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Abstract

Abstract

Montmorillonite (Mt) is one of the most representative clay minerals, belonging to 2:1-type
clay (smectite group) in which one octahedral AI-O(H) sheet is sandwiched by two tetrahedral
Si—O sheets, and well known with its very high cation exchange capacity. Based on the
structure and the properties, Mt sometimes plays an important role in environmental
remediation of pollutants through adsorption and intercalation in nature. Montmorillonite has
been also regarded as an ideal support for photocatalysts because of its great chemical and
physical stabilities. In this case it can be possibly developed to the environmental remediation
materials by combination with a natural photocatalyst like TiO2 under solar energy, even though
Mt is categorized to an insulator in itself which cannot act as a photocatalyst. Band gap
engineering such as heteroatom doping was focused to improve optical properties of insulators
and semiconductors by creating middle gap states, resulting in decrease in bandgap energy (Eg).
However, heteroatom doping affects sometimes different ways in photocatalysts, that is,
sometimes decrease in the crystallinity of the photocatalysts resulting in the decrease in the
photocatalytic activity and sometimes generate the new electron trap states leading to increase
in photocatalytic activity. Among of transition metal dopants, iron (Fe) is an ideal choice as a
doping element because it is a common heavy metal in environments and known to control a
number of geochemical cycles in nature. In the present work, the effects of location and

localization of Fe

on the photocatalytic mechanism for the composite of Mt with TiO; are
studied using structural, optical, and electronical characterization techniques to propose the
role of Fe species in photo-responsive montmorillonite composites.

In Chapter 1, the research background is introduced from both aspects of geochemistry and
material sciences. The structures and properties for each component in the composites of

titanium oxide (TiO2) on Mt were described in detail in relation with the photocatalytic

reactions. Anatase phase of TiO; is well known as a UV-responsive photocatalyst and Mt is one
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type of clay minerals as well as one of natural 2D materials. Then, the target contaminant
models used here were briefly introduced. Hereafter, the objectives of this study were explained.
In Chapter 2, the methodologies used in the present work were described for synthesis and
characterizations of the TiO>-Mt composites and the Fe-doping procedures as well as solution
analysis.

The potential photocatalytic activity of Mt after Fe''! doping was detected via the photocatalytic
reduction of chromate (Cr¥'04%) in Chapter 3. Ferric ions (Fe''') -doped Mt prepared by ion-
exchange at pH 2 was verified by X-ray diffraction patterns (XRD), Fourier transformed
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and X-ray absorption
near edge structure (XANES). The Fe!" doping on Mt at a ratio less than 0.274 mmol-Fe''"/g-
Mt gained the photocatalytic activity in photocatalytic reduction of Cr¥! into Cr'! on Fe-Mt,
turning into a semiconductor from an insulator. On the other hand, the excess amounts of Fe!
doping caused the negative effects probably due to light shielding effect and reduction of active
sites for the reaction. The Eg of Mt was lowered by generation of a new electron trap state
between valence band and conduction band of Mt. This can explain the role of Fe in Fe/Mt as
a photocatalyst.

Furthermore, in the composite of Mt with TiO», the location of Fe'!

was investigated from an
aspect of photocatalytic activity in Chapter 4, that is, whether Fe is located in Mt (Fe-Mt/Ti02)
or in TiO> (Mt/Fe-TiO»). Diffused reflectance spectra (DRS), photo-luminescence spectra (PL),
photocurrent (PC), and electrochemical impedance spectroscopy (EIS) measurements revealed
that Fe-Mt/TiO, composite has greater optical properties, resulting in higher photocatalytic
activity in phenol degradation than Mt/Fe-TiO> composite. This can be explained by migration
of excited electrons from a newly generated electron trap state in Fe-Mt to TiO; via Z-scheme

heterojunction. Also, the formation of heterojunction could avoid the recombination of

photogenerated charge carriers, resulting in enhancement of phenol photocatalytic degradation.
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Meanwhile, in Mt/Fe-TiO;, there are no transportation of excited electrons from Mt side via
the heterojunction in the composite, resulting in high recombination rate of electron-hole pairs
in Fe-TiO> side, confirmed by PL.

I and surface adsorbed

A replenished study was added to further distinguish the structural Fe
Fe'' on Mt/TiO2 composites (xFe-Mt/(1-x)Fe-TiO2 and Fe/Mt/TiO>) under the same dosage of
Fe''l. Chapter 5 compared these two Mt/TiO, composites. The photocatalytic activity was
greater in the later than the former in phenol degradation, which was also supported by DRS,
PL, PC and EIS results. In particular, energy-resolved distribution of electron traps (ERDT)
patterns revealed that the amorphous rutile on crystal anatase was the dominant in the later
composite (Fe/Mt/TiO2) which is the most key component to control the photocatalytic activity,
while it was lesser in the former one (xFe-Mt/(1-x)Fe-TiO2). Moreover, existence of Fe!l in
TiO; structure disturbed crystallization of TiO2 caused the formation of isolated TiO> which
has less photocatalytic activity.

In Chapter 6, environmental implication of the present work was discussed, the conclusions

of all chapters were summarized, and the accompanying new challenges were finally proposed.
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1.1 Background

1.1.1 Photocatalytic remediation of wastewater

Recently, water shortages are becoming an increasing problem due to rapid industrial growth,

environmental pollution, depleted water resources, global warming causing abnormal climate

changes, and uncontrolled groundwater development [1], [2]. Organic compounds, toxic

pesticides, and manure emissions from industry are polluting drinking and becoming a

worldwide problem. The wide area of water pollution, diversification and non-biodegradable

substance was tough be solved by the natural cleansing cycle [3]-[5]. In the case of water

treatment technology, coagulation/precipitation [6]-[8], ion exchange [9]-[11], Fenton

technology [12]-[14], electrochemical treatment [15]-[17], biological treatment [18]-[20] or

other technique have been applied. However, these methods having the problem of intensive

consumption of chemicals, production of secondary contaminations, pathological threatening,

or other shortages. Photocatalysis can avoid these and effectively remove the pollutants.

1.1.2 Concepts and principles of photocatalysis

Photocatalysis was unanimously considered as the acceleration of a photoreaction in the

presence of a catalyst [21]-[23]. It should be distinguished from photolysis and catalysis which

are defined as a chemical reaction in which molecules are broken down by photons and a

chemical reaction in which the reaction rate is accelerated without equilibrium changing.
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The photolysis can be divided into homogeneous and heterogeneous photocatalysis. In the

homogeneous photocatalysis process, all the reacting species exist in similar physical states

either liquid, solid, or gas. The typical homogeneous photocatalysis are ozone (eq. 1.1-1.4) [24],

05 + hv - 0, + 0(1D) (1.1)
0(1D) + H,0 - 2°0H (1.2)
0(1D) + H,0 - H,0, (1.3)
H,0, + hv > 2°0H (1.4)

and photo-Fenton systems (Fe" and Fe'/H20) (eq. 1.5-1.9) [24], [25].

Fe?* + H,0, — *OH + Fe3* + OH~ (1.5)
Fe3* + H,0, — Fe?* + 2°0H + H* (1.6)
Fe?*+*OH — Fe3* + OH" (1.7)
H,0, + hv — 2°0H (1.8)
Fe3* + H,0, + hv > Fe?*+*OH + H* (1.9)

Heterogeneous photocatalysis usually refers to a technology based on the irradiation of a

semiconductor photocatalyst (Fig. 1.1). Several electronic and photochemical processes occur

following the bandgap (Eg) excitation of a semiconductor. Absorption of light energy greater

than or equal to the Eg of the semiconductor results in a shift of electrons (e°) from the valence
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band (VB) to the conduction band (CB) and the creation of holes (h") in the VB. The charge
carriers rapidly diffuse to the surface or recombine where the resulting non-equilibrium
distribution of electrons and holes gives rise to reduction or oxidation processes of adsorbed
species, surface groups, and the semiconductor components. When illuminated with light of
sufficient energy, the semiconductor particle becomes part of a particulate system capable of
mimicking a micro-photoelectrochemical cell at which efficient reductive and oxidative
processes may take place [26]. The efficiency of these processes is largely determined by five
factors [27]: (1) efficient absorption of irradiation with minimal entropy production; (2) fast
charge separation after light absorption; (3) separation of products in order to prevent reverse
reactions; (4) adjustment of the redox potentials of the excited states to the redox reactions
which store the energy; and (5) long-term stability or continuous reproduction. The dominant
competitive process to charge separation is recombination, which for semiconductor clusters
primarily occur via nonradiative processes. Two principal pathways have been established in
mineralization of organic substrates and oxidation of inorganic materials. One considers
surface OH™ groups or H>O as the primary target(s) for the reaction of photogenerated holes, a
reaction which yields hydroxyl radicals ("OH). The prevailing view favors these radicals as
primary oxidizing species. The alternative route implicates direct hole oxidation of the organic
substance [28]. Another pathway is e are scavenged by pre- and photo-adsorbed molecular

oxygen to give superoxide radical anions (‘O2") [22].
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Fig. 1.1 General mechanism of photocatalysis on a semiconductor [29].

Fig. 1.2 illustrates bandgaps and band edge positions for several typical semiconductors and
the regions of redox potential for the oxidation of organic groups to illustrate the
thermodynamic limitations of the type of photoreactions that can be carried out with the
photogenerated ¢ and h*. Thus, reduction of 4 substance (Fig. 1.1) occurs if the redox level of
A lies below the CB level of the semiconductor. Similarly, if oxidation of B is to be carried out,
its redox level must be positioned above the valence band of the semiconductor. When the
redox level of 4 (or B) is located between the valence and conduction bands of the

semiconductor, both reduction, and oxidation processes can occur.
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Fig. 1.2 Band-edge positions of some typical semiconductor photocatalysts relative to the

energy levels of the redox couples involved in the reduction of CO> [30].

1.2 TiO2 and TiO:2 based composites as photocatalyst
1.2.1. Abundance and occurrence of TiO: in nature
Titanium is the 9" most common element and the 7" most abundant metal in Earth's crust
(0.63% by mass) [31]. Most igneous rocks, sediments generated from them, living creatures,
and natural bodies of water all contain it in the form of oxides. It makes up 0.5 to 1.5% of soils
[31]. In the ocean, titanium concentrations are about 4 picomolar, and little evidence of a
biological function exists, however unusual species have been reported to acquire high titanium
concentrations [32]. Common titanium-containing minerals are ilmenite, leucoxene, rutile,

anatase, brookite, perovskite, etc. (Table 1.1) [33], [34].
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Table 1.1 Titanium minerals, chemical compositions, and TiO; concentration [33].

Minerals Composition TiO> content (%)
Rutile TiO> (tetragonal) 94-99
Anatase TiO> (tetragonal, near octahedral) 90-95
Brookite TiO2 (orthorhombic) 90-100
Brookite TiO2 (orthorhombic) 90-100
lImenite FeTiO3 40-65
Leucoxene Fe203TiO: 60-90
Perovskite CaTiOs 40-60
Loparite (CeNaCa)(TiNb)Os 38
Titanite CaTiSiOs 30-42
Titaniferous magnetite  (Fe-Ti)203 2-20

In 2021, about 8.4 million tons of titanium dioxide (TiO7) pigments were mined. The main

countries for TiO2 mine production were China, the United States, the United Kingdom, Japan,

Mexico, Australia, and others (ordered by TiO2 pigment production). [Imenite, leucoxene, and

rutile were the most common TiO; ores, with annual output reported by the United States

Geological Survey and given in Table 1.2. Anatase, ilmenite, and rutile deposits are estimated

to be more than 2 billion tons [35].

Table 1.2 World production of titanium minerals concentrates, by country or locality (metric

tons, by gross) [35].

World

Minerals Australia Brazil China
IIImenlte and 1,213 80! 3.830
eucoxene

rutile 300 21 N.A.

Titaniumslag  N.A.

N.A. N.A.

United

States

100 9,090
N.A.2 803
N.A. 1670

'Estimated.

2Included with ilmenite and leucoxene to avoid disclosing company proprietary data.
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1.2.2. TiOz2 photocatalysis for remediation of wastewater

The most common compound of Ti is TiO2 [36] which mainly occurs in nature as rutile, anatase,

and brookite as shown in Fig. 1.3. All three types are, in general, composed of the TiOs

octahedra with different distortions [37]-[40]. The characteristics of Ti-O bonds play very

important roles in the properties of different TiO> phases (such as structural and electronic

properties) [38].

rutile anatase brookite

Fig. 1.3 Tetragonal structures of crystalline forms of rutile, anatase and brookite [40].

Compared with rutile, anatase has a higher surface area, resulting in more active sites. The

concentration of oxygen vacancies on anatase nanoparticles is higher than on rutile

nanoparticles, leading to an enhanced charge separation efficiency [41]. Furthermore, the larger

Eg of anatase causes it to have a slightly higher redox capability than rutile. Because of these

advantages, anatase is usually more active than rutile [41].
8
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Charge separation in TiO> photocatalyst occurs rapidly after their generation upon light

absorption as shown in Fig. 1.4. Unfortunately, ~<90% of photogenerated electron—hole pairs

recombine rapidly after electron—hole pair separation, only less than 10% of separated electrons

or holes could be used for semiconductor photocatalysts (including TiO2) [42]. Generally,

charge recombination occurs in the following two ways: irradiative and nonirradiative

recombination. In the case of radiative recombination, the energy is emitted in the form of

photons. A nonradiative pathway occurs via the emission of multiple phonons. For a TiO»

photocatalyst, the nonradiative pathway is generally believed to be the major route of charge

recombination, and adsorbates and additives can strongly affect the process [43].

Bulk recombination
(ps — ms)

Fig. 1.4 Important processes in TiO> photocatalysis: electron—hole pair generation, charge

transfer, electron—hole pair recombination in the bulk or at the surface, and electron and hole

induced chemistry at the surface [44], [45].
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Because nonradiative recombination usually occurs via the emission of multiple phonons, the

direct detection of this process is generally considered to be impossible. However, using time-

resolved photoacoustic spectroscopy (TRPAS) (an indirect method), Leytnar and Hupp [46]

found that =60% of the charge recombination occurs in the nonradiative pathway in the

colloidal anatase samples within 25 ns. Conversely, radiative recombination mainly contributes

to light emission.

Charge recombination usually takes place following charge thermalization and trapping.

Therefore, the energy of light emitted in radiative recombination is generally slightly smaller

than the TiO, Eg. In principle, by analyzing the optical spectroscopies emitted from TiO»

surfaces using the photoluminescence (PL) spectroscopy method, information about the

dynamics and structural properties of TiO» related to charge carrier thermalization and trapping

could be obtained. The combination of time-resolved PL, Time-resolved spectroscopy, and

photoconductivity (PC) measurements of the dynamics of charge carrier decay in both the R-

Ti02(100) and A-TiO2(100) surfaces have been studied by Yamada and Kanemits [47]. In rutile,

the lifetimes of electrons and holes are a few tens of ns (24 ns for electron, 48 ns for hole). In

contrast, in anatase, the holes decay rapidly within a few ns, and electrons exist in the TiO> CB

for more than a few microseconds. These authors suggested that the long-living electrons may

be beneficial for the high photoactivity of anatase. A similar result was also observed by Dozzi

et al.[48].
10
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Besides charge recombination as the main limitation of the TiO> photocatalyst, the large Eg
and low adsorption ability of TiO> nanoparticles also reduced the photocatalytic activity of
TiO2. Therefore, much effort has been focused to solve these problems such as surface
sensitization [49]-[51], metal nanoparticle deposition [52], [53], morphology modification [54],

element doping [55]-[58], building heterojunction [41], composition with other materials, etc.

1.2.3. Heteroatom-doping on TiO2
To modify TiO., doping or bandgap engineering principles are employed as shown in Fig. 1.5.
The Eg of TiO2 is formed by Ti 3d and 4s states and O 2p levels [59], [60], with the lower edge

of the CB being formed by Ti dxy and the upper edge of the CB being formed by O 2p.

EleV

0- CB — -

+11 e

|||||

E,;32eV
+2 .
=
e — — I
a) b) c) d) e) f)

Fig. 1.5. Schematic illustration of the possibilities to alter the TiO» band structure: (a) pristine

TiO,, (b) conduction band (CB) lowering by state mixing, (¢) valence band (VB) increase by

state mixing, (d) creation of discrete band in the band gap, (e) discrete doping level, and (f)

surface doping (sensitization).
11



Chapter 1

Approaches for TiO> modification by doping cover a wide range of elements, such as transition-
metal ions implantation and nonmetals doping. Metallic nanoparticles including Gd [61], La
[62], Nd [58], Sm [63], Ce [64], [65], Er [66]-[69], Fe [56], [70], [71], Pt [72], [73], and Cu
[74] have been used (Table 1.3) to enhance the photocatalytic activity on the TiO2 surfaces by
suppressing the e/h" recombination. The e” migrates to the metal due to the relatively low Fermi
level of metals, which makes the h* stable on the TiO> surfaces by increasing the lifetime of

the charge carrier [75], [76]. Therefore, more ‘OH and "O, " are generated.

111

In addition to the characteristics discussed above, Fe''-doped TiO> show greatly improved

photocatalytic activity compared to crude TiO,. Fe'

can be suitably inserted into the TiO>
lattice structures because the ionic radius of Fe'' and Ti!V is similar [77], [78]. The Fe'! doping
on TiOz will influence the photocatalytic activity of TiO2 mainly because that the photo-

M anchored on the TiO; surface,

induced electrons and holes are separated by the doped Fe
which suppresses recombination and promotes the generation of the hydroxyl radical. Despite
numerous studies proposed a facilitate photocatalytic performance of iron doping on TiO2
crystal [79]-[82], Zhijie Li et al. reported a rather reduced photocatalytic performance of

1T

amorphous Fe-TiO; than amorphous TiO». They believed that the Fe™ in matrix rather on

surface, as suggested by the XPS, was mainly the reason for the phenomenon [83].

Moreover, the O in the TiO; lattice can be substituted with a range of heteroatoms, including
B [57], [84], N [85]-[87], F [88], P [121], [122], S [89], [90], and co-doping of S-1 [91] and
W-N [92], etc. (Table 1.4), to take advantage of visible light in the TiO> photocatalysis.
Furthermore, both metals and anions are introduced simultaneously to decompose organic

contaminants by enhancing the photocatalytic activity of modified TiO2 [129], [130].
12
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Table 1.3 Comparison of the photocatalytic degradation rate of different organic pollutants on the cations doped/undoped TiO».

Degradation (%)

Reaction
Material Morphology Light source Target time Year Authors
(min) with  without
doping  doping
Gd* doped TiO2  Nanoparticles 00-W high-pressure nitrate 60 99 80 An-Wu Xu et al. [61]
mercury lamp
La* TiO, spherical Sunlight MB 240 80 30 2008 K.M. Parida [62]
. . Fluorescent lamp Viaclav Stengl et al.
3+_
Nd>*-TiO. spherical (Germicid (254 nm)) Orange |1 35 95 90 2009 [58]
Sm® doped TiO» spherical UV light MO 120 96 40 2016 %;1 - Khade etal.
Ce-doped TiO;  Nano sheets UV light RB 120 95 85 2016 [262‘3]“9*‘““ Fan etal
Er doped
TiO2/Poly(vinyliden polyhedral , P. M. Martins et al.
e difluoride)-co- shape UV light MB 110 7 81 2014 [66]

trifluoroethylene

13
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Joanna Reszczynska

Er doped TiO; visible phenol 180 7 45 2015 ol e8]
Er**:YAlOs/Fe- : Acid Red Jingqun Gao et al.
doped Ti0z-ZnO nubbly form Solar light B 50 90.15 2011 [67]
70.92
3+. _ :
Er™:YFeOs-doped Irregular Visible light MO 80 92 2012 Dianxun Hou etal.
TiO2 [69]
36
Fe3* ion doping to spherical Visible liaht Malachite 60 78 63 2009 Meltem Asiltirk et al.
TiO, P g green [56]
Fe-TiO spherical Visible light Yellow 480 37 18 2004 Jiefang Zhu et al. [70]
2 P g XRG dye g '
Fe**-doped TiO» _porous Visible light Methyl 360 70 50 2008 |1anzhong Tong etal.
microspheres orange [93]
. . . . Dichloro Wen-Chi Hung et al.
ion doped TiO> spherical UV light methane 120 88 82 2007 [71]
. . Methyl Miaoliang Huang et
Pt-TiO/zeolites spherical UV light orange %0 %8 %0 2008 al. [73]
Pt-TiO, spherical Acid 60 100 98 2004 S Sakthivel etal. [72]
green 16
. . . . 4-chloro- Jiangrong Xiao et al.
cerium doped TiO> mesoporous Visible light ohenol 240 78 20 2006 [65]
Cu,S-codoped TiO2  spherical Visible light Methylen g 100 70 2010 M. Hamadanian etal.
e orange [74]

14



Chapter 1

Table 1.4 Comparison of the photocatalytic degradation rate of different organic pollutants on the heteroatoms doped/undoped TiO».

o Degradation (%)
Material Morphology  Light source Target Irradiation Year Author
time (min) with without
doping doping
B-doped - (herical  Visible light  4-chlorophenol 240 78 20 2007 M- Bettinelli etal.
TiO; [57]
borggl(lii(;p ed spherical UV light Methylene blue 240 98 78 2009  Jingjing Xu et al. [84]
N-doped . .. . Methylene Shaozheng Hu et
TiO, nanoparticles  Visible light orange 60 14 1 2010 al.[87]
N-doped . .. . J. Senthilnathan and
TiO, spherical Visible light 4 chlorophenol 360 88 5 2010 Ligy Philip [86]
N-TiO2 nanoparticles UV light Mgﬁgr};;eene 100 98 70 2008 Feng Peng et al. [85]
fluorinated . : Changlin Yu et al.
TiO, spherical UV light Methylene blue 60 92 30 2009 [88]
S-doped TiO2 nanoparticles Visible light Methylene blue 240 90 20 2009 Hua Tian et al. [90]
S-doped TiO»  spherical UV light Phenol 240 93 83 2006 E’gg]lgkel Ho etal.
S(2%)— . - . T Changlin Yu et al.
1(2%)/TiO spherical Visible light  Salicylic acid 300 65 3 2010 [91]
W,N-TiO2 spherical Visible light  Acid orange 7 300 90 8 2008  Jingxia Li et al. [92]

15
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1.2.4. TiO2 composites for wastewater treatment

To enhance its adsorption capability and reduce its aggregation tendency a wide variety of

materials have been used as supports for TiO> such as silica [94], activated carbon [95], carbon

nanotube (CNT) [96], [97], CxNy [98], [99], zeolites [100] and clays. These support materials

can provide high surface area, porosity, and reactive sites to TiO2. They also hinder the

aggregation of TiO2 to enhances the recovery. Clays are easily available in the earth's crust,

non-toxic, chemically stable, mechanically strengthen, and have porosity [101], [102].

Clays have gained a lot of popularity as supports for TiO2. Pristine TiO2 NPs, such as

commercial Degussa P25, are less photoactive than clay supported TiO2. The enhancement of

photocatalytic activity can be due to the high surface area, adsorption capability, porosity, and

presence of surface-active sites in TiOz/clay nanocomposites [103]. The increase in

photocatalytic activity is also due to lower charge recombination rate in TiO2/clay

nanocomposites. The decrease in charge recombination in TiOz/clay nanocomposites by clay

particles can be due to the presence of interlayer cations in clay which tend to trap electrons

and let the holes free for oxidation [104]. Clay also enhances the reusable efficiency of TiO>

by making it separable from the reaction mixture. Clay minerals such as montmorillonite (Mt),

bentonite, montmorillonite, kaolinite, smectite, rectorite, hectorite, laponite, palygorskite,

halloysite, attapulgite, diatomite and layered double hydroxides (LDH) have been utilized as

TiO2 supports.

16
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Table 1.5 Comparative overview of different TiO2/Mt nanocomposites for photodegradation of different pollutants [105].

Nanocomposite ~ Model organic pollutant ~ Reaction conditions De_gr_adatlon F_{eact|or_1 Year Author
efficiency (%) time (min)
8 lamps each of 15 W .
Fe-TiO/Mt B Naphthol emitting UV-A light 97 300 2016  HazratAli and Ezzat
- Khan [106]
(A=365nm)
TiO2/Aluminum lamps of 10 W each Aakash C. Rai et. al
Pillard Mt Methylene Blue dye emitting UV-B light NA. 180 2007 1071
. 250 W high pressure Hg M. A. Meetani et. al
TiO2/Mt Solophenyl red 3BL dye lamp (> 310 nm) 95 220 2011 [108]
Ag-TiOJ/Mt  Methylene blue 500 W high pressure Hg >99 20 o015 Sammy W. Verbruggen
Lamp [109]
250 W High pressure Jaya Pala and
TiO2/Mt Methylene blue Hg Lamp as UV light 83 90 2015 Tarasankar Pal [110]
source
. 30 W UV lamp .
TiOz/Mt Methyl Orange (254 nm) >99 50 2013 N.R.Khalid et al. [111]

17
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1.3 Clay minerals

1.3.1 Concepts, categories, structure, and mineralogy of clay minerals

The word “clay mineral” is difficult to define. As a first approximation, the phase implies a

class of hydrated phyllosilicates (Table 1.6) making up the fine-grained portion of rocks,

sediments, and soils. The definition offered is *...phyllosilicate minerals and minerals which

lend flexibility to clay, and which harden upon drying or firing” [112].

Clays are layered phyllosilicate minerals that occur naturally in the earth’s crust and are

important constituents of soils [113], [114]. Most of the clay minerals show plasticity

depending upon the water content and harden up when dried [115]. It consists of a tetrahedral

(T) silica sheet and an octahedral sheet of either gibbsite (Al(OH)3) or brucite (Mg(OH)>)

stacked upon each other. Depending upon the number of silica sheets stacked to either

octahedral gibbsite or brucite the clay minerals are classified into two types 1:1 and 2:1 [116].

The 1:1 clay layer consists of one tetrahedral silica sheet stacked to octahedral gibbsite or

brucite sheet. The unit cell in the 1:1 layer structure has six octahedral sites (four cis-oriented

octahedral sites and two trans-oriented octahedral sites) and four tetrahedral sites. Kaolinite is

1:1 clay consisting of tetrahedral silica and octahedral gibbsite sheet. On the other hand, 2:1

clay having two tetrahedral silica sheets and one octahedral gibbsite sheet. The 2:1 layer unit

cell is characterized by the presence of six octahedral sites and eight tetrahedral sites. The

trioctahedral structures are those in which all six octahedral sites are occupied at the same time

18
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(Fig. 1.6a). The dioctahedral structure is referred to those in which only four of the six
octahedra in a structure are used (Fig. 1.6b). When reporting the structural formula, it is often
done so based on half-unit-cell content, which means that it is based on three octahedral sites.
Isomorphic substitution of AI"! for Si'¥ in tetrahedral silica sheet and Mg"" for A" in octahedral
sheet gives rise to a negative charge on the clay surface and is balanced by the exchangeable
cations in the interlayer space. Based upon the charge possessed by their surface clays can be
classified as cationic or anionic groups. Cationic clay minerals consist of negatively charged
aluminosilicate layers and contain positively charged cations in their interlayer space to balance
the surface charge, and some of the clay minerals have interstitial water molecules [116], [117].
Smectites, as 2:1 phyllosilicate, have a total (negative) layer charge between 0.2 and 0.6 per
half unit cell. A wide range of cations can occupy tetrahedral, octahedral, and interlayer
positions. Commonly Si*, AI**, and Fe*" are found in tetrahedral sites. Substitution of R** for
Si*" in tetrahedral sites creates an excess of negative charge on the three basal oxygens and the
apical oxygen. This affects the total charge of the 2:1 layer as well as the local negative charge
at the layer surface. AI’**, Fe**, Fe?", Mg?", Ni**, Zn**, and Li" generally occupy octahedral
sites. These events have implications for many physical properties of smectites such as swelling
and rheological behavior. On the other hand, anionic clays, such as layered double hydroxides
(LDH), possessing positively charged surface are mostly synthetic and do not occur as crude
clay mineral forms in nature [116].
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Table 1.6. Classification of planar hydrous phyllosilicates [118].

Interlayer material Group Octahedral Species
character
1:1 Clay minerals
None or H20 only, Serpentine- Tri Amesite, berthierine, brindleyite,
E~0 kaolin cronstedtite, fraipontite, kellyite,
lizardite, nepouite
Di Dickite, halloysite (planar), kaolinite,
nacrite
Di-Tri Odinite
2:1 Clay minerals
None, &~0 Talc- Tri Kerolite, pimelite, talc, willemsite
pyrophyllite
Di Ferripyrophyllite, pyrophyllite
Hydrated Smectite Tri Hectorite,  saponite,  sauconite,
exchangeable stevensite, swinefordite
cations, £~0.2-0.6
Di Beidellite, montmorillonite,
nontronite, volkonskoite
Hydrated Vermiculite  Tri Trioctahedral vermiculite
exchangeable
cations, £~0.6-0.9
Di Dioctahedral vermiculite
Non-hydrated True(flexible) Tri Biotite, lepidolite, phlogopite, etc.
monovalent mica
cations, £~0.6-1.0
Di Celadonite, illite, glauconite,
muscovite, paragonite, etc.
Non-hydrated Brittle mica  Tri Anandite, bityite, clintonite,
divalent cations, Kinoshitalite
£~1.8-2.0
Di Margarite
Hydroxide sheet, § Chlorite Tri Baileychlore, chamosite, clinochlore,
variable nimite, pennantite
Di Donbassite
Di-Tri Cookeite, sudoite
Regularly interstratified 2:1 clay mineral
& variable Tri Aliettite, corrensite, hydrobiotite,
kulkeite
Di Rectorite, tosudite

I¢, net layer charge per formula unit.

2tri, trioctahedral; di, dioctahedral.
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Fig. 1.6. Different layer structures: (a) 1:1 layer (i.e., kaolinite- and serpentine-like layer); (b) 2:1 layer (i.e., pyrophillite- and talc-like layer); (c)

2:1 layer with anhydrous interlayer cations (i.e., the mica-like layer); (d) 2:1 layer with hydrated interlayer cations (i.e., smectite- and vermiculite-

like layer); (e) 2:1 layer with octahedrally coordinated interlayer cations (i.e., chlorite-like layer) [118].
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1.3.2 Acidic activation of clay

Acidity in untreated smectites comes from two places: (i) compensating cations, which have
polarizing effects on water molecules, most of which are in interlayer spaces and not easily
accessible; (ii) specific sites at the layer edges, where unsaturated "broken" bonds occur; these
may be compensated by OH group formation, leading to Brensted acid sites such as Si-OH
and also coordinately polarizing sites such as Si—OH.

Before attacking the layers, protons must first replace the exchangeable cations [119]. The
exchange process occurs fast if the acid and smectite are in good contact and there are enough
protons available. Proton-saturated smectites are more prone to rupture than metal-cation
smectites. The layers of dried activated smectite are still attacked by surface and interlayer
hydrated protons, just as in solution. 'Auto-transformation' occurs when H'-smectites mature
and spontaneously convert into their (A", Fe'l, Mg'") -forms [120]. The method requires 4

days using aqueous dispersion at 90°C [121].

1.3.3 Clay minerals and the origin of life

Aqueous modification of silicate minerals produces most clay minerals. Once liquid water is
present on the earth's surface, clay minerals aggregate and distribute in the water reservoir,
several prebiotic scenarios and experiments have utilized clays. Anyone who has seen mineral
crystallization triggered by seeds in a supersaturated solution is inclined to connect life with
mineral crystals. Complicated dislocation networks in crystals might sometimes resemble
living units and rise to crystalline physiology [122].

There is no convincing reason to link the last common ancestor of organic molecules with first
life, according to Cairns-Smith (1982) [123]. Despite the ease of availability to many biological
building elements of life, the overwhelming utilization of these molecules in living creatures

may be considered as a byproduct of evolution rather than a requirement. Cairns-Smith (1982)
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argued that the earliest biological systems and chemical evolution may have used a different
chemistry than we know today. Modern life's structural and functional complexity comes
secondarily from a less efficient basic system with a larger chance of spontaneous assembly.
This author recommended crystalline inorganic materials that may store and duplicate
information in the form of defaults, dislocations, and replacements as genetic possibilities.
These clay minerals crystallize from aqueous solutions of silicate rock weathering products at
ambient temperatures. Cairns-Smith (1982) hypothesized the following scenario for mineral
beginnings of life. Clays with favorable synthesis characteristics multiply, while replication
faults proliferate.

Some non-clay species, such polyphosphates and tiny organic molecules, benefit from the
development of rudimentary photochemical machinery. The organic chemicals produced by
these clays may catalyze clay formation. Following particular adsorption, polymers of defined
sequence form, initially serving merely structural functions. Based polynucleotides reproduce,
generating supplementary genetic material. This secondary substance helps align amino acids
during polymerization. Producing sequence-specific polypeptides and proteins also allows for
the production of specialized enzymes. Eventually, the clay machinery is replaced by a
polynucleotide-based replication—translation system. Although the potential sequence of events
is detailed, it is not validated by experimental data.

A similar era saw the publication of a work by Armin Weiss (1981) of the Institute of Inorganic
Chemistry in Munich [124]. A montmorillonite ((Si,Al)4010) matrix with a 0.28 e/formula unit
was selected. The breeding solution is concentrated to produce montmorillonites with
isomorphous substitution of 0.42 e/formula unit. Charge density of DI-daughter first
generation montmorillonite is 0.28 e/formula unit. In turn, the DI1-generation serves as a
template for the D2-generation synthesis. A charge density of 0.28 e/formula unit is the

principal product up to the 10th generation. From the 16th to the 18th generation, mistakes
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quickly grow. There is practically no material left with the initial value of 0.28e /formula unit.
Although the quality of replication declines rapidly after the 20th generation, the trials show
that clay minerals may replicate. Sadly, this publication is not replicated. Several requests for
experimental information are made to the author. For this reason, the clay-mediated replication

cannot be regarded established.

1.3.4 Property and behavior of Iron in clay

The structural Fe'' and Fe! in smectite have both been shown to have a substantial effect on
the smectite—water interaction. It was discovered that the cationic composition of the mineral
layer has an impact on the swelling of smectite and that the presence of octahedral Fe' has a
minor but generally negative effect on the water retention capacity [125]. When the structural
iron content is decreased, a more dramatic impact was discovered that the blue-grey form of
Wyoming montmorillonite swelled to about half the water volume of the olive-green form, and
that the Fe''/Fe' ratio of the blue-grey form was twice that of the olive-green form. When the
blue-grey sample was reoxidized, the Fe'' concentration and swelling volume of the sample
returned to their olive-green values [126]. Structural Fe'' had a lowering impact on the swelling
of smectites [127]. Variations in the swelling of numerous reference clay minerals when they
were reduced with pH-buffered sodium dithionite in the laboratory [128]. Similar findings have
been reported for dithionite-reduced smectites [129]-[131], and for bacteria-reduced smectites
[132]-[134].

Although our understanding of the exact mechanism by which structural Fe'' alters the
hydration of clay mineral surfaces is still incomplete, the observations of Viani et al. [135],
[136], Yan et al. [137], [138], Yan and Stucki [139], [140], Fialips et al. [141], [142], Wu et al.
[143], and Cervini-Silva et al. [144], [145] provided convincing and self-contained evidence

that interlayer HoO molecules interact directly with the oxygen ions that comprise the basal
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surfaces of clay mineral layers, and that this interaction is coupled with the vibrational energies
of Si—O groups in a smectite hexahedral sheet. Through this interaction at the clay mineral—
water interface, forces altering the structure of either the adsorbed H>O or the Si—O tetrahedra
would change the swelling of the clay mineral [135], [136], [139]-[142], [146], [147]. In
addition, reduction of octahedral Fe''' to Fe!' affects both H>O and the Si—O tetrahedra by
disrupting the crystallographic structure of the tetrahedra. The electron density and proton
attraction at the surface oxygen atoms (as revealed by increased Brensted basicity) are

increased as a result of the reduction of octahedral Fe'' to Fe'' [141], [142], [148], [149].

1.4 Geochemical significance of photocatalytic properties in Fe-doped montmorillonite

Most of the research recognized that clay only acts as a supporting material to improve the
adsorption capacity of the pollutant, the surface to volume ratio during photocatalytic reaction,
and the sedimentation properties but don’t participate any photocatalytic reaction [150], [151].
However, some researchers also attempted to detect the possible mechanisms between the Mt
and the semiconductors on the optical and photocatalytic aspect. As is proposed in 2016, in the
Mt/g-C3N4 composite, the electron excited to the conduction band has electrostatic repulsion
with the negative charge of Mt layers, enabling a more freely migrated electron-hole pairs to
improve the efficiency of photocatalytic reaction [152]. Based on theoretical calculation, the
intimate interface contacts between g-C3N4 and the clay mineral promises more charge carriers
production, a faster carrier migration and more efficient separation [99]. In the composite ZnTi
— LDH / clay with the existence of Fe'''/ Fe'', a non-negligible promoting effect on the Cr"!
removal was achieved [153]-[155]. But these studies didn’t independently discuss how the Mt
performed the photocatalytic function in the photocatalytic reaction system. As a matter of fact,
clay minerals including Mt have very large band gap and theoretically should only play as an

insulating and supporting material in the composites [156]-[160]. The band gap of Mt is 5.3
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eV [161].

For semiconductors, the large band gap can be reduced by element-doping [162]-[165]. By the
DFT calculation, a new mid-gap electron trap state was generated by the doped ferric ions in
sepiolite, and consequently, the photocatalytic efficiency of the ZnTi — LDH / clay samples
were improved [166]. In this study, the ferric doped Mt was synthesized at pH 2 for only 1 hour.
The main purpose to use this acidic condition is to avoid the precipitation of added Fe'" source.
Based on previous reports, acid activation endued Mt the photocatalytic activate, but this
treatment requires very strong acidic condition (usually the concentration of H* > 1 M) and
long time (usually more than 12h) [167], [168]. Even though that the short time mild acid
treatment did endue the photocatalytic property to the Fe-Mt, the acid solution should have
little influence on the structure of Mt.

The iron element is widely distributed in the nature environment, such as in water and soil. The
role of iron in the photocatalytic reaction arouses the researchers’ interest. Within the
knowledge of the author, there is no other research reported the photocatalytic activity Fe'
cations endowed the smectites, but other clay minerals itself with iron doping can act as a
photocatalyst independently. A Zn/Fe LDH, where Zn" and Fe'! have replaced Mg" and A1
in the hydrotalcite surface, has been observed to photodegrade various azo dyes more
efficiently than bare Fe;O3; or ZnO under visible light. The authors proposed that this may be
due to the important role that the Fe''! ions in the FeOg octahedrons of the Zn/Fe LDH structure
have in the absorbance of visible light. Also, the hydroxide groups in the LDH capture the
photo-induced holes (h") thus preventing the recombination of the hole and electron leading to
enhanced photoactivity. Further, the authors also surmise that the LDH acts as a doped
semiconductor with the dopant Fe(IIl) shifting the light absorbance towards the visible range

[62]. Other researchers have attributed the prevention of recombination to the oxo-bridges

between the two different metals in the brucite layer [169]. Similar structure can be formed in
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Mt. However, these assumptions explaining the mechanisms of Cr"! photoreduction are still
controversial in the literatures. Therefore, it is essential for us to design and develop visible
light active photocatalysts to efficiently reduce Cr¥' and clarify their mechanisms of CrV!
photoreduction.

111

Moreover, the harmless Fe™, Mt, and TiO> have the potential to be intensively utilized in

practice and application field since no second contamination can be predict for the utilization

of these materials. For example, the Fe!"

, Mt, and TiO; constructed composite can be put into
the remediation of photo-chemical smog since Fe!'! doped TiO; has been intensively applied in
the NOx remediation [170]-[172]. The three contents are also very abundant in nature. Thus,
the highly possible combination could occur and trigger photocatalytic reaction to participate
in the geochemical reaction in nature. The illustration for the occurrence and potential

111

remediation function for the Fe', Mt, and TiO> combined composite in environment was

shown in Fig. 1.7.
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Fig. 1.7 Illustration of the geochemical significance of Fe'"', Mt, and TiO> composite.
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1.5 Photocatalytic remediation for wastewater

1.5.1. Photocatalytic reduction for hexavalent chromium

It has long been recognized that the presence of heavy metals in aquatic bodies might result in
pollution issues. The inappropriate discharge of diverse industrial wastewaters [173] is the most
significant source of heavy metals [174]. Among the possible sources of chromium are the
leather tanning industry, paints and dyes, photographic materials, steel alloy cement industries,
mining, and other related sectors [175].

Chromium exists in a variety of valencies, the most prevalent of which are trivalent and
hexavalent. The behavior of Cr-species is highly influenced by the condition of their oxidation.
Chromite (VI) is a highly mobile and poisonous metal, while chromite (III) is a generally
immobile and environmentally beneficial metal [175]. chromium is essential for life;
nevertheless, a daily intake of 0.1-0.3 mg is needed for proper growth, and the quantity
required may be obtained through a variety of foods and beverages. The trivalent form of
chromium is required for plant and animal metabolism, but the hexavalent form of chromium
is hazardous to humans, animals, and plants [176]. Moreover, since the chloride ion in Cr¥!
salts does not easily precipitate or become attached to soil components, Cr¥' may flow freely
throughout underground aquifers, contaminating ground water and other sources of drinking
water, as well as posing a hazardous threat to animals and wildlife. Because the hexavalent
form is more stable than the trivalent form, it may readily permeate through the cell membrane
in animals, where it is retained within the cell by creating stable complexes with the other
elements present. The chromium hexavalent form is 100 times more poisonous than the
trivalent form [176]. The subsequent rise in chromium levels and concomitant rise in chromium
intake express themselves in many metabolic illnesses such as dermatitis, nasal septal

perforation and abortion, DNA damage, and ultimately cancer in a wide range of organs.
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Chemical precipitation, reverse osmosis, ion exchange, foam flotation, electrolysis,
photocatalytic reduction, adsorption, and other processes are used to remove hexavalent
chromium from water. Other methods include adsorption. Although most of these ways involve
a lot of energy or a lot of chemicals, it has been discovered that using the photocatalytic process
is preferable than using any other approach out there.

The photocatalytic process in aqueous suspension of semiconductor has gained a great deal of
interest in recent years, particularly in the context of solar energy conversion [177]. This
photocatalytic technology was developed for the effective elimination of environmental
contaminants in a short period of time. When the semiconductor—electrolyte interface is
illuminated with light energy larger than the semiconductor band gap, electron—hole pairs (e—
h") are generated in the semiconductor's conduction band and valence band, respectively [177],
[178]. These charge carriers, which migrate to the semiconductor surface, are capable of
reducing or oxidizing species in solution with an appropriate redox potential when they come

I results in a

into contact with the semiconductor surface. The transformation of Cr¥' into Cr
significant reduction in the bioavailability and toxicity of this element. In the literature, it has
been reported that the photocatalytic reduction of Cr¥! with semiconductors such as CdS [179],
ZnS, W03, ZnO [173], and TiO2 [178] under UV light has occurred. Because of its inexpensive

cost of manufacture and high activity, TiOz is proven to be an excellent photocatalyst among

these materials.

1.5.2. Photocatalytic decomposition and mineralization for organic pollutants

Nanostructured semiconductors show great potential for environmental remediation because
of photocatalytic oxidation, which is activated under the solar light or UV light [180].
Numerous organic pollutants are being released form manufacturers such as textile, paint, and

leather into water bodies. The aquatic systems and human health may be seriously affected by
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these organic effluents, which are extremely difficult to be degraded or eliminated by nature
[181]. Several conventional methods such as biological methods, chemical precipitation, and
membrane filtration are proposed for wastewater treatment. However, these methods may not
always be very effective or feasible. A number of studies reported that microalgae can be
cultivated to apply to wastewater treatment. However, when using microalgae, the wastewater
effluent usually needs to be diluted several-fold before biological treatments. Microalgae are
susceptible to concentrated toxicity, wastewater effluent may need to be diluted up to five-fold
with synthetic media to reduce the toxicity before adding green algae. A study indicated that
undiluted wastewater with a high NH4+—N concentration of 1197 mg/L could cause adverse
effects on the photosynthesis of S. obliquus [182]. Biological process is also difficult to control,
operators need to handle fluctuations in effluent composition and volumes because of variable
wastewater composition and quantity [183], [184]. On the other hand, insufficient
biodegradable potential is still existing for some of organic effluent [185], [186]. Chemical
precipitation has been widely used in removal of contaminants from various wastewaters.
Based on the composition of the wastewater, chemical precipitation can be used to remove
ammonia (NH4") and phosphate (PO4>"), etc. However, chemical precipitation poses several
disadvantages: (1) high chemical consumption such as lime, oxidants, or H)S; (2)
physicochemical monitors such as pH are needed for the effluent; (3) high sludge generation
[187]; (4) the excessive chemical usually causes a secondary pollution issue [188]. Membrane
filtration is an alternative physical method for wastewater treatment [189]. Separation
mechanisms depend on particle size, solubility, diffusivity, and charge. It has advantages of
simple, effective, and rapid removal even at high concentrations of pollutants such as solids,
microorganisms, inorganic matter, and phenols [190]. However, most of the commercial
membranes are not considered semi-permeable, the membrane with the smallest pore size and

reverse osmosis are not capable of restricting solute, especially for low molecular weight non-
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charged organics [191]. In addition, in spite of high efficiency at lab scale, commercial scale
investment costs including maintenance and operation costs are usually high for medium or
small industries. Moreover, low throughput or low flow rates due to clogging or fouling
problems, may limit some application for membrane separations at high concentrations of
pollutants.

As a result, photocatalysis treatment has a lot of promise for organic pollution degradation
[192]. In 1967, a claim was made for heterogeneous photocatalytic oxidation. A rutile TiO>
electrode was chosen as a transition metal oxide with a sufficiently positive valence band to
produce oxidation among a selection of transition metal oxides. Because it can be used under
sun light, this notion has gotten a lot of press [193]. Then, to breakdown and mineralize certain
harmful organic chemicals in wastewater, significant investigations were carried out. TiO> was
found to be one of the most effective catalysts for removing organic molecules from aqueous
solutions. Although numerous reviews have reviewed various photocatalysts for the application
of eradicating microorganisms and hazardous chemical compounds in wastewater, few reviews
have summarized organic pollutant degradation as a function of various process parameters
under TiO»-based photocatalysts. Through the degradation of organic pollutants under light
irradiation, the process parameters of catalyst structure, supported type, pH value, particle size,

dopant type, and dopant concentration will be comprehensively examined.

1.6 Objectives in the present work

The main purpose of the present work is to clarify the role of clay in the composite and detect
the contribution of iron in the photocatalytic reaction. A heterojunction formed between main
catalyst TiO> and the iron-doped clay was expected. To prove the effect of isomorphic
substituted Fe'" and Fe', and adsorbed Fe'"" and/or Fe in clay on photocatalytic reaction, the

obtained iron-doped Mt will be combined with TiO, to make composites, and the composites
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will be characterized by various methods including an emergent technique and applied in
photocatalytic reaction. This work is the first time trying to illustrate the mechanism about how
iron-doped Mt coordinate with the photocatalyst in the composite to improve the effectiveness
not only by optimize the dispersion of the photocatalyst, but also construct a heterojunction
with the main catalyst. Most previous studies just consider the Mt as the support material whose
role is physically endowing a better dispersion of the main catalyst on it.

The basic investigation of the novelty and expected influence was described in Chapter 1.
Firstly, the concept and principles about photocatalysis was introduced. Then, the TiO2, Mt,
and Fe'"!, as the three dominant composite of the tentatively studied composites was mentioned.
The hazardous of Cr"! and phenol was finally illustrated.

Chapter 2 summarized all the solid and solution analysis methods.

In Chapter 3, Fe-Mt (Fe'"'-doped montmorillonite) photocatalyzed Cr¥' redox process was
explored. Unlike previous studies, the Fe-Mt synthesis was carried out in an acidic environment
with a pH below 2 to avoid ferric oxides or ferric hydroxide. The synthesized Fe-Mt was used
in theoretical calculations and characterization of the photocatalytic reaction to reveal the
process mechanism. To the authors' knowledge, no research has been done on employing Fe "
-doped Mt for photocatalytic redox remediation of Cr¥l.

Chapter 4 describes how to make Fe-Mt/TiOz, where Fe "' is first doped on Mt layers, and
Mt/Fe-TiO, where Fe""" is first doped in TiO2-Ti(OH)4 sol-gel, then grown on Mt layers. The
photocatalytic activity of two ferric-doped Mt/TiO, composites was investigated to establish
the reaction mechanism.

In Chapter 5, he distribution of Fe """ on Mt/TiO, composites was controlled by varying the
timing of Fe """ addition. Fe " should always be cation. The Fe/Mt/TiO2, where Fe "' was
adsorbed in the surface of the composites, and xFe-Mt/(1-x) Fe-TiOz, where Fe """ was doped

in the structure of the TiO2, have been described by characterization, photocatalytic activity,
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and photocatalytic reaction mechanisms.

The conclusion of the thesis and the outlook for the next step in the future was summarized in

Chapter 6.
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2.1 Solid characterizations
2.1.1 X-ray diffraction (XRD)

Powder X-ray diffraction (PXRD) on an Ultima IV diffractometer (Rigaku, Akishima, Japan)
was used to describe the crystal phases of the original and composite materials, utilizing Cu
Ka radiation with 40 kV acceleration voltage and 40 mA applied current at a 2°/min scanning
speed and 0.02° step size. The powder diffraction analysis software PDXL was used to identify
the obtained XRD patterns based on the International Centre for Diffraction Data (ICDD)

(Rigaku).

2.1.2 Fourier-transform infrared spectroscopy (FTIR)

FTIR on a Jasco FTIR-670 Plus was used to characterize the functional groups of the original

and composite materials (Tokyo, Japan). The KBr pellet method (sample 5% (w/w)) was used

to acquire FT-IR spectra of precipitates in the range of 360—4000 cm ' and resolution: 4 cm™ .

2.1.3 X-ray fluorescence (XRF)

X-ray fluorescence (XRF) spectroscopy Rigaku ZSX Primus II in the wavelength dispersive
mode was used to determine the elemental compositions of sepiolite (Akishima, Japan). The

Rh-anode, 3kW or 4kW, 60kV, and wavelength dispersive type are the experimental conditions.

2.1.4 X-ray photoelectron spectroscopy (XPS)

The materials' X-ray photoelectron spectroscopy (XPS) data were acquired using a

63



Chapter 2

monochromated Al Ko X-ray source at 200 W on an ESCA 5800 (ULVAC-PHI, Inc. Kanagawa,
Japan). Casa XPS software was used to analyze the data (version 2.3.12.8). The contamination
peak obtained from vacuum oil in the device, EB[C 1s] at 284.6 eV, was used to calibrate the
binding energy. In the analysis, the Shirley background was used. The binding energy at the
point of intersection of the tangent line and the horizontal axis is the valence band, which is

drawn tangent to the point of inflection on the curve of the XPS spectra.

2.1.5 N2 adsorption/desorption isotherms

The BET (Brunauer—Emmett—Teller) theory (BEL-Max, Microtrac BEL) based on adsorption
isotherms utilizing N> gas at 196°C was used to determine the specific surface area of original
and composite samples. Before measurement, adsorbent water and gases were removed under

vacuum at 150°C for 10 hours.

2.1.6 Scanning electron microscope (SEM)

A VE-9800 scanning electron microscope was used for the scanning electron microscopy
(SEM) examination (Keyence, Osaka, Japan). 20 kV is the accelerating voltage.

FlexSEM 1000II and AZteclive light FX scanning electron microscopes (SEM-EDX) were
used (Hitachi, Tokyo, Japan). We used the Aztec application from AZteclive light FX to process

the EDX results, which included baseline correction.

2.1.7 Transmission electron microscopy (TEM)

On a transmission electron microscope (JEOL JEM-2100HCKM), TEM pictures of the original

and composite samples were examined (Akishima, Japan). The grid dispersion approach was
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used to prepare the sample for TEM examination. Ethanol was used to scatter the solid sample.
The suspension was put on the Cu grid and completely dried at room temperature in a desiccator

for 2 hours after being sonicated for 20 minutes to reduce aggregation.

2.1.8 Diffuse reflectance spectroscopy (DRS)

UV-vis diffuse reflectance spectroscopy was used to determine the light absorption and optical
characteristics of synthetic materials (DRS). The diffuse reflectance was measured from 350
nm to 800 nm on a UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan) using barium sulfate
as the standard, scan speed medium, 5 nm step width, and 1.0 nm sampling pitch with the
sample pushed into a sample cup using a glass rod and the sample cup inserted in the ISR-

2600Plus integrating sphere attachment.

2.1.9 Photoluminescence spectroscopy (PL)

The effectiveness of photogenerated charge carriers’ separation and the photocatalyst's lifespan
were investigated using photoluminescence spectroscopy. In general, a low PL intensity during
light irradiation could suggest a poor rate of photogenerated electron and hole recombination.
In the experiment, the solid sample was pressed into a sample holder and placed in the FP-6600
spectrofluorometer (JASCO, Tokyo, Japan). The photoluminescence spectrum was measured
in emission spectrum mode from 300nm to 600nm, with an excitation wavelength of 330-400

nm.

2.1.10 Photocurrent responsiveness and electrochemical impedance spectroscopy

Two mg of the sample was dispersed in 6 mL Nafion (5 %, Wako Pure Chemical Industries,

Osaka, Japan) 30 mL and ethanol (95.8%, Wako Pure Chemical Industries, Osaka, Japan) for
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the electrochemical properties (photocurrent responsive and electrochemical impedance
spectroscopy (EIS)) measurement of 0.274Fe-Mt and Fe-Mt. The resulting dispersion was then
dropped and dried on a Pt sheet electrode that served as the working electrode. The 1280c
AMETEK advanced measurement technology (Berkshire, United Kingdom) investigated a
three-electrode system with Ag/ AgCl/ KCl as reference electrode, Pt wise as counter electrode,
and the sample coted electrode as mentioned above as working electrode with 0.1 M NacCl as

electrolyte in ambient.

2.1.11 Synchrotron

At the Synchrotron Light Application Center, the X-ray absorption near edge structure

(XANES) spectra in Fe K o -edge were measured at BLO6 (Saga, Fukuoka, Japan).

2.1.12 Reversed double-beam photoacoustic spectroscopy (RDB-PAS)

RDB-PAS (reversed double-beam photoacoustic spectroscopy) is a strong technique for
determining the crystallinity and amorphous phase of metal oxides. By observing the pattern
of energy-resolved distribution of electron traps (ERDT) in combination with conduction band
bottom position (CBB), this method has been utilized to identify metal-oxide in the solid phase.
The electron from the valence-band (VB) was excited by continuous scanning light and
accumulated in the electron trap, to summarize the principle of this technology (ETs). The
photoacoustic signal (PA) was detected by modulated LED light (625 nm) during the
irradiation of continuous scanning light, and the signal strength was converted to the absolute
density of ETs. The surface structure and bulk structure, which may be a property of metal
oxide, are included in the ERDT. Based on the degree of coincidence for a specific pair of

samples, the combined result of ERDT and CBB was employed as a fingerprint of metal oxide.
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The RDB-PAS approach was employed in this study to investigate ZnTi mixed metal oxide
samples prepared under various conditions in order to better understand the phase components,
including the amorphous phase that cannot be seen using the XRD technique. The energy
resolved distribution of electron trap (ERDT) patterns of the composites were characterized
using the innovative reversed double-beam photoacoustic spectroscopy (RDB-PAS) approach.
A PAS cell with an electret condenser microphone and a quartz window was used to place 200
mg of powder sample. A light beam from a xenon lamp with a grating monochromator
modulated at 80 Hz was also used on the upper side under N? flow, which was saturated with
methanol vapor for at least 30 minutes. The PAS signal was detected utilizing a digital lock-in
amplifier after a light chopper was irradiated from 650 nm to 350 nm through the cell window,
and then photoacoustic (PA) spectra were collected about a graphite PA spectrum for
calibration. The amount of photo-absorption change for accumulated electrons can be used to

create an ERDT pattern. The RDB-PAS arrangement was as follows: (Fig. 2.1).

modulated light continuous light

625 nm = wavelength scanning

function generator
80 Hz

methanol-saturated
argon gas atmosphere

microphone

lock-in
amplifier

sample

Fig. 2.1. Schematic representation of the setup for RDB-PAS.
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2.2 Solution analysis

2.2.1 Inductively coupled plasma - optical emission spectrometry (ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8300, Perkin
Elmer, Boston Waltham, US) was adopted to quantify the concentrations of Fe(III), Ca(Il),

Mg(ID), and Al(IID).

2.2.2 Atomic Absorption Spectrometry (AAS)

Solar AAS Thermo Elemental (Thermo Fisher, Waltham, US) was used to measure the and

released Na(I) after Fe(IlT) modification of Mt.

2.2.3 High Performance Liquid Chromatography (HPLC)

High performance liquid chromatography (HPLC) (Jasco: CO-2065 Plus, Jasco, Kyoto, Japan)
measurement at a wavelength of 270 nm was applied for measuring phenol and the biproducts

for phenol photocatalytic degradation.
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Chapter 3

Effect of ionic Fe'! doping on montmorillonite for

photocatalytic reduction of Cr¥! in wastewater
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3.1 Introduction

Because of its toxicity to most organisms, hexavalent chromium (Cr"') is widely acknowledged
as one of the most serious public health issues [1]—[4]. It has been found in large quantities in
natural water and soil, posing a pathogenic threat to human health [5]-[8]. The World Health
Organization has set a limit of 0.05 mg/L for chromium in drinking water [9], which is far
lower than the typical Cr¥! amount found in most natural water systems [10], [11]. Finding an
appropriate technique to provide water in where the Cr¥! controlled within the WHO limit is
critical. Physical or chemical adsorption and photocatalytic reduction of Cr¥! to Cr'"', which is
non-toxic and easily immobilized, are the two main types of therapy [12]-[14].

For decades, conventional chemical, electrochemical, and biological techniques have been
investigated. Ion exchangers, such as ion exchange columns, membrane filtration, surface
adsorption, and so on, have also been studied extensively in recent years. However, any of
these processes or approaches may be expensive, unable to completely mineralize or remediate
the pollutant, inapplicable on a large scale, or resulting in secondary contamination [10], [15]-
[17]. These issues can be overcome via photocatalysis. This innovative approach has received
a lot of attention in recent decades, especially in the disciplines of material science, modern
energy generation, CO; collecting, and water treatment [18]-[22]. TiO2 [2], [12], [14], [23],
[24], ZnO: [25], Fe203 [26], [27], ZnS, Cu20 [28], [29], bismuth oxyhalides [29], [30], and
other photocatalysts have all been explored as photocatalysts for the photocatalytic remediation
of Cr"!. These, however, more crucially, when composites are created using supporting
materials such as clay or other materials, the reduced efficiency in the absorption of radiation
due to nanoparticle aggregation can be solved [15], [21], [22], [31]-[33].

When making photocatalytically active composites, Mt is widely used as one of the supporting

elements for the major photocatalysts [21], [22], [34], [35]. Isomorphic substitutions are most
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common in the octahedral sheet, allowing the center Al to be replaced by Fe'"', Mg!!, Fe!', or
other cations, and Si'V to be replaced by AI', Mg!, Fe!!, or other cations. Exchangeable cations,
such as Na' and Ca", as well as trace amounts of Fe'"™ | Mg, and AI'! in the octahedral layer
and Ti'V in the tetrahedral layer, can be used to balance the permanent negative charge induced
by isomorphic substitution [36], [37]. Clay is mostly used as a supporting material to improve
pollutant adsorption capacity, surface-to-volume ratio during photocatalytic reactions, and
sedimentation qualities, but it does not engage in any photocatalytic processes [38], [39]. Some
researchers, on the other hand, have looked for optical and photocatalytic pathways between
Mt and semiconductors. Electrons driven to the conduction band in the Mt/g-C3N4 composite
undergo electrostatic repulsion with the negative charge of the Mt layers, allowing more freely
migrating electron-hole pairs to boost photocatalytic reaction efficiency as predicted in 2016
[40]. The intimate interface contacts between g-C3N4 and clay minerals promises increased
charge carrier formation, faster carrier migration, and more efficient separation, according to
theoretical estimates [41]. The removal of Cr'! from ZnTi — layered double hydroxide
(LDH)/clay composites was greatly aided in the presence of Fe''!! [42]-[44]. However, none
of these investigations investigated how Mt accomplished the photocatalytic function in the
photocatalytic reaction system independently. Clay minerals, especially Mt, have very
significant band gaps and should only be used in composites as insulating supporting materials
[21], [22], [35], [45], [46]. Mt has a band gap of 5.3 eV [47].

Element doping can help to close the huge band gap [48]-[51]. The mid-gap electron trap state
was created on the ZnTi — LDH/clay composites by doping with ferric ions, according to DFT
calculations. As a result, the samples' photocatalytic performance was improved [47]. Ferric-
doped Mt was produced in this study for only 1 hour at pH 2. The major goal of employing this

I

acidic state is to prevent the precipitation of additional Fe™ sources. According to earlier

publications, acid-activated Mt was subjected to photocatalytic activation, which demands
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extremely harsh acidic conditions (typically a concentration of H > 1 M) and a long period of
time (generally more than 12 h) [52], [53]. Even though Fe-Mt was imbued with photocatalytic
properties after a short-term moderate acid treatment, the acid solution should have no effect
on Mt's structure. Iron is found in abundance in the natural world, such as in water and soil.
Iron's role in photocatalytic processes has piqued researchers' curiosity. Clay minerals treated
with iron have been shown to have photocatalytic capabilities in a number of investigations.

_centered FeOs structure has been proposed for

When compared to bare Fe;O3; or ZnO, a Fe
Zn/Fe LDH that can improve visible light absorption and consequently boost photocatalytic
activity on the degradation of azo dyes [54]. However, these assumptions were not tested on
clay groups, and theories on how this inhibition works are still debated. As a result, it is critical
that we examine effective photocatalysts and their underlying mechanisms.

The photocatalytic redox reaction of Cr"! catalyzed by Fe-Mt (Fe'-doped montmorillonite)
was investigated in this paper. Unlike prior investigations, the Fe-Mt synthesis was carried out

I cation rather

in an acidic environment with a pH of less than 2 to keep the Fe element as Fe
than ferric oxides or ferric hydroxide. The synthesized Fe-Mt was employed in theoretical
calculations and characterization in conjunction with the photocatalytic reaction to disclose the
process mechanism, with the parent Mt serving as a comparison. To the authors' knowledge,

1

there has been no investigation into regulating F "'-doped Mt in the synthesis of cations and

using the material for photocatalytic redox remediation of Cr"'.,

3.2 Materials and methods

3.2.1 Materials

The Mt material was Kunipia-F from Kunimine Industries (Tokyo, Japan), which has a cation

exchange capacity (CEC) of 1.114 mmol/g [55]. By using the ME-ICP61 method (ALS Global,
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North Vancouver, Canada), the chemical formula was estimated to be (Nago7Cagos)™"!?

(SizesAlo32) (AlrosFe™o2sFe00sMgoss) Oz (OH) ' - n H,O. Wako Pure Chemical

Industries provided iron(IIl) nitrate ninehydrate (Fe(NOs3)3-9H20, 99.0%), sodium hydroxide
(NaOH, 97.0+%), and nitric acid (HNOs, sp. gr. 1.38) for this study (Osaka, Japan). 1,5-
diphenyl carbazide was acquired from Merck for the carbazide technique (Darmstadt,

Germany). Synergy UV created ultrapure water (Merck, Darmstadt, Germany).

3.2.2 Synthesis of iron-doped Mt

Fe(NO3)3-9H20 roughly equivalent to 0.25, 0.5, 1, 2, and 4 times the CEC of Mt were added
to 200 mL of ultrapure water to synthesize iron-doped Mt (Fe-Mt); the relevant dosage of Fe!!
is listed in Table 3.1. The pH was then adjusted to 2 (£0.1) using 0.01 and 0.1 mol/L NaOH or

HNO:s. Separately, 2 g Mt was disseminated in Fe'

solutions and rapidly agitated for 1 h at
S/L = 10 g/L under ambient conditions. The adsorption of Fe'" takes only 1 minute, and the
absorption isotherm follows the Langmuir isotherm model (Fig. 3.1). Mt's long-term stirring
procedure ensured equal dispersion and controlled the synthesis time consistency. The mixture
was centrifuged after modification, and the solid products were rinsed three times to eliminate

any remaining Fe'"

. The material was subsequently lyophilized, crushed into minute particles,
sieved through a 149 m mesh, collected, and given the names 0.091Fe-Mt, 0.175Fe-Mt,
0.274Fe-Mt, 0.299Fe-Mt, and 0.312Fe-Mt, which are based on the adsorbed Fe'! on Mt. A 0.45
m membrane filter was used to filter the supernatant and eluent. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Perkin Elmer 8500, Waltham, MA, USA) was used

to compute the Fe'! concentrations as well as the Ca'l, Mg", and AI"! liberated from the Fe-Mt,

which are listed in Table 3.1.
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Fig. 3.1. Isotherms of Fe!'! adsorption on Mt. Sample dosage, 0.5 g; volume, 500 mL; initial

Fe'"' concentration, 0.95-15.2 mmol/L.

3.2.3 Characterization

Cu Ka was used as the radiation in an X-ray diffraction (XRD) experiment using an Ultima [V
X-ray diffractometer (Rigaku, Akishima, Japan) at 40 kV and 40 mA. A 670 Plus Fourier
transform infrared spectrometer (JASCO, Tokyo, Japan) was used to record the Fourier
transform infrared spectra (FTIR) of Fe-Mt samples. 95 wt.% KBr (spectroscopic grade) was
mixed with 5 wt.% samples to make the tablet samples. The wavenumber ranged from 4000 to
400 cm ™! with a resolution of 4 cm™'. An ESCA 5800 system (Ulvac-PHI, Kanagawa, Japan)
with an Al Ko X-ray source at 200 W was used to conduct the survey and high-resolution X-

ray photoelectron spectroscopy (XPS) scans. Peak separations were performed with Casa XPS
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software (Version 2.3.16 PR 1.6) using a Shirley baseline for subtraction, and their binding
energies (EBs) were calibrated with EB [C 1s = 284.6 eV]. On a BELSORP-max equipment,
N> adsorption/desorption isotherms were measured (BEL Inc., Osaka, Japan). The samples
were degassed for 10 hours at 150 °C. The temperature was then kept at 77 K during the
measurement by filling the chamber with 99.99% N». The program calculated the Brunauer—
Emmett—Teller surface area (Sger), and the statistic distribution of pore size was calculated in
BELMaster software using the Horvath—-Kawazoe (HK) and Barrett—Joyner—Hanlenda (BJH)
methods. On a UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan), diffuse reflectance
spectroscopy (DRS) was performed. The wavelength range was chosen at 200800 nm. As a
reference, BaSO4 was employed. A VE-9800 scanning electron microscope was used for the
scanning electron microscopy (SEM) examination (Keyence, Osaka, Japan). 20 kV is the
accelerating voltage. FlexSEM 10001l and AZteclive light FX scanning electron microscopes
(SEM-EDX) were used (Hitachi, Tokyo, Japan). We used the Aztec application from AZteclive
light FX to process the EDX results, which included baseline correction. Two mg of the sample
was dispersed in 6 mL Nafion (5 %, Wako Pure Chemical Industries, Osaka, Japan) 30 mL and
ethanol (95.8%, Wako Pure Chemical Industries, Osaka, Japan) for the electrochemical
properties (photocurrent responsive and electrochemical impedance spectroscopy (EIS))
measurement of 0.274Fe-Mt and Fe-Mt. The resulting dispersion was then dropped and dried
on a Pt sheet electrode that served as the working electrode. The 1280c AMETEK advanced
measurement technology (Berkshire, United Kingdom) investigated a three-electrode system
with Ag/ AgCl/ KCl as reference electrode, Pt wise as counter electrode, and the sample coted
electrode as mentioned above as working electrode with 0.1 M NaCl as electrolyte in ambient.
At the Synchrotron Light Application Center, the X-ray absorption near edge structure

(XANES) spectra in Fe k-edge were measured (Saga, Fukuoka, Japan).
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3.2.4 Photocatalytic activity test

Under irradiation with a 300 W xenon lamp, photocatalytic reduction of Cr¥! with or without
ethanol as the hole scavenger was performed. Fifty milligrams of photocatalyst were suspended
in 50 mL of 10 mg/L Cr¥! (K2Cr,07) solution and agitated at 500 rpm for 5 minutes without
irradiation to achieve Cr'! adsorption equilibrium. Every 15 minutes, a sample of the
responding solution was obtained, and the Cr" content in the filtered supernatant was detected
using a UV—Vis spectrophotometer (UV-2450, Shimadzu, Tokyo, Japan) at a wavelength of
540 nm. The Cr"! photocatalytic reduction with scavenger addition followed the same process
as the Cr"! photocatalytic reduction without scavenger addition, but 1 mL of ethanol and 49

mL of 10 mg/L Cr"! (K2Cr207) solution were added to the reactor first.

3.3 Results and discussion

3.3.1 Characterizations of the H-Mt and Fe-Mt samples

The phase structure of the pristine and manufactured Fe-Mt samples was shown in Fig. 3.2.
The 001 peak of Mt at 7.25° (26) corresponds to 1.21 nm, which includes one of the 0.96 nm
thick aluminosilicate layers. As a result, the interlayer gap was estimated to be 0.25 nm [56].
The resulting Fe-Mt had a doo1 value of 1.39 nm after acidic activation at pH = 2 for 1 h, which

/1

was a modest increase over the initial Mt. This is due to the octahedral layers releasing Fe™™,
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which is then adsorbed by Mt [57]. The extended interlayers predominated not only by the
substitution of exchangeable cations with Fe'' from solution, but also by the transition of the
structural Fe™ from the aluminosilicate layers to the interlayer space for other Fe-Mt with
initial Fe'" addition. There should be no metal hydroxides or metal oxides formed because the
Fe! alteration of Mt was carried out at pH 2. Fe'"™ has hydrated ionic sizes of 0.39 nm [58]
and 0.45 nm [59], while Cr', Mg", and AI'" have hydrated ionic sizes of 0.47 nm [60], 0.43
nm [61], [62], and 0.42 nm [63], respectively. These are greater than the 0.36 nm and 0.41 nm
of Na' and Ca' [61], [62], [64]. The interlayer distance was determined to be 0.42 nm for Fe-
Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt, and 0.299Fe-Mt, and 0.44 nm for 0.312Fe-Mt,
respectively. For Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt, and 0.299Fe-Mt, some cations
may have a lower hydrated ionic size than their ideal hydrated ionic size due to the van der
Waals force in the interlayer space squeezing out the initial spherical water shell of Fe'""' and
deforming it to an imperfect shape [65]. The higher content of Fe''' in the interlayer creates an

acceptable cation density, resulting in a more complete hydration shell for the cations, resulting

in a larger interlayer space of 0.312Fe-Mt.
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Fig. 3.2. XRD patterns of Mt, Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt, 0.299Fe-Mt, and

0.312Fe-Mt (42-40 in 20).

ICP-OES and AAS tests validated the release of ions after proton or Fe'"! cation alteration of

Mt. (Table 3.1 and Fig. 3.3). Exchangeable cations in the interlayers and structural cations in

the octahedrons and tetrahedrons are the two types of cations found in Mt [53]. The amount of

exchangeable Na' and Ca' released in each sample was far more than the structural Fe'"™, Mg",

and A", Acidification at a low proton concentration for a short time had no damaging effect

on the tetrahedral and octahedral structures of Mt layer [52], [53], because the Mt structure is
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11

highly resistant against acid erosion. Thus, in aqueous, the proton and added Fe™ primarily

interchange with the interlayer Na' and Ca'!, causing small defects on Mt layers.

11

Intercalated Fe'"' rose linearly when the initial addition of Fe' increased until 0.274Fe-Mt, after

11

which only minor enhancements of Fe™ intercalation were seen in 0.299Fe-Mt and 0.312Fe-

11

Mt (Fig. 3.3). In solution, the exchange of Na'! and Ca' with proton and Fe', as well as the

isomorphic substitution of structural Fe™ Mg, and AI™ with Fe', was a dynamic
equilibrium process; however, not all interlayer and structural cations could be replaced by Fe'!l,
In 0.274Fe-Mt, the doped Fe'! became subsaturated at 0.720 meq./gMt of Fe'', Except for a
very evident drop on 0.312Fe-Mt, the released exchangeable Na! rose with the higher Fe!
adding amount. Ca'! release was roughly linearly proportional to the amount of Fe'! added in
Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, and 0.274Fe-Mt. There was also a modest increase in
0.299Fe-Mt and 0.312Fe-Mt. The proton easily replaced the exchangeable Na' cations and
added Fe'!, so the value of its releasing amount had already reached a significant figure in Fe-
Mt. Further additions of Fe' had just a minor effect on its release. The well-hydrated
environment in the interlayer in 0.312Fe-Mt, as evidenced by XRD data (Fig. 3.2), may have
adsorbed the Na' back to the interlayer. Because Ca' interacts more strongly with the Mt layer
than Na!, Fe!'! will be preferred for exchange with Na!, followed by Ca''. The amount of AI'!
released grew in lockstep with the rise in Fe'' initial addition, but Mg" release was increased

initially and then stabilized at 0.274Fe-Mt, 0.299Fe-Mt, and 0.312Fe-Mt. Both ion exchange
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in the interlayer and isomorphic substitution in the AI-O octahedral layer, which happened
preferentially between the trivalent cations, could govern the release of A
the other hand, was the sole cause of Mg'! release. As a result, the isomorphic substitution of

structural cations with Fe

11

times lower than Fe'! doping and Ca release.

IIII

. Acid erosion, on

should greatly reduce acid erosion. Mg!' and AI'! release is ten

Table. 3.1. Adsorbed Fe'! and released Na!, Ca'!, Mg", and AI'! during the Mt modification.

Positive values indicate adsorption, and negative values indicates release.

1
Fe(1II) adsorbed
Fe(III) (111) Na! 2 Call 1 MgH 1 AJl 1
Sample added released  released  released released
(mmol/g) Q meq./g (mmol/g) (mmol/g) (mmol/g) (mmol/g)
(mmol/g)

H-Mt 0.000 -0.001 -0.003 -0.849 -0.029 -0.004 0.000
0.091Fe-Mt  0.094 0.091 0.238 -0.920 -0.041 -0.006 -0.001
0.175Fe-Mt  0.188 0.175 0462 -0.943 -0.054 -0.008 -0.001
0.274Fe-Mt  0.377 0274  0.720 -0.941 -0.107 -0.012 -0.007
0.299Fe-Mt  0.753 0.299 0.786 -0.957 -0.122 -0.012 -0.015
0.312Fe-Mt  1.507 0.312 0.822 -0.927 -0.124 -0.011 -0.019

! Measured by ICP-OES.

2 Measured by AAS.
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Fig. 3.3. Stoichiometry of adsorbed Fe(Ill) and released Na( I ), Ca(1I'), Mg(1I'), and AI(III)
during modification of Mt by different amount of Fe(Ill). Solid line refers to left y-axis and

dash line refers to right y-axis.

Fig. 3.4 shows the FTIR spectra of synthetic Fe-Mt and hematite (y-Fe>O3) standards. The Fe-
O stretching mode should be assigned to the two vibration modes of Fe>O3 at 536 and 468 cm’
1[66]. Unlike Fe>Os, the stretching vibration mode of the Al-O bond at 531 cm™! has a sharper
form and occurs at various wavenumbers in all Fe-Mt samples. At 468 cm™, the bending
vibration mode of the Si-OH bond has a sharper form. The stretching vibration mode of Si-O,
AI-OH-AI bending vibration mode, and Al-OH-Mg bending vibration mode were attributed to
the peaks at 1043, 914, and 846 cm™ [67], [68]. The results clearly show that the Fe-Mt samples

exhibited no impurity peaks in the FTIR spectrum.
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Fig. 3.4. FTIR spectra for Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt, 0.299Fe-Mt, 0.312Fe-

Mt and hematite (y-Fe203).

To establish the chemical composition and electronic level of Fe-Mt, XPS measurements were
carried out. Fig. 3.5a depicts a survey spectrum for the 0.274Fe-Mt element. Two peaks at
102.3 and 100.2 eV are observed in the deconvoluted spectra of Si 2p, which are attributed to
Si-O and silane, respectively (Fig. 3.5b) [69]. It has been suggested that the surface hydroxyl
and lattice oxygen groups in the O 1s area (Fig. 3.5¢) are responsible for the two peaks at 531.4
and 528.8 eV, respectively, in the O Is spectrum [70]. The peak of the Al 2p spectrum is
depicted in Fig. 3.5d at 74.3 eV and is represented by the arrow. It corresponds to the element

Al-O [71]. In the Fe 2p area (Fig. 3.5e), two peaks at 725.3 and 712.8 eV were found to be due
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to Fe'' 2p1/> and 2psp.. Fig. 3.5f illustrates the VB XPS for 0.274Fe-Mt. When the tangent and
the horizontal base line connect, the semiconductor's valance band top (VBT) is exposed [72],
[73].

XANES and FT-EXAFS were used to confirm the oxidation state and form of Fe in Fe-Mt
samples, as shown in Fig. 3.6. Essentially, each compound's unique XANES spectra can be
utilized as a fingerprint. The edge energy positions of 0.274Fe-Mt and 0.312Fe-Mt essentially

overlapped in Fig. 3.6a, indicating that the bigger dosage and increased intercalation of Fe'!!

were not decisive factors in the Fe' interacting with the surface of the Mt layers. In the spectra
of 0.274Fe-Mt and 0.312Fe-Mt, the peak at 7133 eV roughly coincided with Fe;Os, however
the shoulder peaks (7145 eV) were left shifted. The oscillation in the post-edge spectra of
0.274Fe-Mt and 0.312Fe-Mt was distinguished from that of all hematite (Fe2Os3), goethite
(FeOOH), and magnetite (Fe30a4) (e.g., 7183 and 7196 eV), implying that intercalated Fe''! was
formed, which is a different interaction than the three reference minerals. The Fe>Os, FeOOH,
and Fe;O4 revealed the first shell of oxygen and the second shell of iron in the FT-EXAFS in
Fig. 3.6b. Only one oxygen shell developed for both 0.274Fe-Mt and 0.312Fe-Mt. This

suggests that the Fe'l in 0.274Fe-Mt and 0.312Fe-Mt should be intercalated rather than

replaced into the aluminosilicate layers.
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Fig. 3.7 shows the surface morphology of Fe-Mt samples as evaluated by SEM. The parallel
Mt layers aggregated closely in Fe-Mt, similar to pure Mt, and fine plate-like particles were
found (Fig. 3.8a). Due to acid leaching, the margins of the Mt strata on the surface grew

smoother and softer. As the amount of Fe!'!

added to the surface increased, the parallel Mt layers
twisted, and some broke down into smaller pieces. As a result, the layers are less parallel, and
the face-to-edge cross rises (Fig. 3.8a-f). This could be because Fe'!! facilitates acid erosion of
the surface Mt layers, but SEM cannot see the effect of acid on the bulk Mt. Furthermore, after
Fe'l was added, the fine plate-like particles vanished. The well-swelled tiny particles can be

easily collected by the micelles and decanted during the washing process because the Fe''l in

the solution can form micelles.

WD 10.5mm 20KV %2020/02/12 17:56:048S

Fig. 3.7. SEM images of the original Mt.
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Fig. 3.8. SEM images of (a) Fe-Mt, (b) 0.091Fe-Mt, (c) 0.175Fe-Mt, (d) 0.274Fe-Mt, (e) 0.299Fe-Mt and (f) 0.312Fe-Mt.
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Nitrogen gas (N2) adsorption/desorption isotherms were used to further evaluate Fe-Mt (Fig.

3.9). Except for a decline in 0.312Fe-Mt (Fig. 3.9, Table 3.2), the specific surface areas (Sger)

of Fe-Mt remained stable, and the average pore size determined by the BJH technique gradually

dropped (Table 3.2). As a result, the broken Mt layers on the surface only cut the pores into

smaller sizes, but the negligible changes in the construction of the bulk Mt result in a small

1T

Sger variation, confirming the hypothesis that Fe™ assistance to the acid erosion effect should

only occur on the surface of Mt.

Table 3.2. Sger and averaged pore size of Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt,

0.299Fe-Mt and 0.312Fe-Mt.

Sample Sger ! (m?/g) Averaged pore size 2 (nm)

Fe-Mt 12.4 0.066
0.091Fe-Mt 10.1 0.063
0.175Fe-Mt 12.6 0.043
0.274Fe-Mt 11.2 0.043
0.299Fe-Mt 10.4 0.035
0.312Fe-Mt 7.8 0.034

! Calculated based on Brunauer—-Emmett—Teller (BET) method.

2 Calculated based on Barrett—Joyner—Hanlenda (BJH) method.
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Fig. 3.9. N> adsorption/desorption isotherms of (a) Fe-Mt, (b) 0.091Fe-Mt, (¢) 0.175Fe-Mt, (d) 0.274Fe-Mt, (e) 0.299Fe-Mt and (f) 0.312Fe-Mt.
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3.3.2 The optical and photocatalytic properties

The diffuse reflectance UV-Vis (UV-DRS) spectra of Fe-Mt were obtained to evaluate the
optical properties of the Fe-Mt and Fe-Mt samples, as shown in Fig. 3.10a. When compared to
Fe-Mt (at 400 nm), the absorption edge of Fe-Mt samples had a considerable redshift toward
the visible area and improved light absorption in both the UV and visible ranges. The
photocatalytic activity for Cr'! conversion was increased when the absorption band was
extended. Furthermore, the Tauc approach was used to compute the optical band gap energy
(Eg) of Fe-Mt samples, which can be expressed by the Kubelka—Munk function (eq. 3.1) [47]:
ahv = k(hv — Eg)™/? (3.1)
where a is the absorption coefficient, / is the Planck constant, £ is the proportionality constant,
v is the frequency of the photon, and Eg is the band gap energy. For the direct e transition, the
n factor is 1; for the indirect e transition, it is 4. For Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-
Mt, 0.299Fe-Mt, and 0.312Fe-Mt (Fig. 3.10 b), the obtained Eg were 3.50 eV, 3.10 eV, 2.70
eV, 2.65 eV, 2.60 eV, and 2.60 eV, respectively. The stoichiometry Fe'! modification of Fe-Mt,
0.091Fe-Mt, 0.175Fe-Mt, and 0.274Fe-Mt was favorably linked with the improvement of light
absorption by Fe-Mt as demonstrated by UV-DRS data (Table 3.2). In 0.274Fe-Mt, 0.299Fe-

Mt, and 0.312Fe-Mt, the hypothesis that narrowing the Eg stopped further improvement of Fe!

modification was studied. The presence of Fe'!!

90

in the modified samples causes a new Fermi
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level between the energy bands of Mt, resulting in a drop in Eg of Fe-Mt samples. Because the
production of electrons has a maximum threshold, increasing Fe'! doping will eventually have
minimal impact on improving the optical characteristics of Fe-Mt. Based on the VB and Eg
measurements, the conduction band energy (CB) of Fe-Mt could be predicted to be 0.89 eV.

Transient photocurrent response measurements and electrochemical impedance spectroscopy
(EIS) were also used to explore the migration and production of electrons in the Fe-Mt and Fe-
Mt, which were linked to photocatalytic performance for Cr'! reduction. As shown in Fig.
3.11a, the photocurrent density of 0.274Fe-Mt was somewhat greater than that of Fe-Mt,
implying that Fe modified Mt may improve light adsorption and electron generation under light
illumination by lowering Eg. The increased photocurrent density of 0.274Fe-Mt compared to
Fe-Mt is compatible with photocatalytic activity, implying that the photocurrent differential is
considerable and can be utilized to claim improved electrochemical performance. Furthermore,
as shown in Fig. 3.11b, the electrochemical impedance spectroscopy (EIS) spectra of both Fe-
Mt and Fe-Mt were measured. The charge transfer capacity of the material is connected to the
EIS Nyquist. The lower resistance for charge transfer relates to the smaller radius in 0.274Fe-

Mt.
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Fig. 3.10. (a) UV-DRS spectra and (b) Tauc plots of Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt, 0.299Fe-Mt and 0.312Fe-Mt.
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3.3.3 Photocatalytic activity

Hematite (y-Fe203), goethite (FEOOH), and magnetite (Fe3O4) were used for photocatalytic
reduction of Cr"! before the photocatalytic performance test for the synthesized Fe-Mt, as
shown in Fig. 3.12. All Fe-Mt alloys, including Fe-Mt, performed better.

Fig. 3.13a shows the Cr"! removal efficiency at pH 2 for the Fe-Mt and Fe-Mt samples. Cr"!
adsorption was found to be between 2% and 6% in dark circumstances. The possibility of a
Fenton reaction in a Cr"! solution system with a 0.274Fe-Mt dispersion was studied. It was
discovered that the Cr¥! reduction via the 0.274Fe-Mt in dark (Fig. 3.14) could not happen via
Fenton reaction (reaction under dark conditions), suggesting that the Cr¥! decrease should be
due to photocatalytic reaction. In Fig. 3.14, the photocatalytic reduction of Cr¥! on 0.274Fe-
Mt was compared using UV and visible light (300-1000 nm), solely visible light (400-750 nm),
and only UV light (less than 400 nm). Because the light energy is sufficient for excitation of
electrons from VB to CB with the Eg at 2.60 eV, it is clear that the Cr¥! reduction was achieved
when the reaction was performed under UV or visible light. In the case of visible light, however,
activity decreased due to lesser light energy. Due to the adsorption of Mt, the adsorption
reached equilibrium in 5 minutes under both UV and visible light (300-1000 nm) irradiation.
Under irradiation, Fe-Mt without Fe"' showed a 20% drop in Cr"! in 60 minutes. A little amount
of Fe" in the Mt structure was washed out to the interlayer, according to XRD data (Fig. 3.2).

Although Fe-Mt had a poorer photocatalytic reduction performance than other Fe-Mt samples,
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1I/111

the presence of interlayer Fe''" aided the photocatalytic performance of Fe-Mt when compared

to the original Mt. Cr¥! remediation was aided by more Fe"

doping. Within 60 minutes of
irradiation, the Cr"! decrease was 22% and 35%, respectively, by 0.091Fe-Mt and 0.175Fe-Mt.
Cr! removal reached the highest measured value of 47% in 0.274Fe-Mt, where the
concentration of Fe''' was 0.274 mmol/g. The photocatalytic Cr¥! reduction of the 0.299Fe-Mt

I on the surface of Mt

and 0.312Fe-Mt samples also dropped somewhat. The abundant Fe
confined the statistically excited electrons, causing this event. Based on the Eg acquired by
DRS, the redundant Fe' had a negligible boosting influence on the excitation of electron-hole
pairs (Fig. 3.10). More crucially, the excess Fe''! from the Cr¥! reduction will trap a portion of

I content of Fe-Mt reduces the

the statistically excited electron. Furthermore, the high Fe
interaction between Cr"! and the surface of Fe-Mt, as evidenced by Cr¥! adsorption under dark
conditions (Fig. 3.13a). Within 60 minutes of irradiation, the elimination of Cr¥! on 0.299Fe-
Mt and 0.312Fe-Mt was 44% and 43%, respectively. The photocatalytic efficiency was greatly
improved with the use of ethanol as a hole scavenger, with a 66% reduction of Cr! in 10
minutes and a 100% reduction of Cr¥! in 20 minutes on 0.274Fe-Mt. (Fig. 3.16.). Because Cr"!
can only be reduced rather than oxidized, the redox reaction of Cr¥! was postulated to take
place at the electron acceptor energy level. eq. 3.2 shows the kinetics of the photocatalytic
reaction adapted to the pseudo-first-order model:

—In (C/C,) = kt (3.2)
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The residual and initially added concentrations of Cr¥! are represented by C and Cy (mmol/g),
and the rate constant is represented by k (min™!). The values of k for each sample are 2.97 x
103, 5.30 x 107, 6.31 x 1073, 10.52 x 103, 9.22 x 1073, and 9.08 x 10~ min!, according to the
kinetic graphs shown in Fig. 3.13b. With ethanol as the hole scavenger, 6.12 x 102 min™! for
0.274Fe-Mt was obtained. The value of £ is positively associated to the stoichiometric doping
quantity of Fe' in Fe-Mt samples with Fe'' addition lower than the CEC of Mt. When there
was excess Fe!l', however, k dropped in 0.299Fe-Mt and 0.312Fe-Mt because excess Fe'' may
hinder light transmission to the surface of Mt and diminish the quantity of active surface for

11

Cr"! reduction due to Fe'"! trapping electrons.
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Fig. 3.13. (a) Photocatalytic reduction of Cr"! under irradiation over Fe-Mt, 0.091Fe-Mt, 0.175Fe-Mt, 0.274Fe-Mt, 0.299Fe-Mt, and 0.312Fe-Mt

at pH 2 and (b) corresponding pseudo-first-order kinetic plot.
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and visible light (300-1000 nm), only visible light (400-750 nm), only UV light (less than 400 nm), and dark conditions at pH 2.
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3.3.4 Effect of pH

The pH of wastewaters frequently varies a lot. As a result, this element must be considered,
particularly in industrial applications (Fig. 3.15). The photocatalytic remediation of the
mono-cation system of Cr¥! was explored with ethanol as the hole scavenger (an initial Cr"!
concentration of 10 ppm and a Fe-Mt dosage of 50 mg) because ethanol could greatly boost
the photocatalytic efficiency of Fe-Mt (Fig. 3.16). The pH effect's achieved result is presented
in Fig. 3.15. In more acidic media, there was more deterioration. The faster reaction rate of
Cr"!reduction under acidic settings than under neutral or basic conditions has been extensively
established [74], owing to Cr.O7* stronger oxidizing property under acidic conditions than
CrO4* under basic conditions. Furthermore, XRD analysis of the Fe-Mt residue produced
following Cr"! reduction at high pH revealed decreased interlayer space (Fig. 3.17). During the

1T

photocatalytic reaction, Fe''' can be released into the bulk solution, and both Fe' and the

1T

converted Cr'!! ions precipitated when the pH increased. Coprecipitation between Fe!'' and Cr'!

may have also happened, resulting in increased precipitation on the catalyst's surface and easier

1T

release of interlayer Fe'™, decreasing the Mt interlayer space.
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Fig. 3.17. The pH effect on XRD patterns for the solid residues after Cr¥' photocatalytic

reduction by 0.274Fe-Mt.
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3.3.5 Reusability test

One of the most important factors in determining a photocatalyst's capacity is its reusability.
Even after five recycling cycles of 0.274Fe-Mt, which has the best photocatalytic performance
for Cr"! reduction, a high reduction efficiency was maintained. According to the results in Fig.
3.18, the first cycle achieved about 100.0% lowering efficiency for Cr¥! reduction. In the
second cycle, the photocatalytic capacity dropped dramatically, resulting in an 89.7%

degradation, following which the photocatalytic reduction capacity remained stable at 87%.

Since the hydrated ionic size for Fe''' is 0.45 nm [59], and for Cr(Ill) is 0.47 nm [60], XRD

before and after photocatalytic remediation of Cr"! presented in the pH effects section (Fig.
3.17) revealed a little increasing of the interlayer space for 0.274Fe-Mt. The incomplete
development of the hydrated shell in the Mt interlayer accounts for the smaller interlayer
distance than the hydrated ionic size. Furthermore, for the 0.274Fe-Mt before and after
photocatalytic remediation of Cr¥!, FTIR (Fig. 3.19) and SEM (Fig. 3.20) examination were
used. It has no change in FTIR spectra or SEM morphology, indicating that the Fe-Mt for Cr"!

reduction is quite stable.
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Fig. 3.18. Reusability test of photocatalytic Cr*! reduction by 0.274Fe-Mt. Initial [Cr*'] was

10 mg/L.
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Fig. 3.19. FTIR spectra for 0.274Fe-Mt before and after photocatalytic remediation of Cr¥!
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Fig. 3.20. SEM images of the 0.274Fe-Mt after the photocatalytic remediation of Cr"! with

ethanol as the hole scavenger.
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3.3.6 Mechanism of Cr'! reduction over Fe-Mt

Under illumination, the photocatalytic reaction began with the formation of hole-electron pairs
[75], [76]. The origin Mt has a huge Eg of 5.16 eV and cannot operate in the presence of light
[47]. Fe-Mt, on the other hand, has a lower Eg because Fe''-Fermi level was produced [47].
Cr'! photocatalytic reduction over Fe-Mt was shown in Fig. 3.21. The Fermi level was
expected to be around -0.65 eV based on Eg and VB of 0.274Fe-Mt. The literature [47]
mentions a decrease in Eg owing to Fe contaminants, as well as other related findings. Electrons

were created and moved to the Fe!l

formed Mid-gap state of Fe-Mt under light irradiation,
concurrently leaving holes in the VB. Hexavalent Cr"! can be converted to trivalent Cr"! by
accumulating electrons at the Fermi level. The photocatalytic reduction of Cr"! on 0.274Fe-Mt

was greatly improved when ethanol was used as a hole scavenger and electron donor. In the

solution, the ejected electron in the conduction band converts Cr"! to Cr'. Due to ethanol

111 1T

quenching, reduced Cr is unable to enter the hole in the valance band, preventing Cr
reoxidation in the valance band and promoting the photocatalytic reaction's kinetics. The
reaction of holes with ethanol as a hole scavenger prevented the reoxidation of Cr' [77], [78].

These findings demonstrated that the Fe!

function in Mt can boost photocatalytic activity by
establishing a middle gap level, resulting in a reduction in Mt Eg. The following equations

were used to describe all of the processes that occurred during the photocatalytic reaction with

/ without ethanol:

Fe/ Mt 5 Fe/ Mt (h*/ &) (3.3)
6e” +3Cr,0,%~ + 42 H* - 6Cr'"! + 21H,0 (3.4)
Cr!'" + 3nt - Cr"! (Without ethanol) (3.5)
CH30H + h* + Cr'™ — CH3;0°” + H*Y + Cr!'" (With ethanol) (3.6)
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Fig. 3.21. Photocatalytic mechanism for Cr"! reduction by 0.274Fe-Mt.

3.4 Conclusions

111

Fe-doped Mt was made by adsorbing Fe'! under acidic conditions. The intercalation of

Fe(II/IIT) moved the 001 diffraction peak of the changed samples, including Fe-Mt and Fe-Mt.
ICP-OES and AAS were used to validate ion release and adsorption during the preparation
process. FTIR, XPS, and XANES were used to confirm these findings. The Fe k-edge XAS
spectra of Fe-Mt samples oscillate differently than normal Fe;Os, Fe;Os and FeOOH,

indicating that Fe is intercalated in the Fe-Mt structure. Furthermore, the acid changes eroded

1T 111

the Mt surface, which was degraded again when Fe™ was added since Fe™" may replace Al at

11

the octahedral location in Mt's structure. The performance of Fe™'-doped Mt samples for
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photocatalytic Cr"! redox remediation was clearly improved, owing to improved light
adsorption, decreased Eg, and increased electron density and transfer. The creation of Fe'!
Fermi levels between VB and CB in the Mt structure may be responsible for the improved

I suppressed photocatalytic Cr¥!

optical characteristics in Fe-Mt. However, the redundant Fe
reduction, most likely by reducing Cr¥! contact with the active surface and light shielding. This

discovery opens up new possibilities for using modified clay as a photocatalyst in wastewater

treatment and beyond.
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I in the interface

Detection of the different roles of Fe
between TiO, and Mt and in the structure of TiO; in the Fe'll-

doped Mt/TiO, composites as photocatalysts
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4.1 Introduction

Montmorillonite (Mt) can be found in abundance in the pedosphere [1], [2], and in some water
systems [3]. It is a typical dioctahedral smectite with a 2:1 structure in which trivalent cations
dominate the octahedral sheet [4]. Isomorphous substitution of Mg, Fe'l, Fe!l, and other
cations for AI'"" in the octahedrons and A1 for Si¥! in the tetrahedrons results in a permanent
negative charge on Mt layers, which is balanced by Na!, Ca',, Mg', K!, and other cations [4].
Furthermore, Mt's swelling property [5], [6] makes it a viable choice for use as an absorbent
[7]-[11]. Metal oxides (TiO2, ZnO, Cu20, etc.) [12]-[18], layered double hydroxides (LDHs)
based photocatalysts [19], metal-free organic photocatalysts (CxNy, BCs, etc.) [20]-[22], or
other photocatalysts [23]-[27] have all been combined with Mt to boost photocatalytic activity.
One of the photocatalysts that is usually composed with Mt is titanium dioxide (TiO) [12],
[13],[16], [17]. It is a typical photocatalyst that has been extensively investigated and used due
to its strong photocatalytic activity, excellent physicochemical stability, biological inertness,
reusable nature, and environmental friendliness [28]-[32]. Furthermore, Ti is abundantly
dispersed throughout the crust, and TiO; is the compound's ruling formation [33]. However, as
a photocatalyst, TiO2 has been plagued by electron and hole recombination [34]-[36], a limited
specific surface area, inadequate absorption capacity, particle aggregation, and other issues. To
overcome these limitations, strategies such as element doping [37]-[41], composites synthesis

[12], [13],[16], [17], [42], [43], morphology modification [44], [45], surface sanitization [46],
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[47], and metal nanoparticle deposition [48], [49] were used. Compositing TiO> with Mt can

improve TiO2 dispersion on Mt layers while also increasing TiO; irradiation adsorption and

photocatalytic activity. Furthermore, impurities absorbed on Mt make it easier to reach TiO>

and boost photocatalytic effectiveness. Mt, on the other hand, is widely acknowledged as a

supporting material with no photocatalytic activity [12], [13], [16], [17].

Mt might be endowed with photocatalytic activity thanks to iron. Based on molecular

simulation, the d orbital of doped Fe formed a mid-gap energy level, which improved the

photocatalytic performance of ZnTi-LDH/ Fe-bearing montmorillonite composite [19]. The Fe-

octahedron structure in LDH has been postulated to be responsible for photocatalytic activity

[50], with the exception of the molecular simulation. It was also hypothesized that the Metal-

O-Fe oxo-bridge could reduce electron and hole recombination [51], [52]. Although the

presence of Fe in clay was unknown, sepiolite, a phyllosilicate with a discontinuous tetrahedral

sheet, was found to be capable of forming a heterojunction with graphene carbon nitride (g-

C3Ny) as a semiconductor [53]. However, the speciation of Fe in these investigations was

unknown, and no direct characterization of Fe species involvement was disclosed. Because

iron is one of the most abundant elements on the planet, it should be easy to get access to Mt

in nature. TiO> can occur naturally, and Fe-doping in TiO> can red-shift irradiation adsorption

to lower frequency with lower energy, narrowing the Eg of TiO> [54], [55]. It's fascinating to

try to figure out how these three elements are connected.

120



Chapter 4

To further understand the function of clay and iron in such composites, two types of Mt-TiO>
composites with Fe' doping were produced and subjected to phenol degradation.
Contamination and environmental deterioration on a global scale are themes of significant
concern today. Organic residues in wastewater have long been recognized as having the
potential to harm living ecosystems as well as aquatic life and human health [56]-[58]. The
aromatic nature of phenol makes it harder to breakdown [59]. Organic pollutants with
comparable structures or that contain the benzene ring may be implicated in a photocatalytic
reaction. Furthermore, phenol was suited for the produced composites because phenol
adsorption on Mt could be maintained at a low concentration and for a short period of time.

The process for generating Fe-Mt/TiO2, where Fe'' was first doped in TiO>-Ti(OH)4 sol-gel

11

and then TiO> was grown on Mt layers, and Mt/Fe-TiO», where Fe™" was first doped in TiO»-

Ti(OH)4 sol-gel and then TiO, was grown on Mt, has been published in this study. The activity
of these two ferric-doped Mt/TiO> composites was tested, and the findings were examined to

determine the mechanism of the photocatalytic reaction.

4.2 Materials and methods

4.2.1 Materials

Na-Mt (Kunipia-F) has a cation exchange capacity (CEC) of 1.114 mmol/g, according to
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Kunimine Industries Co. Ltd. (Tokyo, Japan). Kumipia-F has the chemical formula
(Nao.97Cao0s) "3 (SizesAlo32) (Aln.oaFe™o25Fel903Mgo7s) O20 (OH)4 “13-nH20, according to
elemental analysis (method of ME-ICP61, ALS Global Ltd., North Vancouver, Canada).
Iron(Ill) nitrate ninehydrate (Fe(NO3)3-9H20, 99.0%), iron(Ill) chloride chloride (FeCls,
95.0%), sodium hydroxide (NaOH, 97.0+%), hydrochloric acid (HCI, 1.17), and nitric acid
(HNOs, 1.38) were given for this work by Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Titanium (IV) chloride was supplied by Kishida Chemical Co. Ltd. (Osaka, Japan) (TiCla,
99.0%). Millipore water with a pH of 6.31 was given by Synergy UV (Merck, Darmstadt,

Germany).

4.2.2 Synthesis of Fe-Mt and Fe'"' doped Mt/TiO2 composites

To make Fe''-doped Mt (Fe-Mt), make 200 mL of Fe(NO3)3;-9H,O solution with 1 time CEC
of Mt and adjust pH to 2 (£0.1) with 0.1 mol/L HNO3; or NaOH. Mt was then disseminated in
Fe'' (Fe(NOs)s) solution (S/L=10 g/L) and agitated for 1 hour at room temperature.
Centrifugation was used to separate the solid residue, which was then washed three times to

remove excess Felll

, collected, lyophilized, powdered, and sieved (149 pum). The same
technique was used to make acidified Mt (Fe-Mt), but without the inclusion of Fe'''. The Fe'!

concentration was 0.274 mmol/g in he obtained Fe-Mt.

To make the Ti(OH)4/TiO; sol-gel, first dissolve TiCls and HCI in DI water. 0.83 M TiCls and
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1.0 M HCI were in the final solution. After that, the solution was swirled for 1 hour and then
aged for 6 hours. The same process was used to make Fe-Ti(OH)4/TiO; sol-gel. Before stirring
and aging, only Fe'! (FeCls) was stoichiometrically comparable to 0.19 mmol/g Mt/TiO,. After
hydrolysis, a translucent Ti(OH)4/TiO2 sol-gel was created. Fe- Ti(OH)4/TiO2 sol-gel after
hydrolysis (yellowish translucent).

Because the pH of Ti(OH)4/TiO: sol was initially approximately 0, the acidity was adjusted to
pH=2 before heterocoagulation using NaOH solution. Following adequate stirring for 30
minutes to obtain a homogenous dispersion, Ti(OH)4/TiO> sol-gel was added to 1% Fe-Mt
dispersion and Fe-Ti(OH)4/TiO; sol-gel was added to 1% H-Mt dispersion. The theoretical
TiO2 content was 30 wt.%. Heterocoagulated Fe-Mt/Ti(OH)4/TiO2 and Mt/Fe-Ti(OH)4/TiO»
were extracted centrifuged at 8,300 rpm for 30 minutes after 20 hours of sedimentation at 70,
80, and 90 °C. The solid phase was lyophilized, crushed, and sieved (149 m) after being washed

with ultra-pure water. The remaining Fe'

in the supernatant was detected using inductively

coupled plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer 8500, Waltham, MA,

USA).

4.2.3 Solid characterization

The composites were studied using an X-ray fluorescence (XRF) microscope on a Shimadzu-

EDX800 (Kyoto, Japan). Powder X-ray diffraction (XRD) patterns of materials were recorded
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using an Ultima IV X-ray diffractometer (Rigaku, Akishima, Japan) with Cu Ka radiation

generated at 40 kV and 40 mA, a divergence slit of 1.0 mm, an anti-scatter slit of 10 mm, and

a receiving slit of 0.15 mm over a 2 of 2.0-10° at a step size of 0. 02°. FlexSEM 100011 and

AZteclive light FX scanning electron microscopes (SEM-EDX) were used (Hitachi, Tokyo,

Japan). We used the Aztec application from AZteclive light FX to process the EDX results,

which included baseline correction. Transmission electron microscopy (TEM) was performed

on a JEOL JEM-2100HCKM (Akishima, Japan). Diffuse reflectance spectroscopy (DRS) was

performed in the range of 200-800 nm using a UV-2450 spectrophotometer (Shimadzu, Tokyo,

Japan) with a diffuse-reflectance attachment, utilizing BaSO4 as a reference. Solid state

photoluminescence spectroscopy (PL) was performed wusing a JASCO F-6600

spectrofluorometer (Jasco, Tokyo, Japan). On an ESCA 5800 system (Ulvac-PHI, Kanagawa,

Japan), X-ray photoelectron spectroscopy (XPS) was done with a monochromatic Al Ko X-ray

source at 200 W. Narrow scans of N 1s and C 1s orbitals with passing energies of 23.5 and 58.7

eV were achieved using a survey scan with a passing energy of 187.85 eV from 0 to 1000 eV.

Peak separation was conducted using Casa XPS software after eliminating a Shirley baseline

(Version 2.3.16 PR 1.6). Peak binding energies were calibrated using EB [C 1s] = 284.6 eV.

Electrochemical features of composites were investigated using 1280c AMETEK (Berkshire,

United Kingdom) advanced measuring equipment, including photocurrent responsiveness and

electrochemical impedance spectroscopy (EIS). Then, 200 mg of Fe-Mt/TiO> and Mt/Fe-TiO,
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composites were placed in a PAS cell with an electret condenser microphone on the top side

and a quartz window on the bottom side, and the cell was run for at least 30 minutes under N>

flow saturated with methanol vapor. A light beam from a Xe lamp with a grating

monochromator modulated at 80 Hz was irradiated from 650 to 350 nm via the cell window to

detect the PAS signal using a digital lock-in amplifier. The energy-resolved distribution of

electron traps was calculated using the amount of light absorbance change for the collected

electrons (ERDT).

4.2.4 Photocatalytic activity test

For the photocatalytic breakdown of phenol, a 300 W xenon lamp was employed as the light

source. Twenty mg of photocatalyst were suspended in 100 mL of 10 mg/L phenol aqueous

solution in a photoreactor with a cooling water jacket outside. With starters, for churning at

500 rpm in the dark, an adsorption-desorption equilibrium was obtained in less than 5 minutes.

I mL of solution was extracted and filtered from the reaction system at regular intervals

throughout irradiation. High performance liquid chromatography (HPLC) (Jasco: CO-2065

Plus, Jasco, Kyoto, Japan) measurement at a wavelength of 270 nm and mass balance

calculations were used to quantify phenol and its intermediate intermediates. Before the

photocatalytic materials were injected, 1 mol of ethanol, isopropanol, and para-benzoquinone

were added to the scavenger test, as stated previously.
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4.3 Results and discussion

4.3.1 Characterizations

ICP-OES was used to determine the stoichiometry of the Fe''' doping quantity. Because all of

11 I

the injected Fe'" was confined in the solid phase, the concentration of Fe™ in the supernatant
was lower than the detected value of ICP-OES in both types of composites, showing that the
amount of Fe'! doping in the composites was equal.

The TiO2 concentration in the Mt/Fe-TiO» is always larger than in the Fe-Mt/TiO» at all three
synthesizing temperatures, with the greatest being at 70°C, according to the Ti/Al ratio
determined by XRF analysis (Table 4.1). The TiO> content of the Mt/Fe-TiO> composites has
a slightly negative temperature relativity, which is the polar opposite of the clay/TiO>
composites [60] and the Fe-Mt/TiO> composites in this investigation. The content of the TiO»
amount is hampered by the Fe!' location.

Table. 4.1. Elemental composition of Fe-Mt/TiO, and Mt/Fe-TiO, with different synthesis

temperatures (70, 80, and 90 °C) in wt%.

T(irgg" Sample  Ti (%) Fe (%) Na (%) Ca (%) Mg (%) Al (%) Si (%) Tlgfsvﬁ')%
o FeMUTIO; 4456 677 ND. ND. 200 1281 3385 2560
Mt/Fe-TiO, 4924 519 ND. 005 191 1182 3180  27.30
i FeMUTIO; 4490 701 ND. ND. 197 1272 3340 2588
MtFe-TiO, 4615 645 ND. 006 203 1219 3312 2630
oy FeMUTIO; 4512 685 ND. ND. 208 1291 3304 2594

Mt/Fe-TiO, 4720 6.80 N.D. 0.05 1.85 12.06 32.03 26.81
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The XRD patterns in 4-60° in 2 of TiO», Fe-Mt/TiO2, and Mt/Fe-TiO> heterocoagulated at

70 °C are shown in Fig. 4.1a, and in 20-35° in Fe-Mt/TiO> and Mt/Fe-TiO» synthesized at 70,

80, and 90 °C are shown in Fig. 4.1b. The representative 001, 002, 100, 003, and 101 reflection

peaks for the Mt phase in Fe-Mt/TiO> and Mt/Fe-TiO; were found at 6.0-6.5, 13.8, 17.2, 19.8,

and 35.2° (PDF 13-0259), respectively. The interlayer space was 0.42 nm for Fe-Mt/TiO, and

0.44 nm for Mt/Fe-TiO», which could be due to a smaller nanoparticle size of TiO2 growth on

the surface of each Mt layer in Fe-Mt/TiO; than in Mt/Fe-TiO2, which could be related to a

smaller nanoparticle size of TiO, growth on the surface of each Mt layer in Fe-M The pure

TiO, phase showed 101, 004, and 200 anatase peaks at 25.4, 37.9, and 47.7° (PDF 99-0008), a

weak broad 121 brookite peak at 30.4° (PDF 99-0020), and no rutile peak. However, in the

XRD patterns of Fe-Mt/TiO2 and Mt/Fe-TiO», the 110 peak of rutile (PDF 99-0090) was one

of two prominent peaks; the other was the 101 peak of anatase. The 110 peak of rutile always

shows similar relative intensity with anatase, especially for Fe-Mt/TiO».
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Fig. 4.1. XRD patterns (a) in 4-60° in 20 of TiO», Fe-Mt/T10, and Mt/Fe-TiO; synthesized at 70 °C, and (b) in 20-35° in 20 of TiO> synthesized at

70 °C, Fe-Mt/TiO2 and Mt/Fe-TiO; synthesized at 70, 80, and 90 °C. Montmorillonite: PDF 13-0259, anatase: PDF 99-0008, rutile: PDF 99-0090,

and brookite: PDF 99-0020.
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Peak fitting was used at 20.0-35.0°, as shown in Fig. 4.2 and described in Table 4.2, to further
understand how temperature and Fe! location influence the TiO, phases. The peak at 25.4°
was allocated as the anatase 101 peak, and the peak at 28.2-28.4° was assigned as the rutile 110
peak. Because the lower temperature is linked to a poorer anatase yield and crystallinity, only
Fe-Mt/TiO> synthesized at 70 °C revealed an amorphous peak [60], [61]. In all composites, the
FWHM of anatase and rutile were identical (Table 4.2). The TiO; peaks were broad, indicating
that crystalline and amorphous anatase, crystalline and amorphous rutile, and isolated TiO»
amorphous coexisted. In Fe-Mt/TiO,, the anatase to rutile ratio (A/R) was lower than in Mt/Fe-
TiO;. Although higher temperatures were associated with more anatase in Fe-Mt/TiO> and less
in Mt/Fe-TiO», this trend is substantially in line with the overall TiO> amount reported by XRF

111

in Table 4.1. Because the ICP results already revealed that only the position of Fe™ rather than

1T

the amount of Fe'™" can govern the production of TiO2 on Mt aluminosilicate layers, the position

il

of Fe'' had a greater impact on the A/R than the synthesizing temperature. Fe'!! was intercalated

in the interlayer or adsorbed onto the surface of Mt in Fe-Mt/TiO,. The positively charged Fe'!
repelled TiY!-containing groups linked to Mt layers by interacting with their negative charge.
This could be one of the reasons that the concentration and size of TiO» nanoparticles on Fe-
Mt/TiO> were lower than on Mt/Fe-TiO,, and that the repelling of Fe' to TiV!-containing
groups had a greater impact on anatase formation. The position of Fe'"! in the composites has a

greater impact on the content, particle size, and phase ratio of A/R than temperature.
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Fig. 4.2. Peak separation of the XRD peaks in 20.0-35.0° on 26 for Fe-Mt/TiO, and Mt/Fe-

TiO, with different heterocoagulating temperatures (70, 80, and 90 °C). The peak in the dashed

line is anatase, the peak in the dotted line is rutile, and the peak in dash and dot is amorphous

TiOs.
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Table 4.2. Parameters after peak fitting and peak separation Fe-Mt/TiO2 and Mt/Fe-TiO».

T Fe-Mt/TiO Mt/Fe-TiO
o Parameters 2 2
(°C) Anatase  Rutile Amorphous Anatase  Rutile Amorphous
Peak position (°)  25.4 28.3 N.D. 253 28.2 N.D.
90 Intensity 177.1 141.5 N.D. 184.3 105.8 N.D.
FWHM 2.6 3.1 N.D. 2.5 3.8 N.D.
_ Peakarea(%) 517 48.3 ND. 534 466 N.D.
Peak position (°)  25.4 28.4 N.D. 25.3 28.2 N.D.
20 Intensity 162.3 149.3 N.D. 191.4 112.5 N.D.
FWHM 2.6 3.7 N.D. 2.6 3.7 N.D.
_ Peakarea (%)  51.0 49.0 ND. 548 452 N.D.
Peak position (°)  25.4 28.4 26.4 25.4 28.3 N.D.
70 Intensity 120.9 138.1 21.7 187.2 98.6 N.D.
FWHM 2.9 3.2 4.5 2.6 3.8 N.D.
Peak area (%) 39.6 49.3 11.1 56.8 43.2 N.D.

The morphology of the TiO», Fe-Mt/Ti0O2, and Mt/FeTiO; was shown in um scale on the SEM
in Fig. 4.3. The particle size of pure TiO> was even larger than the layer stacked particles of Mt
in the composites. The TEM images of Fe-Mt/TiO> in Fig. 4.4a and b also showed a random
distribution of TiO; nanoparticles on the Mt layers, with TiO, particle sizes estimated to be 2-
10 nm. In Fig. 4.4c and d, the indexed d spacing value from the crystal TiO; particles was
acquired by showing the inverted FFT picture of TEM (Fig. 4.5). Because all the d values of
TiO> lattice were slightly lower than the bulk values for anatase and rutile in JCPDS-ICDD,
the observation direction should be inclined to the perpendicular of the Mt layer. The crossing

of the anatase and rutile phases could indicate the formation of a heterojunction within TiO».
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Fig. 4.3. SEM images of: (a) TiO2, (b) Fe/Mt/Ti02, and (c) Mt/ Fe-TiO2, and SEM-EDX Ko maps of: Ti, Fe, Si, Al, Mg, and O for Fe/Mt/TiO> (d-

1) and Mt/ Fe-TiOz (j-0). All the images are in the same scale.
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Fig. 4.4. TEM images of Fe-Mt/TiO> heterocoagulated at 70 °C.

Fig. 4.5. Inverted FFT of TEM (a) Fig. 6¢ and (b) Fig. 6d of Fe-Mt/Ti0O; at 70°C.
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4.3.2 Photocatalytic properties

Using the UV-DRS spectra (Fig. 4.6), it was discovered that both Fe-Mt/TiO2 and Mt/Fe-TiO>
displayed a red-shifting enlargement of the adsorption band when compared to pure TiO>. This
indicated that the composites had a greater optical capacity than pure TiO». It is required to
boost the photocatalytic activity of the composites in order to achieve their full potential. Tauc
can estimate the optical band gap energy (Eg) of TiO2, Fe-Mt/TiO> and Mt/Fe-TiO; by using
the Kubelka—Munk function, as illustrated in eq 4.1 [62], [63]:

ahv = k(hv — Eg)™/? @.1)
where Eg is the band gap-energy, / is the Planck constant, v is the light frequency, & is the
proportionality constant, and o is the absorption coefficient. In the event of a direct
semiconductor transition, the value of n is 1; in the case of an indirect semiconductor transition,
the number is 4. Both composites have a smaller Eg than TiO,, with Fe-Mt/TiO, having a
somewhat narrower Eg of 3.18 eV compared to Mt/Fe-TiO; of 3.20 eV. Compositing with Mt
improves light absorption capacity of TiO2, and the Fe'" in Mt has a marginally better optical

property than Fe'! doped TiO..
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Fig. 4.6. (a) UV-DRS spectra and (b) Tauc plots of TiO2, Fe-Mt/TiO2, and Mt/Fe-TiO:

heterocoagulated at 70 °C.

PL was used to measure the recombination kinetics of electron-hole pairs (Fig. 4.7). The two
composites showed lower luminous intensities than TiO», implying that Mt, as the supporting
material for the core TiO» semiconductor, had a major impact on TiO> recombination
depression. Furthermore, in Fe-Mt/Ti0,, electron-hole pair recombination was better regulated
than in Mt/Fe-TiO2. As a result, heterojunction between Fe''' activated Mt and TiO. was

1T

expected in Fe-Mt/TiO,, because Fe'" can augment or endow clay photocatalytic activity. On

the contrary, because Mt was not changed by Fe'!

, no heterojunction between Mt and TiO»
should arise in Mt/Fe-TiO». To narrow the Eg of TiOz, all of the Fe''l in Mt/Fe-TiO2 was doped
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with TiO, and the Mt merely serves as a supporting material for the TiO, particles dispersing
on. ERDT later in this publication proved the presence of heterojunction between the Mt and

TiO> phases.
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Fig. 4.7. Photoluminescence of TiO,, Fe-Mt/Ti0O,, and Mt/Fe-TiO synthesized at 70 °C.

The chemical composition and electronic level of Fe-Mt/TiO» (Fig. 4.8) and Mt/Fe-TiO: (Fig.
4.9) were determined using XPS. The prominent peaks in the survey scan for both composites
were identified as the O 1s, C 1s, Si 2p, Al 2p, and Ti 2p orbitals (Fig. 4.8a and Fig 4.9a). Peak
assignments for Ti 2p, Fe 2p, Si2p, C 1s, and O 1s orbitals were highlighted in the deconvoluted
spectra for Fe-Mt/TiO2 and Mt/Fe-TiO; (Fig. 4.8b-f and Fig. 4.9b-f) [64]-[69]. Fe'! 2p1/» and
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2p32 were attributed to peaks in the Fe 2p area at 725.5 eV and 713.4 eV for Fe-Mt/TiO> (Fig.

4.8¢) and 723.9 eV and 713.2 eV for Mt/Fe-TiO; (Fig. 4.9¢) [65]. The VB of Fe-Mt/TiO> and

Mt/Fe-TiO2 were determined by intersecting the tangent line of the VB XPS with the x-axis

[70], [71] in Fig. 4.8f and Fig. 4.9f. As a result, the CB for Fe-Mt/TiO, and Mt/Fe-TiO> may

be determined to be -1.74 and -1.71 eV, respectively.

Transient photocurrent response measurements and EIS were used to look into the charge

generation and migration properties. As shown in Fig. 4.10a, the photocurrent density dropped

in the order Fe-Mt/TiO2 > Mt/Fe-TiO2 > TiO», suggesting that composites produce more charge

than pure TiO; and that Fe-Mt/TiO; has a higher charge generation capability than Mt/Fe-TiO».

The smaller radius of the EIS Nyquist diagram for composites than TiO», and the slightly

smaller radius of Fe-Mt/TiO2 than Mt/Fe-Ti0: in Fig. 4.10b, suggests that charge transferring

resistance is weaker on composites than TiO», and on Fe-Mt/TiO» than Mt/Fe-TiO».
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Fig. 4.10. (a) Photocurrent response and (b) EIS spectra for TiO2, Fe-Mt/Ti0z, and Mt/Fe-TiO: synthesized at 70 °C.
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The RDB-PAS test yielded the ERDT/CBB patterns (Fig. 4.11). It can show how the
semiconductor's surface electrical property interferes with its photocatalytic activity, either
directly or indirectly. Peak separation was used since the peaks in ERDT/CBB are broad and
have a large overlapping region, as illustrated in Fig. 4.12, and the relevant parameters were
reported in Table 4.3. Because only n-type semiconductors can be detected, and the Fe'! in Fe-
Mt formed new Fermi levels receiving electrons, there was no ERDT signature in Fe-Mt. The
ERDT of TiO; yielded three peaks: 2.96 eV for rutile (Crys.) (rutile (crystal)), 3.22 eV for rutile
(amor.) (rutile (amorphous)), and 3.44 eV for rutile (amor.) coupled to anatase (Crys.). The
contradicting results of no crystal anatase phase detection in ERDT and strong anatase peaks
in XRD (Fig. 4.2) could indicate that crystal anatase resides primarily in the bulk rather than
on the surface of TiO; particles and is preferentially attached by amorphous rutile.

In Fe-Mt/TiO; and Mt/Fe-TiO,, the rutile (amorphous) coated on anatase (Crys.) can also be
observed, and the peaks at 3.62 eV and 3.76 eV are assigned as two separate is0-TiO> peaks
(amor.). Despite the absence of a crystal phase on the surface of the two composites, the relative
total electron-trap densities of Fe-Mt/TiO2 and Mt/Fe-TiO; are substantially greater than TiO»,
implying that the composites have a higher photocatalytic capacity than TiO,. The ERDT
patterns for Fe-Mt/TiO2 and Mt/Fe-TiO> were nearly identical, except for the same relative
total electron-trap densities value. Because the surface electron property of the TiO2 in both
composites is about the same, the TiO: in both composites should have roughly equal
responsibility for the composite's photocatalytic activity. The Fe-Mt/TiO; has a smaller Eg (Fig.
4.6), lower electron-hole pair recombination (Fig. 4.7), stronger charge creation (Fig. 4.10a),
and easier charge movement (Fig. 4.10b). As previously stated, the better photocatalytic
property of Fe-Mt/TiO2 over Mt/Fe-TiO2 can be attributed to the heterojunction between Fe-
Mt and TiO; in Fe-Mt/TiO», whereas Fe'' doping on Mt endows Mt with photocatalytic activity

as a semiconductor rather than serving as a supporting material. For Fe-Mt/TiO2 and Mt/Fe-
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TiO2, ERDT did not detect crystal anatase or crystal rutile. With the mixing and crossing of the
crystal anatase, amorphous anatase, crystal rutile, and amorphous rutile, a very heterogeneous
phase distribution in TiO> was expected, and the surface of the TiO» particles should be

separated from the bulk for all TiO,, Fe-Mt/TiO», and Mt/Fe-TiO».
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Fig. 4.11. ERDT/CBB patterns of Fe-Mt prepared at 25 °C and TiOz, Fe-Mt/Ti02, and Mt/Fe-

TiO, synthesized at 70 °C as a function of energy (eV) from VBT combined with CBB plotted

as a function of energy (eV). The relative total electron-trap density is indicated by the numbers

in brackets.
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Fig. 4.12. ERDT peak fitting. The peaks are: rutile (Crys.) in blue, rutile (amor.) in pink, rutile

(amor.) attached to anatase (Crys.) in green, and iso-TiO> (amor.) in red and yellow.

Table 4.3. Parameters of ERDT/CBB peak fitting for TiO,, Fe-Mt/TiO,, and Mt/Fe-TiO,

synthesized at 70 °C.

Sample Peak Assignment Peak position (eV) Relative intensity (%)
rutile (Crys.") 2.96 31.1
. 2

TiO, 'rutlle (amor. ©) 3.22 42.0

rutile (amor.) covered
3.44 27.0

on anatase (Crys.)

e lmeenesd s
Fe-MUTIO2 400 5.Ti0, (amor.) 3.62 716
150.-TiO2 (amor.) 3.76 54
e lmeenesd 3
MiFe-TiO02 ) _Ti0, (amor.) 3.62 65.7
150.-TiO> (amor.) 3.76 6.3

! Abbreviation for crystal.
2 Abbreviation for amorphous.
3 Abbreviation for isolated.
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4.3.3 Photocatalytic activity

The photocatalytic activity of TiOz, Fe-Mt/TiO2 and Mt/Fe-TiO, were determined by
measuring phenol degradation as a function of time and standardized by the weight% of TiO»
(Fig. 4.13a). The applied photocatalysts physically absorbed about 3.2 -7.2% of the phenol.
The composites had a better photocatalytic degradation efficiency of phenol than TiO2, which
is in line with the DRS, PL, photocurrent, and EIS. Fe-Mt/TiO; had a slightly higher phenol
degradation than Mt/Fe-TiO., although the differences at different synthesis temperatures for
both Fe-Mt/TiO, and Mt/Fe-TiO2 were less than 1%. The Fe' situated on Mt provided Mt
photocatalytic activity, which then enabled the heterojunction between Fe-Mt and TiO> in Fe-
Mt/TiO,. Consequently, Fe-Mt/TiO; has stronger photocatalytic activity than Mt/Fe-TiO>. Mt
in Mt/Fe-TiO;, on the other hand, serves merely as a supporting material with no photocatalytic
activity. The changes in A/R suggested by the XRD data (Fig. 4.2) had little effect on the
photocatalytic activity of the composites, which revealed that the surface photocatalytic
character of the TiO» particles is almost the same. Not to note that the temperature parameter
interfered with the phase distribution of TiO» particles on the Fe-Mt/TiO2 and Mt/Fe-TiO>
phases less than the location of Fe'' on the Fe-Mt/TiO, and Mt/Fe-TiO; phases. Pseudo-first-
order kinetics (eq. 4.2) were used to simulate the photocatalytic reduction kinetics of phenol:

—In (C/Cy) = kt (4.2)
where C and Cp (mmol/g) are the residual and starting phenol concentrations, and parameter &
(min ') is the pseudo-first order model's rate constant. The rate constants normalized by weight
percentage of TiO2 were 1.8 x 1073 for TiOz, 6.6 x 1073, 6.5 x 1073, and 6.0 x 1073 for Fe-Mt/TiO;
synthesized at 70 °C, 80 °C, and 90 °C, and 6.0 x 102, 6.1 x 103, and 6.0 x 107 for Mt/Fe-
TiO, synthesized at 70 °C, 80 °C, and 90 °C. The observed characterizations, such as DRS, PL,

photocurrent, and EIS, corroborate the photocatalytic activity findings (Fig. 13b).
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Fig. 4.13 (a) Photocatalytic degradation of phenol and (b) corresponding kinetics for TiO>

synthesized at 70 °C, Fe-Mt/TiO; and Mt/Fe-TiO: synthesized at 70, 80, and 90 °C.

HPLC and prior studies [72], [73] validated the intermediate compounds produced during
phenol degradation (Fig. 4.14). Initially, just the phenol peak (retention time t = 8.92 min)
could be seen. The phenol peak faded, and a new pyrocatechol peak (1t = 6.00 min) emerged
within the first 15 minutes. Within 15 minutes, a tiny cis,cis-muconic acid peak (t =4.10 min)
grew up as the pyrocatechol peak faded which was accompanied with the presence of a low-
intensity benzoquinone peak (t = 4.78 min). According to prior studies, one phenol molecule
was reduced to pyrocatechol with one electron, and then one pyrocatechol was reduced to
benzoquinone with two electrons and transferred to cis,cis- muconic acid which will be further

degraded into succinic acid (t = 2.43 min) and formic acid (t = 2.27 min) (Fig. 4.15).
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Fig. 4.14 Chromatograms of the byproducts for phenol degradation on Fe-Mt/TiO>. The

grayed-out "cis,cis-muconic acid" was based on references [72], [73].
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Fig. 4.15 The degradation and mineralization of phenol on Fe-Mt/TiO: synthesized at 70 °C.
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4.3.4 Mechanism of phenol degradation over TiO2, Fe-Mt/TiOz, and Mt/Fe-TiO2

In the photocatalytic destruction of phenol, several radicals such as “OH, O,", and h" will be
produced and cycled. The scavenger test can be used to quench matching radicals, preventing
them from participating in the photocatalytic activity. As a result, it was possible to distinguish
between the reactions of distinct radicals during photocatalytic processes. As illustrated in Fig.
4.16, phenol degradation on Fe-Mt/TiO, was achieved using ethanol as a hole scavenger,
isopropanol as a ‘OH scavenger, and para-benzoquinone as an O™ radical scavenger. There
was a clear suppression of the photocatalytic response by para-benzoquinone, but only a
modest reduction in photocatalytic effectiveness by ethanol and isopropanol. As a result, O>"
is the radical mainly responsible for phenol degradation. The Fe-Mt/TiO> VB (Fig. 4.8g)
derived from XPS VB is lower than the redox potential of ‘OH generation and higher than the
redox potential of O™ production. As a result, the ‘OH radical should not be created, and the

O," radical should be the primary radical produced.
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Fig. 4.16 Effect of radical scavengers on the photocatalytic degradation of phenol on Fe-

Mt/TiO; synthesized at 70 °C.
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The mechanisms for both Fe-Mt/TiO, and Mt/Fe-TiO photocatalysis are depicted in Fig. 4.17
based on prior characterizations and other research. VB XPS was used to determine the VB of
TiO2 in Fe-Mt/TiO, and Mt/Fe-TiO, (Fig. 1.8g and Fig. 4.9g), and the CB of the TiO:
component was calculated using the VB and the Eg acquired from UV-DRS Tauc plots (Fig.
4.6b). The same contribution of the TiO> part in both Fe-Mt/TiO; and Mt/Fe-TiO> was inferred
by the congenial surface photocatalytic property demonstrated by ERDT (Fig. 4.12). The
photocatalytic characterization and performance of the two composites differed due to
differences in Mt phase characteristics. Mt in Mt/ Fe-TiO; should only be used as a TiO2
support material. The Fe-Mt in Fe-Mt/TiO2, on the other hand, has photocatalytic activity and
can cross with TiO>. Because the VB of TiO2 in both composites is lower than the redox
potential of H,O»/"OH, h* in TiO>'s VB could not produce ‘OH. The increased electron donor
level with a higher energy potential as the VB of Fe-Mt should be attributed to the small
1

depression of "OH found on the scavenger test of Fe-Mt/TiO». Fe™ in the Mt phase contributed

more than in the TiO; phase.
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Fig. 4.17 Illustration of charge transfer on (a) Fe-Mt/TiO; and (b) Mt/Fe-TiO, during photocatalytic reaction synthesized at 70 °C.
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4.4 Conclusions

Fe'l speciation was maintained as a trivalent cation during the synthesis of Fe-Mt/TiO, and

M was regulated by

Mt/Fe-TiO> composites by keeping the pH below 2, and the position of Fe
adding Fe" sources at two separate points in the Fe-Mt/TiO, and Mt/Fe-TiO, synthesis
procedures. Fe'' resides on Mt in the Fe-Mt/TiO; system, and Fe'" exists in TiO; in the Mt/Fe-

M "as demonstrated by

TiO> system. When compared to the influence from the position of Fe
XRF and peak fitting of XRD, the synthesis temperature had minor effect on TiO2 content and
anatase/rutile ratio. TEM also revealed a cross between anatase and rutile. DRS, PL,
photocurrent, and EIS measurements revealed that Fe-Mt/TiO> has a narrower Eg, better
recombination removal, a more significant reaction to irradiation, and lower charge transfer
resistance than Mt/Fe-TiO». At 3 h of the photocatalytic reaction, Fe-Mt/TiO» achieved 71.8 -
72.5% photocatalytic phenol decomposition, while Mt/Fe-TiO, achieved 68.7 - 69.6%
photocatalytic phenol decomposition. At various reaction intervals, the intermediate products
were also deduced using the HPLC chorograms and basing on previous researches. The
remarkable photocatalytic property of Fe-Mt/TiO> was consistent with its superior
photocatalytic performance for the photocatalytic degradation of phenol, which was attributed
to the critical role of Fe-Mt in Fe-Mt/TiO: as a semiconductor crossing with TiO2 to form a
heterojunction, while, in comparison, Mt in Mt/Fe-TiO, was still an insulator. The electron
structure of Fe-Mt and TiO» in Fe-Mt/TiO;, as well as TiO> in Mt/Fe-TiO,, was seen using a
combination of DRS, VB XPS, ERDT, and radical scavenger test. During the photocatalytic
reaction, the O>™ radical was the dominating radical. The findings suggest that photocatalytic

111

reactions on Mt and Fe"'-containing clay may occur. This will give a hint about the possible

photocatalytic potential of Mt mineral.
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5.1 Introduction

Mt and Fe'"" are abundant in nature, and Ti is the ninth most abundant element (0.63% by mass)
and the seventh most prevalent metal in the Earth's crust. Ti is found in practically every living
creature, as well as bodies of water, rocks, and soils. Titanium dioxide (TiO2) is the most
prevalent substance, a prominent photocatalyst that has been studied and used in scientific
research and industry for a long time. TiO> is a low-cost photocatalytic material that is highly
photocatalytically active, non-toxic, and chemically stable under most conditions. However,
TiO>'s photocatalytic activity is hampered by its comparatively wide energy bandgap (Eg) and
recombination of electrons (¢7) and holes (h™). Furthermore, TiO2 nanoparticles tend to
agglomerate, making separation from water challenging. Numerous tactics, such as
morphology modification [1], [2], surface sensitization [3], [4], metal nanoparticle deposition
[5], [6], element doping [7], [8], and production of composite materials with other materials
[9], [10], have been used to address these obstacles.

Montmorillonite (Mt) is a common supporting material used in TiO2> composites to prevent
TiO> particle aggregation because the TiO. particle sizes were lowered and the TiO; particle
distribution was improved in the Mt layers. Furthermore, TiO>'s photocatalytic efficacy can be
improved by drastically reducing fine particle sizes [11]-[13]. Mt is a 2:1 clay mineral with a
layered structure and exchangeable interlayer cations [14]-[16], and it is abundant in nature
[16], [17]. As aresult, Mt exhibits outstanding adsorption properties, particularly for positively
charged compounds with large relative surface areas. Aside from that, Mt is reasonably stable
across a wide pH range. Mt is a good supporting material for producing composites because of
all of these features [18]-[20]. However, due to its high bandgap, it lacks photocatalytic
characteristics [21]. In that stratum, iron is the fourth most abundant element. Furthermore, in
the visible region of the spectrum, iron species are one of the least poisonous and least

expensive photocatalytic chemicals. The trace levels of iron found in natural minerals, on the
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other hand, have been overlooked. Much research have suggested that iron doping in materials
can enhance or improve photocatalytic properties. In photocatalytic processes, a non-negligible
boosting effect has been produced in layered double hydroxide (LDH) (or other clay)

containing Fe''!"

[22]-[24]. In the case of iron doping, a middle-gap electron trap state was
produced using density functional theory (DFT) calculations, which improved the
photocatalytic efficacy of the ZnTi-LDH/clay samples [25]. These research, however, did not
address whether the Fe'"' was in the form of a cation, metal oxide, metal hydroxide, or other
compounds. Furthermore, the position of Fe'!' in the composite was unknown.

Since the Fe'"" ion in TiO, can introduce a Fermi level as an electron donor or acceptor,
narrowing the Eg of TiO. and red shifting the irradiation adsorption of TiO2, numerous
investigations have been conducted [26]-[28]. It has also been postulated that when a metal
transitions to TiO2, oxygen vacancies form, which act as charge trapping sites, increasing the
production of active radicals [29], [30].

Two varieties of Mt-TiO, composites with Fe'"' doping materials were manufactured and
applied to the phenol degradation to better understand the role of clay and iron in such sorts of
composites. Pollution and devastation of the environment on a worldwide scale is a major
problem nowadays [31]-[33]. Toxic to humans, microbes, animals, plants, and ecosystems,
refractory organics with aromatic structures are one of the most dangerous pollutants [34], [35].
Organic contaminants must be remedied as soon as possible. One aromatic ring and one
hydroxyl group make up phenol. Phenolic chemicals are found all over the place and are
harmful at low quantities [36]. More crucially, the adsorption or repulsion of Mt can be avoided
if phenol is kept neutrally charged at pH 10 [37]. As a result, detecting photocatalytic

degradation of materials in phenol can provide information about their photocatalytic ability in

other organics.
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The distribution of Fe'! on Mt/TiO2, composites was regulated in this study by altering the
timing of Fe''! addition to the composites. As a result, the involvement of Fe!'! in the composites
can be deduced based on its location. The entire synthesis process was carried out at pH 2 to
prevent the formation of any iron oxides and/or iron hydroxides. The process for making
Fe/Mt/TiO-, in which Fe' was adsorbed in the surface of the composites, and xFe-Mt/(1-x) Fe-
TiO., in which Fe' was doped in the structure of the TiO2 in the composites, has been detailed.
These two Fe'-doped Mt/TiO, composites were used to photocatalyzed phenol degradation.

The composites were used to suggest a photocatalytic process for phenol degradation.

5.2 Materials and methods

5.2.1 Materials

Kunimine Industries Co. Ltd. purchased Na-Mt (Kunipia-F) having a cation exchange capacity
(CEC) of 1.114 mmol/g (Bergaya and Vayer, 1997). (Tokyo, Japan). The chemical formula of
Kunipia-F was calculated to be (Nao.g7Cao.0s) "2 (Si7.esAlo:32) (Alz.gaFelllo2sFello.0sMdors) Ozo
(OH)4 13- nH,0, according to elemental analysis (method ME-ICP61, ALS Global Ltd., North
Vancouver, Canada). Wako Pure Chemical Industries, Ltd. (Osaka, Japan) provided iron(l11)
nitrate ninehydrate (Fe(NO3)3:9H20, 99.0%), iron(lll) chloride (FeCls, 95.0%), sodium
hydroxide (NaOH, 97.0+%), hydrochloric acid (HCI, 1.17), and nitric acid (HNO3, 1.38) for
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the study. Kishida Chemical Co., Ltd. (Osaka, Japan) and Synergy UV (Merck, Darmstadt,
Germany) provided Titanium(IV) chloride (TiCls, 99.0%) and Millipore water with pH 6.31,

respectively.

5.2.2 Preparation of iron-modified Mt and clay/TiO2 composites

Mt was added to an HNOs solution with a pH of 2 and vigorously agitated at room temperature
for 1 hour (S/L = 10 g/L) to make protonated Mt (H-Mt). The H-Mt were then centrifuged,
rinsed, collected, lyophilized, powdered, and sieved (149 m) separately. Ti (OH)4/TiO;
nanoparticles were produced in aqueous medium using the sol-gel process, and subsequently
TiCls and HCI were added to Milli-Q water. The resulting solution included 0.83 M TiCls and
1.0 M HCI, and it was agitated for 1 hour before being allowed to rest for 6 hours. A nearly

transparent, stable Ti(OH)4/TiO- sol-gel was obtained through hydrolysis.

Because Ti(OH)4/TiO2 sol had an initial pH of around 0, the acidity was changed to pH =2 by
the addition of a NaOH solution before heterocoagulation. The Sol-gel was then added to a 1%
H-Mt suspension (g clay/100 mL water). Meanwhile, Fe'" eqv. to 0.274 mmol/g Mt was
applied only to xFe-Mt/(1-x)Fe-TiO2 samples. For 30 minutes, both types of samples were
vigorously mixed. TiO> would have a theoretical concentration of 30% (m/m). The composites
precipitated after 20 hours of sedimentation at 70°C, 80°C, and 90°C. Fe was added

immediately after sedimentation to Fe/Mt/TiO2 samples. All of the suspensions were agitated
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for another 1 hour before being centrifuged for 30 minutes at 8300 rpm. The solid substance
was washed with Milli-Q water before being freeze-dried for 24 hours, crushed, and sieved
(149 pm). The inductively coupled plasma-optical emission spectroscopy was used to identify
residual Fe'' in the supernatant (ICP-OES, Perkin Elmer 8500, Waltham, MA, USA). Because
the synthesis temperature had negligible effect on the photocatalytic activity of the Fe/Mt/TiO>

composites, the samples synthesized at 70 °C were the major focus for comparison (Fig. 5.1).
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Fig. 5.1. Photocatalytic degradation and kinetics of phenol by Fe/Mt/TiO2 synthesized at 70,

80 and 90 °C.
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5.2.3 Solid characterization

X-ray fluorescence was used to examine the composites that resulted (XRF, Shimadzu-

EDX800, Kyoto, Japan). Cu Ka radiation produced at 40 kV and 40 mA, a divergence slit of

1.0 mm, an anti-scatter slit of 10 mm, and a receiving slit of 0.15 mm over a 2 of 2.0-10°, with

a step size of 0.02° and a scanning speed of 2°/min, were used to record powder X-ray

diffraction (XRD) patterns of materials with an Ultima IV X-ray diffractometer (Rigaku,

Akishima, Japan). X-ray photoelectron spectroscopy (XPS) was performed using a

monochromatic Al Ko X-ray source at 200 W on an ESCA 5800 system (Ulvac-PHI,

Kanagawa, Japan). A survey scan was performed with a passing energy of 187.85 eV from 0

to 1000 eV, as well as narrow scans of N 1 s and C 1 s orbitals with passing values of 23.5 and

58.7 eV. Following the elimination of a Shirley baseline, peak separation was conducted using

Casa XPS software (Version 2.3.16 PR 1.6). Eg [C 1s] = 284.6 eV was used to calibrate peak

binding energies (EB). FlexSEM 100011 and AZteclive light FX scanning electron microscopes

(SEM-EDX) were used (Hitachi, Tokyo, Japan). We used the Aztec application from AZteclive

light FX to process the EDX results, which included baseline correction. A JEM-2100HCKM,

JEOL transmission electron microscope (TEM) and EDX were used (Akishima, Japan). On a

UV-2450 spectrophotometer (Shimadza, Tokyo, Japan) with a diffuse reflectance attachment

and BaSOs as a reference, diffuse reflectance spectroscopy (DRS) was performed with a range

of 200-800 nm. A JASCO F-6600 spectrofluorometer (Jasco, Tokyo, Japan) was used to
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perform solid-state photoluminescence spectroscopy (PL). The 1280c AMETEK advanced
measuring technology (Berkshire, United Kingdom) was used to investigate electrochemical
features of composites, such as photocurrent response and electrochemical impedance
spectroscopy (EIS). Later, 200 mg of Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiO, composites were
placed in a periodic acid-Schiff (PAS) cell with an electret condenser microphone and a quartz
window on top for a minimum of 30 minutes under N> flow saturated with methanol vapor. A
light beam in the range of 650 nm—350 nm was emitted through the cell window from a Xe
lamp with a grating monochromator modulated at 80 Hz using a light chopper to detect the
PAS signal using a digital lock-in amplifier. Calculating the amount of light absorbance change

for the collected electrons yielded the energy-resolved distribution of electron traps (ERDT).

5.2.4 Photocatalytic activity test

Under the irradiation of a 300 W xenon lamp, the photocatalytic activity of produced
compounds was evaluated for phenol degradation. In a photoreactor with a cooling water jacket
outside, 20 mg of photocatalyst were suspended in 100 mL of 10 mg/L phenol aqueous solution
prior to irradiation. To reach an adsorption—desorption equilibrium, the suspensions were
agitated for 5 minutes at 500 rpm in the dark. Approximately 1 mL of solution was collected

from the reaction cell at regular intervals during the irradiation procedure, and the photocatalyst
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was removed using a 0.45-m cellulose acetate membrane filter. After that, high-performance
liquid chromatography (HPLC) [38] was used to evaluate the solutions. By measuring the
absorption of these compounds at a wavelength of 270 nm, the quantities of phenol and its
breakdown products were calculated. Scavenger tests and reusability tests were conducted
according to the techniques outlined above. Before the photocatalytic materials were

introduced, 50 mmol of ethanol, isopropanol, and para-benzoquinone were added.

5.3 Results and discussion

5.3.1 Characterizations

ICP-OES was used to detect the residual Fe'! after filtration of the produced Fe/Mt/TiO2 and
xFe-Mt/(1-x)Fe-TiO,. Because the Fe' concentration was below the ICP's detection limit,
practically all of the added Fe'" was doped in the composites. As a result, the amount of Fe'!
doped in each composite was the same, and this should not be a determining factor in the

photocatalytic properties of the samples.

The wt. % of TiO> phase in the entire composite was calculated using XRF (Table 5.1). When
comparing Fe/Mt/TiO> to xFe-Mt/(1-x)Fe-TiO, Fe/Mt/TiO; kept slightly more TiO> than xFe-
Mt/(1-x)Fe-TiO», but the difference was not significant. When the product was synthesized at

80 °C, the maximum TiO, content was obtained. In prior research [39-41], the best temperature
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for the maximum TiO: production was found to be 70 °C when compared to clay/TiO>
composites synthesis without Fe''. For the maximum TiO; yield, the inclusion of Fe' in

composites necessitated a higher synthetic temperature.

Table 5.1. Elemental composition of Fe/Mt/TiO> and xFe-Mt/(1-x)Fe-TiO> with different

synthesis temperatures (70 °C, 80 °C, and 90 °C) in wt%.

T (°C) Sample Na (%) Mg (%) Al (%) Si(%) Ca(%) Ti(%) Fe(%) TiO2 (%)

Fe/Mt/TiO2 N.D. 1.84 11.78 31.08 0.05 50.07 5.19 27.63

9  YFe-My/(1-

¥)Fe-TiOs N.D. 1.97 12.28 32.28 0.05 47.49 5.92 26.74

Fe/Mt/TiO; N.D. 1.86 11.65 30.74 0.04  49.62 6.10 27.65

80 yFe-My/(1-

¥)Fe-TiOs N.D. 1.86 11.80 30.54 0.07  48.80 6.94 27.50

Fe/Mt/TiO, N.D.  1.88 12.29 32.29 0.03 48.23 5.28 2691

70 xFe-MY/(1-

)Fe-TiO> N.D. 1.88 12.04 32.14 0.08  47.19 6.66 26.77

The original Mt, Fe'"" cation-doped Mt (Fe-Mt) synthesized at ambient temperature, TiOy,
Fe/Mt/TiO., and xFe-Mt/(1-x)Fe-TiO2 synthesized at 70 °C XRD patterns were investigated,
and the XRD pattern of these samples was displayed in Fig. 5.2. Mt's 001 peaks comprised the
interlayer distance and one layer thickness (0.96 nm) [42]. When compared to the original Mt
(0.25 nm), the interlayer distances in Fe-Mt, Fe/Mt/TiO2, and xFe-Mt/(1-x)Fe-TiO2 were
practically the same (0.42/0.43 nm), implying that only Fe'" ion exchange with the interlayer
cations in Mt occurred during composite synthesis. Furthermore, TiO. should only be

170



Chapter 5

distributed on Mt surface. Fe""' has hydrated ionic diameters of 0.45 nm [42]. The Van der
Waals force may disperse the lower interlayer distances of the Mt in the composites, rather
than the ionic sizes, among the aluminosilicate layers extruding from the hydrated shell of Fe'",

which are poorly formed [42].

xFe-Mt/ (1-x)Fe-TiO,

TiO

_A_* L Fe-Mt
|

1
1
1
1
| MLM Mt

71 1 T T T 1T T T
30 35 40 45 50 55 60
20 (degree)

Fig. 5.2. XRD patterns of original Mt, Fe-Mt synthesized at RT, TiO2, Fe/Mt/Ti0O, and xFe-

Mt/(1-x)Fe-TiO; synthesized at 70 °C.

For the pristine TiO», only a single anatase phase was seen. The 101 and 004 anatase phase
peaks at 25.4 and 37.9° (JCPDS No. 21-1272) were observed for both Fe/Mt/TiO> and xFe-
Mt/(1-x)Fe-TiO2. At 28.3°, the 110 peak of rutile was also produced. Mt reflection peaks 001,

003, and 101 in the composites were found at 6.0-6.5, 19.8, and 35.2 degrees, respectively [43].

171



Chapter 5

Different synthetic temperatures clarified the development of TiO: in the composites, and their

XRD patterns are shown in Fig. 5.3.

xFe-Mt/ (1-x) Fe-TiO,@90 °C

105@80 °C

xFe-Mt/ (1-x) Fe-Ti0,@70 °C

Fe/ Mt/ TiO,@90 °C

Fe/ Mt/ TiO,@80 °C

Fe/ Mt/ TiO,@70 °C

TiO, 70°C

20 22 24 26 28 30 32 34
20 (degree)

Fig. 5.3. XRD patterns of TiO2, Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiO2 synthesized at 70 °C,

&0 °C and 90 °C.

In Fig. 5.4, peak separation was used to examine the XRD patterns in greater depth. The 110
diffraction of rutile at 28.2—-28.4° and the normal 101 diffraction of anatase at 25.4° were well
suited. Table 5.2 contains the parameters following peak fitting. The broad peaks of all the
samples, as well as the large full width at half maximum (FWHM) values for anatase and rutile,
showed a low crystallinity of the TiO, phase on the Mt layers. At three synthesized
temperatures, the TiO2 concentration of xFe-Mt/(1-x)Fe-TiO2 was higher than Fe/Mt/TiO, and

the Fe"" in TiO, can improve the crystallization of the anatase phase. From 80 to 90 °C,
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increasing the temperature improves anatase crystallization in Fe/Mt/TiO2, but decreases it in
xFe-Mt/(1-x)Fe-TiO2. Only the location of Fe""' can govern the formation of TiO, phases on
the aluminosilicate layers of Mt, as shown by ICP-OES analysis. To compare with earlier
investigations, Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-TiO, synthesized at 70 °C were used for the

following characterizations.

Fe/ Mt/ TiO, xFe-Mt / (1-x)Fe-TiO,

90 °C

80 °C 58.6% 65.6%
70 °C 47.8% 60.5%

212223 24252627282930 313233 21 2223 24 25 26 27 28 29 30 31 32 33
20 (dgree) 20 (dgree)

Fig. 5.4. Peak fitting of the XRD patterns (20-35° in 26) of Fe/Mt/TiO> and xFe-Mt/(1-x)Fe-

Ti0, with different synthesis temperatures (70, 80, and 90 °C). Peaks in blue were from anatase

and peaks in yellow were from rutile.
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Table .5.2. Parameters of XRD peak fitting of Fe/Mt/TiO; and xFe-Mt/(1-x)Fe-TiOx.

Fe/MU/TiO, xFe-Mt/(1-x)Fe-TiO;
T (°C) Parameters
Anatase Rutile Anatase Rutile
Centroid (°) 25.4 28.3 25.4 28.3
Intensity 227.3 119.7 204.1 96.5
20 FWHM 2.5 3.3 2.6 34
Area IntgP (%) 59.2 40.8 62.2 37.8
Centroid (°) 25.4 28.1 25.4 28.4
Intensity 175.3 85.8 185.7 83.4
80 FWHM 2.5 3.5 2.6 3.1
Area IntgP (%) 58.6 41.4 65.6 34.4
Centroid (°) 25.3 28.0 25.4 28.4
Intensity 137.1 95.5 164.4 90.7
70 FWHM 2.5 3.8 2.8 33
Area IntgP (%) 47.8 52.2 60.5 39.5
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SEM observation was used to analyze the morphology of TiO», Fe/Mt/TiO,, and xFe-Mt/(1-
x)Fe-TiO> composites in pm scale (Fig. 5.5). In the Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-TiO:
composites, the TiO; particle sizes in the Mt layer were greatly reduced; furthermore, the Mt
stacking layers in Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiO2 were even smaller than in pure TiO».
The TiO; nanoparticles densely coated the surface of the Mt particles in both the Fe/Mt/TiO2
(Fig. 5.5d-i) and xFe-Mt/(1-x)Fe-TiO; (Fig. 5.5j—0). TEM-EDX was used to examine the TiO2
coating of the Mt layers in Fe/Mt/TiO; at the nanoscale scale, as shown in Fig. 5.6. In the Ti-
empty/-lacking zones, the Al distribution was more intense, indicating that TiO: particles in the
Mt layers were overlapping. The occlusion of TiO; is to blame for the low-intensity distribution
of Al in the Ti-concentrated region. The rather homogenous distribution of Fe'! on all of the
Mt phase, TiO; phase, and the interface between the Mt and TiO> phases was suggested by the

even distribution of Fe.
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ymm X1.10k SE

Fig. 5.5. SEM images of: (a) TiOy; (b) Fe/Mt/TiO2; and (¢) xFe-Mt/(1-x)Fe-TiO,. SEM-EDX Ka maps of: (d) titanium; (e) iron; (f) silica; (g)

aluminum; (h) magnesium; and (i) oxygen for Fe/Mt/TiO,. SEM-EDX Ka maps of: (j) titanium; (k) iron; (1) silica; (m) aluminum; (n) magnesium;

and (o) oxygen for xFe-Mt/(1-x)Fe-TiO,. Scale bars were adjusted to be the same and indicate 50.00 pm.
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t — 1 100 nm

C————— 100 nm Al K C———————— 100 nm Fe K

Fig. 5.6. Images of: (a) TEM-EDX, (b) TEM images, and Ka maps of: (¢) titanium; (d) aluminum; and (e) iron for Fe/Mt/TiO».
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XPS was used to study the electronic level and chemical composition of Fe/Mt/TiO, and xFe-
Mt/(1-x)Fe-TiOz, as shown in Figures 5.7 and 5.8. The main peaks assigned to the Ti 2p
orbitals were raised from TiO», while the dominant peaks attributed to the O 1s, Si 2p, and Al
2p orbitals were raised from Mt in the wide-scan spectra for Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-
TiO2 (Fig. 5.7a and 5.8a). In Fig. 5.7b and 5.8b, the deconvolution peaks from the Ti 2p
orbitals represented two peaks for Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-TiO,. The Ti'V 2pa, and
2p32 orbitals were attributed to the peaks at 464.3-464.4 and 458.7 eV [44]. The Fe 2p
deconvoluted spectra (Fig. 5.7c and 5.8c) for both composites revealed two peaks at 723.9—
725.5 and 713.2-713.4 eV, which are ascribed to Fe'' 2p1» and 2pasp, respectively [45]. Peaks
at 533.0-534.3, 531.7-531.9, and 530.1-531.0 eV in the O 1s region of Fe/Mt/TiO, and xFe-
Mt/(1-x)Fe-TiO2 (Fig. 5.7d and 5.8d) originate from absorbed H20 on the surface, hydroxide
bonds, and oxide bonds, respectively [47-49]. Fig. 5.7e and 5.8e indicate that the peak raised
at 102.5 in both composites is assigned to tetrahedral Si—O [49]. By drawing the straight
tangent line to the VB spectra of the Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiO2 samples in Fig. 5.7f
and 5.8f [50], [51], the valence band (VB) on top of the Fe/Mt/TiO; and xFe-Mt/(1-x)Fe-TiO>

samples was determined, and the values are 1.72 and 1.95 eV.
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Fig. 5.7. XPS (a) survey, narrow scans of (b) Ti 2p, (c) Fe 2p, (d) O 1s, and (e) Si 2p orbitals and (f) VB XPS for Fe/Mt/TiO.
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5.3.2 Investigation of optical and charge separation properties

The UV-DRS spectra of TiO,, Fe/Mt/TiO2, and xFe-Mt/(1-x)Fe-TiO2 (Fig. 5.9a) revealed that
both composites displayed increased absorbance in the visible light range compared to TiO..
The xFe-Mt/(1-x)Fe-TiO2 showed a modest red shift in the absorption edge when compared to
Fe/MUt/TiO., and such an expansion in the absorption band considerably altered the optical
characteristics of samples. The optical bandgap energy (Eg) of Fe-Mt can be calculated using
the Tauc graphing Kubelka—Munk function versus energy, as shown in Fig. 5.9b [54-56]:

ahv = k(hv — Eg)™/? (5.1)
where the absorption coefficient, Planck constant, light frequency, proportionality constant,
and bandgap energy are denoted by o, h, v, k, and Eg, respectively. The n = 1 for direct
transitions and n = 4 for indirect transitions [55]. The predicted Eg of samples for TiOg,
Fe/MU/TiO., and xFe-Mt/(1-x)Fe-TiO2 were ~3.24, 3.24, and 3.19 eV, respectively (Fig. 5.9b).
The reduced Eg of xFe-Mt/(1-x)Fe-TiO, was attributed to the Fe'!' doping in TiO, [58, 59].

PL was used to determine the recombination rate of e-h* pairs (Fig. 5.10). The increased PL
intensity of TiO2 compared to the other two composites revealed that the composite's improved
charge separation efficiency was primarily attributable to Mt effects. In compared to
Fe/MUTIiO., xFe-Mt/(1-x)Fe-TiO2 had a lower luminous intensity, which could be because the
doped Fe'!' in the TiO2 structure generated the middle-gap state to prevent the e-h* pairs from
recombination in the TiO>. The transfer and generation of electrons in TiO2, Fe/Mt/TiO>, and
xFe-Mt/(1-x)Fe-TiO2 were also examined using transient photocurrent response measurements
and EIS to associate with photocatalytic phenol degradation activity. The photocurrent density
was rated Fe/Mt/TiO, > xFe-Mt/(1-x)Fe-TiO2 > TiOz as shown in Fig. 5.11a. In addition, as
shown in Fig. 5.11b, the EIS spectra of TiO2, Fe/Mt/TiO2, and xFe-Mt/(1-x)Fe-TiO2 were
measured. The Fe/Mt/TiO2 had a reduced radius of the EIS Nyquist diagram, implying a lower

charge transfer resistance to improve photocatalytic activity.
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Fig. 5.9. (a) DRS-UV spectra; (b) corresponding Tauc plots of Fe/Mt/TiO; and xFe-Mt/(1-

x)Fe-TiO2 synthesized at 70 °C
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Fig. 5.10. Photoluminescence of Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-TiO at 70 °C.
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Fig. 5.11. (a) Photocurrent density versus time measurements of Mt, Fe/Mt/Ti0O, and xFe-Mt/(1-x)Fe-TiO2 synthesized at 70 °C under 0 V versus

Ag/AgCl bias; (b) Nyquist plots of the EIS spectra of Mt, Fe/Mt/Ti0O2, and xFe-Mt/(1-x)Fe-TiO2 synthesized at 70 °C.
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5.3.3 Photocatalytic activity

Fig. 5.12a shows the photocatalytic removal of phenol using TiO2, Fe/Mt/TiO,, and xFe-Mt/(1-
X)Fe-TiO- as a function of reaction time. All of the samples showed a little amount of phenol
adsorption in the dark. Adsorption, on the other hand, reached equilibrium within the first 5
minutes and happened mostly on the surface of the samples by physical adsorption. In
comparison, the Fe/Mt/TiO> photocatalytic performance on phenol degradation for 3 hours was
94.6%. The photocatalytic activity of the composite can be improved by adsorption Fe'"' on the
surface or the Mt interlayer. The photocatalytic reduction kinetics of phenol (eg. 5.2) agree
well with pseudo-first-order kinetics (Fig. 5.12b) [58]:

—In (C/C,) = kt (5.2)

where C and Co (mmol/g) are the residual and initial phenol concentrations, respectively, and
parameter k (min ) is the pseudo-first-order model's rate constant. Table 5.3 lists the
parameters for the pseudo-first-order. For all three samples, the correlation coefficient (R?) for
the pseudo-first-order is greater than 0.980, and the chi-square is -4 orders of magnitude. As a
result, the pseudo-first-order model can be used to forecast kinetics. For TiO», Fe/Mt/TiO., and
xFe-Mt/(1-x)Fe-TiO., the rate constants are 0.015, 0.022, and 0.037 min~!, respectively.
Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiO2 were shown to be extremely efficient. Most importantly,
the xFe-Mt/(1-x)Fe-TiO2 exhibited a greater capacity than the Fe/Mt/TiO, which is in line with

the photocurrent but contradicts the DRS and PL results.
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Fig. 5.12. (a) Photocatalytic degradation and (b) kinetics of phenol by TiO2, Fe/Mt/TiO; and

xFe-Mt/(1-x)Fe-TiO2 composites synthesized at 70 °C.

Table 5.3. Parameters of pseudo-first-order kinetics for the photocatalytic degradation of

phenol on TiO2, Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiOx.

Samples fa (min”") K r

TiOs 0.015 0.991 9.923-10*
Fe/Mt/TiO; 0.022 0.981 8.894-10*
xFe-Mt/(1-x)Fe-TiO2 0.037 0.994 3.395-10*
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The chemical stability of the Fe/Mt/TiO., which had the superior photocatalytic performance
during the photocatalytic oxidation of phenol, was investigated using the reusability test (Fig.
5.13). For three cycles, high photocatalytic degradation of phenol in Fe/Mt/TiO2> was
maintained at over 93.1%. The mass loss of the samples during washing should account for the

small decline in photocatalytic performance after the first cycle.
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Fig. 5.13. Reusability test of Fe/Mt/TiO» synthesized at 70 °C for phenol degradation.

5.3.4 ERDT patterns of TiO2, Fe/Mt/TiO2, and xFe-Mt/(1-x)Fe-TiO2

The surface electrical characteristics of Fe-Mt, TiO,, Fe/Mt/TiO2, and xFe-Mt/(1-x)Fe-TiO>
were investigated using reversed double-beam photoacoustic spectroscopy (RDB-PAS). The

surface photocatalytic characteristics of the measured samples might be inferred from the
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acquired ERDT [59]. The ERDT patterns for Fe-Mt, TiO2, Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-
TiO2 are shown in Fig. 5.14, with the values listed in Table 5.4. Because Fe'"' formed a Fermi
level as an electron donor, which is a p-type feature of semiconductor, Fe-Mt had no electron
trap (ETs) on ERDT. For the TiO2, Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-TiOz, the energy-reversed
distribution of electron traps appeared at energy ranges of 2.20-4.00 eV. This indicated that
the composites' surfaces were covered in TiO2 phases. Peak separation was used to fit the
electron trapping patterns of TiO.. Crystal rutile, amorphous rutile, and amorphous rutile
coated with crystal anatase were assigned to three peaks at 2.96, 3.22, and 3.44 eV, respectively.
The amorphous phase's dominance was compatible with the TiO2's low crystallinity, as shown
by XRD data (Fig. 5.4 and Table 5.2). The Fe/Mt/TiO, and xFe-Mt/(1-x)Fe-TiO2 ERDT
patterns were also isolated. The amorphous rutile covered in crystal anatase, which also
appeared in the TiO; pattern, has a peak at 3.44 eV. For photocatalytic reactions, crystal TiO>
should be the major fraction, and the amorphous phase may develop photocatalytic activity due
to the presence of crystal phase in TiO2 [62-64]. Amorphous TiO> covered the crystal anatase
in both composites. Photocatalytic activity should be limited to amorphous TiO; in direct
contact with the crystal phase. The intensity of this type of rutile peak in Fe/Mt/TiO2 (85.4%)
was twice as high as in xFe-Mt/(1-x)Fe-TiO2 (43.5%). As a result of this finding, the xFe-Mt/(1-
x)Fe-TiO2 had lower photocatalytic activity for phenol degradation than the Fe/Mt/TiO,. Both
the 3.62 and 3.76 eV electron accumulation peaks were attributed to isolated amorphous TiO>
that will not come into contact with the TiO> crystal phase. The photocatalytic activity of this
TiO2 on the composite was expected to be insignificant. Furthermore, the total intensity of the
isolated TiO2 phase on the xFe-Mt/(1-x)Fe-TiO> was substantially higher than on the
Fe/Mt/TiO», suggesting that it may overlap with the photocatalytically active amorphous rutile,

reducing charge generation and transfer.
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Fig. 5.14. Peak separation of representative energy-resolved distribution of electron traps
(ERDTs) patterns of Fe-Mt synthesized at RT, TiO2, Fe/Mt/TiO2, and xFe-Mt/(1-x)Fe-TiO>
produced at 70 °C. The ERDTs patterns were displayed as a function of energy (eV) from the
valence band top (VBT) paired with CBB. The relative total electron trap density is indicated
by the numbers in brackets. Crystal rutile, amorphous rutile, amorphous rutile coated on crystal
anatase, and isolated amorphous TiO, were assigned to the peaks at 2.96, 3.22, 3.44, and 3.62—
3.76 eV and shown in blue, pink, green, yellow, and red. The Fe-Mt as a n-type semiconductor

didn’t show any peak.
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Table 5.4. Parameters of ERDT peak fitting of Fe/Mt/TiO> and xFe-Mt/(1-x)Fe-TiOz. c-R, a-

R, a-R on c-A, and iso-TiO; are the abbreviation of crystal rutile, amorphous rutile,

amorphous rutile covered on crystal anatase, and isolated amorphous TiOz, respectively.

Sample Peak Assignment  Peak Position (eV) Relative Intensity (%)
c-R 2.96 31.1
a-R 3.22 42.0
Ti()2 a-R on c-A 3.44 27.0
is0-TiO, 3.62 ND.
is0-TiO, 3.76 N.D.
c-R 2.96 N.D.
a-R 3.22 N.D.
Fe/Mt/TiO» a-R on c-A 3.44 43.5
is0-TiO, 3.62 579
iso—TiO2 3.76 4.3
c-R 2.96 N.D.
a-R 3.22 N.D.
xFe-Mt/(1-x)Fe-TiO, @-Ronc-A 3.44 85.4
is0-TiO, 3.62 ND.
is0-TiO, 3.76 14.6

5.3.5 Radical scavenger tests

The photocatalytic reaction is triggered by the radicals created during the light irradiation
process. Radical scavengers were applied throughout the photocatalytic degradation of phenol

in Fe/Mt/TiO2, which is the best photocatalyst, to discover which radical can be formed largely
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during the photocatalytic activity (Fig. 5.15). The h* scavenger is ethanol, while the -OH™
scavenger is isopropanol. With a rate constant of 0.014 for both, the addition of ethanol and
isopropanol had a minor effect on the photocatalytic activity of the Fe/Mt/TiO.. It means that
the main radical sources for the photocatalytic reaction should not be h* and -OH". With the
addition of para-benzoquinone, an -O2" radical scavenger, the photocatalytic degradation of
phenol was significantly reduced, with a rate constant of 0.010. As a result, the dominating
radical in the photocatalytic breakdown of phenol is oxygen. This is understandable because
the VB predicted from XPS data was higher than the -OH™ production's reduction potential. As

a result, the Fe/Mt/TiO; system should not directly create the -OH™ radical.
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Fig. 5.15. Effects of radical scavengers (ethanol, isopropanol, and para-benzoquinone) on
photocatalytic phenol degradation in Fe/Mt/TiO2 composites manufactured at 70°C. The -OH™
scavenger is isopropanol, the h" scavenger is ethanol, and the -O, scavenger is para-

benzoquinone.
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5.3.6 Photocatalytic mechanisms

The mechanisms of Fe/Mt/TiO2 and xFe-Mt/(1-x)Fe-TiO2 might be hypothesized based on the
previous findings (Fig. 5.16). The crystal anatase will not be immediately exposed on the
surface in either composite, but will be in touch with the amorphous rutile, which serves as the
major photocatalyst. In the Fe/Mt/TiO,, the amount of amorphous rutile covered in crystal
anatase was roughly twice that of the xFe-Mt/(1-x)Fe-TiO2. In xFe-Mt/(1-x)Fe-TiO, on the
other hand, the amount of isolated amorphous anatase and rutile overlapping with the
photocatalytic active sites was substantially higher. These two elements combined to give the
Fe/Mt/TiO; a higher photocatalytic activity than the xFe-Mt/(1-x)Fe-TiO,. According to DRS
and Eg measurements, the TiO2 phase in Fe/Mt/TiO has an Eg of 3.24 eV, with VB energy
levels of 1.75 eV and CB energy levels of 1.49 eV. Furthermore, the TiO, phase in the xFe-
Mt/(1-x)Fe-TiO2 has an Eg of 3.19 eV, with VB energy levels of 1.95 eV and CB energy levels
of -1.24 eV. The Fe/Mt/TiO; and xFe-Mt/(1-x)Fe-TiO2 VBTSs are both lower than the reduction
potential of -OH™ generation [25]. As a result, the photocatalytic breakdown of phenol should
be unaffected by h* and -OH". Furthermore, the Fe/Mt/TiO, radical scavenger test
demonstrated that Oz~ should be the dominant radical during the photocatalytic reaction. In
both composites, the Fe''' on the interlayer and surface of the Mt may generate a new Fermi
level [25] and form heterojunctions with the bulk TiO, to reduce charge recombination and

promote electron transport.
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5.4 Conclusions

The Fe/Mt/TiO2 composite was made by doping Fe'" cations into the Mt/TiO, composite after

it was formed, whereas the xFe-Mt/(1-x)Fe-TiO2 composite was made by doping Fe"' cations

during the Mt/TiO2 composite creation. The Fe'" cations in the Fe/Mt/TiO were predicted to

" cations in the

be on the surface of the composite and in the Mt interlayers, whereas the Fe
xFe-Mt/(1-x)Fe-TiO2 were predicted to be in the TiO2 and Mt structures. The varied positions
of the doped Fe''" in the composite interfere with the TiO2 content in the composite being
formed. The Fe/Mt/TiO2 wt% TiO2 was usually higher (26.91-27.63%) than the xFe-Mt/(1-
X)Fe-TiO2 wt% TiO2 (26.77-27.5%), but the anatase to rutile ratio was always lower (0.92—
1.45 for Fe/Mt/TiO, and 1.53-1.91 for xFe-Mt/(1-x)Fe-TiO.). Due to the creation of the
heterojunction between TiO, and Mt, as well as the insertion of Fe''" into the composites, both
composites' optical and electrochemical characteristics, and photocatalytic phenol degradation
activity, were superior than pure TiO2. The xFe-Mt/(1-x)Fe-TiO2 composite had greater light
absorption abilities (Eg: 3.19 eV) than the Fe/Mt/TiO> composite (Eg: 3.24 eV), which was
validated by DRS results because the doped Fe'' in the TiO, structure generates a new
electronic state, lowering the Eg. The Fe/Mt/TiO2 had a stronger ability to generate charge, as
evidenced by a higher peak intensity in the photocurrent and a smaller radius in the EIS. The
Fe/Mt/TiO. photocatalytic degradation of phenol was 94.6%, which was greater than the xFe-
Mt/(1-x)Fe-TiO2 photocatalytic degradation of 85.1%. These are attributed to larger active
fractions of amorphous rutile covered in crystal anatase on the composite's surface (two times
higher than xFe-Mt/(1-x)Fe-TiOo, as validated by ERDT data. Furthermore, the -O." radical
was crucial in the photocatalytic destruction of phenol. As a result, Fe'"-modified Mt/TiO;
composites could be used as an alternate material for photocatalytic treatment of water

contaminants.
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Simple Fe'"" adsorption in acid produced Fe'"'-doped Mt. Intercalation of Fe'""" moved the 001
diffraction peak of changed materials, including H/Mt and Fe/Mt. lon release and adsorption
were confirmed by ICP-OES and AAS. FTIR, XPS, and XANES validated these findings. It
confirms the intercalated Fe form in the Fe/ Mt structure. The acid changes also eroded the Mt
surface, which was damaged when Fe'"' was introduced since Fe'!' can replace Al in the Mt
structure. The performance of Fe''-doped Mt samples for photocatalytic CrV' redox
remediation was clearly improved due to improved light adsorption, decreased Eg, and
improved electron density and transfer. Fermi levels between VB and CB in the Mt structure
may be responsible for the improved optical characteristics in Fe/ Mt. However, the redundant
Fe!' inhibited CrV' contact with the active surface and light shielding. As a photocatalyst,

modified clay can now be used for wastewater treatment and beyond.

Fe'll speciation was maintained as a trivalent cation during the synthesis of Fe-Mt/TiO, and
Mt/Fe-TiO2 composites by keeping the pH below 2, and the position of Fe''' was regulated by
adding Fe'' sources at two distinct points in the Fe/Mt/TiO2 and Mt/Fe-TiO, synthesis
procedures. Fe'"' resides on Mt in the Fe-Mt/TiO2 system, whereas Fe'"' exists in TiO2 in the
Mt/Fe-TiO2 system. When compared to the influence from the position of Fe'", as demonstrated
by XRF and peak fitting of XRD, the synthesis temperature had minor effect on TiO2 content
and anatase/rutile ratio. TEM also revealed a cross between anatase and rutile. DRS, PL,
photocurrent, and EIS measurements revealed that Fe-Mt/TiO2 has a narrower Eg, better
recombination removal, a more significant reaction to irradiation, and lower charge transfer
resistance than Mt/Fe-TiO2. At 3 hours, Fe-Mt/TiO, achieved 71.8 percent - 72.5 percent
photocatalytic destruction of phenol, while Mt/Fe-TiO- achieved 68.7% - 69.6% photocatalytic
decomposition of phenol. At various reaction intervals, the intermediate products were also

deduced using the chorograms. The remarkable photocatalytic property of Fe-Mt/TiO, was
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consistent with its superior photocatalytic performance for the photocatalytic degradation of
phenol, which was attributed to the critical role of Fe/Mt in Fe-Mt/TiO> as a semiconductor
crossing with TiOz to form a heterojunction, despite the fact that Mt in Mt/Fe-TiO2 was still an
insulator. The electron structure of Fe/Mt and TiOz in Fe-Mt/TiO2, as well as TiO2 in Mt/Fe-
TiO2, was seen using a combination of DRS, VB XPS, ERDT, and radical scavenger test.
During the photocatalytic reaction, the ‘O, radical was the dominating radical. The findings

suggest that photocatalytic reactions on Mt and Fe''-containing clay may occur.

The Fe/Mt/TiO, composite was made by doping Fe'!' cations into the Mt/TiO2 composite after
it was formed, whereas the xFe-Mt/(1-x)Fe-TiO2 composite was made by doping Fe'"" cations
during the Mt/TiO, composite creation. The Fe'"! cations in the Fe/Mt/TiO, composite should
be found on the surface and in the interlayers of the Mt, whereas the Fe'!' cations in the xFe-
Mt/(1-x)Fe-TiO2 composite should be found in the TiO2 and Mt structures. The varied positions
of the doped Fe''" in the composite interfere with the TiO2 content in the composite being
formed. The Fe/Mt/TiO2 had a higher TiO2 wt% (26.91-27.63%) than the xFe-Mt/(1-x)Fe-TiO>
(26.77-27.50%), although the anatase to rutile ratio was usually lower (0.92-1.45 for
Fe/Mt/TiO2 and 1.53-1.91 for xFe-Mt/(1-x)Fe-TiOz). Due to the creation of the heterojunction
between TiO, and Mt, as well as the insertion of Fe''' into the composites, both composites'
optical and electrochemical characteristics, as well as photocatalytic phenol degradation
activity, were superior than pure TiO. Because the doped Fe'" in the structure of the TiO;
provides a new electronic state to reduce the Eg, the xFe-Mt/(1-x)Fe-TiO2 composite
demonstrated greater light absorption abilities (Eg: 3.19 eV) than the Fe/Mt/TiO2 composite
(Eg: 3.24 eV), as proven by DRS results. The Fe/Mt/TiO2 combination, on the other hand, had
a greater charge production ability, as evidenced by a higher peak intensity in the photocurrent
and a smaller radius in the EIS. The Fe/Mt/TiO. photocatalytic degradation of phenol was

94.6%, which was greater than the xFe-Mt/(1-x)Fe-TiO2 photocatalytic degradation of 85.1%.
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These are attributed to larger active fractions of amorphous rutile covered in crystal anatase on
the composite's surface (two times higher than xFe-Mt/(1-x)Fe-TiO», as validated by ERDT
data. Furthermore, the *O," radical was crucial in the photocatalytic destruction of phenol. As

a result, Fe'"-modified Mt/TiO> composites could be used as an alternate material for

photocatalytic treatment of water contaminants.

To sum up, Fe'!, Mt, and TiO> have the potential to be extensively used in practice and
application because of no emission of second contamination. Moreover, nature abounds in all
three substances. Thus, the highly conceivable combination could activate a photocatalytic
reaction in nature especially in the shallow water system and in the atmosphere. Besides, TiO»
already been commercially utilized, the addition of montmorillonite or other clay minerals may
further improve the photocatalytic efficiency of the main photocatalyst, not only as a supporting
material, but also trigger the red shift of the light adsorption for the TiO2 composed with clay

with the controlling effect of Fe'!l.
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