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Abstract
TiO2/clay composites are materials prepared by intercalation of TiO2 particles into the
aluminosilicate interlayers of clay materials. Due to the special properties of TiO2/clay
composites, TiO2/clay composites were suggested as one of the most competitive
candidate for applications to photocatalytic decomposition of organic contaminants in
water. The morphological structure of TiO2/clay composites results in a huge amount
of micropores and mesopores which can greatly enhance the adsorption capacity of
organic contaminants. Compared with bare TiO2 photocatalyst, the photocatalytic
activities of TiO2/clay composites are improved by the enrichment of organic
contaminants caused by the enhanced adsorption capacity. In spite of such advantage
in photocatalysis, TiO2/clay composites has the same problem as well as TiO2
photocatalyst. TiO2 is a wide bandgap semiconductor(e.g., anatase, 3.2 eV). The wide
bandgap supplies very strong oxidizability on photocatalytic decomposition of organic
materials, on the other hand, requires very high photon energy so that photoexcitation
of electrons and positive holes can be generated. Thereby, the powerful photocatalytic
activity of TiO2 are presented only under UV light irradiation which constitutes about
4% of solar light.
To achieve high performance TiO2/clay composite, the first concerned problem that
limits photocatalytic activity should be the narrow responsive light region of TiO2. In
this thesis, our attempt is to enhance the photocatalytic activity of TiO2/clay composite
under visible light irradiation. Two modification methods, nitrogen doping and carbon
deposition were both employed for improving the photocatalytic activity.
Nitrogen doping is an effective method to enhance photocatalytic activity by
modification of the TiO2 bandgap. The nitrogen inions introduced by nitrogen doping
arise two different chemical states, either substitutional N or interstitial N. In both cases,
an isolated N 2p midgap is generated above the top of the valence band, reducing the
bandgap energy of TiO2. Thus, photoexcitation of electrons is available under visible
light irradiation which contains relatively lower photon energy. However, nitrogen
doping induces oxygen vacancies act as recombination centers of photoexcited
electrons and positive holes, decreasing the lifetime of photoexcited electrons and
positive holes. Therefore, how to effectively facilitate the separation of photoexcited
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electrons and positive holes is one of the determinant factors to improve photocatalytic
activity.
Carbonaceous materials have excellent chemical and electrical properties. The
utilization of carbonaceous nanomaterials to improve the photocatalytic activity of TiO2
has attracted increasing attention. It is reported that the carbon modified TiO2 exhibits
enhanced photocatalytic activity due to effective retardation to the recombination of
photoexcited electrons and positive holes. Some research have revealed that the
photocatalytic activity could be enhanced by carbonaceous species after incomplete
calcination procedures. It may be suggested a new modification method for TiO2
catalyst, effective and easy to operate under lower calcination temperature.
This thesis is constructed with four chapters and summarized below:
In Chapter 1, the background of organic water pollution and the overview of TiO2
catalyst and TiO2/clay composite was carefully introduced. Meanwhile, the object of
this thesis, to develop high active visible light responsive TiO2/clay composite, has been
proposed, accordingly.
In Chapter 2, the nitrogen doped TiO2/montmorillonite(NTM) composite was prepared
via sol-gel method, in which urea(as nitrogen source) is introduced into TiO2 precursor.
Two points, 1) The effect of N / Ti ratio on photocatalytic activity and 2) the effect of
calcination temperature on photocatalytic activity were mainly discussed, via
characterization and evaluation of photocatalytic activity.
According to the characterization results, the phase of the intercalated TiO2 particles in
both cases of NTM samples(the sample with various N / Ti ratio and the samples with
various calcination temperature) were identified as anatase. With increasing the N / Ti
ratio of the NTM composite, the absorbance around 400 to 600 nm enhanced gradually
due to the fact that nitrogen cations introduced in TiO2 crystalline act as chromophoric
centers. When raise the calcination temperature, the absorbance enhanced gradually,
but stop to decrease over 350°C. The decreased absorbance was attributed to the fact
that calcination may lead to nitrogen loss at high temperature. The decomposition of
Bisphenol a (BPA) was carried out for evaluation of photocatalytic activity. From the
results, it is worth to notice that the decomposition of BPA in the absence of irradiation
or without a photocatalyst was almost negligible. Consequently, the adsorption
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behavior of BPA is almost negligible while the discussion on photodecomposition of
BPA becomes much important. When the N / Ti ratio of the NTM composite was
increased, the decomposition rate of BPA increased until the N / Ti ratio up to 1.5, and
then became to decrease gradually due to the fact that high doping amount leads to a
large number of oxygen vacancies. These defects of crystalline in TiO2 may act as
recombination centers of photoexcited electrons and positive holes, greatly decreasing
the photocatalytic activity. The optimum calcination temperature was 250°C. With
further raising the calcination temperature, the photocatalytic activity decreased. The
decrease of photocatalytic activity was attributed to decreased basal spacing of
montmorillonite caused by dehydration of TiO2 particles, and thus suppressed the
photocatalytic activity.
In Chapter 3, the carbon deposited N-doped TiO2/montmorillonite(CNTM) composite
was prepared with carbon modification. Ethanol, as the carbon source, was added into
the N-doped TiO2/montmorillonite colloidal, treating with low temperature calcination.
Characterization and evaluation photocatalytic activity were carried out in order to
understand 1) the differences between the NTM composite and CNTM composite, 2)
the effect of carbon content on photocatalytic activity.
According to the characterization results, the carbon modification have made great
effect on the properties of the CNTM composite but no observable effect on crystalline
structure was found. An obviously color change over visible light region was attributed
to carbon modification. The absorbance of the CNTM composite depended on carbon
content which increased with increasing ethanol dosage. Due to no observable carbon
phase was observed, the carbonaceous species introduced into the CNTM composite
are supposed to be amorphous carbon. These carbonaceous species was probably
generated at nano-size and deposited on the TiO2 particles. The carbon modification
resulted in remarkable enhancement of photocatalytic activity on decomposition of BPA
under visible light irradiation and negligible effect on adsorption of BPA. The high
photocatalytic activity of the CNTM composite was due to the co-catalysis of nitrogen
doping and carbon deposition. Firstly, nitrogen doping enabled visible light response of
TiO2 particles in the composite, leading to photoexcitation of electrons and positive
holes under visible light irradiation. Meanwhile carbonaceous species act as charge
accepters so that the electrons or holes can transfer from the TiO2 particles to the
carbonaceous species freely, thus suppressed the recombination of photoexcited
III

electrons and positive holes. Consequently, the longtime lived electrons and positive
holes had increased chance to react with the adsorbates in photocatalysis reaction.
Furthermore, the effect of carbon content on photocatalytic activity was discussed. The
results shows that the carbon content depended on ethanol dosage and make obviously
effect on photocatalytic activity. The optimum ethanol dosage to prepare the CNTM
composite was 2 mL/g. Heavy ethanol dosage resulted in excessive amount of
carbonaceous species, which may cause interference to TiO2 particles from absorbing
visible light.
In Chapter 4, the summary of this thesis was provided and the prospects of this research
was placed.
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Chapter 1 Introduction
1.1

Background

Water pollution is one of the global crises, which has posed a greater threat to the
natural environment and human health in both developing and industrialized nations.
Public health and environmental concerns have driven great effort to raise awareness
of this global crisis. However, the quantity of wastewater discharge cannot be
effectively controlled due to the growth of world population and irregular world
industry. Apparently, the threat from water pollution will continue in the coming
decades[1]. The hazardous pollutants in wastewater include: solvents, surfactants, dyes,
pharmaceuticals, pesticides, endocrine disrupters, dioxins, asbestos, heavy metals and
arsenic compounds etc.[2-9] Most of them are organic compounds, which are high-toxic
substances or complete carcinogen in addition to very hard to naturally degrade via
environmental self-purification[10-16]. Hazardous organic pollutants have been
detected from both underground water, surface waters, sea waters, and even drinking
waters[17-23], due to traditional biological treatment is inadequate to completely
decompose and remove refractory organics in water. Therefore, human health and
ecological system are taking serious threat[24-26] as if the hazardous organic pollutants
cannot be removed completely from wastewater. Extensive research is underway to
seek an advanced water treatment method, which should be effective, easy-to-operate
and low-cost in-situ methods for water purification, without secondary pollution or
endangering ecological system and human health by the treatment itself[27-30].

1.2

TiO2 photocatalyst

Advanced physicochemical method such as semiconductor photocatalysis is intended
to be supplementary and complementary to traditional treatment for elimination of
hazardous organic pollutants in water. Utilization of inexhaustibly abundant and clean
solar light is expected to be a major advance in the development of sustainable, non1

hazardous, and lower-cost water treatment method[31]. A typical semiconductor
photocatalyst, titanium dioxide, also known as titania or TiO2 is suggested to be the
appropriate photocatalyst. Since photocatalytic water splitting with TiO2 was
discovered in 1972 by Fujishima and Honda[32], TiO2 has attracted considerable
academic attentions as photocatalyst due to its high photoctalytic activity in the nonselective decomposition of organic pollutants[33]. In addition, TiO2 has also exhibited
its unique advantages on water splitting[34-36], solar cells[37,38], antibacterial[39], and
inhibition of cancer[40].

1.2.1

TiO2 photocatalyst and its elementary mechanism

Under certain light irradiation, the organic pollutants adsorbed on the surface of TiO2
or within the surrounding charged particles can be decomposed via vigorous oxidation.
The elementary mechanism has been generally described while a number of processes,
which have been discussed exhaustively in the literatures[41,42]. It is commonly agreed
that the primary photocatalytic transformation is interfacial redox reactions of electrons
and holes (Figure 1.1). The electronic structure of TiO2 is characterized by a filled
valence band and empty conduction band[43]. When a photon with abundant energy of
h (no less than the band gap energy, Eg), an electron from the valence band is excited,
then jump into the conduction band, leaving a hole behind.
TiO2 + h → h+ + e−
The recombination of excited conduction-band electrons and valence-band holes occurs
concomitantly in the absence of suitable electron and hole scavengers. Most of the
electrons and holes recombine within a few nanoseconds, resulting in quantum
emission of energy as fluorescence or dissipate the input energy as heat.
h+ + e− →heat
Remaining electron-hole pairs diffuse to the surface of TiO2 particles, leading to the
interface charge transfer. Some of the electron-hole pairs get trapped in metastable
surface states. The photoexcited electrons can reduce the surface titanium atom from
Ti(IV) to yield Ti(III) while the Ti(III) atom is re-oxidized by the next available hole
2

(essentially the same as recombination).
Ti+4 + e− → Ti+3
Ti+3 + h+ → Ti+4
The rest electron-hole pairs react with electron donors and acceptors adsorbed on the
TiO2 surface. In particular, an organic compound is oxidized by the holes which are
powerful oxidants.
h+ + RH →R•+ H+
Hydroxyl radicals are formed on the surface of TiO2 by the reaction of holes with
adsorbed water or hydroxide.
h+ + H2O → OH• + H+
h+ + OH− → OH•
Meanwhile, the photoexcited electrons reduce oxygen and form superoxide radical
anion, which is an intermediate in the production of hydrogen peroxide.
e− + O2 → O2•−
O2•− + H+ → HO2•
e− + HO2• + H+  H2O2
2HO2• → H2O2 + O2
Hydroxyl radicals are produced from the decomposition of hydrogen peroxide.
H2O2 + O2•− → OH• + OH− + O2
H2O2 + e− → OH• + OH−
The organic pollutants present in aqueous or gas phase can be easily attacked by
hydroxyl radicals, which is highly reactive, play an important role in the oxidative
decomposition by using a series of methodologies collectively known as advanced
oxidation processes (AOPs)[44,45].
OH• + RH → R• + H2O
Due to the lack of a hydrogen atom, the resulting alkyl radical will typically react
rapidly with oxygen, leading organic pollutants to CO2 and water, the final products of
mineralization. The vast majority of organic pollutants can be decomposed either
directly or indirectly or both in the photodecomposition reaction.
3

Fig. 1.1 Primary processes in the mechanism of photocatalysis: (1) generation of
excited electrons and holes by photon absorption; (2) recombination of excited
electrons and holes; (3) trapping of a conduction-band electron at a Ti(IV) site to yield
Ti(III); (4) trapping of a valence-band hole at a surface excited electrons and holes
group; (5) initiation of an oxidative pathway by a valence-band hole; (6) initiation of a
reductive pathway by a conduction-band electron; and (7) further thermal (e.g.,
hydrolysis or reactions with active oxygen species) and photocatalytic reactions to yield
mineralization products. (adapted from Ref. 31)

1.2.2

Visible light responsive TiO2 photocatalyst

TiO2 has been proven to be a great potential photocatalyst, however, the
photodecomposition of organic pollutant by TiO2 are only effective under UV light
irradiation. Despite UV light exists in solar light, the 4% of solar light is inadequate for
TiO2 to present its full performance. In order to efficiently use light energy, thus scale
up the applications of TiO2, attempts have been launched for years to extend the light
responsive edge of TiO2 from UV light into visible light range. As shown in the
mechanisms of TiO2 photocatalysis, the amount of photoexcited electrons and holes
participating in the photoredox reaction makes a great effect on improving the
photocatalytic activity of TiO2. How to produce available photoexcited electrons and
holes under visible light irradiation is one key point in visible light response of TiO2.
Therefore, modification of the band gap of TiO2 is expected to be effective to increase
the amount of photoexcited electrons and holes under visible light irradiation.
A variety of modification methods have been approached, such as chemical doping[4648], semiconductor coupling[49], dye sensitization[50], etc. The modification of TiO2

via chemical doping have shown comparatively excellent effects on the enhancement
of photocatalytic activity under visible light irradiation. In general, chemical doping of
TiO2 is divided into metal doping and nonmetal doping. In the metal doping method, a
4

certain amount of metal (mainly 3d-transtion metals, such as Fe, Cr, Ru, Ce, La, and V)
ions are introduced into the crystal lattice of TiO2[51-56], creating an impurity state
between the minimum of the conduction band and the maximum of the valence band.
The impurity states introduced by metal doping can successfully extend the absorption
edge of TiO2 from UV light to the visible light range, thus effectively improve the
photocatalytic activity of TiO2 under visible light irradiation. On the other hand, the
introduced impurity state also leads to thermal instability of the doped TiO2[57] and
increasd recombination centers of photoexcited electron and holes[58].
Another doping method, nonmetal doping is achieved by substitution of lattice oxygen
with nonmetal elements, such as B, C, N, F and S of which atomic radius is similar to
that of the O atom. Unlike metal doping method, the modified TiO2 via nonmetal
doping shows better thermal stability and synthetically lower cost. In 2001, Asahi et
al.[47] reported that nitrogen-doped TiO2 (N-TiO2) exhibits an obvious visible light
absorption and enhanced photocatalytic activity under visible light irradiation. They
also calculated densities of states (DOS) of the nonmetal-doped anatase which is
modified by employing C, N, F, P, and S as dopants demonstrated that nitrogen was the
most promising element for nonmetal doping. Since then, researches concerning
nonmetal-doped TiO2, in particular N-TiO2, has become quite a popular direction.
Nevertheless, the origin of visible light responsive property of TiO2 is still under debate,
in particular the photocatalytic mechanism of nitrogen doping[58,59]. Recent
experimental and theoretical studies reach a relatively concordant agreement that the
nitrogen anion introduced by nitrogen doping arise an isolated midgap above the
maximum of the valence band of TiO2 rather than narrowing the bandgap of TiO2,
reducing the band gap energy of TiO2[58,60-64]. Thereby, photoexcited electrons and
holes can be generated under visible light irradiation. Although the mechanism of
nitrogen doping for TiO2 seems to be not theoretically clear, the applications of N-TiO2
have begun since the 2000s. By now, it is known that N-TiO2 has been used in textile,
upholstery, tooth bleaching, air and water purification systems.

1.3

TiO2/clay composites
5

1.3.1

Montmorillonite

Montmorillonite is world-wide applied as a host material for synthesis of a variety of
intercalation compounds and composites[65,66]. The structure of montmorillonite[67-69]
is shown in Fig. 1. 3. Isomorphic substitutions of Si4+ by Al3+ in the tetrahedral layer
and/or of Al3+ by Mg2+ in the octahedral layer results in negative charge of the layers
of montmorillonite. The exchangeable cations, such as Na+, Ca2+ exist between the unit
layers (or in the interlayer space) as surface complexes for keeping the charge balance.
Therefore, montmorillonite exhibits cation remarkable cation exchange capacity in
addition to a relatively higher adsorption capacity.

Fig. 1.3 Structure of montmorillonite

6

1.3.2

Pillared clay

TiO2/clay composites are pillared clays, which are intercalated by TiO2 particles
between aluminosilicate layers of clay materials. TiO2/clay composites are suggested
as one of the suitable materials for the applications on environmental decontamination,
such as photodecomposition of organic contaminants[70-72]. The porous structure of
TiO2/clay composites provides large specific surface area, leading to strong adsorption
of organic contaminants. Compared with a bare TiO2 photocatalyst, TiO2/clay
composites exhibit higher photocatalytic activity due to the fact that the enrichment of
organic contaminants increases the possibility of molecular encounter which plays an
important role in chemical reaction[73,74]. Another advantage of TiO2/clay composites
is easier separation from water. As we known, most of TiO2 photocatalysts are prepared
into nanosized particles in order to improve photocatalytic activity. However,
nanosized TiO2 lead to a super hydrophilic phenomenon[75] on the surface of the
particles, especially for anatase which is the most used phase of TiO2 for
photodecomposition. It is certain that the bared TiO2 photocatalysts requires an
additional and somewhat complex operation to separate it out from the solution after
photodecomposition. By contrast, application of TiO2/clay composites can well resolve
this practical problem due to the hydrophobic silicate layers of clay. In addition, clay
materials are harmless material to the environment and human health. The TiO2/clay
composite will not result in secondary pollution or endangering ecological system and
human health. Research on the TiO2/clay composite is of great interest, meanwhile offer
opportunities for the design of new photocatalytic systems.
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Figure 1.3. Scheme of TiO2/clay composite.

In recent years, investigations concerning TiO2/clay composites with the visible light
response have been reported. G. K. Zhang et al[76]., synthesized N, S-codoped TiO2
pillared montmorillonite which has promoted photocatalytic activity for the
decomposition of 4BS dye under visible light irradiation. Another approach, VTiO2/montmorillonite nanocomposites with visible response were successfully
prepared by sol-gel method[77]. Sasai et al.[78], reported a kind of dye sensitized
organo-pillared clays, with cationic Cu-phthalocyanine derivatives as photosensitizers,
exhibited a remarkable adsorption capacity and effective photocatalytic activity to
bisphenol A under visible-light irradiation. J. Zhang et al.[79], reported that a novel and
efficient attapulgite composite with the visible light response was prepared by
introducing BiOBr-TiO2 hybrid oxides onto its surface by using in-situ deposition.
Despite a variety of attempts to promote the photocatalytic activities of TiO2/clay
composites under visible light irradiation, many principle roles, e.g., the effect of the
clay materials in electron transportation when electrons and holes generated, are still
far from being understood today. Besides, there is also a great potential for further
exploitation of new TiO2/clay composites which are effective, low-cost and easy to
synthesize.

8

1.4

Objective of this thesis

TiO2/clay composite was suggested as one of the most competitive candidates for
applications to photocatalytic decomposition of organic contaminants in water.
However, TiO2/clay composite has the same problem as well as TiO2 photocatalyst.
Due to the fact that the powerful photocatalytic activity of TiO2 is presented only under
UV light irradiation, the photocatalytic activity of TiO2/clay is under limit. To achieve
high performance TiO2/clay composite, the first concerned problem that limits
photocatalytic activity should be the narrow responsive light region of TiO2. In this
thesis, our attempt is to enhance the photocatalytic activity of TiO2/clay composite
under visible light irradiation. Two modification methods, nitrogen doping and carbon
deposition were both employed to improve the photocatalytic activity. Nitrogen doping
was employed in preparation of N-TiO2/montmorillonite composite, which is expected
to extend the absorption range into visible light and enhanced photocatalytic activity.
Then, a following approach in order to further improve the photocatalytic activity of NTiO2/montmorillonite composite have been proposed. Carbon deposition was
employed for modification of N-TiO2/montmorillonite composite. A novel
photocatalyst, carbon deposited N-TiO2/montmorillonite composite was expected to
achieve.
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Chapter 2 Preparation and characterization of NTiO2/montmorillonite composite
2.1

Introduction

TiO2 is a wide bandgap semiconductor (e.g., anatase, 3.2 eV) which has very strong
oxidizability on the decomposition of organic materials. However, wide bandgap
always requires high photon energy (no less than the bandgap energy) for
photoexcitation of electrons and holes[1]. Thereby, TiO2 is effective only under UV
light irradiation, in other words, only a few photoexcited electrons and holes can be
arose under solar light of which major constituent is the visible light. As mentioned in
the mechanisms of TiO2 photocatalysis, the amount of photoexcited electrons and holes
participating in the photoredox reaction makes a great effect on improving the
photocatalytic activity of TiO2[2]. Therefore, how to produce available photoexcited
electrons and holes under visible light irradiation is the key point to visible light
responsive TiO2
Nitrogen doping is an outstanding method to enhance photocatalytic activity by
modification of the TiO2 bandgap. The nitrogen anions introduced by nitrogen doping
arise two different chemical states, either substitutional N or interstitial N[3-7]. In both
cases, an isolated N 2p midgap generates above the top of the valence band, reducing
the bandgap energy of TiO2 (shown in scheme 3.1). Thus, photoexcitation of electrons
is available under visible light irradiation, which has relatively lower photon energy.
On the other hand, nitrogen doping results in oxygen vacancies act as recombination
centers of photoexcited electrons and holes[8]. In particular, excessive nitrogen amount
leads to inhibition of photocatalytic activity. Thus, an appropriate nitrogen content in
N-TiO2 play an important role in the improvement of photocatalytic activity of TiO2.
Another essential factor to nitrogen dope TiO2 is calcination temperature. With
increasing the calcination temperature, particle size usually increases due to the
agglomeration of small particles[9]. It is also reported that the amount of introduced
nitrogen atom in nitrogen doped TiO2 may reduce under high calcination temperature,
decreasing the photocatalytic activity of nitrogen doped TiO2[10].
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In this chapter, the NTM composite was prepared via sol-gel method. The property of
NTM composite was characterized. The conditions to prepare NTM composite,
nitrogen content and calcination temperature, were discussed via evaluation of
photocatalytic activity.

2.2

Experimental procedure

2.2.1

Preparation of N-TiO2/montmorillonite composite

Materials
Sodium-montmorillonite from Aderazawa, Yamagata, Japan (Kunipia-F, Kunimine)
and titanium tetra iso-propoxide(TTIP, Ti(OC3H7)4, Kanto Chemical) were used as the
initial materials. The cation exchange capacity (CECClay) of Montmorillonite was 1.15
m eq/g. Urea (CO(NH2)2, Kanto Chemical) was used as a nitrogen source for nitrogen
doping.

Sample preparation
The aqueous dispersion was prepared by dispersing 1.0 g of montmorillonite into 100
mL water, stirring for 24 hours. The initial aqueous solution was prepared by dissolving
13.07 g of TTIP and certain amount of urea into 30 ml of ethanol, keeping the N / Ti
ratio as 0.5, 1, 1.5, 2 and 3. The solution was then added to 1 M HCl solution dropwise,
stirring vigorously for 3 hours at room temperature (25°C). The stirred solution was
introduced into montmorillonite dispersion with vigorous stirring and keeping stirring
for another 3 hours at room temperature. The wet cake-like precipitate was produced
by centrifuging and washing. After drying at 120 °C, the produced solid was milled,
and then calcined at 250 °C for 2 hours at a rate of 5 °C/min of temperature shift. The
prepared sample was named at NTM-0.5, NTM-1.0, NTM-1.5, NTM-2.0 and NTM3.0.
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Another series of sample were prepared via the similar method, except keeping the N /
Ti ratio as 1.5 and calcined at 250°C, 300°C, 350°C and 400°C. The prepared sample
was named at NTM-250, NTM-300, NTM-350 and NTM-400.

2.2.2

Preparation of N-doped TiO2 sol

Materials
Titanium tetra iso-propoxide(TTIP, Ti(OC3H7)4, Kanto Chemical) were used as the
initial materials. Urea(CO(NH2)2, Kanto Chemical) was used as a nitrogen source for
nitrogen doping.

Sample preparation
The NH4+ solution was prepared by dissolving 13.07 g of TTIP into 30 ml of ethanol,
keeping the N / Ti ratio at 1.5. The solution was added to 1 M HCl solution dropwise,
stirring vigorously for 3 hours at room temperature (25°C). Then, the stirred solution
was kept in still standing for 12 h. The precipitate was produced after washing and
centrifuging. The produced solid was dried at 120 °C and milled, and then, calcination
was carried out at the sited temperature at 250°C, 300°C, 350°C and 400°C, for 2 hours
at a rate of 5 °C/min of temperature shift. The prepared samples were named as NT250, NT-300, NT-350 and NT-400.

2.2.3

Characterization

X-ray diffraction(XRD) patterns were recorded by using Cu Kα radiation (λ = 1.5418
Å) on a Rigaku Rint2100 operation at 40 kV and 30 mA with 0.25°divergence slit, 0.5°
antiscatter slit, between 1 and 60°(2θ). The crystallite sizes of TiO2 particles were
calculated by Scherrer's equation for the (101) reflection at about 2θ = 25°. UV-vis
diffuse reflectance spectra were measured at room temperature in air on a Shimadzu
UV-2450 photometer over the range 200 to 800 nm, while BaSO4 was used as a
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reference. Chemical contents of each sample were analyzed by energy dispersive
spectra (EDS, JED-2300) measurements which was equipped on scanning electron
microscopy (SEM, JSM-6380A). Carbon content was recorded by thermal analysis
(TG-DTA, TG8120/SH) at a heating rate of 10°C min-1 under air using R-Al2O3 as the
standard material.

2.2.4

Photocatalytic activity

The photocatalytic activity of NTM was evaluated by photodecomposition of BPA in
aqueous solution. A catalyst loading of 100 mg per 100 mL of solution was used. The
initial concentration of BPA was 10 ppm. The suspension contained in the Pyrex glass
beaker was placed in a thermostatic water bath at constant 25 °C for 1 h of magnetic
stirring in the dark to attain an adsorption–desorption equilibrium of BPA. Subsequently,
the photodecomposition of BPA was performed under visible light irradiation by using
a Xe lamp(BA-X502) equipped with both UV filter and IR filter to select the required
wavelength (420 nm < λ < 1200 nm). The intensity of the light source was fixed at 10
mW/cm2 and the vertical distance from the lamp to the surface of suspension was also
fixed at about 20 cm. The concentration of BPA was analyzed by using HPLC
(Shimadzu LC-20AT) instrument equipped with a UV-vis detector and an C18
separation column(5 m, 150 × 4.6 mm). The elution was monitored at 254 nm. The
mobile phase was a mixture of acetonitrile and water (50/50, v/v), which was pumped
at a flow rate of 1.0 mL min-1.
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Table 2.1 Conditions of photodecomposition
Concentration of BPA

10 ppm

Solution volume

200 mL

Temperature

25°C

Catalyst dosage

0.1 g（1.0 g/L）

Light source

300 W Xe lamp

Irradiation intensity

10 mW/cm2（420 nm <  < 1200 nm）

2.3
2.3.1

Results and discussion
Characterization

The NTM composites prepared with various N / Ti ratio (from 0.5 to 3) were analyzed
by XRD and the results are shown in Fig. 2.1. The NTM composites exhibit very similar
XRD patterns, which indicated the approximately same structure of each composite
even though the nitrogen content is different. The distinct broadening 001 peak and the
unchanged 101 peak indicated the disordered structure including randomly
agglomerated TiO2 particles and montmorillonite layers. The TiO2 particles in all the
composites were observed as only anatase phase (at 2θ = 25°, 37°, 48°, 54°). The XRD
pattern of NTM composites prepared under various calcination temperatures (from 150
to 400°C) are shown in Fig. 2.2. All the samples show a very similar XRD pattern. By
increasing the calcination temperature, however, the 001 peak gradually shift to higher
angle. This tendency indicated the decreases of basal spacing, resulted from the
dehydration of TiO2 particles in the interlayers of montmorillnite. In addition, the
anatase peak became sharper gradually, indicating the crystallinity of TiO2 increased
with increasing the calcination temperature.
The UV-vis diffuse reflection spectra of the NTM-0.5, NTM-1.0, NTM-1.5, NTM-2.0
and NTM-3.0 samples are shown in Fig. 2.3. All samples exhibited a light ivory color.
The absorbance of the samples increased gradually with the N / Ti ratio increasing. This
color changing was attributed to the fact that nitrogen anions introduced in TiO2
crystalline by nitrogen doping act as chromophoric center[4]. In addition, by increasing
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the N / Ti ratio, more organics might be introduced into the NTM composite due to a
heavy dosage of nitrogen source. These organics may result in incomplete combustion,
thus leading to color increases over the visible light region. In order to better study the
effect of calcination temperature to NTM composite, the nitrogen doped TiO2 was
prepared via same method but without montmorillonite. The results(as shown in Fig.
2.4) of NT samples are similar to that of NTM samples. The The UV-vis diffuse
reflection spectra of the NTM composites calcined at various temperatures are shown
in Fig. 2.5. The color of the samples enhanced gradually by raising the calcination
temperature, but stop to decrease when the calcination temperature over 350°C. The
decreased absorbance was attributed to nitrogen loss[10]. During the calcination at high
temperature, large amount of ammonia could be desorbed before nitrogen introduced
into the TiO2 lattice. The UV-vis diffuse reflection spectra of NT samples calcined at
various temperatures are shown in Fig. 2.6. The results are well corresponding to that
of NTM composite and similar to that reported in relative papers[5,10].
The chemical content of the NTM-0.5, NTM-1.0, NTM-1.5, NTM-2.0 and NTM-3.0
samples are shown in Fig. 2.7. From the result, with increasing the nitrogen content,
the Al / Si ratio in each sample maintained, indicating that the unchanged alumina-silica
layered structure of montmorillonite. However, the TiO2 content decreased to some
extent with increasing the nitrogen content, indicating that heavy nitrogen doping result
in low TiO2 content which may reduce the photocatalytic activity.
SEM images of the NTM composites calcined at 250°C and 400°C are shown in Fig.
2.8. As can be seen from SEM image, the particle size of the sample 250°C is smaller
than that of the sample calcined at 400°C, which indicated that high calcination
temperature lead to agglomeration[11,12] of the sample particles.
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2.3.2

Effect of N / Ti ratio on photocatalytic activity

The removal rate of BPA in the absence of irradiation or without a sample was carried
out and the result is shown in Fig. 2.9. According to these results, the removal rate of
BPA in the absence of irradiation or without a catalyst was very low. Due to the polarity
of BPA is extremely weak, unlike other organics; BPA cannot be greatly adsorbed by
NTM composites. In addition, the adsorption behavior of all kinds of NTM composites
was almost similar and in each case a very low adsorption was observed. Therefore, it
should be noticed that the role of adsorption is almost negligible while considering the
decomposition of BPA becomes more important.
The decomposition rate of BPA by using NTM composite with various N / Ti ratio are
shown in Fig. 2.10. Apparently, the results indicated that the nitrogen content in TiO2
makes a great effect on photocatalytic activity of the catalyst. The decomposition rate
of BPA increased following the N / Ti ratio increasing. When the N / Ti ratio was 1.5,
the sample exhibited the highest decomposition rate. Although the actual nitrogen
content still kept on increasing when further raised the N / Ti ratio over 1.5, the
decomposition rate stops to decrease on the contrary. This result indicated that nitrogen
doping on one hand can effectively improve the visible light response of TiO2, on the
other hand, high doping amount of nitrogen results in a large number of oxygen
vacancies. These defects of crystalline in TiO2 may act as recombination centers[13] of
photoexcited electrons and positive holes, greatly decreasing the photocatalytic activity.
In addition, the actual TiO2 content is also an important factor to the decomposition rate.
It was observed that increasing the N / Ti ratio result in the decrease of actual TiO2
content. Consequently, it was found that the optimum N / Ti ratio to the maximum
decomposition rate of BPA was 1.5.
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2.3.3

Effect of heat treatment on photocatalytic activity

The decomposition rate of BPA by using NTM composite calcined at various
temperatures are shown in Fig. 2.11. With raising the calcination temperature, the
decomposition rate of BPA increase until the calcination temperature reached to 250°C.
When further increasing calcination temperature, the decomposition rate of BPA started
to decrease greatly. The optimum calcination temperature for highest decomposition
rate of BPA was found to be as 250°C, not quite corresponding to other research[14-17]
related to N doped TiO2 catalyst, which reported that the optimum calcination
temperatures were 400°C or higher temperature due to the fact that the TiO2 particles
have larger specific surface area or higher crystallinity of anatase or both. In the case
of our research, the NTM composite, however, when the calcination temperature over
250°C, the basal spacing of montmorillonite decreased due to the dehydration of the
TiO2 particles, resulting in great decreased photocatalytic activity of NTM composite.
Apparently, the advantages resulted from high calcination temperature could not
overcome the concomitant negative effect from the dehydration of the TiO2 particles.
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Fig. 2.11 Decomposition rate of BPA by using NTM composite calcined at various
temperatures.
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2.4

Conclusion

According to the characterization results, the phase of the intercalated TiO2 particles in
both cases of NTM samples (the sample with various N / Ti ratio and the samples with
various calcination temperature) was identified as anatase. With increasing the N / Ti
ratio of the NTM composite, the absorbance around 400 to 600 nm enhanced gradually
due to the fact that nitrogen introduced in the TiO2 crystalline act as chromophoric
center. When raise the calcination temperature, the absorbance enhanced gradually, but
stop to decrease over 350°C. The decreased absorbance was attributed to the fact that
calcination leads to nitrogen loss at high temperature. The decomposition of BPA was
carried out for evaluation of photocatalytic activity. From the results, it is worth to
notice that the decomposition of BPA in the absence of irradiation or without a
photocatalyst was almost negligible. Consequently, the adsorption behavior of BPA is
almost negligible while the discussion on photodecomposition of BPA becomes more
important. When the N / Ti ratio of the NTM composite was increased, the
decomposition rate of BPA increased with the N / Ti ratio up to 1.5, and then became
to decrease gradually due to the fact that high doping amount leads to a large number
of oxygen vacancies. These defects of crystalline in TiO2 may act as recombination
centers of photoexcited electrons and positive holes, greatly decreasing the
photocatalytic activity. The optimum calcination temperature was 250°C. With further
raising the calcination temperature, the photocatalytic activity decreased due to the
dehydration of the TiO2 particles.
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Chapter 3. Preparation and characterization of
carbon deposited N-TiO2/montmorillonite composite
3.1

Introduction

In photocatalysis over TiO2 particles, photoexcited electrons and positive holes separate
and react with the species adsorbed on the surface TiO2 particles, resulting in oxidation
and reduction reactions, respectively. Longer lifetimes of these photoexcited charge
carriers before they recombine with each other result in higher photocatalytic
activity[1,2]. Thereby, the lifetime of photoexcited electrons and positive holes plays a
very important role in the photocatalysis. Nitrogen doping can greatly enhance the
photocatalytic activity by reducing the bandgap energy of TiO2, thus resulting in visible
light responsibility[3-6]. On the other hand, the O vacancies induced by nitrogen anions
act as recombination centers of photoexcited electrons and positive holes, decreasing
the lifetime of photoexcited electrons and positive holes to some extent[7]. Especially
in the case of small particles, e.g., the TiO2 particles in NTM composite, of which size
is usually quite small(less than 2nm)[8-11]. The recombination is more likely to occur
due to the fact that the photoexcited electron and hole pairs cannot be sufficiently
separated from each other in the limited spatial region. Therefore, how to effectively
facilitate the separation of photoexcited electrons and positive holes is one of the
determining factors to improve photocatalytic activity.
Carbonaceous materials exhibit excellent chemical and electrical properties. The
utilization of carbonaceous nanomaterials to improve the photocatalytic activity of TiO2
has attracted increasing attention. It is reported that carbon modified TiO2 exhibits
improved photocatalytic activity due to greater retardation to the recombination of
photoexcited electrons and positive holes[12-14]. Some research have revealed that the
photocatalytic activity could be enhanced by carbonaceous species after incomplete
calcination procedures[15-17]. It may be suggested a new modification method for TiO2
catalyst, which is easy to operate under lower calcination temperature in addition to
remarkable effect. By now, it is rarely reported that TiO2/clay composites, treated with
carbon modification. Thereby, to effectively facilitate the separation of photoexcited
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electrons and positive holes, it is interesting to study carbon deposited N-doped
TiO2/montmorillonite.
In this chapter, the dried N-doped TiO2/montmorillonite colloidal was treated with
carbon modification by using ethanol, one of the most common carbohydrates, as a
carbon source. During this process, carbonaceous species can be deposited on the
surface of TiO2 particles (as shown in Fig. 3.1), leading to effective electron transfer
from TiO2 particles to carbonaceous species. The characterization and photocatalytic
activity of carbon deposited N-doped TiO2/montmorillonite(CNTM) composite were
studied. In addition, the effect of carbon content on photocatalytic activity was
discussed.

Fig. 3.1 Carbon diposition of N-doped TiO2/montmorillonite composite
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3.2

Experimental procedure

3.2.1 Preparation of CNTM composite
Materials
Sodium-montmorillonite from Aderazawa, Yamagata, Japan(Kunipia-F, Kunimine)
and titanium tetra iso-propoxide(TTIP, Ti(OC3H7)4, Kanto Chemical) were used as the
initial materials. The cation exchange capacity (CECClay) of Montmorillonite was 1.15
meq/g. Urea(CO(NH2)2, Kanto Chemical) was used as a nitrogen source for nitrogen
doping.

Sample preparation
The aqueous dispersion was prepared by dispersing 1.0 g of montmorillonite into 100
mL water, and stirred for 24 hours. The initial aqueous solution was prepared by
dissolving 13.07 g of TTIP and 1.35 g urea into 30 ml of ethanol, keeping the N / Ti =
1.0. The solution was then added to 1 M HCl solution dropwise, keeping vigorous
stirring for 3 hours at room temperature (25°C). The solution was then introduced into
montmorillonite dispersion with vigorous stirring and keeping stirring for another 3
hours at room temperature. The wet cake-like colloidal was produced by washing until
pH reaching up to 6 and centrifuging several times. After drying at 120°C, the solid was
milled, and then transferred into alumina crucible. Ethanol was added into the solid at
the dosage of 0.5, 1, 2 and 3 mL/g composite. The samples was named as CNTM-0.5,
CNTM-1, CNTM-2 and CNTM-3.
The reference material, a physical mixture of NTM composite and carbon black, was
prepared as well, of which carbon amount was set as 1.5. The reference material was
named as C&NTM.

3.2.2 Characterization
X-ray diffraction (XRD) patterns were recorded by using Cu Kα radiation (λ = 1.5418
35

Å) on a Rigaku Rint2100 operation at 40 kV and 30 mA with 0.25°divergence slit, 0.5°
antiscatter slit, between 1 and 60°(2θ). The crystallite sizes of TiO2 particles were
calculated by Scherrer's equation for the (101) reflection at about 2θ = 25°. UV-vis
diffuse reflectance spectra were measured at room temperature in air on a Shimadzu
UV-2450 photometer over the range 200 to 800 nm, while BaSO4 was used as a
reference. Chemical contents of each sample was analyzed by energy dispersive spectra
(EDS, JED-2300) measurements which was equipped on scanning electron microscopy
(SEM, JSM-6380A). Surface analysis based upon the N2 adsorption/desorption
technique was conducted on a BELSOP18SP automated gas adsorption analyzer at 77
K after sample pretreatment at 110°C for 12 h under vacuum. SBET values were
calculated by the Brunauer-Emmet-Teller (BET) method[18] from the linear part of
BET plot according to IUPAC recommendations[19] using the adsorption isotherm
(relative pressure (P/P0) = (0.08-0.30). Pore size distributions were calculated from the
adsorption isotherms by the Barrett-Joyner-Halenda (BJH) method[20] and the total
pore volume was obtained from the maximum adsorption at P/P0 of 0.999.
Thermogravimetric and differential thermal analysis (TG-DTA) curves were recorded
on a TG8120/SH instrument from room temperature to 1000°C at a heating rate of 10°C
min-1 under air using R-Al2O3 as the standard material. Photoluminescence (PL) spectra
were measured at room temperature with a Hitachi F-2500 fluorospectrophotometer
using 420 nm Ar+ lasers as excitation sources.

3.2.3 Evaluation of photocatalytic activity
The photocatalytic activity of NTM was evaluated by photodecomposition of BPA in
aqueous solution. A catalyst loading of 100 mg per 100 mL of solution was used. The
initial concentration of BPA was 10 ppm. The suspension contained in a Pyrex glass
beaker was placed in a thermostatic water bath at constant 25°C for 1 h of magnetic
stirring in the dark to reach to the adsorption–desorption equilibrium of BPA.
Subsequently, the photodecomposition of BPA was performed under visible light
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irradiation by using a Xe lamp(BA-X502) equipped with both UV filter and IR filter to
select the required wavelength (420 nm < λ < 1200 nm). The intensity of the light source
was fixed at 10 mW/cm2 and the vertical distance from the lamp to the surface of
suspension was also fixed at about 20 cm. The concentration of BPA was analyzed by
using HPLC(Shimadzu LC-20AT) instrument equipped with a UV-vis detector and a
C18 separation column (5 m, 150 × 4.6 mm). The elution was monitored at 254 nm.
The mobile phase was a mixture of acetonitrile and water (50 / 50, v / v), which was
pumped at a flow rate of 1.0 mL min-1.
Table 3.1 Conditions of photodecomposition
Concentration of BPA

10 ppm

Solution volume

200 mL

Temperature

25°C

Catalyst dosage

0.1 g（1.0 g/L）

Light source

300 W Xe lamp

Irradiation intensity

10 mW/cm2（420 nm <  < 1100 nm）
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3.3

Results and discussion

3.3.1 Characterization
The XRD patterns of NTM, CNTM-1.0 and C&NTM sample are shown in Fig. 3.2.
The CNTM-1.0 and the C&NTM sample exhibit very similar patterns to the NTM
sample, indicating that the basic structure of CNTM-1.0 sample was not changed by
introducing carbonaceous species. The TiO2 phase in all the samples were identified as
only anatase(as shown at 2θ = 25.3°, 37.9°, 47.6°, 54.8°). In the case of CNTM-1.0 and
C&NTM sample, no carbon phase was characterized. It is suggested that carbonaceous
species the introduced into CNTM-1.0 composite are supposed to be amorphous carbon.
Fig. 3.3 shows the XRD patterns of CNTM-1.0 composite added with different ethanol
dosage from 0.5 to 2. The similar patterns indicated the same crystalline structure.
The UV-vis diffuse reflection spectra of the NTM, CNTM-1.0 and C&NTM samples
are shown in Fig. 3.4. The color of NTM sample exhibited light ivory color. In contrast,
the CNTM-1.0 and C&NTM samples show obviously strong absorbance in the visible
light region due to the introduced carbon. Whereas the CNTM-1.0 sample exhibit lower
absorbance compared with C&NTM sample even though the carbon content of two
samples was almost same. This result revealed that the deposited carbonaceous species
in CNTM-1.0 sample is not similar to carbon black. Fig. 3.5 shows the UV-vis spectra
of CNTM composite added with different ethanol dosage from 0.5 to 2. It is easy to
find out that the absorbance of the samples is enhanced in sequence following with the
carbon content (as shown in Table 3.2) of the samples with increasing ethanol dosage
from 0.5 to 2.0 mL.
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Fig. 3.2 XRD patterns of NTM, CNTM-1.0 and C&NTM sample.
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Fig. 3.3 XRD patterns of CNTM composite added with different ethanol dosage from
0.5 to 2.
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Fig. 3.4 UV-vis spectra of NTM, CNTM-1.0 and C&NTM sample.
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Fig. 3.5 UV-vis spectra of CNTM composite added with different ethanol dosage from
0.5 to 2.
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Table 3.2 The chemical content of various samples (mass %)
Sample NTM
C

C&NTM

CNTM-0.5

CNTM-1

CNTM-2

CNTM-3

1.0

0.9

1.1

1.5

1.8

-

N

6.0

6.5

TiO2

32.2

28.5

SiO2

43.5

45.6

Al2O3

15.6

15.7

MgO

2.4

2.3

Fe2O3

1.1

1.1

The N2 adsorption and desorption isotherms of CNTM-1.0 and NTM samples are
shown in Fig. 3.6a. The isotherm curves show a steeply increased adsorption at low
P/P0 values and hysteresis loop at intermediate P / P0 values, which are similar to the
characteristic type IV, indicating the existence of micropores and mesopores[21]. The
shape of the hysteresis loops is similar to type H3, reflecting the slit shaped pores
resulted from the layered structure stacked by montmorillonite sheets[22,23]. The pore
size distributions of CNTM-1.0 and NTM composites are calculated from the N2
isotherms and are shown in Fig. 3.6b. The majority of the pores in CNTM-1.0 and NTM
samples are micropores (< 2 nm) arose from the intercalation of TiO2 particles into the
interlayer space of montmorillonite. As shown in Table 3.3, the NTM sample exhibits
193 m2/g of specific surface area, 0.28 cm3/g of pore volume and 5.3 nm of pore size
while the CNTM-1.0 sample exhibits slightly increased specific surface area (215 m2/g)
and very similar pore volume (0.25 cm3/g) and pore size (5.2 nm). This result probably
suggested that the carbonaceous species arisen by carbon deposition didn’t change the
surface structure of the NTM composite.
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Fig. 3.6 N2 adsorption isotherms of NTM and CNTM-1.0 samples.
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Table 3.3 Specific surface area, pore volume and average pore size.
Sample

SBET [m2/g]

Vt [cm3/g]

d [nm]

CNTM-1.0

215

0.25

5.2

NTM

193

0.28

5.3

The TG/DTA curves of the CNTM-1.0 and NTM samples are shown in Fig. 3.7. The
TG curves of the both samples show a rapid weight loss below 150°C. With the
temperature increasing, CNTM-1.0 sample exhibits much faster weight loss than NTM
from 200 °C to 500 °C. The subsequent fast weight loss was appeared from 550 °C to
700 °C. The endothermic peaks were detected at 103 °C for CNTM-1.0 sample and
98 °C for NTM sample, respectively, indicating the evaporation of water[24]
physisorbed on the surface of the samples. The lower intensity of the endothermic peak
of CNTM-1.0 sample revealed the lower water adsorption due to the fact that the
introduced carbonaceous species may change the surface hydrophilic/hydrophobic
property. The thermic curve of CNTM-1.0 sample exhibits a broad exothermic peak
over the range of 200 °C to 500 °C, which may indicate the oxidation process of
carbonaceous species[25]. The subsequent endothermic peaks were observed at 633 °C
(CNTM-1.0) and 634 °C (NTM), respectively, associated with the dehydroxylation of
the silicate layers of montmorillonite[26,27].
PL spectra have been widely used to understand the fate of electron−hole pairs in
semiconductors[28-30]. Due to the fact that the recombination of photoexcited electrons
and positive holes result in PL emission, the lower PL intensity indicates a lower
recombination rate. In order to investigate the photocatalytic activity, PL spectra was
recorded as shown in Fig. 3.8. The PL spectra display a broad emission peak around
520 nm under bandgap excitation, arising from oxygen vacancies and defects on the
surface of TiO2 particles[31,32]. According to the results, the PL intensity of NTM
sample is quite high, whereas that of both the CNTM-1.0 and the C&NTM samples are
rather low. Compared with the C&NTM sample, the CNTM-1.0 sample exhibits much
lowered PL intensity. Although both kinds of carbon (dispersed carbon black in
C&NTM and deposited carbon in CNTM-1.0) may possibly absorb part of the
fluorescence generated from TiO2 at the moment PL phenomenon occurred, the much
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lowered PL intensity of CNTM-1.0 sample revealed that the recombination of
photoexcited electrons and positive holes in CNTM-1.0 sample was greatly restrained.
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Fig. 3.7 TG/DTA curves of the CNTM-1.0 and NTM samples.
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Fig. 3.8 PL spectra of NTM, CNTM-1.0 and C&NTM sample.
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3.3.2 Photocatalytic activity of carbon deposited N-doped
TiO2/montmorillonite.
The photocatalytic activities of CNTM-1.0 samples and that of reference materials were
evaluated by decomposition of BPA and the results are shown in Fig. 3.9. The curves
show that the photocatalytic activity of the CNTM-1.0 sample was the highest. The
C&NTM sample exhibits obvious adsorption to BPA after keeping in the dark for 1
hour, whereas in the case of NT, NTM and CNTM-1.0 samples, the adsorption to BPA
was very low and almost negligible. According to these results, it should be noted that
the introduced carbon in C&NTM and CNTM-1.0 samples are quite different. For
C&NTM sample, the introduction of carbon black seems to greatly suppress the
photocatalytic activity although the adsorption property was increased. In the case of
CNTM-1.0 sample, the deposited carbonaceous species by carbon modification have
greatly increased the photocatalytic activity in spite of negligible effect on adsorption
behavior. The decomposition rates (per mass. TiO2) of BPA by CNTM-1.0 composite
and that of reference materials were calculated and the results are shown in Fig. 3.10.
The CNTM-1.0 sample exhibits much higher decomposition rate than that of NTM
sample, indicating that the recombination of photoexcited electrons and positive holes
are probably restrained by the deposited carbonaceous species in CNTM-1.0 composite.
In the case of C&NTM sample, the decreased photocatalytic activity should be
attributed to the fact that the carbon black were not immobilized on the surface of NTM
composite. During the photocatalysis process, most carbon black particles float on the
top of the BPA aqueous solution, and thus blocked the vertical irradiation light reaching
to the TiO2 particles, leading to inadequate photocatalysis reaction.
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Fig. 3.9 Decomposition curves of BPA by C&NTM, NTM, NT and CNTM-1.0
samples.
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samples.
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3.3.3 Effect of carbon content on photocatalytic activity
The photocatalytic activities of CNTM composites with different ethanol dosages were
evaluated by decomposition of BPA and the results are shown in Fig. 3.11. The CNTM
composite with the ethanol dosage of 2 mL/g composite shows the highest
photocatalytic activity. It should be noted that the dark adsorption behaviors of all the
four samples were almost similar and in each case a very low adsorption was observed.
Thereby, the role of adsorption is almost negligible while considering the photocatalytic
decomposition of BPA becomes more important.
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0.8

0.6

0.4

0.2

0.0
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Fig. 3.11 Decomposition curves of CNTM composites with different ethanol dosage.
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3.4

Conclusion

Carbon deposited N-doped TiO2/montmorillonite composite was prepared with carbon
modification with adding ethanol into dried N-doped TiO2/montmorillonite colloidal，
treating with calcination. Carbonaceous species were generated at the nano size and
deposited in the interlayer space. These nano-sized carbonaceous species resulted in
remarkable enhancement of photocatalytic activity on decomposition of BPA under
visible light irradiation and negligible effect on adsorption of BPA. The improved
photocatalytic activity was due to the fact that the recombination of photoexcited
electrons and positive holes is restrained by the deposited carbonaceous species, leading
to long-lived positive holes that play a very important role in photocatalysis.
Furthermore, the effect of carbon content on photocatalytic activity was discussed. The
results show that the carbon content depended on ethanol dosage and the optimum
ethanol dosage was 2 mL/g. Heavy ethanol dosage resulted in excessive carbonaceous
species which may cause interference from absorbing visible light.
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Chapter 4 Conclusion
In this thesis, in order to develop an effective and environment-friendly water treatment
method for decomposition of hazardous organic materials in wastewater, high
performance TiO2/clay composite was prepared. Two modification methods, nitrogen
doping and carbon deposition were both employed to improve the photocatalytic
activity of TiO2/clay composite. The visible light response was enhanced to TiO2/clay
composite by nitrogen doping. Meanwhile, the photocatalytic activity was further
improved under visible light irradiation due to carbon deposition. This thesis is
constructed with four chapters and summarized below:
In Chapter 1, the background of water pollution and the overview of TiO2 catalyst and
TiO2/clay composite were introduced. Meanwhile, the object of this thesis, to develop
high active visible light responsive TiO2/clay composite, has been proposed,
accordingly.
In Chapter 2, the nitrogen doped TiO2/montmorillonite composite was prepared via a
sol-gel method, in which urea is introduced into TiO2 sol. Two points, the effect of the
N / Ti ratio on photocatalytic activity and the effect of calcination temperature on
photocatalytic activity were mainly discussed, via characterization and evaluation of
photocatalytic activity. According to the characterization results, the phase of the
intercalated TiO2 particles in all samples was identified as anatase. The absorbance
around 400 to 600 nm enhanced gradually by increasing the N / Ti ratio of the NTM
composite. When raise the calcination temperature, the absorbance enhanced gradually,
but stop to decrease over 350°C. The decreased absorbance was attributed to the fact
that calcination leads to nitrogen loss at high temperature. The decomposition of BPA
was carried out for evaluation of photocatalytic activity. According to the results, it is
worth to notice, that the decomposition of BPA in the dark or without a photocatalyst
was almost negligible. Consequently, the adsorption behavior of BPA is almost
negligible and discussion on photodecomposition of BPA becomes much more
important. When the N / Ti ratio of the NTM composite was increased, the
decomposition rate of BPA increased with the N/Ti ratio up to 1.5, and then started to
decrease gradually. The optimum calcination temperature was 250°C. With further
raising the calcination temperature, the photocatalytic activity decreased. This result is
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not quite in accordance with that of other reports, however, it was in excellent
agreement with the reference nitrogen doped TiO2 which is prepared with the same
method but without montmorillonite.
In Chapter 3, the carbon deposited N-doped TiO2/montmorillonite composite was
prepared with carbon modification. Ethanol, as a carbon source, was added into the Ndoped TiO2/montmorillonite colloidal, treating with low temperature calcination.
Characterization and evaluation were carried out in order to understand the differences
between the NTM composite and CNTM composite and the effect of carbon content on
photocatalytic activity. According to the characterization results, the carbon
modification has made a great effect on the properties of the CNTM composite. An
obviously color change over the visible light region was attributed to carbon
modification. The absorbance of the CNTM composite depended on carbon content
which increased with increasing ethanol dosage. Due to no observable carbon phase
was observed, the carbonaceous species introduced into the CNTM composite are
supposed to be amorphous carbon. These carbonaceous species were generated at nano
size and deposited in the interlayer space, resulting increase of specific surface area and
decrease of both average pore size and average pore volume. In the case of
photocatalytic activities, it is worth to notice that the carbon modification resulted in
remarkable enhancement of photocatalytic activity on decomposition of BPA under
visible light irradiation and negligible effect on the adsorption behavior of BPA. The
high photocatalytic activity of the CNTM composite was due to the synergy effect of
nitrogen doping and carbon deposition. Firstly, nitrogen doping enabled visible light
response of TiO2 particles in the composite, leading to photoexcitation of electrons and
positive holes under visible light irradiation. Meanwhile the carbonaceous species act
as charge accepter so that electrons or holes can transfer from TiO2 particles to
carbonaceous species freely, thus retarded the recombination of photoexcited electrons
and positive holes. Consequently, the longtime lived electrons and positive holes had
increased chance to react with the adsorbates in photocatalysis reaction. Furthermore,
the effect of carbon content on photocatalytic activity was discussed. The results show
that the carbon content depended on ethanol dosage and make an obvious effect on
photocatalytic activity. The optimum ethanol dosage was 2 mL/g. Heavy ethanol dosage
resulted in an excessive amount of carbonaceous species, which may cause interference
to TiO2 particles from absorbing visible light.
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In Chapter 4, the summary of this thesis was provided and the prospects of this research
were placed.
In view of the results above, this thesis is expected to be valuable for the researches on
improvement of the photocatalytic activity of TiO2 catalyst. In addition, it is hoped that
this research will contribute to the development of environment-friendly water
treatment and be helpful to restrain water pollution.
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