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CHAPTER 1
INTRODUCTION

1.1 Introduction

Functionalized anilines or aminoaromatics (Ar-NH,) are organic molecules that
are important intermediates for the synthesis of fine chemicals, pharmaceutical,
polymers, pigments, herbicides, and so on [1-5]. These compounds are typically
produced by the selective catalytic hydrogenation of nitroarenes or nitroaromatics (Ar-
NO,) in the presence of hydrogen gas (H,) by using catalysts such as metal, metal
oxide, sulfide, and functional carbon material [3-5]. This reaction is normally operated
under medium-to-high temperature and pressure [4, 5]. However, the safety issues
associated with handling during plant scale production, flammable hydrogen gas, and
high reaction temperature remain major concerns [2, 5, 6]. Furthermore, the
development of high efficiency and selectivity for hydrogenation of Ar-NO, is one of the
most important goals of the chemical industries [6]. For example, the selective
hydrogenation of 3-nitrostyrene (3-NS) to 3-vinylaniline which is challenging because its
two reducible functional groups can be hydrogenated. This reaction mechanism was
proposed by Haber et al [4].

A photocatalytic system is an encouraging approach for green and organic
synthesis which has recently attracted increasing attention due to its high safety, the
broad range of its utilization, and clean process [1, 2, 5, 6]. Among various
photocatalysts, titanium dioxide (TiO,) has widely used owing to its high chemical
stability, inexpensive, non-toxicity, and easily separated from the reaction mixture [1, 6-
9]. The photocatalytic hydrogenation of Ar-NO, is generally carried out in organic
solvents, which is regarded as a hole scavenger and hydrogen source. Alcohol is one of
the most common solvents for this reaction because it is readily available and
inexpensive [1, 2, 5-7, 10]. Upon light irradiation, electrons (e) are induced in the
conduction band (CB) and holes (h") simultaneously generated in the valence band

(VB), causing oxidation of alcohol to carbonyl compounds and reduction of Ar-NO, to



Ar-NH,, respectively [1, 2, 5, 11, 12]. In addition, the presence of oxygen gas (O,) must
be avoided in the photocatalytic reduction because O, can compete with the reduction
of substance [7, 13].

The photocatalytic performance of this reaction depends on both the catalysts
and the reaction conditions [9, 14-16]. To improve the photocatalytic performance of
TiO, for the selective hydrogenation of Ar-NO,, the most popular method was the
incorporating onto TiO, surface of either noble metal, such as Platinum (Pt), Silver (Ag),
Gold (Au), and Palladium (Pd), or base metal such as Nickle (Ni) and Copper (Cu)
nanoparticles [8, 15-19]. In the several reports, PY/TIO, catalysts contribute to improving
the activity and selectivity and activity by e trapping with consequent enhancement of
the charge separation to preventing the fast recombination of € and h' pairs. Also, Pt-
based TiO, catalyst is known to be effective for Ar-NO, hydrogenation to Ar-NH,
because Pt selective to hydrogenate the N=0 bond [15, 16, 18-24]. Besides, Pt metal
has received attention due to its excellent reactivity and selectivity, low cost, high
stability, and easy to access [20-22].

Several reports were extensively studied the photocatalytic hydrogenation of Ar-
NO, in alcohol using nanoparticle catalysts. However, a deeper understanding of the
influences for the photocatalytic hydrogenation of Ar-NO, is necessary to enhance the
activity and selectivity of photocatalytic reactions upon the abbreviated duration of light
irradiation [7]. The mechanism and reaction pathways of the selective photocatalytic
hydrogenation of Ar-NO, over P25-TiO, in alcoholic solvents was not deeply studied.
Moreover, the influence of the various conditions on the photocatalytic performance of
the selective photocatalytic hydrogenation has been published only a few studies.

In this study, the mechanism and the reaction pathways of the selective
photocatalytic hydrogenation of Ar-NO, over P25-TiO, in alcoholic solvents under UV
light at room temperature and an inert atmosphere was investigated. Also, the factors,
including the type of substrates, the amount of substrate and catalyst, type of alcoholic
solvents, and the deposition of Pt on TiO, that affect the photocatalytic performance of

the selective photocatalytic hydrogenation of Ar-NO, were examined.



1.2 Objectives

1. To study the mechanism and photocatalytic performance of the selective
photocatalytic hydrogenation of different Ar-NO, to Ar-NH, in various alcoholic solvents,
including ethanol, 2-propanol, and butanol under UV light irradiation using P25-TiO,,.

2. To investigate the effect of the deposition of Pt on P25-TiO, support on the

photocatalytic activity.

1.3 Research scopes
1.3.1 Investigation of the mechanism and photocatalytic activity of the selective
photocatalytic hydrogenation of Ar-NO, in alcohol solvent using P25-TiO, under

UV light at room temperature and atmospheric pressure for 4 h.

1. To study the effect of type of Ar-NO,, (Nitrobenzene and 3-Nitrostyrene) on
the photocatalytic hydrogenation performance.

2. To study the effect of concentration of Ar-NO, on the photocatalytic
hydrogenation performance.

3. To study the effect of type of alcoholic solvents (ethanol, 2-propanal,
butanol) on the photocatalytic hydrogenation performance.

4. To study the effect of the deposition of Pt on P25-TiO,, as prepared by the
conventional incipient wetness impregnation method, on the photocatalytic
hydrogenation performance.

1.3.2 Characterization of the P25-TiO, and Pt/P25-TiO, catalysts.

1. X-ray diffractometry (XRD)

2. Nitrogen physisorption

3. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

4. Scanning electron microscope and Energy dispersive X-ray spectroscopy
(SEM-EDX)

5. UV-visible diffuse reflectance spectroscopy (UV-Vis)

6. X-ray photoelectron spectroscopy (XPS)

7. Photoluminescence spectroscopy (PL)



CHAPTER 2
THEORY AND LITERATURE REVIEW

2.1 Titanium dioxide

Photocatalysts are photosensitive semiconductor materials such as titanium
dioxide (TiO,), zinc oxide (ZnO), cerium dioxide (CeO,), cadmium sulfide (CdS), zinc
sulfide (ZnS), etc. These may be used as a pure metal oxide or doped oxides. TiO,, also
known as titanium (IV)oxide or titania, is one of the most investigated semiconductors
since the discovery of its water splitting property and photocatalytic decomposition in
the 1970s [12, 25]. Owing to the abundance, chemical stability, inexpensive, and non-
toxicity for human and environmental, TiO, has widely used for applications in catalysis,
cosmetics, pigments and paints, dye-sensitized solar cells (DSSCs), antibacterial
agents, environmental purification, self-cleaning and self-sterilizing solid surfaces, and
so on [25, 26]. For these technologies, it is typically necessary to use powerful ultraviolet

(UV) light or solar light sources [26]. The properties of TiO, are shown in Table 1.

Table 1 The chemical and physical properties of titanium dioxide (TiO,) [27].

Properties TiO,
Molecular weight 79.866 g/mol
Melting point 1844 °C
Boiling point 2973 °C
Refractive index Anatase
Rutile
Brookite
Appearance White solid
Solubility Insoluble in water
Odor Odorless

TiO, is regarded as semiconductors, in which electrons (e) and holes (h")

simultaneously photogenerated in the conduction band (CB) and valence band (VB),



respectively, play important roles in electroconductivity as well as chemical reactivities
on the surface. One of the main points in the semiconductor photocatalyst TiO, is band
gap energy between CB and VB and potential energy levels of CB and VB which
photogenerated electrons and holes can quench quickly due to the charge
recombination [12]. Some researchers have studied to reduce the recombination of
electron-hole pairs to enhance the photocatalytic activity of TiO,,.

There are three main types of TiO, crystalline phases containing rutile, anatase,
and brookite, as seen in Figure 1 and Table 2. The particles size, in which the most
stable phase, of rutile, anatase, and brookite is above 35 nm, below 11 nm, in the range
11 - 35 nm, respectively. Brookite phase has an orthorhombic structure which is rare
and difficult to prepare while both anatase and rutile phases have a tetragonal structure.
For crystal structures, rutile has three main crystal faces: (110), (100), and (001) and
anatase has three main index faces: (101), (100), and (001) which (101) and (001) are
common for natural crystals [12, 26]. Both rutile and anatase TiO, in the form of powders
can transform into other phases at temperatures above 600 °C [26, 28]. Each phase has
different activities for photocatalytic reactions. However, rutile and anatase have been
mainly used as photocatalysts in practical work. Anatase and rutile phases reveal
definite band gap energy at around 3.2 €V and 3.0 eV, respectively. The band gap of
anatase is slightly larger than that of rutile since the CB level of anatase is located at 0.2

eV more negative than that of rutile as shown in Figure 2.



Figure 1 Crystal structures of TiO, [7].

Table 2 The properties of different TiO, polymorphs [27].

TiOz(anatase) TiO,(rutile)

Density band-gap
Phase Crystal system 3 Refractive index
(g/em’) (eV)

Rutile Tetragonal 4.13-4.26 3.0 2.72
Brookite Orthorhombic 3.99-4.11 3.11 2.63
Anatase Tetragonal 3.79-3.84 3.19 2.52

_2 -1
-

-1 07 —05
7 —_—
0 7 CB —_—
S 0
g 3.2eV 3.0eV
E (388 nm) (413 nm)
o 42
o —3— B —_—

+25 +2.5

Figure 2 Band gaps and band edge positions of TiO, photocatalysts [11].




Degussa P25 (Aeroxide TiO,) is a commercial TiO, photocatalyst that is
composed of anatase and rutile crystallites in ratio 3:1. The average particle sizes of
P25-TiO, is 25nm, P25-TiO, induce the high photocatalytic activity more than pure phase
due to interface anatase and rutile. Also, the mixed-phase P25 is used widely because
of its relatively high levels of activity in many photocatalytic applications [8, 28]. The

microstructure of P25-TiO, was shown in Table 3.

Table 3 The microstructure and properties of commercial P25-TiO, [2, 29].

Parameter (test method) Commercial P25-TiO,
Anatase component (%) 83
Rutile component (%) 17
Anatase crystallite size (nm) 20.8
Rutile crystallite size (nm) 30.5
BET surface area (m29'1) 51.46
Total pore volume (cm’g™) 0.17

2.2 Fundamentals of catalytic hydrogenation of nitroaromatics

Aniline and functionalized aniline is produced by the hydrogenation of
nitroaromatics. This product is an important intermediate for the production of various
chemicals, such as polymers, pigments, pharmaceutical, and herbicide. More than a
decade ago, the reaction network for the hydrogenation of nitrobenzene and substituted
nitrobenzene was proposed by Haber et al [5, 30], as shown in Figure 3-4. This
mechanistic scheme is an excellent basis to describe how the catalytic hydrogenation
proceeds. Two different reaction pathways to aniline are recommended, in which
nitrosobenzene, phenylhydroxylamine, azobenzene, azoxybenzene, and
hydrazobenzene are intermediates. Generally, the nitroso intermediate presents in trace
concentration and hydroxylamine concentration varies considerably depending on such
factors as substrate structure, reaction temperature, hydrogen pressure, solvents,

catalysts, and pH value. The reaction profile indicates fast hydrogenation of the nitro



group to nitroso intermediate, which is absorbed very strongly on the catalyst surface
and hydrogenated to hydroxylamine fast, and the hydrogenation of hydroxylamine to
aniline is the rate determining step. Another pathway, condensation to azo and azoxy
products do not usually occur, through the intermolecular dehydration between
nitrosobenzene and hydroxylamine [5]. In the case of 3-nitrostyrene hydrogenation, the
reaction pathways are consistent with the nitrobenzene hydrogenation. Besides, 3-
ethylnitrobenzene (3-ENB) and 3-ethylaniline (3-EA) were generated as byproducts. This
because the vinyl group (C=C) of 3-NS was reduced to produce 3-ENB. Then, the
further hydrogenation of 3-VA and 3-ENB can occur and promptly convert to 3-EA [4].

4
NO
3-nitrostyrene
3|+H, (3-NS)

+H, J -H,O

NOZ b [/ N
3-ethylnitrobenzene
H,0 O
(3-ENB) “HV N
4 +H2 5 N
NHOH

/ * /;
-Hzol
+H, N
3- ethylamlme USSR ' N
(3-EA) 3 A g p N )
@Li NH2 L +H, b
2 : ; 6 NH

Condensation
Products (CP)

Figure 3 Mechanism reaction route for the hydrogenation of 3-nitrostyrene proposed by

Haber [4].
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Figure 4 Mechanism reaction route for the hydrogenation of nitrobenzene proposed by

Haber [30].

AR-NO, hydrogenation reactions generally require three components, including
the substrate, the hydrogen source, and a catalyst. These hydrogenation reactions will
not occur between hydrogen and organic compound below 480°C without metal
catalysts. Moreover, these reactions also not occur when a semiconductor without metal
doping used as a catalyst [3, 4, 31, 32]. Thus, the metal catalysts are required in the
reaction to promote activity and chemoselective products. Catalytic hydrogenation
reactions are affected by many factors, which include the presence of catalytic
activators or poisons, temperature, pressure, solvent agitation and other conditions
specific to the process [33]. The liquid phase hydrogenation of Ar-NO, with high
temperature and hydrogen pressure conditions was studied by several researchers.

Berguerand, C. et al. [4] studied hydrogenation of 3-nitrostyrene to 3-vinylaniline
over platinum nanoparticles supported on several metal oxides. The liquid phase
hydrogenation reactions were carried out in a reactor equipped with a pressure-
controlled H, supply system containing ethanol as a medium solvent under H,
atmosphere at 10 bar and T = 348 K. The results showed that both nitro group (N=0)
and vinyl group (C=C) can be reduced. The observed difference in the reaction

pathways of 3-NS hydrogenation over Pt nanoparticles can be attributed to the support
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used and a difference in modes of 3-NS adsorption on Pt active sites. It was observed
that TiO,, Fe,O,, and ZnO exhibited a higher selectivity toward 3-VA, while Al,O, and
carbon material gave 3-EA as the only product.

Pt metal based TiO, catalyst was popular in 3-NS hydrogenation to 3-VA
because Pt selective to hydrogenate the N=0 bond. According to Yoshida, H. et al [18],
supported Pt catalysts were prepared using different crystallite size TiO, supports and
their catalytic activity was tested for the liquid phase hydrogenation of 3-NS and NB.
This reaction was operated at 323K and H, pressure at 40 bars. With Pt on smaller TiO,
crystallites, the selectivity of 3-VA was improved in the hydrogenation of 3-NS,
promoting its regioselective hydrogenation. These because nanocrystal TiO, support led
to low coordinated and/or electron-rich Pt site, which was more active for the

hydrogenation of the nitro group than the vinyl group.

2.3 Photocatalytic hydrogenation of nitroaromatics

Photocatalyst semiconductor is a critical substance for photocatalytic reaction
owing to it can be chemically stimulated by light irradiation. The field of heterogeneous
photocatalysis is interesting as shown by the number of papers reporting and
extensively studied due to the broad range of its utilization. Understanding of solid-state
chemistry such as crystal structure, electronic conductivity, chemical bonds and
structure and arrangements of atoms are important for the mechanisms in
heterogeneous photocatalysis. Photocatalytic hydrogenation of ethene and ethyne firstly
reported by Boonstra and Mutsaers in 1975s which some hydrogenated products have
been detected upon the UV illumination (320 — 390 nm) of P25-TiO, in an atmosphere of
ethene or ethyne [34]. Several organic nitroaromatics can be easily hydrogenated to
provide corresponding amino compounds in the presence of sacrificial hole scavenger
upon the UV irradiated TiO, photocatalyst as firstly reported by Mahdavi et al [20]. Since
then, the photocatalytic hydrogenation of nitro compounds using some kinds of

semiconductor photocatalysts was extensively studied.
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The photocatalytic hydrogenation can be carried out in the presence of electron
donors and in the absence of molecular oxygen (O,). The intention of using the electron
donors is to scavenge generated holes in the valence band, by which abbreviating the
level of recombination between e and h" within the semiconductor photocatalysts.
Therefore, choosing an appropriate electron donor as hole scavengers is important for
the hydrogenation of organic substrates [12]. The photocatalyst is the key to produce
hydrogen species from the hydrogen donors that is also called hole scavenger or an
electron donor such as alcohols, ammonium formate, oxalic acid, and so on [1, 12].

The photonic activation of photocatalyst is important for photocatalytic reaction.
The electronic band structure of the photocatalyst consists of the valence band (VB) and
conduction band (CB). The valence band was the highest occupied band while the
conduction band was the lowest occupied energy band [35]. In addition, the band gap
energy defines the minimum photon energy absorbed by the semiconductor
photocatalysts or difference in energy between valance band (VB) and conduction band
(CB) which driving force for transfer electron or hole when TiO, activated by light [12,
36] The adequate energy, that must be supplied by the photon from the light source for
the promotion of the electrons and occurrence of photocatalytic reactions, should be
equal to, or greater, than the band gap energy of photocatalysts [12, 36, 37]. The
irradiation of the surface of the TiO, produces the separation of two types of carriers that
are an electron (e) and a hole (h"). An electron from the valence band transfers to the
conduction band, leaving an electron deficiency or hole in the valence band and then
these electrons and holes can participate in redox reaction, in which the hole can
oxidize an organic molecule adsorbed on the TiO, surface and the electron in the
conduction band can reduce an organic molecule [36, 37]. A schematic of the
photocatalytic mechanism where excitation of electrons on the catalyst form electrons
and holes (charge carriers) as depicted in Figure 5. Moreover, the formation of
hydrogen species and activation of the substance in other hydrogenation routes, and
charge separation and combination are determining factors for the overall

hydrogenation activity [5].
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Figure 5 A schematic of the photocatalytic mechanism [36].

The photocatalytic reaction is an alternative process for nitroaromatics
hydrogenation reaction because it is a safe and green process. The photocatalytic
hydrogenation of nitroarenes by TiO, using alcohol as a hydrogen source under
atmospheric pressure and room temperature can induce both oxidative and reductive
products. The photooxidation of alcohols produces carbonyl compounds such as
aldehydes and ketones, while the photoreduction of nitroarenes generates the
corresponding functionalized aniline or amine compounds [1, 2, 7]. From reaction routes
for the photocatalytic hydrogenation of Ar-NO, to Ar-NH, were presented in Figure 6.
Additionally, the following sections describe five steps of the photocatalytic process as

shown in Equation (1) to (5).
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TiO, + hv — 4+ e (1)
2kt +
(CH3)2CHOH — (CH3)2CO + 2H (2)
2¢7,2HY
Ar—NO, —— Ar—NO + H,O (3)
e_,H+ . e H"
Ar—-NO — [Ar—NOH"] — Ar—-NHOH (4)

+

Ar—-NHOH 25 [Ar—NH*] + H,0 =E, Ar—NH,
(8)
Figure 6 Reaction pathways for the photocatalytic hydrogenation of Ar-NO, in 2-

Propanol using TiO, [2].

Step 1

The photo-excited charged carriers occurred when photon energy equal or
higher band gap energy. The e was excited and transferred from VB to CB, while h"

was simultaneous generated in VB, as shown in Equation (1).
TiO, + hv —»  TiO,(e +h") (1)

However, e and h" could recombine in bulk or surface of catalyst because the
excited e was easily transferred back to VB (Ground state). This phenomenon led to

energy release [35].

Step 2

For this process, alcohol served as hole scavenger in the photocatalytic
oxidation. Upon irradiation, alcohol was oxidized by h" to produce carbonyl compound

and release proton or hydrogen species (H"), as shown in Equation (2).
(CH,),CHOH ——  (CH,),CO + 2H" (2)

Step 3-5

Steps 3 to 5 were the photocatalytic reduction of Ar-NO, on the surface of TiO,,.
Ar-NO, was reduced by e and H' to Ar-NO, Ar-NHOH, and Ar-NO,,, respectively.
The overall step of photocatalytic hydrogenation reaction is concluded as

shown in Equations (3) to (5) in Figure 6.
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Ar-NO, + 3(CH,),CHOH ——#  Ar-NH, + 3(CH,),CO + 2H,0

The photocatalytic hydrogenation of Ar-NO, in several solvents such as alcohols
using TiO, catalysts was reported by several authors.

Imamura, K. et al. [13] examined the photocatalytic reduction of m-
nitrobenzenesulfonic acid (m-NBS) in aqueous suspensions of TiO, in the presence of
formic acid (FA) utilization as hole scavengers under deaerated conditions. It was found
that m-NBS was almost quantitatively reduced to m-aminobenzenesulfonic acid (m-ABS)
as the final product. The m-NBS was continuously consumed whereas m-
nitrosobenzenesulfonic acid (m-NSBS) and m-hydroxylaminesulfonic acid (m-PHAS)
were formed as intermediate along with the irradiation time. After photoirradiation, m-
ABS was obtained almost quantitatively, indicating that no side reaction of m-NBS and
intermediates occurred in this system. Moreover, CO, was generated as the oxidized
product by photooxidation of formic acid, which CO, could be liberated in the gas
phase because of the acidic condition of this reaction system. In addition, photocatalytic
reduction of m-NBS to m-ABS using TiO, samples with various specific surface areas
was examined to determine the effect of m-NBS adsorption on the TiO, surface on the
yield of m-ABS. The result showed that a large surface area of TiO, causing a large
amount of adsorption of m-NBS is an important factor for high vyield of m-ABS in
photocatalytic reduction of m-NBS.

Moreover, another research by Imamura was reported. Imamura, K. et al. [1]
studied the photocatalytic reduction of nitrobenzene and nitrobenzene with other
reducible groups such as chloro, vinyl, and bromo in 2-propanol suspensions of TiO,
under air and deaerated conditions. From the results in the absence of O,, nitrobenzene
was consumed, while aniline and acetone were produced as the photoreduction
product of nitrobenzene and the photooxidation product of 2-propanol, respectively.
Also, the color of TiO, became blue, indicating that a part of Ti*" in TiO, was reduced to
Ti*". Furthermore, only the nitro group of these compounds was selectively reduced
even in the presence of chloro, vinyl, and bromo groups without reductive

dehalogenation, resulting in the production of corresponding amino compounds with



15

high yields. For the photocatalytic reaction under air, aniline was formed slightly less
than while acetone was formed much more than the results under deaerated conditions,
indicating that holes oxidized 2-propanol to acetone and electrons were trapped by O,,
and oxidized 2-propanol, not aniline. However, the photocatalytic reduction system has
been generally operated under vacuum or inert gases such as nitrogen and argon
because oxygen behaves as a strong acceptor of photogenerated electrons and
reduces the efficiency of photocatalytic reduction in the target substrate.

Shiraishi, Y. et al [2] reported the highly efficient and selective hydrogenation of
nitroaromatics on photoactivated rutile titanium dioxide. This reaction is carried out in
isopropanol, serves as a hole scavenger, containing nitroaromatics at room temperature
and inert gas (N,) atmosphere. TiO, was activated by irradiation of UV light (A > 300 nm)
and then photoexcited TiO, induce electron (e) and positive hole (h") pairs in the
conduction band and the valence band. Ti°" atoms which located at the surface
vacancies are the active sites for nitro compounds hydrogenation on rutile TiO,, as
shown in Figure 7. The Ti°" atoms on TiO, surface work as the adsorption site for
nitroaromatics via electron donation and as the trapping site for a photoinduced
electron. These effects promote fast and selective nitro-to-amine hydrogenation of the
adsorbed nitroaromatics by the surface-trapped electrons. The photocatalytic
hydrogenation of rutile TiO, system enables significantly high selectivity of aniline and
functionalized aniline and can be carried out with a non-noble metal catalyst at room
temperature and atmospheric pressure.

a) asymmetric b) symmetric

i >Ti3*\’OO}Ti3*\/
N T4

PN Q surface OH O, vacancy +
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Figure 7 Surface structure of rutile TiO, and adsorption modes of nitrobenzene
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Hakki, A. et al. [7] studied the photocatalytic conversion of various nitroaromatic
compounds with alcohols containing different types of TiO,. Upon illumination of a
solution of nitroaromatics and ethanol solvent in the presence of the bare TiO,
photocatalyst, different products were obtained. Before illumination, the reactor was
placed in a sonicator and then purged with argon gas (Ar) until no oxygen since O,
competes to trap electrons with the nitroaromatic compounds. A simultaneous reduction
of the nitro compounds is induced by photogenerated electrons and oxidation of the
alcohol is produced by the formed holes in all cases. A primary amino compound,
namely primary amine, such as aniline was products of the reduction of nitroaromatics.
Also, imine which is generated by condensation of amino compounds and produced
carbonyl compounds is other products. Base on the results over different types of TiO,,
rutile TiO, enhanced highly selectivity primary amino compounds while anatase TiO,
provided a mixture of imines and amino compounds. It concluded that the surface
properties of the photocatalysts play a significant role in the reaction pathway and thus
affected in the selectivity of the products.

Kaur, J. et al. [8] investigated the photocatalytic activity of the selective
reduction of m-dinitrobenzene in isopropanol using the several metals (Au, Ag, Pt, and
Pd) loaded P25-TiO, catalysts under UV light irradiation. For Pt loaded-TiO, catalyst, Pt
loading led to lower PL intensity and higher band gap energy as compared to bare P25-
TiO, catalyst. Upon irradiation, the metal-deposited P25-TiO, catalysts produced m-
nitroaniline as a major product after 4 h of UV light irradiation. Meanwhile, the bare P25-
TiO, catalyst selectively produced 100% m-phenylenediamine. Furthermore, the
plasmonic interaction of Pt having characteristics absorption bands in the UV light
region could impart crucial effects on the charge transfer for enhancement activity of the
catalyst.

Nakai, Y. et al. [38] synthesized the imines from the photocatalytic reaction of
several benzylic alcohols with nitrobenzene using the CdS-sensitized TiO, (CdS-TiO,)
photocatalyst under visible-light irradiation at room temperature. Also, the solvent effects

on the production of imines were examined. The solvents were classified into three
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categories, including protic polar solvents (ethanol and water), aprotic polar solvent
(acetonitrile) and non-polar aprotic solvents (toluene, cyclohexane, and n-hexane). The
results showed that the imines were formed in several solvents except for water. The
yields of imines formation were significantly influenced by the solvents as followed:
ethanol < acetonitrile < cyclohexane. This indicated that the condensation reactions
between benzaldehyde and aniline effectively take place in the non-polar solvents.
Therefore, the photocatalytic activity of the synthesis of imines depended on the electric
nature of the benzylic alcohols. This photocatalytic system consists of four steps as
shown in Figure 8.

hv (visible light)
cds

CHO
(i) OH 2 h* R .
Cds +2H

(i) photocatalyst

A

+H,0

Figure 8 Synthesis of imine from benzyl alcohol and nitrobenzene on the CdS-TiO,

photocatalyst under visible-light irradiation.

Flores, S. O. Et al [11] studied the photocatalytic reduction of nitrobenzene to
aniline in a large excess of ethanol as a sacrificial electron donor using TiO, catalyst
under UV light irradiation for 4 h in order to identify the reaction pathway and formed by-
products. Upon irradiation, aniline and acetaldehyde were produced as the main
products. However, by-products were also formed such as imines and quinolines.
Imines were produced by the condensation of aniline and acetaldehyde. Also, indoles
and quinolines can be produced as by-products, probably due to the reaction between
strongly adsorbed aniline and the subsequent reactive intermediates of ethanol photo-

oxidation catalyzed by TiO.,.
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Furthermore, the photocatalytic process for the H, gas production in alcohol
solvents using TiO, catalysts was also reported by several authors.

Chiarello, G. L. et al [21] studied the photocatalytic production of hydrogen by
methanol steam reforming over a series of pristine or noble metal (Ag, Au, Au-Ag alloy
and Pt) — modified TiO, photocatalysts, which synthesized by the deposition of metal
nanoparticles on TiO,. The fed gas mixture was methanol and water vapors. Hydrogen
gas evolved at a constant rate, which significantly increased upon noble metal addition.

Pt confirmed to be the most effective co-catalyst also for this gas phase reaction.
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CHAPTER 3
EXPERIMENTAL

This chapter describes the details of materials and chemicals, preparation and

characterization of catalyst, and photocatalytic reaction test.

3.1 Materials and chemicals

Table 4 Lists of chemicals for this photocatalytic hydrogenation reaction

Chemicals Formula Suppliers
Titanium dioxide (P25 grade) TiO, Degussa
Nitrobenzene CHNO, Sigma-Aldrich
3-Nitrostyrene CgH,NO, Sigma-Aldrich
Aniline CgHsNH, Sigma-Aldrich
3-Vinylaniline CgH,NH, Sigma-Aldrich
Ethanol C,H.OH Merck
2-propanol (CH,),CHOH Fisher Chemical
Butanol C,H,,0 Fisher Chemical
Acetaldehyde C,H,0 Sigma-Aldrich
Acetone (CH,),CO Merck
Butanone C,H,O Sigma-Aldrich

3.2 Preparation of Pt/P25 catalyst

Degussa P25-TiO, was used as the catalyst support. Pt/P25 catalyst was
prepared by the conventional incipient wetness impregnation method, as shown in
Figure 9. P25-TiO, powder was impregnated with an aqueous solution of platinum
precursor. This Pt precursor solution was gradually dropped onto the P25-TiO, support
to get 0.6 %wt. P/P25, as the desired Pt content. The obtained samples were dried in an
oven at 110 °C overnight and then calcined in a muffle furnace at 400 °C under an air

flow with a heating rate 10°C/min for 2 h.
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P25-TiO, Oven Furnace

Figure 9 Scheme of preparation Pt deposited TiO, catalyst by the incipient wetness

impregnation method.

3.3 Photocatalytic reaction tests

The typical photocatalytic hydrogenation reaction was carried out in a cylindrical
quartz reactor with a total volume of 400 cm®. 0.2 g of TiO, photocatalyst was taken into
a stirred slurry reactor. Next, nitroaromatic was dissolved in 40 cm® of alcohol solvent
and subsequently added to above quartz reactor. This quartz reactor was sealed with a
septum cap, sonicated for 5 min to disperse catalyst well and then purged with N, for 5
min. The reaction was started by turning on the UV light, which was photo-irradiated
from the outside, using UV-light bulbs (Philips: Germicidal Ozone UV Quartz Glass UVC
Bulb; 16 Watts; 6 bulbs) with magnetic stirring at atmospheric pressure and room
temperature. Schematic diagram of photocatalytic hydrogenation reaction was
presented in Figure 10. During the reaction, the resulting mixture was collected every 30
minutes of the irradiation time for 4 h and was separated from the irradiated mixture by
filtration via a 0.2 um filter. The liquid sample was analyzed by gas chromatography
(GC) equipped with FID and TCD detector. The reactant and product concentrations
were calibrated with authentic samples. The properties and conditions for GC operation
were summarized in Table 5. In addition, the effect of several conditions, including
reactants, the concentration of reactant, alcoholic solvents, and the deposition of Pt on
TiO, on photocatalytic activity were tested in a similar way to the above-mentioned

experiment.
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Gas chromatography Shimadzu Shimadzu Shimadzu
GC-2014 GC-2014 GC-8A
Detector FID FID TCD
Packed column Rix®5 DB1-Wax Molecular sieve 5A

Carrier gas He (99.99 vol. %) | He (99.99 vol. %) Argon
Make-up gas Air (99.9 vol. %) Air (99.9 vol. %) -
Column temperature 140°C 45°C 70°C
Injector temperature 270°C 230°C 100°C
Detector temperature 310°C 250°C 100°C
Time analysis 20 min 6 min 5 min
Analyzed product Ar-NO,, Ar-NH, | Alcohol, Carbonyl H,
Alcohol compound
REACTOR
SEP)
SONICATOR
N, Magnetic stirrer
— Room temperature &
Atmospheric pressure

Figure 10 Schematic diagram of photocatalytic hydrogenation reaction.
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3.4 Catalyst characterization
3.4.1 X-ray diffractometry (XRD)
The X-ray diffraction (XRD) pattern was presented using a SIEMENS D5000 X-
ray diffractometer with Cu Kgq irradiation and a Ni filter in the range between 20° to 80°.
Also, the scan speed was 0.5 sec/step and a slit width was 0.6 mm. The crystallite size

of the catalyst was calculated by the Debye-Scherrer equation.

3.4.2 Nitrogen physisorption
The specific surface area of catalysts was measured in a Micromeritics ASAP
2020 instrument. The mixture of nitrogen gas and helium gas (30%:70%) was used as a
carrier gas in this technique. Also, liquid nitrogen was used in the catalyst adsorption
process. After analysis, the amounts of nitrogen adsorption and desorption were

determined to calculate BET specific surface area by the single-point method.

3.4.3 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was
performed by using a 2100 DV spectrometer to measure the amount of deposited Pt on
the TiO, surface. For sampling preparation, the modified-TiO, powder was digested in a

solution of sulfuric acid (97%, H,SO,) and DI water.

3.4.4 Scanning electron microscope and Energy dispersive X-ray spectroscopy
(SEM-EDX)

SEM-EDX was used to investigate the morphology and the elements on the

surface of the catalysts by using JEOL model JSM-5800LV. The powder sample must be

dried in an oven at 110 °C overnight before SEM-EDX analysis.

3.4.5 UV-visible spectroscopy (UV-Vis)

The UV-visible spectroscopy was used to determine the light absorption spectra

of TiO, catalyst, covering the wavelength range of 200-800 nm. This technique was
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operated in the Perkin Elmer Lambda 650 UV-Vis spectrophotometer. In addition, the

UV-vis spectrum was also used to calculate the band gap energy of TiO, photocatalyst.

3.4.6 X-ray photoelectron spectroscopy (XPS)

XPS analysis, as performed by using the KRATOS AMICUS X-ray photoelectron
spectroscopy, used to investigate the surface composition and chemical states of
elements and the binding energy of catalysts. This technique was operated with an Mg
Ka X-ray as a primary excitation and KRATOS VISION Il software. For TiO, catalyst, the
binding energy of Ti 2p, O 1s were presented. Moreover, the powder sample must be

dried at 110 °C overnight before analysis.

3.4.7 Photoluminescence spectroscopy (PL)

Photoluminescence spectroscopy was used to investigate the charge separation
of photogenerated electron and hole and charge-carrier lifetimes of catalyst, as
performed by Horiba 4P-Fluoromax spectrofluorometer. For this technique, a Xenon
lamp was used as the excitation source with an excitation wavelength of 325 nm at room

temperature.
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CHAPTER 4
RESULTS AND DISCUSSION

In this chapter, the physiochemical properties and photocatalytic performance
over P25-TiO, and Pt/P25 are discussed. The results and discussion are classified into
two parts. Firstly, the deposition of Pt nanoparticles onto P25-TiO, support are studied.
The characterization techniques for the Pt/P25-TiO, including XRD, ICP, BET surface
area, UV-Vis, XPS, photoluminescence spectroscopy, and SEM-EDX are described.
Secondly, the photocatalytic performance of catalysts for the selective photocatalytic
hydrogenation of nitroaromatics in alcoholic solvents is reported. Also, the effect of
several conditions, including reactants (nitrobenzene and 3-nitrostyrene), the
concentration of reactant, alcoholic solvents (ethanol, 2-propanol, and butanol), and the

deposition of Pt onto P25-TiO, on photocatalytic activity are presented.

4.1 The characterization of P25-TiO, and Pt/P25 catalysts
The X-ray diffraction technique was used to analyze the crystalline size, structure,
and phase composition of TiO, catalysts. The XRD patterns of pure P25-TiO, and
prepared PY/P25 catalysts were shown in Figure 11. P25-TiO, catalyst consists of two
mixture phases, containing the anatase and rutile phases. XRD pattern of P25 catalyst
presented the characteristic main peaks for the anatase (101) phase at 26 = 25.3° and
rutile (110) phase at 26 = 27.4°. Moreover, the XRD peaks at 20 equal to 25.3°, 37.8,
48.1°, 54.0°, 55.0°, 68.9°, 70.2°, and 75.3° were assigned to anatase phase. Meanwhile,
the XRD peaks at 27.4°, 36.1°, 41.2°, 56.5°, and 62.7° were assigned to rutile phase [24,
31, 39, 40]. Pt/P25 catalyst exhibited the same characteristic peaks of the anatase and
rutile phase as pure P25-TiO,, indicating that the catalyst maintained the crystallite
structure after deposition of Pt. The XRD peaks corresponding to Pt crystallites in Pt/P25
catalyst were not observable which resulted from the low amount of Pt loading and/or
high dispersion of Pt on the surface of TiO,, supports.
The phase composition and average crystallite sizes of TiO, were calculated

from the XRD results, as summarized in Table 6. For the phase composition, the amount
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of anatase and rutile phases was calculated from the areas of a major phase of the
anatase (20 = 25.3°) and rutile (206 = 27.4°). Pt/P25 catalyst consisted of anatase phase
~ 82% and rutile phase = 18% contents which were approximate to that found for the
pure P25-TiO, support.

The average crystallite sizes of all catalysts, which were estimated from the
anatase peak (101) and rutile peak (110) according to methods of the Debye-Scherrer
equation, were almost the same at around 24 nm. Accordingly, it can be concluded that
the deposition of Pt onto P25-TiO, support did not affect the crystalline structure,

crystallite size, and phase composition of TiO, support.

A : Anatase R : Rutile

" A PUP25
b R AR R
R B AA A
} P25

20 30 40 50 60 70 80
26 (degree)

Intensity (a.u.)

Figure 11 XRD pattern of pure P25-TiO, and prepared Pt/P25

Table 6 Crystallite sizes and phase composition of P25-TiO, and Pt/P25.

Phase composition (%)

Catalysts Crystalline size (nm)
Anatase phase Rutile phase

P25 24.2 82 18

Pt/P25 24.6 81 19
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The Pt loading content of prepared Pt/TiO, catalysts was measured by using
Inductively coupled plasma atomic emission spectroscopy (ICP-AES), as shown in
Table 7. The results indicated that the Pt loading content was slightly less than
expected value due to errors from the preparation of modified TiO, and the sample
preparation for ICP analysis. However, it can be confirmed the loading of the catalysts
amounting to 0.6 wt.% Pt.

The specific surface area of pure P25-TiO, and prepared Pt/P25 catalysts are
listed in Table 7. by using single-point N, physisorption analysis [41, 42]. P25-TiO, and
prepared P/P25 had a BET surface area of 47 mz/g and 46 mz/g, respectively. It can be
clearly observed that the specific surface area of TiO, did not undergo significant

change throughout the deposition of Pt particles process.

Table 7 Ptloading and specific surface area of P25-TiO, and Pt/P25.

Surface
Catalysts Pt loading (%wt.) )
Area (m°/g)
P25 - 47
Pt/P25 0.58 46

SEM image was used to investigate the morphology of the catalysts [43], as
presented in Figure 34 (Appendix F). Similar shapes and size of nanoparticles were
observed in pure P25-TiO, and Pt/P25. Also, EDX spectra were used to investigate the
elements on the surface and the EDX results were shown in Figure 35 (Appendix F). The
uniform distribution of the elements suggested the uniform dispersion of Pt onto TiO,
supports. Accordingly, the micrographs and spectra confirmed the presence of Pt on
P25-TiO, support even though these were not clearly observed due to the low Pt loading
content.

The UV-Vis absorption spectra were used to investigate the light absorption of
pure P25-TiO, and prepared Pt/P25 catalysts and the results were shown in Figure 12.

The absorption band of P25-TiO, was found at 392 nm, which could be ascribed to the
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light absorption caused by the excitation of electron transfer from the valence band to
the conduction band [21, 24, 44, 45]. PYP25 catalyst exhibited two kinds of
characteristic light absorption edges in the UV-Vis spectra, including the sharp
absorption band in the UV region (wavelength < 400 nm), which was attributed to the
band structure of the original P25-TiO,, and the absorption band in the visible spectra
(wavelength of 400 — 800 nm), due to the Pt nanoparticles doping [8, 45, 46]. Notably,
the absorption tail, that was assigned to the interfacial charge transfer phenomenon
between Pt particles and TiO, support, was less apparent. In addition, the absorption
edge of Pt/P25 was located at about 416 nm, indicating that the deposition of Pt onto

P25-TiO, resulted in enhancement of visible light absorption.
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Figure 12 UV-Vis absorbance spectra of (a) pure P25-TiO, and (b) Pt/P25

The band gap energy of pure and Pt/P25 catalyst was determined by using Tauc
relation via the plot of (hwva)® versus photon energy (hv), as shown in Figure 13.
Generally, the band gap energy of pure anatase and rutile phases was 3.2 eV and 3.0
eV, respectively [47]. The band gap energy and the absorption edges of all catalysts

were summarized in Table 8. P25-TiO, had the band gap energy about 3.19 eV, while
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Pt/P25 catalyst showed decreased band gap energy. The narrow bandgap resulted in
electrons moving from the valence band to the conduction band more easily and quickly

than the wider bandgap. It can be concluded that the deposition of Pt onto P25-TiO,

improved the light absorption.
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Figure 13 Tauc plot for the band gap calculation of (a) P25-TiO, and (b) Pt/P25

Table 8 The absorption edges and band gap energy of pure P25-TiO, and Pt/P25

Catalysts Wavelength (nm) Band Gap (eV)
P25 392 3.19
Pt/P25 416 3.03

XPS has been used to investigate the surface composition and chemical states
of elements in the catalysts [48, 49]. XPS spectra of P25-TiO, and Pt/P25 catalysts were
deconvoluted and fitted by Gaussian fitting curve. For all the catalysts, the XPS spectra
of TiO, clearly showed the peaks of Ti 2p and O 1s. In the case of Ti 2p, as shown in
Figure 14-15, the peaks corresponding to the high-resolution Ti 2p,, and Ti 2p,, of TiO,

were located at 458.7 and 464.5 eV, respectively. These peaks were assigned to the
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lattice of Ti"" valence state of TiO,. Meanwhile, two shoulder peaks centered at 457.3
and 463 eV could be assigned to Ti 2p,, and Ti 2p,, of Ti*" valence state, respectively
[60-52]. Figure 16-17. exhibited the high-resolution O 1s spectra and two types of
surface oxygen species can be identified for P25-TiO, and Pt/P25 catalysts. The main
and shoulder peaks positioned at 529.9 and 531.8 eV, which were assigned to oxygen
species in the TiO, lattice (Ti-O) and the hydroxyl groups on the TiO, surface (O-H),
respectively [40, 53, 54]. The high-resolution Pt 4f XPS spectra of Pt/P25 catalyst was
not observed, possibly due to the low Pt doping content. It is notable that the presence
of the hydroxyl group in XPS spectra is associated with surface defects and oxygen
vacancies. Also, the formation of Ti°" generally related to the formation of surface
oxygen vacancies [55]. XPS data analyses results, including the ratio of Ti¥/mi* and
oxygen vacancy/oxygen lattice of catalysts, were summarized in Table 9. The results
suggested that deposited Pt increased the amount of oxygen vacancy on TiO,, resulting

in the greater formation of Ti*", which may enhance the photocatalytic activity.
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Figure 14 XPS spectra of Ti2p of pure P25-TiO, catalyst
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Figure 17 XPS spectra of O1s of Pt/P25 catalyst

Table 9 The ratios of Ti"" to Ti*" and Q,, to O, of catalysts.

Catalysts Ratio Ti2p Ratio O1s
Ti*/Ti* 0,/0,
P25 0.04 0.29
Pt/P25 0.08 0.49

Photoluminescence spectroscopy (PL) was employed to investigate the
efficiency of charge carrier trapping, immigration and transfer of the photogenerated
electrons and holes in a photocatalyst [56]. The PL spectra of P25-TiO, and Pt/P25
catalysts were measured in the wavelength from 375 nm to 550 nm under 325 nm light
excitation. As shown in Figure 18, all the catalysts exhibited several PL peaks in the
visible region. The band at 404 nm is assigned to the band edge emission which
originated from the recombination of photo-excited electron-hole pairs. The peaks at

423, 451, 469, and 484 nm corresponded to a shallow-trap state near absorption band

edge emission, corresponded to the presence of oxygen vacancies with two trapped

31
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electrons on TiO, surface [8, 57-59]. Meanwhile, the peak at 492 nm was assigned to
the deep-trap states far below the band edge emissions and collectively called surface
state emissions, which corresponded to oxygen vacancy with one electron [8].

In the case of Pt/P25, the PL intensity was decreased as compared to pure P25-
TiO,. This could be attributed to the trapping of photoelectron from the conduction band
of TiO, by deposited Pt nanoparticles. This suggested that the deposition of Pt on P25-
TiO, can promote the separation of photogenerated electron and hole effectively and
inhibited the electron-hole recombination rate. Consequently, lower electron-hole

recombination endowed the Pt/P25 catalyst with high photocatalytic activity.
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Figure 18 Photoluminescence spectra of (a) pure P25-TiO,and (b) Pt/P25
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4.2 Photocatalytic reaction results

4.2.1 Effect of different nitroaromatics on the photocatalytic performance

The photocatalytic performance of P25-TiO, catalyst was evaluated by the
selective photocatalytic hydrogenation of different Ar-NO,, including nitrobenzene (NB)
and 3-nitrostyrene (3-NS) in 2-propanol solvent as hydrogen donor under UV light
irradiation for 4 h without the use of a reduction gas. The reaction pathways for the
photocatalytic hydrogenation of Ar-NO, in 2-propanol were shown in Equations (6)-(9)

and (a) to (b).

TiO, + hv —» h' +¢€ (6)
3(CH,),CHOH + 6h" —  3(CH,),CO + 6H" (7)
Ar-NO, + 6H" + 6e —  ArNH, + 2H,0 (8)

Ar-NO, + 3(CH,),CHOH ——»  ArNH, + 3(CH,),CO + 2H,0  (9)

/LNoz NH;
L 3(CH,),CHOH ~ ——»~ + 3(CH,),CO + 2H,0  (a)
NH>

@v, ),CHOH ~ ——» @/ + 3(CH,),CO + 2H,0  (b)

The reaction is initiated by photoexcitation of TiO,, producing h" and e pairs,
and causing the oxidation and reduction process, respectively. As shown in Figure 19-
20, the conversion of Ar-NO, was completed after 4 h. Both nitro compounds were
quantitively converted into products, which NB was reduced to AN and 3-NS was
reduced to 3-VA, with a formation of three equivalents of acetone. This indicated that H
atoms of 2-propanol, removed by oxidation with h", are consumed quantitively by the -
NO, to -NH, hydrogenation. In addition, H, gas was not detected during the reaction,
indicating that the H atoms of alcoholic solvents were consumed by oxidation with h".
However, H, can be formed when Ar-NO, was almost completely consumed, indicating

that reduction of protons (H") by e also occurred [22, 44, 60, 61].
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Interestingly, both NB and 3-NS can produce the corresponding products in
greater than 99% selectivity, indicating that only nitro group (N=0) of NB and 3-NS can
be reduced by e and H' to amine group (-NH,) while vinyl group (C=C) of 3-NS was not
reduced. In contrast, previous or conventional reaction system led to a mixture of
products in which C=C group was reduced to 3-ethylaniline (EA) and 3-
ethylnitrobenzene (ENB) [18, 62, 63]. Thus, this photocatalytic system is very effective
for the selective hydrogenation of 3-NS to 3-VA, as the desired product, and would be
promising for the selective transformations of substrates with other functional groups.

Accordingly, it can be concluded that the substrate did not affect the reaction.
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Figure 19 Time-dependent change in %conversion and %selectivity of the

hydrogenation of (a) NB and (b) 3-NS in 2-propanol suspension of TiO, for 4 h.
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Figure 20 Time-dependent change in the amounts of reactants and products of the

hydrogenation of (a) NB and (b) 3-NS in 2-propanol suspension of TiO, for 4 h.

4.2.2 Effect of reactant concentrations on the photocatalytic performance
An extension of the factor of reactants, the photocatalytic activity of the selective
photocatalytic hydrogenation of NB in 2-propanol suspension of TiO, with different
amounts of NB and P25-TiO, were presented in Figure 21-23.

As compared to normal amounts of NB substrate and P25-TiO, catalyst, the
%conversion and the rate of consumed NB were obviously decreased with increasing
twice of NB amounts. Meanwhile, increasing the amount of both NB and P25-TiO,
catalyst was two-fold did not significantly affect to the %conversion and rate of
consumed NB. Moreover, the NB conversion slightly decreased with the increase of
both NB and P25-TiO,, probably because the high amount of TiO, suppressed the
photogeneration of e and h" by light absorption and the adsorption of the substrate [2].
Also, the time course of products formation is in good agreement with the
aforementioned results. Notably, nitrosobenzene (Ar-NO) and phenylhydroxylamine (Ar-
NHOH), as intermediates, were not detected, indicating ArNO, was completely reduced
to Ar-NH, via Ar-NO and Ar-NHOH formation. This suggested that the photocatalytic

conversion of Ar-NO, did not depend on the substrate but increased upon increasing
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the rates of hydrogen ions (H+) which related to the rates of acetone formation via the
oxidation of 2-propanol by h™. This indicated that the rate of photocatalytic activity
depended on the supply of hydrogen to the catalyst surface for the selective
photocatalytic hydrogenation of Ar-NO,. Thus, the proposed reaction mechanism and

pathways were shown in Equations (10) to (16).

+

TiO, + hv —» h + e (10)
(CH,),CHOH + 2h" — (CH,),CO + 2H" (11)
2H" + 2¢ 17/ b, (12)
Ar-NO, + 2H" + 2 ——»  ArNO + H,0 (13)
Ar-NO + 2H" + 2¢ —  Ar-NHOH (14)
Ar-NHOH + 2H" + 26— ArNH, + H,0 (15)

Ar-NO, + 3(CH,),CHOH  ——#  ArNH, + 3(CH,),CO + 2H,0  (16)
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Figure 21 Time-dependent change in %conversion and %selectivity of the
hydrogenation of NB in 2-propanol suspension of TiO, for 4 h photoirradiation: (a)

Normal NB and P25, (b) 2 times of NB, and (c) 2 times of both NB and P25.
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Figure 22 Time-dependent change in the amounts of reactants of the hydrogenation of

NB in 2-propanol suspension of TiO, for 4 h photoirradiation: (a) Normal NB and P25, (b)

2 times of NB, and (c) 2 times of both NB and P25.
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Figure 23 Time-dependent change in the amounts of products of the hydrogenation of

NB in 2-propanol suspension of TiO, for 4 h photoirradiation: (a) Normal NB and P25, (b)

2 times of NB, and (c) 2 times of both NB and P25.
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4.2.3 Effect of alcoholic solvents on the photocatalytic performance

Applicability of the selective photocatalytic hydrogenation of NB and 3-NS was
investigated using various alcohol solvents, including ethanol, 2-propanol, and butanol,
as hydrogen donors. Upon the photoirradiation of P25-TiO,, different products were
obtained according to the alcohols. Carbonyl compounds, including acetaldehyde,
acetone, and butanone were produced by photocatalytic oxidation of ethanol, 2-
propanol, and butanol, respectively. The results showed that the conversion of Ar-NO,
was the highest when ethanol used as a solvent, which resulted from h” trapping and H”
generation efficiency [22]. It led to the completed reaction faster than the others due to
the highest rate of H" formation by oxidation of ethanol. This was in good agreement with
the proposed mechanism, which Equation (11) was the determining step of the reaction.
Notably, the selectivity of Ar-NH, (AN and 3-VA) in alcoholic solvents was reached
nearly 100% with completed conversion of Ar-NO, (NB and 3-NS) except in ethanol
solvent, in which the Ar-NH, selectivity was decreased because by-products, such as
imines, can be produced from condensation of the generated acetaldehyde and Ar-NH,
when reaction reached nearly 100% conversion [6, 7, 11], as shown in Equation (17). In
contrast, hydrogenation of Ar-NO, in 2-propanol and butanol solvents did not form any
by-products. This accounts for the steric structure of the alcohol as well as the aldehyde
[7]. In addition, the photocatalytic performance of P25-TiO, for the selective

photocatalytic hydrogenation of all cases as illustrated in Figure 24-26.

Ar-NH, + R=O0 —» Ar-N=R + H,O (17)
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Figure 24 Time-dependent change in the conversion, selectivity, and amounts of

reactants and products: (a) NB/ethanol and (b) 3-NS/ethanol using P25-TiO,, for 4 h.
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Figure 25 Time-dependent change in the conversion, selectivity, and amounts of

reactants and products: (c) NB/2-propanol and (d) 3-NS/2-propanol using P25-TiO,,
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Furthermore, the photocatalytic performance of P25-TiO, was examined in
various alcohol without adding Ar-NO, as reactants. It was noted that the amounts of H,
gas formation were remarkably close to the stoichiometric amounts of carbonyl
compounds for all alcoholic solvents. This was consistent with the dissociation of alcohol
into H, and carbonyl compounds via reduction and oxidation reactions, respectively
[60]. The reaction mechanism was shown in Equations (10) to (12). As shown in Figure
27, the rates of H, and carbonyl compounds production increased linearly with time,
according to a pseudo-zero order rate law, due to the high excess of alcohols [21].
Additionally, ethanol was the best producer of H, gas and carbonyl compounds,
followed by 2-propanol and butanol, which resulted from ethanol trapped h" and
generated H™ more efficiently and produced a larger amount of carbonyl compounds
along with H, gas. The rates of carbonyl compounds and H, gas formation in all alcohol

solvents were summarized in Table 10.
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Figure 27 Time-dependent change in the amounts of carbonyl compounds (solid line)
and H, gas (dashed line) in (a) ethanol, (b) 2-propanol, and (c) butanol suspension of

TiO, without reactants for 4 h photoirradiation.
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Table 10 Rates of carbonyl compounds and H, formation in various alcohol solvents

without Ar-NO, for 4 h photoirradiation

Alcoholic Rates of Aldehyde and ketone | Rates of H, formation
solvents formation (umol/h-g.,,) (mmol/h-g.,,)
Ethanol 2672 2619
2-Propanol 1781 1740
Butanol 1622 1578

According to the photocatalytic performance of catalysts in various alcohol both
with and without Ar-NO,, in which the amounts of Ar-NH, production were proportional
with the amounts of carbonyl compounds formation at the ratio around 1:3 and H, gas
can be detected when completed reaction, it can be concluded that the rate of H' used
for hydrogenation of Ar-NO, (Equation (13)) was higher than rate of H" formation from

alcohol oxidation (Equation (11)).

4.2.4 Effect of Pt/P25-TiO, on the photocatalytic performance

There are variously reported regarding the enhancement of catalytic activity
and lifetime of the carriers and migration mechanism on the surface of TiO,
nanoparticles modified by platinum. Thus, the photocatalytic performance of Pt/P25-TiO,
catalyst was examined in 2-propanol solvent both with and without adding Ar-NO,, as
reactants. In case of no Ar-NO,, as shown in Figure 28, the photocatalytic performance
of P/P25 showed that acetone and H, gas were produced in molar ratios near the unity
and their production rates are considerably larger than those of the P25 catalyst. This
due to the migration of photogenerated e in CB to the Pt nanoparticles, causing
enhancement the charge separation between e and h* pairs and will, in principle,
quicken the oxidation of the 2-propanol by h" and the simultaneous reduction of H by e’
[22, 23, 64]. Therefore, the photocatalytic activity increased in general with Pt loading.

The rates of acetone and H, gas formation of all catalysts were summarized in Table 11.
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Figure 28 Time-dependent change in the amounts of acetone (solid line) and H, gas
(dashed line) in 2-propanol suspension of (a) pure P25-TiO, and (b) Pt/P25 without Ar-
NO, for 4 h photoirradiation.

Table 11 Rates of acetone and H, gas formation in 2-propanol solvents without Ar-NO,

substrate for 4 h photoirradiation

Rates of acetone formation Rates of H, formation
Catalysts
(umol/h-g,,,) (umol/h-g,,)
P25 1781 1740
PYTIO, 2568 2489

The photocatalytic performances of Pt/P25 and P25-TiO, were presented in
Figure 29-30. Pt/P25 catalyst showed higher NB conversion as compared with pure P25-
TiO,, which the reaction was completed in a shorter time, due to the higher rate of h”
and H" formations. Also, NB was adsorbed on Pt through partial electron transfer from Pt
to Ar-NO,, which e in Pt are consumed by the reduction of Ar-NO, [20, 65]. Thus, the
TiO, supported Pt-based catalyst was very effective for the selective hydrogenation of

nitro compounds. This clearly indicated that the high photocatalytic activity in the
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presence of PY/P25 was reasoned in terms of the properties of Pt deposited TiO,

catalyst, selective adsorption of the substrates, and the charge separation efficiency.
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Figure 29 Time-dependent change in the photocatalytic activity of the photocatalytic

hydrogenation of NB in 2-propanol suspension of (a) pure P25-TiO, and (b) Pt/P25.
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hydrogenation of NB in 2-propanol suspension of (a) pure P25-TiO, and (b) Pt/P25.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusions

The selective photocatalytic hydrogenation of Ar-NO, in alcohol solvent under UV
light irradiation of P25-TiO, catalyst without using reducing gas was a great process
because it was safe, which operated at room temperature and atmospheric pressure
and can be produced more valuable products. Ar-NO, was quantitively reduced by e
into products, which NB was reduced to AN and 3-NS was reduced to 3-VA, with a
production of three equivalents of carbonyl compounds. An increase in the amount of
Ar-NO, 2 times caused the photocatalytic activity decreased. In contrast, adding both
the amount of Ar-NO, and P25-TiO, was twice, the photocatalytic activity did not
significantly change. H, gas was not detected during the reaction when using Ar-NO,, as
the reactant. Meanwhile, H, gas can be detected from the reduction of protons H) by e
when Ar-NO, was absent. Moreover, acetaldehyde, acetone, and butanone were formed
by oxidation of ethanol, 2-propanol, and butanol, respectively. Ethanol solvent caused
the highest Ar-NO, conversion, followed by 2-propanol and butanol. This because
ethanol generated H' from the oxidation of alcohol the most efficiently. The results were
in good agreement with the proposed mechanism. In summary, the selective
photocatalytic hydrogenation of Ar-NO, did not rely on the substrate but depended on
the rate of H' formation by the oxidation of alcohol.

For Pt/P25 catalyst, Pt/P25 was successfully synthesized by the conventional
impregnation method. The crystalline structure, crystallite size, phase composition, and
specific surface area of TiO, did not significantly change throughout the deposition of Pt
particles process. Also, Pt/P25 catalyst exhibited higher photocatalytic activity than pure
P25-TiO, support. The deposition of Pt on P25-TiO, promoted electron transfer and
retarded electron-hole recombination, resulting in higher photocatalytic activity. From
the results, it can be concluded that the photocatalytic activity was influenced by

hydrogen donor and charge separation efficiency of the catalyst.
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5.2 Recommendation

1. Use other methods to prepare Pt/P25-TiO, catalyst and compare with
conventional impregnation method.

2. Use other metals to deposit onto TiO, support and compare with Pt/P25 and
P25-TiO,.

3. Use other substrates to investigate the photocatalytic performance.
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APPENDIX A
LIGHTING INSTRUMENT AND THE PHOTOCATALYTIC REACTOR

The bulbs were used as a light source for the photocatalytic hydrogenation

reaction. The properties of the bulb were listed in Table 12.

Table 12 The properties of the light bulbs

Type of light UVC light
Brand Philip
Power (W) 16
Number of bulbs 6
Wavelength (nm) 200-280

Figure 31 Schematic diagram of the photocatalytic hydrogenation set
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APPENDIX B
CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation
The crystallite size of TiO, was calculated from XRD pattern results according to

FWHM by the Debye-Scherrer equation (Equations (18)) that was suitable for particle

size below 100 nm.

Debye-Scherer equation:
kA

77 BcosB (18)

Where
D = Crystallite size (A)
k = Crystallite-shape factor (0.9)
A = X-ray wavelength (1.5418 A for CuKgq)
B = X-ray diffraction broadening (radian)

0 = Observed peak angel (degree)

The X-ray diffraction broadening (B) can be obtained by using Warren’s formula
(Equation (19)).
Warren’s equation:
B? = Bi— BS
B = VBh— B (19)

Where
BM = Measured peak width in radians at half peak height

BS = Corresponding width of a standard material
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Example: Calculation of the crystallite site of P25-TiO,,.
Finding the half-weight width (101) diffraction peak at 25.3° from the XRD
pattern.
The half-weight width (101) diffraction peak;
By = 0.3959 degree
B = 0.0069 radian

The corresponding half-height width of the peak of P25-TiO,
Bs = 0.003836 radian

The pure width

B= (B -B:

B = v0.00692 — 0.0038°

B = 0.00575 radian

Where
A = 1.54 A
B = 0.00575 radian
20 = 25.3 degree
0 = 12.65 degree
The crystallite size: D = kA
BcosO
(0.9)(1.54)

(0.00575)cos(12.65)
= 24189 A

= 2419 nm
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APPENDIX C
CALCULATION OF WEIGHT COMPOSITION

The weight fraction of P25-TiO, was calculated from the XRD pattern, as shown

in Equations (20) to (22).

KaAa
Wy= ——— (20)
KaAaTKgAg+tKg
KgAg
Wg= ———— (21)
KaAatKpAg+Kg
Kr
W y————— (22)
KaAatKgAg+KR

Where

= Weight fraction of anatase phase TiO,

>

Weight fraction of brookite phase TiO,

= Weight fraction of rutile phase TiO,

X

> = 5 =
Il

>

= The intensity of anatase peak

= The intensity of brookite peak

m

The intensity of rutile peak

P

~ > >
1

>

= The coefficient factor of anatase (0.886)

e
Il

o)

The coefficient factor of brookite (2.721)

The phases of TiO, can be calculated from the integrated intensities of the peak
at 20 = 25.3° (anatase phase), the peak at 27.4° (rutile phase), and the peak at 30.6°
(brookite phase). However, P25-TiO, catalyst consisted of anatase phase and rutile

phase except for brookite phase.
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Example: Calculation of the phase composition of P25-TiO,,.

Where

The integrated intensities of anatase (A,) 2297 .4

449.3

The integrated intensities of rutile (Ag)

The weight fraction of the phase content can be calculated by as follows:

2297.4(0.886)
W, = =0.82
2297.4(0.886) + 449.3
449.3
w =0.18

R 2297.4(0.886) + 4493
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APPENDIX D
CALCULATION OF THE BAND GAP ENERGY FROM UV-VIS SPECTRA

The band gap energy of TiO, and modified TiO, can be determined from UV-Vis

1
spectra by plotting (othv)n versus photon energy (hv). The photon energy (hv) and

optical absorption coefficient (a) were estimated by Equations (23) to (25).

B _hc
hv = E, =— (23)
1240
V777 (24)
Where
E, = Band gap energy of catalyst (eV)
h = Plank constant (6.62 x 10" Joules-sec)
o} = Speed of light (3.0 x 10° meter/sec)
A = Wavelength from UV-vis spectra (nm)
Note: 1 eV is 1.6 x 10"° Joules
2.303A
= (25)
t
Where
= Optical absorption coefficient
A = Absorbance

t = Thickness of the sample
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Example: Calculation of the band gap energy of P25-TiO,
To determine the band gap energy of P25-TiO,, the power factor (n) was 0.5 due

to the direct band gap finding.

10

(hva)?

T T T T

: — :
25 26 27 28 29 30 31 32 33 34 35
Photoenergy (eV)

(1/0.5)
)

Figure 32 A plot between (athv vs. photon energy (hv) of P25-TiO,

From Figure 33, the straight-line cut the X-axis presented the band gap energy

of pure P25-TiO, is 3.19 eV.
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APPENDIX E
CALCULATION OF PLATINUM CONTENT ON TITANIA FROM ICP-AES

The loading contents of Pt deposited on P25-TiO, support were calculated from

ICP-AES results.

For 0.6 wt%. Pt/P25, the initial weight of catalyst powder was 0.05 g.

For 1.0 g of catalyst, Pt contents = 0.006 g
0.006 xX0.05
1.0

0.3x10°

For 0.05 g of catalyst, Pt contents

Il

g
g = 0.3 mg
For digestion, sample was diluted to obtain 100 cm’.

, 0.3 Xx1000
Thus, the concentration of sample = BTN ppm

= 3.0 ppm (mg/L of Pt)
From the result of ICP-AES, the concentration of sample = 2.89 ppm.

The Pt contents deposited P25-TiO, were calculated:
2.89x 0.6
3.0
0.58 wt.% Pt/P25-TiO,

Pt loading content =
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APPENDIX F
SEM IMAGES AND EDX SPECTRA
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Figure 33 SEM images of pure P25-TiO, and Pt/P25 catalysts
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Figure 34 EDX spectra of Pt/P25 catalyst
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APPENDIX G
CALCULATION OF PHOTOCATALYTIC PERFORMANCE

The quantitively photocatalytic performance was determined by using GC
analysis. The calibration curve was used to calculate of reactant and product

concentrations, as an example, the calibration curve of NB was shown in Figure 35.

Calculation of conversion of Ar-NO, and selectivity of Ar-NH, were defined as follow:

Mole (in) - Mole (out)
%Conversion = x100
Mole (in)

Mole of nitroaromatic(in) - Mole of nitroaromatic(out)
%Nitroaromatic conversion = x100
Mole of nitroaromatic (in)

Mole of product
%Selectivity= x100
Mole of consumed reactant

Mole of desired amino aromatic

%Amino aromatic selectivity = x100
Mole of consumed nitroaromatic

800000
700000 y-=895.97x B

R?=100 .
600000
500000 -

400000

Area

300000
200000
100000

0
0 200 400 600 800 1000

NB (umol)

Figure 35 Calibration curve of nitrobenzene.
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