200-500 nm having smooth surface structure. However, very fine Au deposits of narrow
size distribution (3-6 nm) on the surface of TNT(S) (Fig. 4.3 e-f) is clearly found for its Au
loaded analogy.

The DLS studies (Fig. 4.4 a-b) revealed the particle size of TNT and TNT(S) to be 114-
203 nm and 310-745 nm, respectively, which is somewhat higher than ca. from their respective
TEM images, attributed to the measurement of hydrodynamic diameter [29]. The Sggr of as-
prepared TNT(S) (21 ng'l) has been found to be less than that found for TNT (176 ng‘l), and
P25 (55 ng']). The large decrease in Sggr value for TNT(S) is due to collapse of hollow interior
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and dehydration of inter-layered hydroxyl groups of TNT interior surface [15] possessing much

larger surface area.

Fig. 4.3 TEM images of (a) TNT, (c-e) TNT(S) and Au-photodeposited TNT(S).

43



100 (a)

Particle Numbers
N ()] (o]
e .2 2

N
o
1

o
(o)
o

240
Particle Size (nm)

120 180

N

Particle Numbers

300

00 -

[0}
o
1

(o2}
o
1

N
o
L

N
o
1

0 A

325

1300
Particle Size (nm)

650 975 1625

Fig. 4.4 Size distribution plots for (a) TNT and (b) TNT(S) using DLS studies.

The photodeposition of 0.5 wt% Au onto these nanostructures also cause decrease in Sggr

from 55 to 53.6 m’g”, 176 to 172.1 m’g" and 21 to 19.8 m*g” for P25, TNT and TNT(S)

particles, respectively, because of the partial surface coverage with Au deposits. Similar results

for the decrease in Sggr after deposition of Ag and Cu over titania nanostructures were recently

reported by our group [18] (described in chapter-3, section 3.3). The solid state absorption

spectra of 0.5 wt% Au deposited titania nanostructures show almost no change in the absorption

onset, however, a broad peak (500-600 nm) ascribed to the surface Plasmon band [31] of

deposited Au nanoparticles is noticed (Fig. 4.5a).

Absorbance (a.u)
©
1

2.0 wt% TNT(S)
0.5 wt% TNT(S)

(a)

Counts

I I
450 525
Wavelength (nm)
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0.0<¢

TNT(41 ps)

- - Au-TNT(S) (78 ps)

- = =» TNT(S) (68 us)
-» P25 (45 ps)
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00002  0.0004  0.0006
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Fig. 4.5 (a) Solid state diffuse absorption spectra Au loaded TNT(S) and (b) time resolve
luminescence decay of bare P25, TNT and, bare and 0.5 wt% Au-loaded TNT(S).
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It is reported [32] that lengthy nanocrystals display superior photocatalytic activity in
comparison to spherical nanoparticles because of better delocalization and reduced
recombination rate of photoexcited e/h* pairs. Hence, before assessing their photoactivity time
resolve photoluminescence decay was relatively measured using the pulse excitation method
(Fig. 5.5b). The average relaxation time of charge carriers of photoirradiated TNT(S) (68 us) is
found to be around 1.5 times more than that of P25 (45 us), which is further improved to 78 us
after 0.5 wt% of Au deposition onto TNT(S) particles. As loaded Au co-catalyst acts as a sink for
the photogenerated electrons [31,33] the life time of charged specie is notably enhanced. Similar
results for increase in recombination time from 10 to 100 us after 1 wt% Pt loading over TiO,
were previously reported [34].

It is demonstrated (Fig. 4.6) that m-DNB is quantitatively and selectively reduced to

m-DAB by P25 and TNT(S) particles. TNT 30
1 m-dinitrobenzene
particles being hollow in nature and having - E=3 m-diaminobenzene
largest surface area, displayed quite negligible %20_
S
activity for the m-DNB reduction. The selective =
formation (~99%) of m-DAB under such mild %10
reaction conditions represent an important <E(
advancement in the selective hydrogenation of — =
0
m-DNB. Such selectivity for formation of P25 TNT(S) TNT
Catalysts

m-DAB formation has been reported but under Fig. 4.6 Amount of m-dinitobenzene

very high pressure (2.6 Mpa) using 20% w/w  reduced and m-diaminobenzene produced
Ni/SiO, [35]. Although Spgr of TNT(S) is by bare P25, TNT and TNT(S) after 8 h of
several times less than P25, which means less UV-light irradiation.
surface -OH groups, but still TNT(S) particles exhibited similar PCA. This fact is verified by the
work of Wang et al. [36] who showed that small nanoparticles (6 nm) with high surface area
(253 m2g’1) was not essential for its high PCA, while a particle with higher grain size (11 nm)
and less surface area (153 m’g") could exhibit photocatalytic properties. This indicates that the
parameters such as crystal structure, presence of sodium, and surface defects etc., might be
responsible for have caused better photoactivity of TNT(S) particles. Although, sodium content
[15] responsible for decreasing the TiO, photoactivity does not hold good for TNT(S) particles,

which showed comparable PCA to that of P25 despite having the appreciable amount of sodium
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(2.61 at%) in its crystal morphology. The retardation in e/h* recombination as evidenced by the
higher relaxation time, 68 us as compared to 45 ps for P25 for lengthy crystalline TNT(S)
nanocrystals of cylindrical symmetry, probably seems to be responsible for its improved

photocatalytic activity.
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Fig. 4.7 GC -chromatographs after 8 h of photoreduction of m-DNB with (a) bare and Au-
loaded (b) 0.5 wt% and (c) 2.0 wt% TNT(S), inset enlarged view, and (A-C) corresponding
MS-spectra with respective structural formulas (inset).

This selective conversion of m-DNB to m-DAB using bare TNT(S) is evidenced by the
GC-MS chromatographs (Fig. 4.7a), where no peak corresponding to m-NA was noticed.

However, after 0.5 wt% Au deposition onto P25 and TNT(S) nanoparticles, formation of m-NA
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along with m-DAB was observed (Fig. 4.8a), and the formation of these compounds (by 0.5 wt%
Au loaded TNT(S)) was also evidenced by GC-MS analysis (Fig. 4.7b). Moreover, Au loading
does not influence the TNT photoactivity except for the enhanced selectivity of m-NA
production.

This low photoactivity of TNT as compared with TNT(S) can be ascribed to the poor
electron mobility through the channel like geometry, lack of crystallinity and deficiency in
compactness hindering the conduction and delocalization of photoexcited electrons. The
deposited Au nanoparticles have the tendency to capture the photogenerated electrons from
titania nanoparticles because of its suitable Fermi level position (0.4 eV vs. NHE) that is more
positive than CB position of titania (—0.1 eV vs. NHE) and is thermodynamically favorable, thus
favoring the charge separation and hence increases the photoactivity [24-26]. Adsorption of
m-DNB on Au-TNP can generate a resonance form with a single delocalized positive charge on
the ring where only one of the -NO; group (scheme-4.1a) might be activated [24].

The deactivation of -NO, group is favored by the fact that, Au after capturing the

photoproduced electrons from T —
the support acquires partial
negative charge, and its nActwatedfornucleophlllcattack )

EORE

@0 2, 2H; o li)-H 2e 2H
,5’ (ii)2e-, 2H

o7 0y N

—

interaction with m-DNB

seems to be permissible with

the N-atom of m-DNB having
positive charge as shown in

Scheme 4.1(a). As a result, the

N
HC(OH){CH;),———> CH,COCH, + 2H*

resonance of the interacting

X Intramolecular (b)
group is not favorable, and H H H-bonding NH
NH, \N/ \ / 2
hence it is not activated for the
13 —— A
nucleophilic  attack.  The — o]
NO, .(f+ NH>

reduction of other -NO, o

(activated group) to -NH; . .
Scheme-4.1 (a) Mechanism for reduction of m-DNB to m-NA

group  occurs through the  yqino Au loaded TNT(S) and (b) inhibition of m-NA to m-
utilization of six electrons DAB.

(Scheme 4.1a) reported by Flores et al. [37] while photoproduced holes were utilized in
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oxidation of isopropyl alcohol to acetone (not measured) and the H' ions are utilized in the
reduction of -NO; group.

After the reduction of one -NO, to -NH, group the other -NO, group was expected to be
reduced leading to m-DNB. Interestingly, with increased reaction time up to 16 h, no such
expected observation was observed in the present study (inset Fig. 4.8a). Thus, the high yield and
selectivity for m-NA formation could probably be due to stabilization of m-NA through intra-

molecular H-bonding (Scheme 4.1b) that inhibits the reduction of second -NO; group.
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Fig. 4.8 Amount of m-dinitobenzene reduced, m-nitroaniline and m-diaminobenzene produced
by Au-loaded catalysts after UV-light irradiation of (a) 8 h; inset 16 h, and (b) 8 h.

Since, the percentage of Au loading is less (0.5 wt%), the complete coverage of the
catalyst’s surface is not possible, hence, some molecules of m-DNB are in direct contact with
bare TNT(S) surface leading to the formation of m-DAB. However, when the amount of Au
loading was increased from 0.5 to 2 wt% decrease in PCA was found, but at the same time
selectivity for m-NA formation increases (Fig. 4.8b). This low PCA may be due to more surface
coverage by the Au nanodeposits rendering the light reaching to the titania/titanate nanoparticles,
hence decreases the e /h* formation and consequently diminishes the photoreduction of m-DNB.

The comparative photooxidation of sulfosulfuron (1000 ppm) by bare TNT to that of
TNT(S) and P25, during 5 h of UV-light irradiation is shown in Fig. 4.9. It has been found that
the photooxidation efficiency of TNT was around ca. 4.8 + 0.3 and 1.9 +0.3 times higher than
the TNT(S) and P25 after 5 h of light irradiation, respectively and found to be the opposite trend
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(TNT(S) = P25 > TNT) to that found in the photoreduction of m-DNB (Fig. 4.6). Such high
photocatalytic activity of TNT could 1000

be accredited to its high surface area g TNT(S)
2 o : Q. 800
(176 m” g) and hollow interior (Fig. &
4.3a-b) providing better adsorption of § 600 -
o
reacting substrate. However, this o
. << 400/ P25
observed order of photocatalytic = I
S
activity (TNT > P25 > TNT(S)) was © 5 TNT
& 200
contrary to that of observed EGE)
. . . 0 r r r r r
recombination time of photoproduced 5 : 7 3 4 z
e/h* pair (Fig. 4.5b). This could be Time (h)

Fig. 4.9 Comparative photocatalytic degradation of

ascribed to a very thin wall of
sulfosulfuron by P25, TNT, TNT(S).

thickness ca. 0.8-1.1 nm for TNT

favouring rapid diffusion of e/h" pairs to its surface, making more number of h* available for
oxidation of the reacting molecules. On the other hand, the deleterious effect of Na in TNT (3.0
at%) towards the PCA seems to be offset collectively by the Sggr, thin wall thickness and hollow
interior of TNT. Furthermore, TNT is reported to have layered structure [4,5] so there is a
probability of adsorption of water molecules in between these layers through weak vander waals
forces of attraction. As a result, more number of oxidative species (*OH) will be produced from
the adsorbed water molecules by charge exchange between the conduction and valence band in
case of TNT than P25 and TNT(S), having no layered structures. Since, these species are
virtually reported to be responsible for oxidation, therefore, TNT has the highest photooxidation
activity. However, as the Sggr of P25 (56 ng'l) is larger than TNT(S) (21 ng‘l), the water
adsorption ability and corresponding formation of oxidative specie during UV-light illumination
would be more for the former and hence, its PCA, and is in accordance with photooxidation of
IMI as discussed in chapter-3 and -4.

Although, the amount of remnant sulfosulfuron is found to be very less (158 + 12 ppm) in
comparison to its initial amount (1000 ppm) after 5 h of photooxidation with TNT, yet the
complete mineralization of reacting substrate has not been observed, evidenced by the presence
of various peaks in HPLC chromatograph (Fig. 4.10). Thus, in-order to determine the actual

percentage of herbicide dissipated, CO, evolution during its UV-light irradiation in the presence
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of bare catalysts was measured (Fig. 4.11), and is found to correlate with the photooxidation

activity of catalysts (Fig. 4.10). The N s e

highest amount (395 * 5.6 ppm = F00—- ﬂ;"""?rauthigéﬁls;ﬁ?”uﬁﬂ",, i
44.8 + 0.6 ymol) of CO, produced B e ‘} s e e e e
during 5 h photooxidation of 842 + 12 e ,,‘I NS SN S U T S

5 \

ppm  sulfosulfuron by = TNT = Zaoofo it
corresponds to 27.8 £ 0.4% of the  Fwod \l I T
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pmol) of sulfosulfuron utilized, while e v |Ea(;:ielfross;J3‘l\:o!l:;;:tTlon) ol
9.6 + 0.3% (136 + 4.2 ppm = 15.4 + : BTA7 WS /SN B N
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3 4
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produced from 718 + 11.3 ppm (7.1 £ .
Fig. 4.10 Comparative HPLC chromatograph for
0.1 pmol) of sulfosulfuron by P25.  aythentic sulfosulfuron and after its photooxidation

The calculation showed that 160 pmol ~ With bare TNT.

of CO, (16 times of initial amount 10 450 e
) ) ) I CigHygNGgO78, +550, 1

pumol, inset Fig. 4.12) is expected 1 (Sulfosulfuron) S
1 I 1
from its complete photooxidation. 3604, A
1

Whereas, only 6.9 + 0.2% (10.58+ 0.5
pumol) of CO, evolution is found after
5 h of photodegradation for 185 + 9.3
ppm sulfosulfuron by the TNT(S)
catalyst. Thus it is evident here that,

TNT(S) also exhibited comparable

photooxidation activity in relation

Time (h
with P25 in-terms of CO, production.  Fig, 4.11 CO, formation during( pzlotooxidation of
This observed variation in COQ, sulfosulfuron by various catalysts; inset balanced
chemical equation expected after complete
mineralization.

formation could be explained on the
basis of incomplete decomposition of
sulfosulfuron or the presence of other intermediate photoproducts comprising 55.31%

heteroatoms (N, O and S) that have not been determined in the present study.
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4.4 Conclusions
Present chapter demonstrated the synthesis of highly crystalline TNT(S), showing comparable
photoredox activity to most active P25. Au-loading onto these as-prepared nanoparticles was
found to alter selectivity and product distribution for the reduction of m-DNB to m-NA and m-
DAB. TNT similar to that found in chapter-3 and -4, showed higher PCA for decomposition of
sulfosulfuron to CO,.
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5. Photomineralization and mechanistic study of Imidacloprid
insecticide by Ag deposited sodium titanate nanotubes

5.1 Introduction

Highly porous monoclinic TNT possessing high surface area, interlayer water molecules, scroll
structure, thin wall thickness favoring better charge transport and charge diffusion properties has
been studied for the photocatalytic degradation [1-9] of many organic pollutants. Generally, TNT
exhibits higher PCA [3-5,7,8] than commercially available most photoactive P25. For instance,
Zhu et al. [3] and Antoino et al. [4] showed its 5 and 7 times higher activity than P25 for
degradation of sulforhodamine and methyl red dyes, respectively. Literature reports [1-6,10] also
support that PCA of TNT is influenced by Na-content in its crystal structure and calcination
temperatures. For example, Morgado et al. [6] demonstrated that TNT having 2-5 wt% of Na can
show improved PCA for oxidation of rhodamine-B, while Qumar et al. [1] showed its negligible
and higher PCA at below and above 300 °C of calcination temperature, respectively. However,
calcination of TNT at > 700-800 °C transforms it into orthorhombic nanorods with change in Ti-
O bond length, having much less surface area and de-hydroxylated surface with a decent PCA
[7-9] to that of P25.

This PCA of TNT is well known to be improved loading/intercalating metals (Au, Ag, Pt,
Rh, Fe, Ru etc.,) onto/into the TNT particles [11-14]. At the interface of metal-TNT,
development of space charge region retards the recombination of excited charge carriers and
increases the PCA. For example, Tsai et al. [14] showed improvement in PCA of TNT for
photooxidation of CO after incorporation of Au (0.39-2.53 wt%). Hence, TNT despite having Na
(generally decrease the activity of TiO; catalyst) and high temperature treatment was proven to
show better activity than P25 for degradation of dyes, therefore can degrade other large
heteroatom(s) containing molecules such as pesticides and has been recently studied by our
group [7,8] .

There are varieties of pesticides containing heteroatom(s) that are being used in India,
especially in states of Punjab and Haryana. However, under the natural conditions,
decomposition of pesticides is slow and incomplete, e.g., IMI. This pesticide has high water
solubility (550 mg/l), half-life (t;») = 40-60 days [7], and degrades to intermediates [15-18]

which are sometimes more toxic and persistent than IMI itself, resulting in plausible threat for
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ecological system. Therefore, its photocatalytic degradation [15-25] using P25 have been
performed, revealing its incomplete mineralization and the presence of heteroatom containing
persistent intermediates that may require longer time of light exposure for complete
decomposition. As the presence of heteroatom(s) in the intermediate(s) can influence stability of
a molecule by phenomenon of “resonance”, hence it is worth to study the role of these atoms in
the formation/transformation of IMI’s intermediates and their final mineralization to the
inorganic ions. Hence, present work considers the PCA of bare and Ag-loaded (0.2-1.0 wt%)
TNT in relation to P25 for the photo mineralization of IMI to CO,, including quantitative
estimation of the fate of its heteroatoms (N, O and Cl) to inorganic ions and identification of its
photoproduced intermediates. A possible mechanistic path way for the mineralization and
transformation of IMI’s intermediates into one-another, and a chemical mass balanced equation
in comparison to its theoretically expected equation after its complete oxidation is being

proposed and described in this chapter.

5.2 Experimental section

5.2.1 Synthesis and characterization of bare and Ag-loaded TNT: Bare and Ag (0.2-1.0 wt%)
photodeposited TNT was synthesised as per method reported in section-2.2.1and section-2.2.2,
respectively of chapter-2. The morphological analysis was performed by TEM (section-2.5.3),
technique as described in chapter-2.

5.2.2 Photocatalytic activity: It was carried out as described in section-2.6.1 of chapter-2. The
reaction samples obtained after UV-light illumination were analysed by HPLC (section-2.6.2),
GC (section 2.6.3) and lon chromatograph (section-2.6.5) as described previously in chapter-2.
The intermediates identified by GC-MS (section 2.6.4of chapter-2) are abbreviated as I-1to I-8.

5.3 Results and discussion

Morphological analysis of TNT (Fig. 5.1 a-b), revealed the formation of open ended straw like
nanotubes having length (L) = 80-115 nm and diameter (D) = 8-13 nm, as found in chapter-3
(section-3.3). Whereas, Ag nanoparticles of narrow size (3-5 nm) distribution at the surface of

many TNT particles are distinctly noticed in many 0.5-Ag-TNT sample.
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Fig. 5.1 (a and b) TEM images for 0.5 wt% Ag photodeposited sodium titanate nanotubes;

scale bar = 100 nm.

Time course PCA of bare and Ag-loaded TNT in relation to P25 is shown in Fig. 5.2. It is

observed that TNT exhibited higher activity
than P25 and is in consistency with our [7,8]
and other reports [3-5]. However, Ag-loading
increases the activity of TNT upto 0.5 wt% of
its loading and beyond this amount it
decreases the activity of TNT for degradation
of IMI. Photooxidation of IMI was found to
follow pseudo-first order kinetics (section-
2.6.6 of chapter-2) with highest value of
apparent rate constant (k) of 2.2x10” min™

for 0.5-Ag-TNT catalyst. The half-life of IMI

was found (section-2.6.6 of chapter-2) to be
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Fig. 5.2 Time course study and pseudo-first
order decay constants for photocatalytic
degradation of imidacloprid using various
catalysts.

only ~32 min by using 0.5-Ag-TNT as a photocatalyst notably much lower in relation with TNT

(~103 min) and P25 (~204 min) catalysts, under similar reaction conditions.

Time course GC-MS (Fig. 5.3) analysis showed a gradual decrease in peak height for IMI

along with appearance of some new peaks, each belonging to different intermediate. Some of



these intermediates were identified by their mass spectra (Fig. 5.4a-b). There is a complete
disappearance of peak corresponding to IMI (at retention time (R;) = 11.2 min, Fig. 5.3) after
180 min of its photooxidation in presence of 0.5-Ag-TNT catalyst, however it was present while
using bare TNT under similar experimental conditions, confirming better activity of the former

catalyst.
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Fig. 5.3 Gas Chromatographs for identified intermediates (I-1 to I-8) obtained after
photocatalytic degradation of imidacloprid using 0.5 wt% Ag-photodeposited sodium titanate
nanotubes after (a) 30 min, (b) 120 min, (c) 180 min, in comparison to (d) bare sodium
titanate nanotubes after 180 min; inset: corresponding enlarged view.
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The quantitative estimation for CO, formation (Fig. 5.5) during degradation of IMI by

various catalysts was found to follow 35

trends similar to its photooxidation. The 30 fzti S?g_s;a”t (min™)
highest amount of CO, formation by 0.5- = o5 ] 511.% . 11%'1
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Fig. 5.5 Time course of CO, formation during
to be present after 180 min of its the photooxidation of imidacloprid by different

intermediates found (Fig. 5.3 and 5.4a-b)

photooxidation. catalysts.
Investigation for the fate of
8
heteroatoms showed that the amount of 7] ?TEE_Q} Using
inorganic ions formed by 0.5-Ag-TNT are ,.g 6. e-N 03 P25-TiO,
higher than that for P25 (Fig. 5.6). It is 2 5] ® =0.owWt%Ag-TNT
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Fig. 5.6 Evolution of inorganic ions during
photooxidation of imidacloprid by 0.5 wt% Ag
from the obtained results is found to photodeposited TNT and bare P25.

deviate from theoretical equation 5.2,

chemical equation (eq. 5.1) formulated

evidencing incomplete mineralization of IMI. The increase in amount of nitrate ion formation
with irradiation time is probably due to the mineralization of the imidazole or pyridine
substituted ring(s). These results are in correlation with previous report [27] for dissipation of
cyrpoconazole, where the nitrogen atoms present in the triazole moiety were found to decompose

to nitrate and ammonium ions.
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5
CoHoN50,Cl + 2 0)) m 2.88 CO;, + 0.04 NO; + 0.62 NO;3 + 0.6 Cl + Intermediates
.......... eq. 5.1
33 — =
C9H10N502C1 + 7 O, — 9CO, + 5NO3 +Cl+6H + 2H,0
.......... eq. 5.2

These results suggest that the PCA of TNT with Ag-depositions were enhanced
remarkably, certainly, with an optimum amount (0.5 wt%) of the silver. With higher amount of
Ag-photodeposition, the metal would rapidly become the recombination center for e /h" pairs and
consequently diminishes the PCA. Moreover, Ag being plasmonic [28] nanostructure supports
the formation of resonant surface plasmons in response to a photon flux that in-turn could yield a
high concentration of e/h* pairs in Ag-TNT samples. The formation of such plasmonic
nanostructures also allow the selective formation of e/h" pairs at the interface of Ag-TNT which
could readily separate these carriers from each other and easily migrate [28-30,33] to the surface,
where they can carry out PCA. As loaded Ag is well known [28,31] to improve the adsorption
capacity of TiO, for molecular oxygen, therefore, it can scavenge more conduction band
electrons by the formation of highly oxidative super oxide radicals. Whereas, h" react with
absorbed surface -OH group and/or H,O molecules to form hydroxyl radicals possessing high
oxidizability and causing the improved PCA of Ag-loaded TNT nanoparticles.

Since, variety of intermediates are formed during photooxidation of IMI, therefore,
various possible attack positions for hydroxyl radical leading to the formation of identified
intermediatesare shown in Fig. 5.7a and are being discussed below:

The N-N (at positions Nland N2) and C-N (at C-1) bond (Fig. 5.7a) in IMI yielding
intermediates I-2 and 1-4 (Fig. 5.7b) appear to be the primary attack sites by hydroxyl radical
during its photooxidation. The intermediate I-2 thus formed could be degraded to I-6 via attack
of hydroxyl radical on its bridging C-N bond. On the other hand, intermediate I-4 which is a 1°
alcohol could be oxidized to corresponding acid (I-5). Alternatively, the hydrolysis of IMI
(Scheme-5.1) could result in the formation of intermediate I-8, and its successive oxidation at C-

2 position of imidazole ring result in I-3.
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proposed for degradation of imidacloprid.

62



/ NO. H NO LNO
(a) \0 N2 o N2 O/ 2
\Qi el CHE' ;
| L NH | N W | N e - N
Z 7 / \\/ N \\/
a” N c” N cl a” N
Imidacloprid Imidacloprid J
H
0 /NOZ N J\L
H~O. | iFN NN
Nt
N )k N N 74 -— | /
| \ NH | \ /NH ’ N/ \\/
Z / \ N
cl N cl N/ 7V

Scheme 5.1 Mechanism for formation of intermediates (a) I-8 and (b) I-7 after
photooxodation of imidacloprid.

The formation of intermediate I-6 believed to be via fragmentation of I-3 is reported to be
an intermediate product [26] of IMI photooxidation. Interestingly, I-7 formed (Scheme 5.1b) by
rearrangement and de-chlorination of IMI was identified in case of Ag-loaded samples, in the
present study. This could be attributed to the fact that (i) this intermediate is formed in the bare
sample in such a small amount that it remains below the detection limit of GC-MS and (i1) as the
samples are analyzed after regular time intervals, during which it may have
formed/consumed/transformed into some other product. Since, there is evolution of CO, and
formation of inorganic ions during the photooxidation of IMI, therefore it is believed that these
intermediates further oxidize to smaller compound(s) and eventually got mineralized. Similar to
these identified intermediates, previous studies also identified these intermediates [15,18,26]
during the photooxidation of IMI by using P25. However, the extent of IMI mineralization [32]
was 14-29% which is at-least 1.7 times less than that found in the present study, revealing the
improved efficiency of as-prepared catalysts than P25.

In-order to further support the proposed mechanism, kinetic analysis of intermediates was
carried out (Fig. 5.8a-c) and because of unavailability of the authentic intermediates, the kinetic
data was related to the ratio of peak area at any time (Area)) to the maximum of peak area
(Areagmax)). Intermediates -2, 1-4 and I-8 appear promptly and after 30 min they reach to
maximum concentration before being degraded in turn. Whereas, their corresponding
transformed intermediates were found to be at their maximum level after 15-30 min of

photooxidation of the parent intermediates. Afterwards, they start disappearing and within 180
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min of photooxidation they almost leveled off, except for I-2 and I-5. The existence of these
heteroatom containing intermediates (I-3 and 1-5) even after complete degradation of IMI,
signifies their stability in the reaction solution and are believed to be a cause for the incomplete
mineralization for IML.
5.4 Conclusions
It has been demonstrated in this chapter that Ag-photodeposition improves the PCA of TNT for
mineralization of IMI. The formation of a number of identified intermediates revealed the
existence of various oxidation routes for decomposition of IMI.
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6. Au impregnated sodium titanates and their physico-chemical
properties

6.1 Introduction

As discussed in sections-3.1, -4.1 and -5.1 during the present study and other reports [1-6]
indicating that TNT having layered structure, hollow-porous morphology and higher surface
area, generally exhibited flexible PCA depending upon sodium content, crystal phase, and
sintering temperature. Studies reveal that tubular morphology of TNT particles (with Na-content
= 3-5 wt%) was retained when calcined at 200-450 °C, indicating its thermal stability within this
temperature range, showing higher PCA [1,5] than the mostly active P25. However, with further
increase in calcination temperature ~ 700-800 °C, the hollow interior of TNT starts collapsing
leading to the formation nanorod shaped particles exhibiting almost similar photoactivity to P25
catalyst [7,8] and is also discussed in chapter-5.

The PCA of TNT was further enhanced with transition metal (Fe, Ni, Pt, Au, Ru etc.)
impregnation followed by sintering at 200-450 °C [9-13]. It has reported [9,11,12,14] that
incorporation of metals (Fe, Au, Ni) into hollow interior of TNT facilitates the formation of core-
shell structure that improved the lifetime of photoexcited e/h” pair, hence the photocatalytic
activity. For instance, Fe [11] and Au [12] incorporated TNT were reported to 5.0 and 7.6 times
more photoactive than bare TNT for the photooxidation of CO and H, production, respectively,
where no significant change in either morphology or crystal structure was observed. However,
the effect of these impregnated metals followed by calcination beyond 450 °C have been rarely
reported, and is expected [15,16] to cause deformations in crystal structure/morphology during
calcination. The metal may induce a strain in the crystal structure [15] or decrease the surface
free energy [16] of TNT, that may interfere with its crystal growth during calcination. Very
recently, a report by Portai et al. [17] demonstrated that calcination of Rh deposited TNT at 600
°C led to formation of nanoparticles of size ~ 10 nm instead of any elongated morphology like
solid TNT(S) formed during calcination of bare TNT [1-6]. In this context, present chapter
demonstrates that the calcination of Au photodeposited Au®* and Au nanospheres (3-5 nm)
impregnated TNT under atmospheric conditions at ~ 800 °C for 2 h led to the formation of a
variety of geometrical morphologies e.g., nanopolygons like heptagons, hexagons, pentagons,

etc. These nanoparticles were found to possess different crystal structures (monoclinic,
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orthorhombic and rhombohedral) and phase compositions in comparison to monoclinic TNT(S)
particles which are obtained after sintering of orthorhombic TNT without Au loading, under
similar conditions. The formation of versatile crystal geometries, allowed to explore the crystal
phase dependent photocatalytic activity relative to the mostly studied anatase, anatase-rutile,
rutile and brookite TiO, phases. Hence, various physicochemical properties of as-prepared titania
nanocomposites were briefly investigated for the photooxidation of neurotoxic [18-21]
insecticide IMI to plausible intermediate products that mineralize to CO, under different periods
of UV-light irradiation.

6.2 Experimental

6.2.1 Synthesis of bare and Au-loaded TNT: Bare TNT was synthesized as reported in section-
2.2.1 of chapter-2. The Au-loading was achieved by (i) adding Au* ions during synthesis of
TNT (TNT-Au+3(I)), followed by (ii) irradiation under UV-light (TNT-Au’(P)) and (ii) by
stirring with AuNP (TNT-NP(M)), as described in section-2.4.2 of chapter-2. These Au-loaded
TNT particles were calcined at 800 °C in comparison to its bare analogy (section-2.2.6), and are
termed by adding “S” as suffix in their respective abbreviations i.e., TNT-Au™(IS), TNT-
Au’(PS) and TNT-Au(MS). These as-prepared catalysts were characterized by XRD (section-
2.5.1), EDS (section-2.5.2), TEM (section-2.5.3) and Sggr (section-2.5.10) techniques as
described in chapter-2.

6.2.2 Photocatalytic activity: It was assessed by degradation of IMI to CO, as per method
reported in section-2.6.1 of chapter-2. The reaction samples were analyzed by HPLC (section-

2.6.4), GC (section-2.6.5) and LC-MS (section-2.6.8) techniques and are discussed in chapter-2.

6.3 Results and discussion

The as-prepared TNT was found to possess monoclinic crystal structure for Na,TizO7 (tritianate,
Fig. 6.1a) as evidenced (ICSD card no.00-014-0085) by its characteristic peak at 26 = 10.0015°
for (101) plane. The calcination of bare TNT caused its transformation to nanorod particles of
monoclinic Na,TigO;; (hexatitanate, Fig. 6.1b) crystal structure. The TEM image of TNT
(Fig. 6.1c) and TNT(S) (Fig. 6.1d) show tubular and rod like morphology and their
corresponding SAED patterns Fig. 6.1c (inset) and Fig. 6.1d (inset) indicates their amorphous

and crystalline nature, respectively, and are in accordance with their respective XRD.
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Fig. 6.1 Comparative XRD pattern of TNT (a) before and (b) after calcination at 800 °C,
with their corresponding TEM images (c and d) and SAED patterns (insets).

The XRD pattern (Fig. 6.2a) of sample TNT-Au*(I) is found to be almost similar to TNT
(Fig. 6.1a). Whereas, TNT-Au*(I) sample after calcination (TNT-Au*(IS), Fig. 6.2b) was found
to be a mixture of well crystalline, strained Na,;TigOj9 (nonatitanate, ICSD Card No. 01-073-
2256), Na,TigO;3 (hexatitanate) and NaTiO; (monotitanate, I[CSD Card No. 00-016-0251) crystal
structures (Table 6.1). Interestingly, deviation in lattice parameters (Table 6.1) and shift in
characteristic peaks for nonatitanate (20 = 24.71 to 24.81"), hexatitanate (20 =1 1.84" to 11.92),
and monotitanate (20 = 40.67 to 40.720) were found corresponding to (110), (200) and (104)
plane, respectively. These deviations in 26 and lattice parameters might be due to exchange of

Na* ions by Au*” ions. For a 6-fold coordinated ion the radius of Na* ions (1.12 A) is more than
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Fig. 6.2 XRD pattern of 0.5 wt% Au-insitu-sodium titanate nanotubes (a) before and (b)
after calcination at 800 °C, with TEM images of later one (c-e) and its corresponding SAED
pattern (inset), and (f) its EDS pattern

radius of Au® (0.85 A), hence the exchange of the former with the later ion resulted in the
compression strain ca. 6.9x10~ in crystal structure of TNT-Au™ (I), and subsequently causing
variation in physico-chemical parameters (Table 6.1). The morphology (Fig. 6.2c-d) of TNT-
Aut(IS) is entirely different from TNT(S) revealing it to be of asymmetric nanopolygons, with

its SAED pattern (inset Fig. 6.2d) exhibiting crystalline nature as found in XRD pattern.
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Table 6.1. Various physico-chemical parameters of different as-prepared nanostructures.

Various Chemical composition  Lattice parameters (A) EDX analysis Compressi Average
catalysts (crystal structure %) Calculated Elements (wt%) on Strain relaxation
(reported) time
a b c Na Ti 0 Au (uS)
TNT Na,Tiz07 8.4 3.7 90 3.02 57 39 -- 7.4 %10 41
(monoclinic) (8.5) 3.8) (9.1
Na,TigO13 15.2 3.7 9.1 2.61 589 384 -- 1.5x10* 68
TNT(S) (monoclinic) (15.1) 37 ©O.)
TNT-Au™ (IS) Na,TigO19 122 37 157 015 606 389 03 15x10° 64
(monoclinic, 95%) (12.2)  (3.7) (15.6)
NaTiO, 2.9 3.0 162 1.1x107
(rhombohedral, 5%) (3.0) (3.0) (16.2)
TNT-Au’(PS) TiO; (Anatase, 78%) 12.2 3.7 1566 024 595 397 04 2.4x107 81
(12.2) (3.5 (15.6)
TiO, (Rutile, 22%) 3.0 3.0 16.2 2.8x107
(2.8) 29) (16.2)
TNT-NP(MS) Na;TigOq9 12.2 3.7 156 057 578 415 004 09x10™ 71
(monoclinic, 26%) (12.2) 3.7 (15.6)
NaTiO, 3.0 3.0 16.1 0.1 x10™
(thombohedral, 46%) 3.0) 3.0) (16.2)
Na, Tiz0; 193 37 30 0.2x10*

(orthorhombic, 28%) (19.3) @3.7) @3B0
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The presence of Au in TNT-Au*(IS) is further confirmed by EDS pattern (Fig. 6.2f), where 0.4
wt% of Au was found to be present along with Na (0.5 wt%), Ti (57.6 wt%) and O (41.5 wt%).
The measured Sggr of TNT-Au+3(I) (160 ng'l) was found to decrease to 28 ng'l after its
(TNT-Au*(IS)) sintering that can be ascribed to the formation of highly crystalline particles,

solid particles.

(a) A1) (b)
—_— —_— A = Anatase
:,. 3. R = Rutile
© ()
N o
= =
.(7, (101) (100) '(T) R
| = [ e

A (321)

Q Q A (2 00)
E E R(1 1 0)(0 04

10 20 30 40 50 60 10 20 30 40 50 60
20 (degrees) 20 (degrees)

) o

emers o | ot |
59.6 33.2
39.7 66.4
0.2 0.3
0.1

Fig. 6.3 Comparative XRD pattern of 0.5 wt% Au-photodeposited-TNT (a) before and
(b) after calcination at 800 °C, (¢) TEM image of the former and (d) its corresponding EDS
pattern, (e-f) TEM of the later (e-f) and its subsequent SAED pattern (inset).
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On the other hand, XRD pattern (Fig. 6.3a) of TNT-Au’ (P) correspond to H,Tiz;0;. H,O
(trititanic acid) [22]. Whereas, the sample TNT-Au’(PS) (Fig. 6.3b) is found to be a mixture of
anatase and rutile phase (Table 6.1), as revealed by their reported [1-6] characteristic peaks. The
formation of trititanic acid instead of trititanate could be ascribed to the exchange of Na* ions by
the photoproduced H" ions, during photodeposition of Au. The H" ions could be easily replaced
by Na" ions due to (i) weaker vander-walls forces of attraction between Na* with Ti3O7'2 layers,
(i1) longer bond length of Na-O (2 10\) in Na,Ti;07.H,O than H-O (1 /0%) in H,Ti;07.H,0, and (iii)
lower elution strength of the Na* ions than H" ions favoring their exchange. However, small
deviations has been found in lattice parameters for TNT-Au’(PS) having anatase (ICDS card
number: 00-001-0562) and rutile (ICDS card number: 00-01-1292) phases (Table 6.1) in
comparison to their standard values. This is believed to be, due to incorporation of Au*? ions in-
between octahedral layers of TiOg in TNT that got deposited during UV- illumination resulting a

strain into the crystal structure (Table 6.1) and altering the lattice parameters.

The TEM image (Fig. 6.3c) of TNT-Au’(P) shows the deposition of Au-nanoparticles
particles of size 10-15 nm onto TNT, while the EDS pattern (Fig. 6.3d) of the same confirm the
presence of Au (0.5 wt%) in the sample. The sample TNT-Au’(PS) found to be composed of
fragmented nanocrystals of size 50-60 nm (Fig. 6.3e), with more number of boat type
nanoparticles (circled in Fig. 6.3¢), than that found for TNT—Au+3(IS). Moreover, its obtained
SAED pattern clearly show the well defined spotted circular rings (inset Fig. 6.3f), indicating
TNT-Au’(PS) sample to be crystalline and is consistent with its XRD pattern. The Sggr for TNT-
Au°(P) (156 ng'l) was found to be less (~ 1.2 times) than TNT (176 ng'l) and is in accordance
with our previous report [6], showing decrease in Sggr after photodeposition of Ag and Cu onto
TNR, P25 and TNT. However, Sger = 39 ng'l for TNT-Au’(PS) was higher than that of TNT-
Au+3(IS) that could be rationalized due to its small particle size of former than later, reflected
through their respective TEM images.

The XRD pattern (Fig. 6.4b) of TNT-NP(MS) suggests it to be a mixture of
Na,Ti307.H,0, Na,TigO;9 and NaTiO, crystal structures and thw well consistency of ca. lattice
parameters to that of reported values (ICSD card no. 01-072-0148 and 01-089-0802) indicate it
to be almost strain free (Table 6.1). It might be because due to negligible probability of

exchange of Na* ions by AuNP with much larger radius (3-5 nm). The absence of strain in the
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Fig. 6.4 XRD pattern of 0.05 wt% Au-nanosphers-TNT (a) before and (b) after calcination at
800 °C, with TEM images of the later (c-e) with its corresponding SAED pattern (inset) and
(f) EDS pattern.

crystal structure of TNT-NP(M) sample also supports the assumption that Na® ions in
TNT- Au*(I) and TNT-Au’(P) samples got exchanged by Au*” ions, resulting in strained crystal
structures of TNT—Au+3(IS) and TNT-Au’(PS) (Table 6.1). Moreover, the sample TNT-NP(MS)
(Fig. 6.4c-d) was found to be a mixture of nanorods and broken distorted particles, having its

SAED pattern (inset Fig. 6.4e) in agreement to XRD pattern. The presence of Au in TNT-
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NP(MS) was also confirmed by the EDS analysis (Fig. 6.4f). The Sggr of TNT-NP(M) and
TNT-NP(MS) was found to decrease from 165 to 32 m”g, revealing loading of AuNP cause the
growth of smaller fragmented particles possessing higher surface area.

The observed diverseness in the morphology of TNT-Au™(IS) and TNT-Au°(PS) in
comparison to TNT(S) is probably due to induced compression strain (Table 6.1) (Cgyain) in
their crystal structures. This Cggain produced in the crystal structure of TNT after the exchange of
Na* ions with Au* ions is believed to inhibit the nucleation growth of TNT during its calcintion
at 800 °C. The formation of smaller particles of size 50-60 nm for TNT-Au°(PS) with more
number of boat type particles (insets and circled portion of Fig. 6.3e-f) TNT—Au+3(IS) (65-75
nm in Fig. 6.2c and 6.2d) can be ascribed to higher Cgin (around twenty five times) for the
former than the later (Table 6.1), this might cause inhibition in the nucleation growth during
thermal treatment resulting in small size and boat type particles. This fact is in-turn was further
confirmed from the negligible Cguin in crystal structure of the TNT-NP(MS) (Table 6.1)
transforming most of TNT particles into nanorods. However, some broken particles of TNT-
NP(MS) are also formed, because of the Au-loading at the surface of TNT, decreasing the
surface energy and interfering with the crystal growth during calcination, though we have not
calculated the same. This work is in agreement with the report of Portai et al. [17], showing the

formation of smaller nanoparticles

21
(~ 10 nm) after the post thermal
----- = TNT-Au®(PS)
treatment of Rh-impregnated TNT
articles. 1.4 -
P 122 A\ = TNT(S)
As discussed in chapter-5 that %
Au-loading alters the life time of 8 o
. . 0.7 - - - - = TNT-Au (P)
excited charge carriers and hence PCA,
therefore, Ta for catalysts presented in
this chapter were also measured. It was 0.0

0.0000 0.0002 0.0004  0.0006

Time (sec)
photoirradiated TNT(S) (68 ps) is ~1.8  Fjg, 6.5 Time resolve luminescence decay of bare
times more than that of TNT (41 ps) and 0.5 wt% Au-photodeposited TNT (before and
after calcinations).

found that Tav for charge carriers of

and was further improved (Table 6.1)
after Au-loading and calcinations, and was found to be highest for TNT-Au’(PS) (81 us) catalyst.
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This increase in Tavis because of the deposits of Au as co-catalyst on the support acting as a sink
for the photogenerated electrons [23] enhancing the life time of charge species (Table 6.1) and is
in correlation with the results obtained for Au-loaded TNT(S) (chapter-5, section 5.3).

It has been found (Fig. 6.6) that the hollow and porous TNT exhibits highest

photocatalytic activity among the bare 50-
nanocrystals, whereas Au-loading onto TNT TE\
) ) 2 40+ TNT(S)
always increased the PCA as evidenced by the =
c
ca. rate constants (Table 6.1). The highest 3 30
) . ) £
PCA of TNT is attributed to its structural < 9.
arameters as discussed previously (chapter- § l
P ' P Y ‘ P S 40 TNT-AU®(P)
3, section 3.3). However, among various as- & INT-ALCPS)
prepared bare and Au-loaded catalysts, the 00 30 €0 90 130 150 180

sample TNT-Au°(PS) is found to be most Time (min)
Fig. 6.6 Photocatalytic degradation of

imidacloprid with P25 in comparison to bare
photoactive P25. Such high PCA is due to the  and various Au-loaded TNT, before and after

presence of Au along with the photoactive calcination.

photoactive (k = 8.9x107 min'l) than the most

anatase and rutile phases (Table 6.1) resulting into high [Jav (81 us) i.e., increase in the charge
separation efficiency and thereby improved photoactivity.

The LC chromatographs (Fig. 6.7) indicate decrease in peak height of the imidacloprid
(retention time R; = 2.05 min) after 180 min of its photooxidation under UV-light irradiation
using TNT-Au(PS) with simultaneous appearance of many new peaks at R, = 1.6, 1.9, 2.3 and
2.5 min. LC-MS analysis confirmed the formation of various intermediate products (Fig. 6.8),
and were identified as compound A viz., 1-(6-chloropyridin-3-yl)methyl)imidazolidin-2-imine
(R=1.6 min), compound B viz., (Z)-N-(1-((6-chloropyridin-3-yl)methyl)-5-
hydroxyimidazolidin-2-ylidene) nitramide (R = 2.3 min), and the compound C (R, = 2.5 min) is
found to be (Z)-N-(1-((6-chloropyridin-3-yl)methyl)-4-hydroxyimidazolidin-2-
ylidene)nitramide. The compound, D and E corresponding to R; = 1.93 min in the chromatograph

were not successfully identified.
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Fig 6.7: LC chromatographs of (a) authentic imidacloprid, and its photooxidation with (b)
TNT(S) and (c) TNT-Au*(D), after 180 min of UV-irradiation.
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Fig. 6.8 Schematic representation for structural formulae corresponding to different
retention time (R;) and molecular weights (M.wt) of some identified/unidentified
compounds.
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The gradual photocatalytic detoxification of imidacloprid resulted in its mineralization to

CO;, and inorganic ions such as nitrate, 28

chloride and nitrate ions as described in = ;nc_.\—“-;?i—:;—“% TNT-Au®(PS)
section 4.3 of chapter-4. As can be seen in §21 i (imidacﬁhiii-?cg'jmmozcn % INT-Au(P
Fig. 6.9, CO; evolution increases with time G L0+ SNOp gD |

of UV-light irradiation, and was highest (25.7 é =

ppm = 3.1 umol) in case of TNT—AuO(PS) E(]E_ 7]

photocatalyst, showing 34.4 % of IMI’s 8N

mineralization from 97.2% (48.6 ppm) of its 04 . R

0O 30 60 90 120 150 180

photodegradation, In contrast to this, only Time (min)

15.3% (11.5 ppm =1.38 pumol of CO,) of Fig. 6.9 Amount of CO, produced by
photodegradation of imidacloprid at various
time intervals with P25 in-comparison to bare
and various Au-loaded TNT (before and after
indicates incomplete mineralization of IMI  calcination), inset; balanced chemical

mineralization was found from 31.5 ppm

(0.71 pmol) of IMI by bare TNT. This

equation for complete mineralization of
imidacloprid.

and is ascribed to the formation of
heteroatom containing intermediates

(discussed in chapter-4, section-4.3).
6.4 Conclusions:

It is demonstrated in this chapter that presence of Au interferes with the growth of TNT(S)
during calcination of TNT at 800 °C and led to the formation of other morphologies and crystal
structures. Among a variety of as-prepared catalysts, TNT-Au’(PS) having anatase and rutile
phases exhibited superior PCA for the mineralization of IMI to CO; than the most photoactive

P25, owing to higher lifetime of charge carriers.
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7. High temperature synthesis of anatase TiO, and its improved

photocatalytic activity for degradation of Methyl Parathion

7.1 Introduction

Anatase TiO; (TiO,(A)) crystals because of their better surface properties, adsorptive affinity
and greater rate of hole trapping efficiency have proven [1-8] to exhibit better PCA than the
well-known TiO, rutile (TiO,(R)) phase. Moreover, because of a relative dissimilarity between
the geometry of TiO,(A) (tetragonal) and TiO,(R) (distorted tetragonal) that originates from
different arrangement of TiOg octahedral units, TiO,(A) is reported to deliver higher PCA [1,2,8]
than TiO,(R) because of its indirect band gap character and presence of more hydroxylated
groups on its surface. TiO,(R) phase shows its importance in case of P25 powder, a mixture of
70% anatase and 30% rutile, where it acts as an electron sink; hence, showing superior PCA
[1,2,9] than its pure phase alone. The use of P25 as a self-cleaning agent in building materials
require a high temperature treatment [7,10] during preparation of ceramic materials and for
proper adherence to the TiO, (mixed/coated) surface. This causes a TiO,(A)-to-TiO,(R) phase
transformation with a notable decrease in PCA because of formation of less-photoactive TiO»(R)
phase [1-10] at > 600-700 °C. Therefore, highly crystalline TiOx(A) is required without
deterioration of photoactivity at high temperatures, high crystallinity leads to fewer surface
defects [7—10] acting as recombination sites for charge carriers and consequently enhances the

PCA.

Various attempts [11-17] have been made to resist the TiO,(A)-to-TiO,(R) conversion at
> 600 °C, and this was achieved through surface modification with metal oxides (such as Al,Os,
NiO, and ZnO) causing this phase transformation. However, the formation of secondary impure
phases (such as Al,TiOs, and NiTiOs3) resulted in a decrease of photoactivity [16,17] which
remains a major concern for this technique. Although reports [1,2] exist for the preparation of
pure anatase TiO, at ambient conditions through a variety of routes, it still showed only moderate
activity because of its poor crystallinity and amorphous nature. Hence, for the best efficiency, a
pure and stable TiO»(A) phase at higher temperature ( > 600 °C) without reduction in its PCA is
highly desirable. The present study reveals that as-prepared TiO, nanorods retains the anatase
crystal phase (~100%) by calcination at elevated temperatures (800-900 °C) and showed ~2-11

times better PCA than conventional P25 calcined at the same temperature when used for

79



photooxidation of MP, a pesticide used [18,19] widely in agricultural fields. Moreover, the effect
of Au deposition on the complete decomposition of MP by this crystalline TiO,(A) phase during
UV-light irradiation is discussed in terms of CO, evolution and intermediate photoproducts
formation by GC-MS analysis.

7.2 Experimental section

7.2.1 Synthesis of bare and Au loaded TiO;, nanoparticles, characterization and photocatalytic
activity: Thermally stable bare anatase TiO, nanoparticles were prepared by method reported in
section-2.2.5 of chapter-2. Au-loading was done by photodeposition method (section-2.4.1,
chapter-2). The catalysts were characterized by XRD (section-2.5.1), TEM (section-2.5.3),
Diffuse Reflectance Spectrophotometer (section-2.5.6), Raman Spectroscopy (section-2.5.8) and
Sger (section-2.5.10) and the techniques discussed in chapter-2. The PCA of bare and Au-loaded
TNP was assessed by degrading MP (section-2.6.1) under UV-light, and the reaction samples
were analyzed by UV-visible spectrophotometer (section-2.6.3), GC (section-2.6.5) and GC-MS

(section-2.6.6) as described in chapter-2.
7.3 Results and discussion

The XRD analysis (Fig. 7.1a) of the samples (C-2 to C-9) clearly showed the existence of
TiO,(A) as a major phase, as revealed by its characteristic peaks (ICSD card no.: 00-002-0387).
With a gradual increase in calcination temperature (200-900 °C), there is a noticeable increase in
intensity, sharpness and a decrease in broadness for the (101) peak at 20 = 25.3° of TiO»(A). In
contrast, calcination of P25 at 800 °C resulted in complete transformation of the TiO»(A) to the
TiO,(R) phase, as evidenced (Fig. 7.2) by its characteristic (110) peak at 20 = 27.5° (ICDS:card
no.: 00-001-1292). It is also seen that some small peaks (at 20 = 27.6°) for a brookite phase
(ICDS: card no.: 00-002-0514) were also present in C-2 to C-7 samples, and a new small peak
for the (110) plane of TiO,(R) appears for C-9 sample (Fig. 7.1b).

The co-existence of a small amount of brookite phase (1.8-0.18%) ca. similar to that of
reported method (section-2.5.1, chapter-2) for TiO,(A) (Table 7.1) could be the cause [7,21,22]
of its thermal stability, as the presence of brookite phase [21] obtained by hydrolysis of
tertrabutyl titanate in the presence of surfactant imparted thermal stability ( > 700 °C) to
TiOy(A). The mean crystalline sizes of TiO,(A) calculated using the Scherrer equation [1]
increases in the range of 16-40 nm with increase in calcination temperatures from 200-900 °C

(Table 7.1), indicating its gradual crystal growth [1,2,23] during thermal treatment. This is in

80



A (101)

A = Anatase A (a)
— : A
R Rutile (004) (200)

= L:-‘\ m 112) (105) A A (211)
< AR a0y RS 900 °C
— .~ YV ~J 800 °C
= - - ——" v T

w —_ f o g i N N 500 °C ©

aC_) jﬁt :76“” < . /\:NJ Aj N 400 °C

N N < A o~ 300 °C
i AT < n 200 °C

Pae : .
20 30 40 50 60

= Brookite Phase (20 = 27.6°)

A R g 200 °C
e

_2-.' 800 °C
"

—

@

=

28
20 (degrees)

29
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good agreement with the recent report of
Kang et al. [10] showing TiO,(A) having
crystallites > 14 nm was retained ( > 96%)
even after calcination at 900 °C. However,
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at 247, 318 and 366 cm™ for C-2 and C-5 (Fig. 7.3) samples corresponding [21] to Alg, Blg
and B2g Raman vibration modes were due to the formation of small amount (1.8-0.18%, Table
7.1) of brookite phase. However, the sample C-8 (Fig. 7.3) displayed only four intense and sharp
peaks for Raman active vibration modes at 144, 395, 513 and 639 cm‘l, characteristic of TiO,(A)
[17,21]. Interestingly, two very small peaks at 447 and 610 cm™ for C-9 catalyst, due to growth
of a negligible amount (0.9%) of rutile phase were observed, along with four intense peaks
(namely at 144, 395, 513 and 639 cm‘]) for TiO,(A), as seen in Fig.7.3d. This clearly confirms
the retention [26] of the crystalline anatase phase of TiO, at > 800 °C and is in agreement with
the XRD study.

The morphological study of C-2 (Fig. 7.4a) revealed rice-like nanorods with a length (L)
= 81-134 nm and diameter (D) = 8-13 nm (presented in chapter-3, section 3.3). With a gradual
increment in calcination temperatures from 200 to 500 °C and at 800 °C, fragmentation causes

alteration in morphology, from nanorods to a mixture of irregularly shaped particles (60-70 nm),
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fringes of C-5 and (e and f) Au-C-8 with its lattice fringe (inset).

a few distorted rod-like shapes (L = 60-110 nm and D = 7-12 nm) (Fig.7.4b—) and
nanopolygons of size ~95-115 nm, (Fig. 7.4e-f).

Although there was no significant change in the morphology of P25 and P25(R), there
was an increase in size from 30-50 nm to 70—-80 nm, respectively (Fig. 7.5). Due to the thermal
fragmentation of C-5 and C-8 samples, a few new particles with fresh, smooth surfaces, having
fewer surface defects and more surface exposed atoms were formed; thus, they may show [1,2]

better photocatalytic performance. This shape transformation is accompanied by decrease
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Fig. 7.5 TEM images for P25 (a) before and (b) after calcinations at 800 °C, scale bar is
100 nm

(Table 7.1) in the Sggr from 79 m? g'1 to 57 m* g'1 and then to 31m? g'1 for C-2, C-5 and C-8
samples, respectively. The increased particle size and decreased Sggr, attributed to their crystal
growth during calcinations, is in good agreement with reported [1,2,23] results. The presence of
characteristic lattice fringes at 0.24 nm and 0.34 nm, corresponding to the brookite and TiO2(A)
phase (Fig. 7.3d), confirms the existence of both crystal phases in the C-5 -catalyst.
However, for C-8, a characteristic lattice fringe at 0.3 nm belonging to TiO,(A) [1,2,7,20]
indicates the formation of a pure anatase phase, as shown by XRD and Raman spectras studies.
The TEM images of Au-C-8 (Fig.7.3e-f) showed many Au-deposited TiO, nanoparticles having
a uniform deposition of Au nanoparticles (with narrow size distribution of 4-6 nm) over its
surface. During the preparation of such stable and pure anatase TiO,, no surfactant or other
chemical reagent (except NaOH and HNOs3) was added [16,17] which could hamper the PCA,
hence, the present technique could be useful for optimizing the photoactivity in many
applications.

The plots of (ahv or aE)"* versus band gap energy (Ey) for TiO; in Fig. 7.6 revealed that
E, for P25 (3.1 eV) and C-2 (3.21 eV) are consistent with the reported values [1,20] which are
also described in chapter-3 (section 3.3) and that upon its calcination at 900 °C, E, was reduced

by 0.16 eV. As the particle and crystallite size of as-prepared samples are found to increase
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gradually with rise in calcination temperatures, the decrease in E, values [1,20,21] is probably

due to a quantum size effect.
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Au loading onto P25 and C-8 catalysts further improved the MP degradation. The photooxidation
of MP followed a linear relationship with irradiation time and decayed exponentially with

increased calcination temperatures of C-2 to C-9, indicating pseudo-first order kinetics.
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The apparent rate constant (k) obtained from time course graph gradually increased from

1.3 x 10" min™ for C-2 to 8.8 x 10" min™ for C-9 and is the highest (9.7 x 10" min™") for the

Au-C-8 catalyst. By comparison, the MP degradation efficiency exhibited by P25 (k = 2.6 x 10™
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min'l) is greatly reduced for P25(R) (k = 0.78 x 107! min'l), revealing higher (2—11 times) PCA
of C-2 to C-9 catalysts as compared with the most active P25 catalyst.

After 120 min of UV irradiation, although Au-C-8 catalyst displayed complete
degradation of MP (47.1 £ 0.4 ppm), incomplete mineralization occurs because of the formation
of many smaller intermediate photoproducts, as revealed by GC-MS analysis (Fig.7.8), which
showed the formation of 4-hydroxynitrobenzene (m/z = 140), 4-methoxynitrobezene (m/z = 139)
and O,0,0-trimethyl thiophosphate (m/z = 155) intermediates. This indicated that a longer
irradiation time is needed to further decompose these intermediate products into smaller
molecules so that products can be completely mineralized to CO, and H,O.

The time course of CO, formation (Fig. 7.9) during photooxidation of MP by various

titania catalysts showed a steady 200

increase in CO, concentration with

light irradiation. We noticed 150-

that the trends of CO, formation g

exhibited by different catalysts are g 100-

similar to the MP photooxidation &=

(Fig. 7.7), in which superior 8 50

catalytic activity of the calcined E

titania (C-3 to C-9) samples was

observed compared with bare P25 04 ' T T .
and P25(R) catalysts. The highest 0 L Time (h)

amount (178 ppm) of CO, formed  gjg. 7.9 CO, formation rate during photooxidation
corresponds to ~ 25% by the Au-C-  methyl parathion by different TiO, catalysts.

8 catalyst, followed by C-9 catalyst

(156.2 ppm), indicating a 22% mineralization of MP during 4 h UV irradiation.

The presence of crystalline TiO,(A) phase in calcined catalysts is believed to be the cause
for their higher PCA [1-10] as compared with pure rutile TiO,, in which existence of the
dominantly (110) planes are reported to act as better reduction sites than oxidation sites [5]. It
was reported by Yu et al. [26] that an increase in crystallinity of TiO»(A) by calcining at > 100
°C causes its enhanced PCA as compared with P25. The presence of interfacial contact between

crystalline TiO,(A) and brookite phases in C-2 to C-9 is expected to facilitate the migration
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[21,27] of photoexcited holes from the anatase to the brookite phase due to higher valance band
edge of the former (3.1 eV vs NHE) than the latter (3.0 eV vs NHE), resulting in their higher
efficiency for MP oxidation. However, in case of P25, transfer of only electrons from TiO,(A) to
TiO,(R) phase occurs, resulting in less suppression of charge recombination process than at the
anatase-brookite TiO; interface [21] hence, lower photoactivity was shown by P25 as compared
with the as-prepared calcined titania samples.

A detrimental influence [1,2,16,24] from increased crystallite size (1640 nm) and
decreased Sggr (from 79 to 31 m? g™) on the photocatalytic activity of calcined catalysts was not
observed. As a result, the enhanced photoactivity of C-2 to C-9 catalysts can be ascribed to the
increasing crystallinity that generally reduces the defect sites for relaxation of photoproduced
e/h* pairs [1,2,11-17] in TiO2(A).

This photoactivity could also be correlated with the rate constant per unit surface area
(k;) in Table 7.1, where k; = 0.283 x 10" min"'m™g for C-9 is higher than k; = 0.016 x 10" min"
'm™g for C-2, k ; = 0.04 x 10”" min"'m™g for P25 and k; = 0.013 x 10" min™' m™g for P25(R)
catalysts. Thus, despite the decrease in surface area with increased calcination temperatures, the
photoactivity per unit surface area is increased relative to that of the P25 catalyst. Therefore, it
can be emphasized that improvement in crystallinity [7] diminishes the recombination of excited
charge carriers, resulting in enhanced photoactivity. Moreover, there is a notable and significant
increase in intensity of (101) planes with increasing calcination temperatures. This causes more
(101) surface faces that serve as adsorption sites of electron-scavenging O, molecules, which
facilitates the formation of more oxidative superoxide radicals [9] and are responsible for the
highest activity of the C-9 catalyst. The Au-loading notably improves the photocatalytic activity
owing to the rapid charge transfer, and the Fermi energy level equilibrium at the Au-TiO,
interface suppressing [1,2,23,28] the charge recombination process, thereby enhancing the PCA.
7.4 Conclusions
It is conveyed through this chapter that hydrothermally prepared TiO, nanorods retain its anatse
phase after calcination at > 800 °C in comaparison to P25, which is completely transformed to
rutile phase, and exhibited enhanced decay constant than P25 for decomposition of MP to CO,.
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8. Influence of SiO, coating over TiO, nanoparticles for photooxidation
of some polycyclic aromatic hydrocarbons

8.1 Introduction

Heterogeneous photocatalysis using TiO; as a photocatalyst has shown a high potential [1-5] for
degradation of many organic contaminants because of its low cost, low toxicity, high stability,
and high photoefficiency compared with other photocatalysts. However, less Sper of TiO,,
causing less adsorption of reacting molecules on its surface is disadvantageous towards its high
PCA. Within this context, modification of TiO, through its attachment with inert compounds
specifically with SiO, has drawn increasing research interest [6-13] to increase the Spgr and
PCA. The larger band gap and relative location of the Fermi level of SiO; to that of TiO,
suggest [8,14,15] that the complete over-coating of the later by the former should hinder the
transport of photoproduced charge carriers (e/h") from the TiO,, where they are formed, to the
surface, thus enhancing their recombination and blocking photoactivity.

Interestingly, presence of SiO; in its nanocomposite with TiO; necessarily may not show
the deleterious effect for the PCA. But in-fact it assisted to bring significant enhancement in the
PCA for TiO,. The relevant examples includes the photooxidation of B-naphthol [16], methylene
blue [17], rhodamine-6G [13], propyzamide [18] and propionaldehyde [19]. However, most of
the studies for nanocomposite of SiO, and TiO, exhibit the use of P25 [7,11-15], and few have
demonstrated other TiO, shapes and crystal structures [6,8-10]. Since, by manipulating both of
these parameters, life time of photoexcited charge carriers and hence PCA [1-5] can be
remarkably improved. Therefore, by selecting appropriate shape and phase of TNP and thereafter
coating it with SiO,, the PCA can be enhanced that could be utilized for the degradation of
pollutants such as PAHs. Toward this end, C-5 nanoparticles which were found (section-7.3,
chapter-7) to be composed of almost pure anatase phase and mixed morphologies (nanorods and
nanopolygons) exhibiting much higher PCA than P25, were modified with SiO, and
comparatively studied with bare P25 for the degradation of naphthalene and anthracene to CO,
along with determination of their photoproduced intermediates.

8.2 Experimental section
8.2.1 Preparation, characterization and photocatalytic activity for silica coated TiO;

nanoparticles: The C-5 particles (section-2.2.5) were synthesized and coated (section-2.2.7) with
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SiO, by method as reported chapter-2. These as-prepared catalysts were characterized by EDS
(section-2.5.2), TEM (section-2.5.3), DRS (section-2.5.9), Sger (section-2.5.10) and FT-IR
(section-2.5.11) techniques, and are described in chapter-2. The PCA of these catalysts were
performed by photooxidation of naphthalene and anthracene (section-2.6.1of chapter-2). The
reaction samples were analyzed by UV-Vis. spectrophotometer (section-2.6.3), GC

(section-2.6.5) and GC-MS (section-2.6.6) techniques and are described previously in chapter-2.

8.3 Results and discussion

The DRS (Fig. 8.1a) for bare C-5 particles in comparison to its nanocomposite with SiO, showed
a decrease in absorption of UV-light from S-C-5(1) to S-C-5(4), indicating the coverage of SiO,
on C-5 surface restraining the absorption of UV light. The peaks observed in FT-IR spectra of
as-prepared samples (Fig. 8.1b) at 678 and 505 cm™' could be attributed for symmetric stretching
of O-Ti—O bond and bending vibration of Ti—O bond, respectively. Whereas, a new distinct and
strong peak at 1081 cm ' observed for silica coated samples can be assigned to the asymmetric
Si—O-Si stretching indicating the presence of SiO, in coated as-prepared C-5 samples. An
absorption peak at 950 cm™ in the nanocomposites of SiO, and C-3, indicate the Ti—O-Si bond
formation [9] which becomes more and more intense with increase in amount of silica precursor

(10-40 p1/50 mg of catalyst) indicating towards the growth of silica layer on the C-5 particles.
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Fig. 8.1 (a) Diffuse Reflectance spectra and (b) FT-IR spectra of as-prepared catalysts.

The HR-TEM analysis revealed the morphology of the samples S-C-5(2) (Fig. 8.2) and
S-C-5(4) (Fig. 8.3) to be of mixture of nanorods (diameter = 7-12 nm and length = 60-110 nm)
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and nanopolygon (diameter = 60-70 nm) like particles, as shown in section 7.3 of chapter-7. The
sample S-C-5(2) show (Fig. 8.2a-c) layer of SiO; (thickness ~12 nm) around the clumped TiO,
nanoparticles, and EDS pattern (Fig. 8.2d) further confirms the presence of Si (0.81 at.%) in the
sample. In case of sample S-C-5(4) (Fig. 8.3 a-c), due to over-coating with SiO,, the C-5
particles are surrounded by SiO; matrix with amount of Si = 4.39 at.%, as confirmed by EDS

pattern (Fig. 8.4d).

75.89

0.81

23.30

L — -

Fig. 8.2 (a-c) HR-TEM images for S-C-5(2) and (d) EDS pattern.

Since, surface area of the catalyst is well known to affect the adsorption and
photocatalytic activity, therefore before assessing the comparative PCA of the as-prepared
catalysts, their Sgrr and dark adsorption of the reacting substrates were analyzed. It has been

found that, the trend for decreasing Sggr to be S-C-5 (4) (235 m’g™) > S-C-5(2) (194 m*g™)
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S.No Element Atomic %

Ti 74.18

Si 4.39
(0] 21.43

100 nm

O = 3

Fig. 8.3 (a-c) HR-TEM images for S-C-5(4) and (d) its EDS pattern.

> S-C-5(1) (134 m’g™") > C-5 (79 m°g") and apparent rate constants of pseudo-second order
kinetics (k;) for dark adsorption of the naphthalene (Fig. 8.4a) and anthracene (Fig. 8.4b) are
similar, where S-C-5(4) having highest Sgrr exhibit highest values for k; (naphthalene = 5.9 x
10" g mg'lmin'1 and anthracene = 6.5 x10™' g mg'lmin'l), thus emphasizing the role of increased
Sger for facilitating adsorption of reacting molecules and is in correlation with previous reports
[7, 11,12] for SiO, coated P25 and/or spherical TiO, [6,9,10]. Interestingly, for both of reacting
molecules, the adsorption equilibrium is attained in initial 5 minutes, thereafter the surface of
catalyst becomes saturated and subsequently it follows an exponentional behavior.

However, trends for the photooxidation of naphthalene (Fig. 8.4a) and anthracene

(Fig. 8.4b) are not in correlation with the trends expected from the dark adsorption studies. The

94



N
o

RN
[&)]
1

—_
o
1

8-C-5(2)
1(3.2x107? mlin'1) S-C-5(4)

Residual Conc. (ppm)

UV-OFF ' UV-ON

o

P25(2.2 x10° min™)

N

' (2.1x10% min™)

(@)

C-5
3.4 <102 min™)
— -

‘,

q

S-C-5(1)

(5.2 x102 min™")

40

o

20

60 80

Time (min)

N
o

(c)

N
o
1

S-C-5(4), 5.9x10”
S-C-5(2), 4.8x10”
S-C-5(1), 3.1x10”
C-5,2.2 x10”

1
1
1
1.54
1
v P25,1.9x 10"

T/Q,

1.04

0.51

0.0 r r

Catalyst, Rate Constant (g mg™ min™)

0 5 10

15 20

Time (min)

20
= (b)
51 P25 (2.8 x10°° min™)
= C-5 (4.1 x102 min™")
8]
S 10
§ 101
S | scse)
T 5{(3.7x10°min”)
N ! 4.2 x
N : ( S-C-5(1)
J_UV-OFF \uv-ON (4.9 x10% min™)
0 20 40 60 80
Time (min)
24
(d)
Catalyst, Rate Constant (mg mg” min™)
1.8{!8-C-54) 6.5x10"
| S-C-5(2), 4.9x10
_ | s-csm, 3.6x10"
O 1.2 G531 x10™
= \P25,2.0x 10"
v
0.6+
0-0 T T T T
5 10 15 20
Time (min)

Fig. 8.4 Photodegradation of (a) naphthalene, (b) anthracene; inset: pseudo first order rate
constants; pseudo second order dark adsorption kinetics for (c¢) naphthalene and (d) anthracene.

degradation for both these substrates were found to follow pseudo first order kinetics, where

S-C-5(1) catalyst showed highest value of apparent rate constant (k) for photooxidation of

naphthalene (5.2 x10 min‘l) and for anthracene (4.9 %10 min'l).

Although, almost complete degradation of naphthalene and anthracene was observed with

S-C-5(1) catalyst, yet it was not completely mineralized as reflected by their GC-MS analysis

(Fig. 8.5), showing the formation of 1-napthol and 1,4-naphthalenedione, and the formation of

1-hydroxy-9-10-anthracenedione; 9,10-anthracenedione intermediates after 60 min of their

photooxidation respectively,

mineralization.

indicating requirement of more time for their complete
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Fig. 8.5 GC-MS spectrum obtained after 60 min of photooxidation of naphthalene and
anthracene in presence of S-C-5(1) catalyst.
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Time course study for CO, formation (Fig. 8.6a-b) showed similar trends for
photooxidation (Fig. 8.4a-b) of naphthalene and anthracene. The S-C-5(1) catalyst showed
highest PCA for CO, formation, determined to be 50.1ppm (5.7 pmol = 73%) and 53.5 ppm
(6.1 umol = 78%) after 240 min of UV-light exposure and is less than the amount expected
(7.8 u mol) after complete mineralization of naphthalene (10 times the initial amount; inset

Fig. 8.5a) and anthracene (14 times initial amount; inset Fig. 8.5b), respectively.

60 60
0 o] L
Naphthalene Anthracene
40 170, 40 123/2 o,
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3
Amount (ppm)

20 20+
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Fig. 8.6 CO, formation during photooxidation in presence of various TiO, catalysts.

The highest PCA of S-C-5(1) catalyst can ascribed to the mechanism of improved mass
transfer where adsorption on the silica surface followed by surface diffusion of the
contaminant(s) into the TiO, domains cause more interactions of molecules with it and hence
high PCA than its bare counterpart. However, the increase in thickness of SiO, decreses the
absorption of UV-light (Fig. 8.1a), thereby diminishing the formation of necessary e/h" pair and
hence PCA. These results are in correlation to the recent work of Nussbaum et al. [8], showing
thin layer of SiO, onto TiO, to be the cause for the enhanced photooxidation rates for

degradation of salicylic acid.

8.4 Conclusions

In summary, coating of SiO, increases the surface area of TiO,, hence the adsorption of the
reacting molecules and its extent being in direct proportion to SiO, thickness. Overcoating of
TiO, by SiO, deteriorates its photocatalytic activity ascribed to decrease in adsorption of

necessary UV-light.
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9. Preparation and characterization of TiO, nanowires for improved
photocatalytic activity under sun light irradiation

9.1 Introduction

Elongated TiO, nanostructures such as TNW has been demonstrated [1-13] as an attractive
photocatalyst due to its higher surface area, porous structure, superior charge transfer and
suitable band edge positions with respect to oxidation/reduction potential of the functional
groups. It has been found that TNW exhibits improved PCA [1,3-5,9-11] than well known most
photoactive P25. For instance, Wang et al. [4] and Mandal et al. [9] found 5 and 2-fold higher
photocatalytic activity for anatase and rutile TNW than P25 for the degradation of methylene
blue dye. This PCA of TiO; nanostructure including TNW can be further improved by
controlling the recombination process of excited charge carriers. It can be achieved by making
hetero-junctions of TiO; in its crystal structures (anatase/rutile and anatase/brookite) and/or
loading of noble metal.

In case of crystal phased hetero structure, the relative dislocation of the
conduction and valence band positions favor migration of charge carriers from one phase to
another and thereby efficiently suppresses the recombination process. However, this system has
been rarely considered for TNW [5,10] but well studied for other [13-18] TiO, nanoparticles. A
report by Liu et al. [5] demonstrated that TNW having anatase and brookite phase exhibited
higher photocatalytic activity than TNW with any of these phases alone, which was suggested to
be due to the synergetic effect of these phases. This PCA of TNW can be further notably
improved by noble metal loading which act as an electron sink for photoproduced electrons and
is discussed in section of chapter-1 and proved in chapters-4 (section-4.3),-5 (section-5.3), and -6
(section-6.3). In addition, the loaded noble metal also extends the absorption of TiO; from UV-
to Vis-region, by well known phenomenon of surface plasmon resonance (SPR) that facilitates to
use of such TiO; catalyst under direct sun-light (having > 90 % of visible light) for degradation
of organic pollutants. Toward this end, present chapter consider the synthesis of mixed phased
(anatase and rutile) TNW, photodeposited by Au nanoparticles and studied in comparison to P25

for photocatalytic decomposition of propiconazole to CO, under UV- and sun-light.
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9.2 Experimental Section
9.2.1 Synthesis, characterization and photoactivity of bare and Au-photodeposited TNW: TNW
were synthesized as per method discussed in section-2 of chapter-2. Au loading was done by
photodeposition method and is described in section-2.4.1 of chapter-2. These as-prepared
samples were characterized by XRD (section-2.5.1), SEM (section-2.5.2), TEM (section-2.5.3)
and time resolve photoluminescence (section-2.5.7) techniques as described in chapter-2. The
bare and Au-loaded TN'W were used in comparison to the photodegradation of the propiconazole
fungicide under UV and sun-light, as describe in sections-2.6.1 (chapter-2).

9.3 Results and Discussion

The XRD analysis (Fig. 9.1) for TNW in comparison to P25 showed the existence of anatase
(JCPDS card number 21-1272) and rutile (JCPDS A= Anatse
card number 21-1276) phases as revealed by their A R = Rutile

characteristics peaks at 20 = 25.3° and 27.5°,
respectively. High diffraction, sharp and intense

peaks indicating crystalline TNW which is

needed for an efficient photocatalyst. The weight
fraction of anatase and rutile phases in TNW ca. “
oY, N

Intensity (a.u)

. A _m )
by reported method [14] is found to be 72% and 20 30 20 50 60

28% and is almost similar to that found for P25 20 (degrees)
Fig. 9.1 XRD patterns for (a) TiO,

(anatase =70% and rutile = 30%). Moreover, the nanowires and (b) P25.

mean crystallite size ca. using Scherrer equation
(section-2.5.1 of chapter-2) for TNW (anatase = 32.0 nm and rutile = 33.8 nm) is found to be
smaller than the P25 (anatase = 34.6 and rutile = 40.8 nm).

The SEM images (Fig. 9.2a-d) at different resolutions show many TNW with diameter of
82-420 nm and length in few hundreds of nanometers. The TEM analysis (Fig. 9.3a-d) of Au-
TNW sample show TNW particles of diameter = 78-415 nm which is in agreement with the SEM
analysis. It can be clearly seen (Fig. 9.3c-d) that Au-nanoparticles of narrow size distribution (3-

5 nm) were very finely deposited on the surface of many TNW particles.

The Sger of TNW (148 m”g™) is found to be ~2.7 times more than that possessed by P25
(59 m”g™") indicating its highly porous structure. However, the Sger of TNW was reduced to 136

ng'l after 1 wt% Au-photodeposition onto it, ascribed to its surface coverage with Au-deposits.
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Similar results for the decrease in Spgr after deposition of coinage metals over titania

nanostructures were recently reported [16,19] by our group.

Fig. 9.2 (a-d) SEM images for TiO, nanowires

The DRS spectra (Fig. 9.4a) used to study reflectance/absorption of catalysts in UV-
visible light, clearly showed that Au-loading decreases the reflectance i.e., increases the
absorption of TNW in visible region (400-700 nm) which is higher in relation to P25 and is
required for better activity of a photocatalyst in visible region. Time resolve photoluminescence
decay indicating average charge recombination time, was also relatively measured (Fig. 9.4b)
before assessing the PCA of as-prepared catalysts. The average relaxation time of excited charge
carriers determined for TNW (57 us) (section- of chapte-2) is found to be around 12 ps more
than that of P25, and improved to 79 ps for Au-TNW catalyst (Fig. 9.4b). As the photodeposited
Au act as a sink for the photogenerated electrons, therefore life time of these charged species is
significantly improved. These results are in accordance with our [19] and others [20,21] reports

where metal loading is found to improve average relaxation time of excited charge carriers.
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100 nm
Fig. 9.3 (a-d) TEM images for Au-loaded TiO, Nanowires.
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Fig. 9.4 (a) DRS and (b) Time resolve photoluminescence decay studies for TiO; catalysts
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Time dependant photocatalytic degradation of propiconazole under UV- and sun-light
using TNW as photocatalyst always showed better performance than P25 and is further improved
for Au-TNW catalyst (Fig. 9.5a-b). This degradation was found to follow pseudo-first order
kinetics where Au-TNW exhibited highest apparent rate constants (k) of 3.9 x10? min"' and 4.9
%107 min'l, under UV- and Sun-light irradiation, respectively. Interestingly, Au-TNW is also
found to quickly degrade propiconazole under Sun-light than that found under UV-light
irradiation, indicating its better ability to effectively utilize the visible region of solar spectrum
for photooxidative removal of this pesticide. This is in correlation with previous reports of noble

metal loaded TiO,, exhibiting higher PCA [13,14,21] under visible-light.

50
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Fig. 9.5 Photocatalytic activity of TiO; catalysts under (a) UV-light; inset pseudo-first order
rate constants, and (b) Sun-light.

Although, after 240 min of UV-light exposure, Au-TNW catalyst showed complete
oxidative removal of propiconazole, yet incomplete mineralization occurs because of formation
of some heteroatom containing small molecules which were identified as 2-ethylhexanoic acid
and nitrobenzene by the GC-MS study (Fig. 9.6). Therefore, CO, formation during
photooxidation of propiconazole was quantitatively measured to determine the extent of its

decomposition.

Time course study for CO, formation during photooxidation of propiconazole under UV-
(Fig. 9.7a) and visible-light (Fig. 9.7b) showed steady increase in its concentration with the
illumination time. It is noticed that trends for CO, formation in UV and visible lights by using

different TiO, catalysts is similar to the photooxidation of propiconazole, where bare and Au-
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Fig. 9.6 GC-MS chromatograms for identified photoproduced intermediates during
degradation of propiconazole using Au-photodeposited TNW.

loaded TNW exhibited higher (1.3 - 40.0 times) rate for its formation than P25. The highest
amount of CO, formed by Au-TNW catalyst under UV- (53 = 1.2 ppm) and Sun- light (75 + 1.5

ppm) corresponds to ~ 60 and 76 % of mineralization, respectively.
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Fig. 9.7 CO, formation during photodecomposition of propiconazole using TiO, catalysts

under illumination of (a) UV-light and (b) Sun-light; inset pseudo-first order rate constants.
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This higher photocatalytic activity of TNW than P25 can be ascribed to the
comparatively higher relaxation time (Fig. 9.4b) of the excited charge carriers, resulting into
more availability of h* that can either directly oxidize the propiconazole or forms the oxidative
hydroxyl radicals. At the same time available electrons can reduce the molecular oxygen to
oxidative superoxide radicals, thereby further enhancing the degradation rates. The small anatase
and rutile crystallite size for TNW than P25 is also responsible for better photocatalytic activity
of former catalyst, since it is well known that titania nanocrystals with small crystallite size is a
better photocatalyst [13-15] than larger crystallites. Moreover, presence of relatively higher
fraction (2%) of crystalline anatase phase corresponding to (101) acting as better adsorption sites
for electron scavenging O, molecules facilitating the formation of oxidative superoxide radicals,
could also be a cause for higher catalytic activity of TNW. This is in agreement with our recent
report [15] where presence of crystalline anatase as a major phase was found to be the cause for
higher activity of prepared TiO, catalysts than P25. The low activity of the TNW under UV-light
to that found under visible-light is due its very low adsorption in former light spectrum region
(Fig. 9.4a). This resulted lesser excited charger carries and hence reduction in formation of
oxidative radical species that in turn decreases the activity.

The Au-loading notably improves the photocatalytic activity owing to rapid charge
transfer and Fermi energy level equilibrium at the Au-TiO, interface which by acting as electron
sink, increases the life time of excited charge carries (Fig. 9.4b) and hence photocatalytic
activity. It is also observed that, the activity of Au-TNW under sun-light is much higher than that
found in UV-light. This could be ascribed to the localized surface plasmon resonance excitation,
where highly energetic (ca. 2.23 eV) photoproduced electrons of Au overcome the interfacial
energy gap (0.96 eV) between its Fermi level and conduction band of TiO; can easily diffuses to
later, thereby increasing the radical generation [21] and hence photocatalytic activity.

9.4 Conclusions

In summary, mixed phased TiO, nanowires were successfully prepared and decorated with very
fine Au nanoparticles through a facile photodeposition technique. The TiO, nanowires because
of improved charge dynamics exhibited enhanced photocatalytic activity than P25 for the
degradation of propiconazole to CO; under UV- and sun-light, and was further improved by Au-

loading. Our study also suggests that visible light in the solar spectrum can be utilized for
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decomposition of propiconazole, and if optimized, can be effectively used for the fast and

complete decomposition of the other pollutants.
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Conclusions

In summary, present work demonstrated the preparation and detailed characterization of
different sizes, shapes, silica coated titania/titanate nanoparticles by DRS, XRD, SEM-EDS,
TEM, Raman and time resolve photoluminescence techniques, including determination for their
electro-kinetic properties and surface area analysis. These as-prepared nanostructures were
modified by metal-loading and studied in comparison to their corresponding bare analogies and
P25 for the decomposition of pesticides (imidacloprid, sulfosulfuron, propiconazole and methyl
parathion) and PAHs (naphthalene and anthracene) by HPLC, UV-visible spectrophotometer,
GC, GC-MS and IC techniques.

Chapter-1 covers general introduction to the photocatalysis, influence of size, shape and
crystals structures of titania on the optical and electronic properties, which in-turn affects their
photocatalytic activities. The properties such as inertness, transparency, porosity etc. making
S10; as a suitable shell material to be coated over TiO, are also discussed. An overview of the
various studies reported earlier for the decomposition/degradation of environmental
pollutants,namely, pesticides and PAHs was also discussed.

Chapter-2 described the experimental methods and techniques used for the
determination of physico-chemical, opto-electronic and electro-kinetic properties of as-prepared
catalysts.

In summary chapter-3 correlated the crystal phase, surface, structural and electro-kinetic
properties of bare, and Ag and Cu deposited TNT and TNR that were obtained from Degussa
P25. By changing the size and shape depending on the preparation condition, causes the
alteration in electronic charge of their surface and subsequently, the { value is markedly varied in

case of different aqueous suspensions of TNP. These electro-kinetic parameters would be
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beneficial for determining dispersion stability of TNP for potential use in metal oxide based
nanofluids. The photocatalytic activity of TNT crystals for photo-oxidation of imidacloprid is
found to be superior to the conventional best photoactive P25 owing to its largest surface area
and hollow porous surface structure.

It was demonstrated in chapter-4 that Ag-photodeposited TNT is an efficient catalyst for
the decomposition of IMI to CO, and inorganic ions, and it notably recedes half-life of IMI to
that found by most photoactive P25-TiO,. Although, structural parameters of TNT were found to
play a vital role for the improved decay constants, yet the detrimental influence of Na-atoms was
not observed. The formation of number of identified intermediates reveal the complexity of
photocatalytic process, suggesting the existence of various oxidation routes and non-specific
attack of hydroxyl radicals that result in multi-step and interconnected pathways for
decomposition of IMI. The fate of heteroatoms suggested their partial mineralization to inorganic
ions and is manifested by the presence of heteroatom containing intermediates which were found
to persist after the complete degradation of IMI.

Chapter-5 revealed the preparation of highly crystalline sodium titanate nanorods from
amorphous sodium titanate nanotubes exhibiting comparable photoredox activities to that of P25
for photoreduction of m-DNB and photooxidation of sulfosulfuron. The increase in
dimensionality of these nanorod particles increases the delocalization of electrons and decreases
the e /h" recombination and hence make it more photoreductive like P25. Photodeposition of Au
onto titania nanostructures not only improved the photoactivity but also changes the
selectivity/yield for the formation of m-DAB and m-NA. The layered structure of sodium titanate
nanotubes cause more adsorption of water molecules and corresponding formation of hydroxyl

radicals resulting in its highest photooxidation activity.
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Chapter-6 emphasized the combined effect of Au-loading and thermal treatment on the
structure, morphology and photocatalytic activity of TNT. It was found that the extent of Cgin
induced in the crystal structure of TNT by the presence of Au influences the crystal phase,
morphology, surface area and particle size during its thermal treatment, that in-turn affected the
photocatalytic activity. Among a variety of as-prepared crystal structures, anatase and rutile
phase with aid of Au in TNT-Au’(PS) exhibited superior photocatalytic activity for the
mineralization of imidacloprid to CO, than most photoactive P25-TiO,, owing to higher lifetime
of charge carriers for the former.

It can be concluded from chapter-7 that rice-like anatase TiO, nanorods retain their
anatase crystal structure after calcination at > 800 °C, whereas the P25 catalyst is converted to
the rutile phase under similar experimental conditions. Although an increase in crystallinity and
rate constant per unit surface area of this as-prepared stable anatase TiO, crystal phase played a
vital role for superior photoactivity for MP degradation, the detrimental influences of decreased
surface area, increased particle size and crystallite size are not observed for the C-2 to C-9
catalysts that were thermally treated at high temperatures.

Chapter-8 showed a coating of as-prepared TiO, catalyst having higher PCA than P25,
by a method other than reported one, and if optimized, could be useful for coating of TiO, with
desired SiO; thickness. The dark adsorption efficiency for the SiO, coated over TiO, catalysts
was found to be a function of amount of silica precursor, affecting growth of SiO; onto TiO,
surface. However, trend for mineralization of naphthalene and anthracene to CO, was opposite to
the adsorption study, where S-C-5(1) exhibited highest PCA and was ascribed to the mechanism

of improved mass transfer.
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In chapter-9, preparation of TiO, nanowires of almost same phase composition to P25
but of higher Spgr, was demonstrated. These TNW displayed much higher PCA than P25 for
decomposition of propiconazole under UV- and sun-light, that further improved after Au-

loading, because of higher recombination time of photo-excited charge carriers.
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