Study onPreparation anéPhotocatalytic
Activity of CarbonModified N-
TiO2/montmorilloniteComposite

2018, March

Jiannan Hsing

Graduate School of Environmental and Life Science
( Doctoro6s Cour se)

OKAYAMA UNIVERSITY



Abstract

TiO2/clay composites are materials prepared by intercalation of pa@ticles into the
aluminosilicate interlayers of clay materials. Due to the special properties g€lfayO
composites, Ti@clay composites were suggested as one of the most competitive
candidateor applications to photmatalytic decomposition of organic contaminants in
water. The morphological structure of Bi€lay composites results in a huge amount

of micropores and mesopores which can greatly enhance the adsorption capacity of
organic contanmants. Compared with bare TiQhotocatalyst, the photocatalytic
activities of TiQ/clay composites are improved by the enrichment of organic
contaminants caused by the enhanced adsorption capacity. In spite of such advantage
in photocatalysis, Tigiclay composites has the same problem as well as TiO
photocatalyst. Ti@is a wide bandgap semiconductor(e.g., anatase, 3.2Teeide
bandgapsuppliesvery strongoxidizability on photacatalytic decomposition of organic
materials on the other handequires very high photon energgo thatphoteexcitation

of electrons and positive holes can be generated. Thereby, the powerful photocatalytic
activity of TiO, are presented only under UV light irradiation which constitutes about

4% of solar light.

To achieve lgh performance Tigiclay compositethe first concerned problem that
limits photocatalytic activity should ktae narrow responsive light region of TiOn
this thesis, our attempt is to enhance the photocatalytic activity efcla@ composite
under vsible light irradiationTwo modificationmethods, 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 TiQ bandgap. The nitrogenions introduced by nitrogen doping
arise two different chemical states, either substitutional N or interstitial N. In both cases,
an isolated N 2p midgap generated above the top of the valence band, reducing the
bandgap energy of T¥DThus, photoexcitation of electrons is available under visible
light irradiation which contains relatively lower photon energy. However, nitrogen
doping induces oxygen vagcies 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



electrons angositive holes i®ne 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 TiO
has attracted increiag attention. It is reported that the carbon modified>B&hibits
enhanced photocatalytic activity due to effective retardation to the recombination of
photoexcited electrons and positive holes. Some research have revealed that the
photocatalytic actity could be enhanced by carbonaceous species after incomplete
calcination procedures. It may be suggested a new modification method for TiO

catalyst, effective and easy to operate under lower calcination temperature.
This thesis is constructed with focinapters and summarized below:

In Chapter 1, the background of organic water pollution and the overview of TiO
catalyst and Ti@clay composite was carefully introduced. Meanwhile, the object of
this thesis, to develop high active visible light respon§i@e/clay composite, haseen

proposed, accordingly.

In Chapter 2, the nitrogen doped Biontmorillonite(NTM) composite was prepared
via sotgel method, in which urea(as nitrogen source) is introduced intgpfédursor.

Two points, 1) The effect of NTi 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 phaseedhtlercalated Ti@particles in

both cases of NTM samples(the sample with varioddNatio and the samples with
various calcination temperature) were identified as anatase. With increasing e N

ratio of the NTM composite, the absorbance aroitd 600 nm enhanced gradually

due to the fact that nitrogen cations introduced inoTi@stalline act ashromophoric
centers. When raise the calcination temperature, the absorbance enhanced gradually,
but stop to decrease over 350€C. The decreasedrabsoe 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 decompositdf 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 much important. When the/ Ni ratio of theNTM composite was
increased, the decomposition rate of BPA increased until fhE Natio 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 crystallii@®inmay act as
recombination centers of photoexcited electrons and positive holes, greatly decreasing
the phoobcatalytic activity. The optimunealcination temperature was 250@Vith

further raising the calcination temperature, the photocatalytic activity decrddmed.
decreaseof photocatalytic activitywas attributed to decreased basal spacing of
montmorillonite caused by dehydration of ZiQarticles, and thus suppressed the

photocatalytic activity

In Chapter 3the carbon deposited-tbped TiQ/montmorillonite(CNTM) composite

was prepared with carbon modification. Ethanolkhesarbon source, was added into

the N'doped TiQ/montmorillonite colloidal, treating with low temgure 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 tle characterization resultthe carbonmodification have made grea
effect on the properties of the CNTM composite but no observable effect on crystalline
structure was found. Aobviouslycolor chang@ver visible light region was attributed

to carbonmodification. The absorbance of the CNTM composite depended on carbon
content which increased with increasing ethanol dosage. Due to no observable carbon
phase was observetihe carbonaceous species introduced into the CNTM composite
are supposed to be arpbous carbon. Thesearboraceousspecieswas probably
generatecht rancsize anddepositedon the TiO2 particles The carbon modification
resuledin remarkableenhancemerdf photocatalytiactivity on decomposition of BPA
under visible light irradiatiorand negligible effect on adsorption of BPA. Thigh
photocatalytiactivity of the CNTM composite was due to tlee-catalysisof nitrogen
doping and carbon deposition. Firstly, nitrogen doping enabled visible light response of
TiO2 particles in the commite, leading tghotoexcitation of electrons and positive
holes under visible light irradiation. Meanwhitarboraceousspecies act as charge
acceptes so thatthe electrons or holes can transfer frahe TiO2 particles tothe

carboraceousspecies freelythus suppressed theecombination of photoexcited
I



electrons and positive holeSonsequentlythe longtime lived electrons and positive

holes hadincreased chance to react with the adsorbates in photocatalysis reaction.
Furthermore, the effect of carbooartent on photocatalytic activity was discussed. The
results shows that the carbon content depended on ethanol dosage and make obviously
effect on photocatalytic activity. The optinm ethanol dosage to prepatee CNTM
composite was 2 mL/g. Heavy ethanabsdge resulted in excessive amount of
carbonaceouspecies, which may cause interference tof@articles 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, whitdis posed a great threat tothe
natural environment and human health in both developing and industrialized nations.
Public health and environmentabncernshavedriven greateffort to raise awareness
of this global crisis However, he quantity of wastewatedischargecannot be
effectively controlleddue tothe growth of world population and irregular world
industry. Apparently, the threat fronwater pollution will continue in the coming
decadg1]. The hazardougollutants in wastewater include: solversisrfactans, dyes,
pharmaceuticalgesticide, endocrine disrupteyslioxins, asbestosheavy metaland
arsenic compounds €i¢9] Most ofthemare organicompoundswhich are higktoxic
substacesor complete carcinogeim addition to very hard to naturallyegradevia
environmental selpurification . Hazardous organicpollutants have been
detected from both undgmoundwater, surface waters, se@atess, andeven drinking
waters , due to traditionalbiologicaltreatmentis inadequateto completely
decompose and removefractory organicen water Therefore, human healthnd
ecological systerare taking serious threat-26] as ifthe haardousorganicpollutants
camot beremovedcompletely from wastewater.xEensiveresearch is underway to
seek an advanced water treatmmethod which should beeffective,easyto-operate
and low-cost in-situ methodsfor water purification, without secondary pollution or

endangeringcologicalsystemandhuman health by the treatment itseif

1.2 TiO2 photocatalyst

Advancedphysicochemicamethodsuch as semicondtor photocatalysiss intended
to be supplmentay and complementarto traditional treatmenfor elimination of
hazardousrganicpollutantsin water.Utilization of inexhaustibly abundam@indclean

solar light is expected to be a major advance in the developmeunstainablenon
1



hazardous, and loweost water treatment metlz1]. A typical semiconductor
photocatalgt, titanium dioxide, also known as titania or i3 suggested to be the
appropriate photocatalgt. Since photocatalytic water splittingwith TiO2> was
discovered in 1972 byujishima and Honda?], TiO, has attraed consderable
academiattentionsas photocatalgt due toits high phot@talytic activity in the non
selectivedecompositiorof organicpollutants$33]. In addition TiO2 hasalso exhibited
its unique advantages watersplitting , solar cellg , antibacterigBo], and

inhibition of cancef

1.2.1 TiO2 photocatalyst and its elementary mechanism

Under certain light irradiation, the orgampollutantsadsorbed on the surfacé TiO>

or within thesurroundingchargedparticlescan bedecomposd via vigorous oxidatian
Theelementarynechanisnhas beemenerdly describedvhile a number oprocesses
which have beediscusse@xhaustivelyn the literatures . Itiscommonly agreed
that heprimaryphotocatalytic transformationiisterfacial redox reactions of electrons
and holeqFigure 1.1). The electronic structuref TiO2 is characterized bw filled
valence band and empty conduction barndWhen a photon witabundantnergy of
hn (no less than the bamyadp energykEy), anelectronfrom the valence band excited
then jumpinto the conduction band, leavindnale behind

TiO2+hnY h*+¢€

The recombination ofitedconductiorband electrons and valerbandholesoccurs
concomitarly in the absence of suitable electron and hole scavengest of the
electrons and holes recombimgthin a few nanosecondsgsulting in quantum
emissionof energyasfluorescencer dissipate the input energyg heat

h*+ € Y heat

Remainingelectronhole pairsdiffuseto the surfacef TiO particles, leading tahe
interface charge transtebome of theelectrorhole pairs get trapped in metastable
surface stated'he photoexcite@lectrors can reduce the surface titamivatomfrom

Ti(1V) to yield Ti(lll) while the Ti(lll) atom is reoxidized by the next availéd hole

2



(essentially the same as recombination)

TiY*+€ Y Ti*®

Ti+h*Yy Ti*

The rest electrohole pairs react with electron donorsdaacceptors adsorbed on the
TiO2 surface In particular, an organic compouisl oxidized by thenoles which are
powerful oxidants

h*+ R HRAWH*

Hydroxyl radicals are formed on the surfadéliO. by the reaction ofioleswith
adsorbedvateror hydroxide

h*+ HO0 DHM H

h*+ OH Y OH*

Meanwhile, the photoexcitedelectrors reduce oxygen and form superoxideradical
anion, whichis an intermediate in the productiontgfdrogen peroxide

d +V OAT

oA+ H'Y af

€ + HO M+ H - H0;

2HOAY D2+ O

Hydroxyl radicals ar@roduced from the decompositiontofdrogen peroxide

H202+ OAY  OM OH + O

H.O,+aY Om OH

The organic pollutantpresent inagueousor gas phasean be easily attacked by
hydroxyl radicals which is highly reactive,play an importantrole in the oxidative
decompositionby using a series of methodologies collectivelyown asadvanced
oxidation processg®\OPSs)

OHM  RH AVH®R

Due to the lackof a hydrogenmatom the resultingalkyl radical will typically react
rapidly with oxygen leadng organic pollutantso CO, andwater, the final products of
mineraliation The \ast majority oforganic pollutantscan bedecomposedeither

directly or indirectlyor both in the photodecompaosition reaction.


https://en.wikipedia.org/wiki/Advanced_oxidation_process
https://en.wikipedia.org/wiki/Advanced_oxidation_process
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Oxygen

sNg

@
HOGT

\jC

Fig. 1.1 Primary processes in the mechanism of photocataly$)sgeneration of
excited electrons and holes by photon absorption; (2) recombination of excited
electrons and holes; (3) trapping of a condueband electron at a Ti(IV) site to yield
Ti(lll); (4) trapping of a valencdand hole at a surface excitel@éatrons and holes
group; (5) initiation of an oxidative pathway by a valebe®d hole; (6) initiation of a
reductive pathway by a conductivand electron; and (7) further thermal (e.g.,
hydrolysis or reactions with active oxygen species) and phototatasctions to yield
mineralization productgadapted from )

Red* —.-»-—co, Cr, H*, H20

1.2.2 Visible light responsive TiG; photocatalyst

TiO> has been proven to be a great potential photocatahmiever the
photadecompositiornof organicpollutantby TiO> are onlyeffective underUV light
irradiation. DespiteUV light existsin solar light the4% of solar light isinadequatdor
TiO2 to present its fulperformanceln order to efficiently uséght energy thusscale
up the applications of Tig) attemptshave beenlaunchedor years toextendthelight
responsiveedgeof TiO2 from UV light into visible light range As shown in the
mechanisms of Ti@photocatalysis, thamountof photexcited electrons and holes
participating in thephotoredox reactiommakes a great effect onimproving the
photocatalyticactivity of TiO>. How to produce available photoexcitekbctrons and
holesundervisible lightirradiationis one key pointn visible light response of Ti©
Thereforemodification of the band gap of Ti@s expectedo be effectiveto increase

theamount ofphotoexcitecelectrons and holamdervisible lightirradiation

A variety of modification methods have besgproachedsuch ashemicaldoping

, semiconductocoupling49], dye sensitizatigno], etc. The modification of TiO>
via chemicaldoping have showrcomparativey excellent effects othe enhancement
of photocatalytic activityundervisible lightirradiation. In generathemicaldoping of

TiO2 is divided intometal doping andonmetal dopingin themetal doping methqd
4



certain amount afetal(mainly 3d-transtionmetals, such dse, Ct Ry, Ce La, and \j

ions are introduced into therystal latticeof TiO> , Creating a impurity state
betweerthe minimum ofthe conductionbandand the maximum ahe valence band.
Theimpurity states introduced by metal dopiransuccessfullyextendthe absorption
edgeof TiO2 from UV light to the visible light rangethus effectively improve the
photocatalytic activity of Ti@undervisible light irradiation On theother hand, the
introduced impurity statalso lead to thermalinstability of the doped T.[57] and

increasdecombination centexs photoexciteclectronandholes

Another dopingnethod,nonmetal dopings achieved bysubstitution of lattic@xygen
with nonmetal elementsuch a$3, C, N, F andS of which atomic radiuss similar to
that of the Oatom Unlike metal dopingmethod, the modified Ti©via normetal
dopng shows better thermal stability asgntheticallylower cost. In2001, Asahi et
al. repored that nitrogerdoped TiQ (N-TiO2) exhibits an obviousvisible light
absorption and enhanced photocatalytic actiuttger visible light irradiationThey
also calculated densities of states (DOS) of titmmmetaldoped anatasewhich is
modified by employin@:, N, F, PandS as dopantdemonstrated thaitrogenwas the
most promisingelement fornonmetal dopingSince then,researches concerning
nonmetaldopedTiOy, in particularN-TiO2, has becomejuite a popular direction
Neverthelesshie origin of visible lightesponsive property of Tids still under debate
in particular the photocatalytic mechanism of nitrogen dopirg9]l. Recent
experimentabnd theoretical studiggach arelatively concordantagreementhatthe
nitrogen anion introduced by nitrogen dopingrise an isolated migap abovethe
maximum ofthe valence band oTiO> rather thamarrowng the bandap d TiOo,
reducing the band gap energy of 73 . Thereby photoexdaed electrons and
holes can be generatedinder visible light irradiation Although themechanismof
nitrogen doping for Ti@seems to be notheoreticdl clear, the applications of-NiO>
have begun sindle 2000sBy now, it is known that N'iO2 hasbeenusedin textile,

upholsterytoothbleachingair and water purifiation systems

1.3 TiO2/clay composites



1.3.1  Montmorillonite

Montmorillonite isworld-wide appliedasa hostmaterial forsynthesis of a varietyf

intercalation compounds and composiies6|. The structure of montmorillonite’-69

is shown inFig. 1. 3. Isomorphic substitutiaof Si** by Al®* in the tetrahedral layer

andor of AI** by Mg?* in the octahedral layeesuls in negative chargef the layers

of montmorillonite The exchangeableations such as Ng C&* existbetween the unit

layers(or in the interlayer spag@as surface complexésr keeping thehargebalance.

Therefore montmorilbnite exhibits catiorremarkable catiorexchangecapacityin

addition to arelatively higheradsorption capacity
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Fig. 1.3Structureof montmorillonite



1.3.2 Pillared clay

TiOJ/clay composites are pillared clayshich are intercalatedby TiO. particles
betweenaluminosilicatelayersof clay materialsTiO2/clay compositesare suggested
asone of the suitable materials file applications oanvironmentatiecontamination
such agphotodecompositionf organiccontaminants . The porous structure of
TiO2/clay composites provides large specific surface aredirigao strong adsorption
of organic contaminants Compared witha bare TiO, photocatalyst, TiOJ/clay
compositeexhibit higher photocatalytic activity due thefact that theenrichmenof
organiccontaminantsncreaseshe possibility of molecular encountexhich plays an
important role in chemical reaction, 74]. Another advantage diO/clay composites
is easier separation from watéis we known, most ofiO2 photocatalysts are prepared
into nanosizedparticles in order to improve photocatalytic activity. However,
nanosizedTiO lead to asuper hydrophilic phenomenpt| on the surface othe
particles, especially for anatase which is the most used phase af f3iO
photodecompositionlt is certain that the bared TiO2 photocatalystsrequires an
additional and somewhabmplexoperation to separate it ofstom the solutiorafter
photodecomposition.Bcontrastapplicationof TiO2/clay compositegan well resolve
this practicalproblemdue to the hydrophobic silicate layers of clay. In additabay
materialsare harmlessmaterialto the environmentand human healtiThe TiO2/clay
composite will not result isecondary pollution cendangeringcological systerand
human healthResearch on thEO2/clay composite is of great intergsteanwhileoffer

opportunities for the desigsf new photocatalytic systems.
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Figurel.3. Scheme ofTiOJ/clay composite.

In recent years, investigations concernin@:/clay compositeswith the visible light
responséhave beeneported.G. K. Zhang et ai6|., synthesized N, Sodoped TiQ
pillared montmorillonite which haspromoted photocatalytic activity for the
decomposition of 4BS dye undeisible light irradiation. Another approachy-
TiO2/montmorillonite  nanocomposites with visible response wstecessfully
prepared by sefjel method’7]. Sasai et al7g|, reported a kind oflye sensitized
organaepillared clays, with cationic Gphthalocyanine derivatives as photosensitizers
exhibited a remarkable adsorption capacity and effective photocatadgiivity to
bisphenol Aunder visiblelight irradiation.J. Zhang etl.[79], reported thea novel and
efficient attapulgite compositewith the visible light respone was prepared by
introducing BiOBr-TiO2 hybrid oxides onto itsurfaceby using insitu deposition
Despitea variety ofattemptsto promotethe photocatalytic activiés of TiO2/clay
compositesunder visible light irradiationmanyprincipleroles e.g, the effect of the
clay materialgn electron transportatiowhen electrons and holes generata®, still

far from beingunderstood todayBesides, there is also a great potential for further
exploitationof new TiO2/clay compositesnvhich are effective, lowcost and easy to

synthesize.



1.4 Objective of this thesis

TiO2/clay compositewas suggested as one of the most competitive candidate
applications to photmtalytic decomposition of organic contaminants in water.
However TiOJ/clay compositéhas the same problem as well as Jpgbotocatalyst.
Due to the fact that th@owerful photocatalytic activity of Tigds presented only under
UV light irradiation,the photocatalytic activityf TiO2/clay is under limitTo achieve
high performance Tigclay composite,the first concerned problem that limits
photocatalytic activity should béne narrow responsive light region of TiOIn this
thesis, our attempt is to enhance the photocatalytic activity of/ & composite
under visible light irradiationTwo modificationmethods, nitrogen doping and carbon
deposition were both employ&alimprove the photocatalytic activityNitrogen doping
was employedh preparation of NTiO2/montmorillonitecomposite, which is expected
to extendthe absorption range into visible light and enhanced photocatalytic activity.
Then, a following approach in order to further improve the photocatalytic actiity o
TiO2/montmorillonite composite have been propose@arbon deposition was
employed for modification of NiO2/montmorillonite composite. A novel
photocatalyst, carbon depositedTMD2/montmorillonite composite wagxpected to

achieve
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Chapter 2 Preparation and characterization of N

TiO 2/montmorillonite composite

2.1 Introduction

TiO2 is a wide bandgap semiconducterg., anatase, 3.2 eMhich hasvery strong
oxidizability on the decomposition of organic materialslowever,wide bandgap
always requires high photon energyno less than the bandgap energy) for
photcexcitation ofelections and holé€s|. Thereby, TiQ is effective only under UV
light irradiation in other wordspnly a fewphotcexcitedelectronsand holes can be
aroseundersolar light of which majoconstituenis the visible lightAs mentionedn

the mechanisms of Tgphotocatalysis, themountof photaexcitedelectrons and holes
participating in the photoredox reactionakes a great effect on improving the
photocatalyticactivity of TiO2[2]. Therefore, how to produce available photoexcited
electrons and holesnder visible light irradiation is the key pointo visible light

responsivelio>

Nitrogen doping is @& outstandingmethod to enhancephotocatalytic activityby
modification of the TiQ bandgapThe nitrogeranons introduced by nitrogen doping
arisetwo differentchemical states, eithsubstitutionalN or interstitial N . In both
cases, an isolated N 2p midgggneratesbove theop of thevalence bandreducing

the bandgap energy of Ti@shown in scheme 3.1). Thus, photoexcitation of electrons
is available under visible light irradiatipmwhich has relatively lower photon energy.
On the other hand, nitrogen dopirgsultsin oxygen vacancieact asrecombination
centerof phobexcted electrons and holes In particular, excessive nitrogamourt
leads to mhibition of photocatalytic activity. Thus, an appropriate nitrogen content in
N-TiO2 play an importantrole in the improvement gfhotocatalytic activityof TiOo.
Another essentialfactor to nitrogen dop TiO; is calcination temperature. With
increasing the calcination temperature, partisiee usually increasesdue to the
agglomeration obmall particles?]. It is also reported that the amountiotfroduced
nitrogen atomn nitrogen dopediO2 may reduceinde high calcination temperatuye

decreasing the photocatalytic activity of nitrogen dopi€x
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In this chapter, the NTMompositewas prepared via sglel methodThe property of
NTM compositewas characterized. The conditions to prepBEBM composite,
nitrogen contentand calcination temperaturewere discussedvia evaluation of

photocatalytic activity

2.2 Experimental procedure
2.2.1 Preparation of N-TiO 2/montmorillonite composite

Materials

Sodiummontmorillonite fromAderazawa, Yamagata, Japé€unipiaF, Kunimine)
and titanium tetra ispropoxidéTTIP, Ti(OCsH7)s, Kanto Chemical) were used as the
initial materials. The cation exchange capacity (c&{Cof Montmorillonite was 1.15
m eqg/g. Ureg CO(NH)2, Kanto Chemicaljvasused as a nitrogen sourcg nitrogen
doping.

Sample preparation

Theaqueous dispersion wasepared by dispersing 1.0 grabntmorilloniteinto 100
mL water,stirringfor 24 hoursTheinitial aqueous solutiowas prepared by dissolving
13.07 g of TTIP andertain amount ofireainto 30 ml of ethanol, keeping thixe/ Ti
ratio as0.5, 1, 1.5, 2 and.3 he solution was then added to 1 M HCI solution dropwise,
stirring vigorously for 3 hours at room temperat(28C). The stirred solution was
introduced intanontmorillonitedispergon with vigorous stirring and keeping stirring
for another 3 hours at room temperature. Wee cakelike precipitatewas produed
by centrifugng and wasing. After drying at 120 €, the produced solid was milled
and thercalcined at 250 € for 2 hours at a rate of 5 €/min of temperature shie
prepared sample was named at NUM, NTM-1.0, NTM-1.5, NTM-2.0 and NTM
3.0.
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Another series of sample were prepared via the similar method, except keepihg the
Ti ratio as 15 and calcined at 280, 300C , 350C and400C . The prepared sample
was named at NTA250, NTM-300, NTM-350 and NTM-400.

2.2.2 Preparation of N-doped TiO: sol

Materials

Titanium tetra isgpropoxidéTTIP, Ti(OCzH7)4, Kanto Chemical) were used as the
initial materials. Urea(CO(NH2, Kanto Chemicalvasused as a nitrogen souros

nitrogen doping.
Sample preparation

TheNH4" solutionwasprepared by dissolving3.07 g of TTIAnto 30 ml of ethanol
keepingtheN / Ti ratioat 1.5 The solutionwas added td M HCI solution dropwise,
stirring vigorously for 3 hours at room temperat(26C). Then, the stirred solution
was kept in still standing for 12 Hr'he precipitatewas produced aftewashing and
centrifugng. The producedolid wasdried at 120 € and milledand then, alcination

wascarried outtthe sited temperatusg250C , 300C , 35 and400C , for 2 hours
at a rate of 5 €/min of temperature shift. The prepasathplesvere named as NT

250, NT-300, NT-350 andNT-400.

2.2.3 Characterization

Xray diffraction(XRD) patterns w5 record
A) on a Rigaku Rint2100 operation at 40 kV and 30 mA with 0.25°divergence slit, 0.5°
antiscatter slit, between 1 and 60YR The crystallite sizes of Ti@ particles were

calculated by Scherrer's equation fbe t(L01) reflection at about@= 25° UV -vis

diffuse reflectance spectra were measured at room temperature in air on a Shimadzu

UV-2450 photometer over the range 200 to 80Q wihile BaSQ was used as a
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refererce. Chemical content®f each sample were analyzed by energy dispersive
spectra(EDS, JED2300) measurements which was equipped on scanning electron
microscopy(SEM, JSM6380A). Carboncontentwas recordedby thermal analsis
(TG-DTA, TG8120/SH at a heating rate of 10€ mihunder air using R\lI20s as the

standard material.

2.2.4 Photocatalytic activity

The photocatalytic activity of NTM was evaluated by photodecomposition of BPA in
agueous solution. A catalyst loading of 100 mg per 100 mL of solution was used. The
initial concentration of BPA was 10 ppm. The suspension contairtheé Ryrex glass
beakerwas placed in a thermostatic water bath at constant 25 € for 1 h of magnetic
stirring in the dark to attain an adsorpiidiesorption equilibrium of BPA. Subsequently,
the photodecomposition of BPA was performed under visible light irradiation by using
aXe lamp(BAX502) equipped with both UV filter and IR filter to select the required
wavelength (420 nm < athedightlsdudce was fingd.at 10 h e
mW/cn? and the vertical distanceom thelamp to the surface of suspension was also
fixed at about 20 cm. The concentration of BPA was analyzed by using HPLC
(Shimadzu LG20AT) instrument equipped with a WUxs detector and an C18
separation column(Bm, 150 x4.6 mm). The elution was monitored at 254 nm. The
mobile phase was a mixture ofeagnitrile and wate(50/50, v/v), which was pumped

at a flow rate of 1.0 mL mih
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Table 2.1 Conditions of photodecomposition

Concentratiorof BPA 10 ppm

Solutionvolume 200 mL

Temperature 25°C

Catalyst dosage 01g 1.0g/L”

Light source 300 W Xelamp

Irradiationintensity 10mW/cn? 420nm <| < 1200 nni

2.3 Results and discussion

2.3.1 Characterization

TheNTM compositeprepared with various N / Ti ratio (from 0.5 tov@gre analyzed

by XRD andhe resultare shown in Fig2.1. The NTMcompositegxhibit very similar

XRD patterns, which indicated the approximately same structure of each composite
even though the nitrogen content is different. dlis¢inct broadenin@01peakand the
unchanged 101 peak indicated the disordered structociding randomly
agglomerated Ti@particles and montmorillonite layerShe TiQ, particles in all the
composites were observed as only anatase pha2#{25°, 37°, 48°, 54°). The XRD
pattern oNTM compositepreparedindervariouscalcinationtemperature§from 150

to 400°C) are shown in Fig2.2. 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 decrsasfebasal spacm resulted from the
dehydration of TiQ particlesin the interlayers of montmorillnite. In addition, the
anatase peak became sharper gradually, indicating the crystallifit@oincreased

with increasing the calcination temperature.

The UV-vis diffusereflection spectra of theTM-0.5, NTM-1.0, NTM-1.5, NTM-2.0
and NTM-3.0samples are shown in Fig.3. All samples exhibited lgght ivory color.
The absorbance of the samples increased gradually with/tfieratioincreasing. This
color changing wastttibuted to the fact thanitrogen aniors introduced in Ti@

crystallineby nitrogen dopin@ct as chromophoric centé€r In addition, by increasing
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theN / Ti ratio, more organics might be introduced into the NTM compakiteto a
heavydosage ohitrogen sourceThese organics may resultilcomplete combustign
thus leading to color increases over the visible light redmoarder to better study the
effect of calcination temperature to NTM composites thitrogen doped Ti@was
prepared via sae method but without montmorillonit&he resultéas shown in Fig.
2.4) of NT samplesre similar to that of NM samples.The The U\tvis diffuse
reflection spectra ahe NTM composites calcined at various temperataresshown
in Fig. 2.5. The color of the sampleenhanced graduallly raisng the calcination
temperaturgbut stop to decreasehenthe calcination temperaturever 350C. The
decreased absorbance was attributed to nitrogen dad3uring the calcinationat high
temperaturglarge amounbf ammoniacould bedesorbedefore nitrogen introduced
into the TiQ lattice The UV-vis diffuse reflection spectra ™ T samplescalcined at
various temperatures are showrfig. 2.6. The results are well corresponding to that

of NTM composite and similar to that reported in relative papers.

The chemical contentf the NTM-0.5, NTM-1.0, NTM-15, NTM-2.0and NTM-3.0
samples are shown in Fig.7. Fromthe result, with increasing the nitrogen content,
theAl/ Si ratio in each sample maintained, indicating thatitiehangedluminasilica
layered structure of montmorillonitélowever, the TiQ@ content decreased to some
extent with increasing the nitregcontent, indicating that heavy nitrogen doping result

in low TiO2 content which may reduce the photocatalytic activity.

SEM images of the NTM composites calcined at 250C and 408Y€ shown in Fig.
2.8 As can be seen froBEM image the particle sizef the sample€50€C is smaller
than that of the samplealcined at 400€ which indicatel that high calcination

temperature lead tagglomeration of the sample particles.
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2.3.2 Effect of N/ Ti ratio on photocatalytic activity

Theremovalrateof BPA in the absence of irradiation or withowamplewas carried
out and the result is shown ffig. 2.9. According to these resultd)e removal rateof
BPAIn the absence of irradiation without a catalystvasvery low Due to thepolarity

of BPA is extremelyweak,unlike other organics; BPA cannot be greatly adsorbed by
NTM composites. In addition, tre@sorption behavior of all kinds of NTsbmposites
wasalmost similar and in each case a very low adsorpt@s observedl herefore |t
should be nated that the role addsorption is almost negligible while considerihg

decomposition oBPA becomes more important.

The decomposition rate of BPA by usiNgM compositewith various N / Tiratio are
shown in Fig2.10. Apparentlythe results indicatkthat the nitrogemrontent in TiQ
makes a great effect ghotocatalytic activityof the catalystThe decomposition rate
of BPAincreased following thé&l / Ti ratio increasing. Wen theN / Ti ratiowas 1.5
the sample exhibitedhe highest decomposition rat&lthough the actuahitrogen
content still kept on increasinghen further raisedthe N / Ti ratio over 1.5, the
decomposition ratstops to decreasm the contraryThis result indicatethatnitrogen
doping on one hand can effectively improve the \gslight response of Tig) on the
other handhigh doping amounbdf nitrogen results ira large number of oxygen
vacancies. These defects of crystalline inzTi@ay act as recombination centfers of
photoexcitealectrons and positive holes, greatly decreasing the photocatalytic activity.
In addition the actual Ti@content is also an important factor be tdecomposition rate
It was observed that increasing tNe/ Ti ratio result in the decrease of actual TiO
content. Consequently, it was found that the optimN / Ti ratio to the maximum

decomposition rate of BPAwas 1.5.
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2.3.3 Effect of heat treatment on photocatalytic activity

The decomposition rate of BPA by usifgTM composite calcined at various
temperaturesare shown in Fig.2.11. With raising the calcination temperatutée
decomposition rate of BPAcrease untithe calcination temperatureached t@50C.
Whenfurther increasingalcination temperatuyéhe decomposition ratd BPA started

to decreas@reatly. The optinum calcination temperaturior highest decomposition
rate of BPA was found to be a50C, not quitecorresponding tother research

related toN doped TiO. catalyst, which reported that the optimurcalcination
temperature were 40& or higher temperature due to the fact that the; i@rticles
have large specific surface area bighercrystallinity of anatase or lib. In the case

of our researchthe NTM compositehowever, when the calcination temperature over
250€, the basal spacing of montmorillonite decreased duihéodehydratiorof the
TiO2 particles, resuiihg in greatdecreaseghotocatalytic activity of NTM composite.
Apparently, the advantages resulted from high calcination temperature could not

overcome the amomitant negative effect frothedehydration of the Ti@particles
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2.4 Conclusion

According to the characterization results, phase of the intercalated TiQarticles in

both cases of NTM sampléfe sample with various NTi ratio and the samples with
various calcination temperatur@psidentified as anatase. With increasing thé N

ratio of the NTM composite, the absorbance around 400 to 600 nm enhanced gradually
due to the fact that nitrogen introducedtlire TiO> crystalline act aghromophoric

center. When raise the calcination temperature, the absorbance enhanced gradually, but
stop to decrease over 350C. The decreased absorbance was attributed to the fact that
calcination leadto nitrogen loss at high temperatuféne decomposition of BPAas

carried out for evaluation of photocatalytic activity. From the results, it is worth
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 becoores
important. When the N/ Ti ratio of the NTM composite was increased, the
decomposition rate of BPA increasedh 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 vacanciesThese defects of crystalline in THi@ay act as recombination
centers of photoexcited electrons and positive holes, greatly decreasing the
photocatalytic activity. The optiom calcination temperature was 250®Vith further

raising the calcination tempaure, the photocatalytic activityecreased due to the

dehydration of the Ti@particles
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Chapter 3. Preparation and characterizaton of

carbon deposited NTiO 2/montmorillonite composite

3.1 Introduction

In photocatalgisoverTiO: particles photaexcited electrons arbsitive holeseparate
and react withthespecies adsorbed on tharfaceTiO> particles resuling in oxidation
and reductionreactions respectively Longer lifetimes ofthesephotoexcitedcharge
carriers before they recombine with each othersult in higherphotocatalytic
activity1,2]. Therebythe lifetime of photexcitedelectrons angbositive holegplays a
very important role in thg@hotocatalgis. Nitrogen doping can greatgnhancethe
photocatalytic activitypy reducing the bandgamergy of TiOo, thus resulting irvisible
light responsibility3-6]. On the other handheO vacanciegmducel bynitrogen armons
act asrecombination centersf photexcted electrons angdositive holes decreasing
thelifetime of phote@xcited electrons anabsitive holedo some extefit]. Especially
in the casef small particlese.g.,theTiO2 particlesin NTM compositeof whichsize
is usuallyquite small(less than 2nm)11]. The recombination is more likely to occur
due tothe fact that theoghobexcted electronand holepairs cannot besufficiently
separated from each otherthe limited spatial regionTherefore how to effectively
facilitate theseparation ofphotoexcitedelectrons andgositive holesis one of the
determiningfactors to improvephotocatalytic activity

Carbonaceous materials exhibit excellent chemical eledtrical properties. The
utilization of carbonaceousanomaterials tonprove the photocatalytic activity 8O-
has attractedncreasingattention It is reported that carbon modified Ti@xhibits
improved photocatalytic activity due to greatetardationto the recombinationof
photoexcitecklectrors and positivénoles . Someresearcthaverevealedhatthe
photocatalytic activitycould be enhanced bgarbonaceouspeciesafter incomplete
calcination proceduréss-17]. It may besuggeste@ new modification method for TiO
catalyst,which iseasy to operate undeywer calcination temperaturi@ addition to
remarkable effectBy now, it is rarely reported that Ti&lay composites, treated with

carbon modificationThereby,to effectively facilitate theseparation ophotoexcited
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electrons andpositive holes, it is interesting to study carbon depositiddoped

TiO2/montmorillonite

In this chapterthe dried N-doped TiQ/montmorillonite colloidal was treated with
carbon modification by usg ethanol, onef the most common carbohydrates, as a
carbon source. During this process, carbonacepesies can be deposited on the
surface of TiQ particles(as shown in Fig. 3.1)eading toeffective electron transfer
from TiOy particlesto carbonaeousspecies. The characterization and photocatalytic
activity of carbon deposited-Noped TiQ/montmorillonite(CNTM) composite were
studied. In addition, the effect of carbon content on photocatalytic activity was

discussed.

[Silicate laye Silicate layer

N-TiO, Pillar

[ Silicate layer | Silicate layer
[ Silicate layer | | Silicate layer

Fig. 3.1Carbon dipositiorof N-doped TiQ/montmorillonite composite

-

“arbon species
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3.2 Experimental procedure
3.2.1 Preparation of CNTM composite

Materials

Sodiummontmorillonite from Aderazawa, Yamagata, Japan(KunipjaKunimine)
and titanium tetra ispropoxidéTTIP, Ti(OCsH7)s, Kanto Chemical) werased as the
initial materials. The cation exchange capacity (c&)Cof Montmorillonite was 1.15
meq/g. Urea(CO(NH2, Kanto Chemicaljvasused as a nitrogen sourftg nitrogen

doping.

Sample preparation

Theaqueous dispersion wasepared by dispersifg0 g of montmorilloniteinto 100
mL water, and stirredor 24 hours.The initial aqueous solutiomwas prepared by
dissolving 13.07 g of TTIRAnd 1.35y ureainto 30 ml ofethanol, keeping thd / Ti =
1.0. The solution was then addénl 1 M HCI solutiondropwise, keepingigorous
stirring for 3 hours at room temperatu(@5€) . The solution wathenintroduced into
montmorillonite dispersionwith vigorous stirring and keeping stirring for another 3
hours at room temperature. Tiet cakelike colloidal wasprodu@dby wasling until
pH reachingup to 6andcentrifugng several timesAfter drying at 12@C , the solid was
milled, and thertransferred into alumina cruciblEthanol was addeihto thesolid at
the dosagef 0.5, 1, 2and3 mL/g composite. The samples was named as CNITH/
CNTM-1, CNTM-2 and CNTM3.

Thereference materiag physical mixture of NTM composite and carbon black, was
prepared as well, of which carbon amount was sét®g he reference material was
named as C&NTM.

3.2.2 Characterization

X-ray diffraction( XRD) patterns were record™diB by
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A) on a Rigaku Rint2100 operation at 40 kV and 30 mA with 0.25°divergence slit, 0.5°
antiscatter slit, between 1 and 60HR The crystallite sizes ofiO, particles were
calculated by Scherrer's equation for th@1 reflection at about @= 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 Ba$f3 usd as a
reference. Chemical contemtseach sample was analyzed by energy dispersive spectra
(EDS, JEDB2300) measurements which was equipped on scanning electron microscopy
(SEM, JSM6380A). Surface analysis based upon the &bsorption/desorption
techniqe was conducted on a BELSOP18SP automated gas adsorption analyzer at 77
K after sample pretreatment at X1(for 12 h under vacuum. gt values were
calculaed by the BrunaudémmetTeller (BET) method18 from the linear part of

BET plot according to IUP& recommendationsd] using the adsorptiorsotherm
(relative pressure (Pd) = (0.08-0.30). Pore size distributions were calculated from the
adsorption isotherms by the BarréttynerHalenda(BJH) metho@ 0] and the total

pore volume was obtainedroin the maximum adsorption at FB/ of 0.999.
Thermogravimetric and differential thermal analydi&-DTA) curves were recorded

on a TG8120/SH instrumefrom room temperature to 1080at a heating rate of 10C

mint under air using R0z as the standard neatal. Photoluminescence (PL) spectra
were measured at rootamperature with &litachi 2500 fluorospectrophotometer

using 420 nm Afrlasers as excitation sources.

3.2.3 Evaluation of photocatalytic activity

The photocatalytic activity of NTM was evaluated fiyotodecomposition of BPA in
aqueous solution. A catalystading of 200 mg per 100 mL of solution was used. The
initial concentration of BPA was 10 pprihe suspension containedarPyrex glass
beaker was placed in a therrtaigc water bath at constans@ for 1 h of magnetic
stirring in the dark toreachto the adsorptioiidesorptionequilibrium of BPA.

Subsequently, the photodecomposition of BPA was performed under visible light
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irradiation by using a Xe lamp(BX502) equipped with both UV filter and Iftter to
select the required wavelendgthd 2 0 n m < &hemterisigy 0fbelightisgurce
was fixed atl0 mW/cnt and the vertical distandeom thelamp to the surface of
suspension was also fixed at about 20 cm. The concentration of BPA waednay
using HPLC(Shimadzu LQOAT) instrument equipgd with a UWvis detector and a
C18 separation columf® mm, 150 x4.6 mm). The elution was monitored at 254 nm.
The mobile phase was a mixture of acetonitrile and wat&f 50, v/ v), which was

pumped at a flow rate of 1.0 mL min

Table3.1 Conditions of photodecomposition

Concentratiorof BPA 10 ppm
Solutionvolume 200 mL
Temperature 25°C
Catalyst dosage 01d 1.0g9/L”

Light source 300 W Xelamp

Irradiationintensity 10mW/cn? 420nm <| <1100 nnf
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3.3 Results and discussion

3.3.1 Characterization

The XRD patterns of NTM, CNTM..0 and C&NTM sample are shown in Fig. 3.2.
The CNTM-1.0 and the C&NTM sample exhibitery similar patterns to the NTM
sample indicating that the basic structure ©NTM-1.0 samplewas not changed by
introducingcarbonaceouspecies. The Tigphase in all the samples were identified as
only anatase(as showhza = 25.3, 37.9, 47.6, 54.8). In the case of CNTM..0and
C&NTM sample, no carbon phase was characteritési suggested thaarbonaceous
species thetroduced intACNTM-1.0composite are supposed to be amorphous carbon.
Fig. 3.3 shows the XRD patterns of CNTIMD composite added with different ethanol

dosage from 0.5 to 2. The similar patterns indic#tedsame crystalline structure.

The UV-vis diffuse reflection spectra of tidTM, CNTM-1.0and C&NTM samples

are shown in Fig. 8. The color of NTM sample exhibitdigiht ivory color. In contrast,

the CNTM-1.0andC&NTM samples showbviouslystrongabsorbancén the visible

light regiondue to the introduced carbon. WherdasCNTM1.0sample exhibit lower
absorbanceampared with C&NTM sampleven though the carbon content of two
samples was almost same. This result revealed that the depasiimthceouspecies

in CNTM-1.0sample is not similar to carbon blaékg. 3.5 shows the UVis spectra

of CNTM composite added with different ethanol dosage from 0.5 to 2. It is easy to
find out that theabsorbancef the samples is enhanced in sequdadewing with the
carbon content (as shown in Table 3.2) of the samples with increasing ethanol dosage
from 0.5to 2.0 mL
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Fig. 3.2 XRD patterns of NTM, CNTM.Oand C&NTM sample.
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Table 3.2 The chemical content of various samptessto)
Sample NTM C&NTM CNTM-0.5 CNTM-1 CNTM-2 CNTM-3

C - 1.0 0.9 1.1 1.5 1.8
N 6.0 65

TiO> 32.2 28.5

SiO2 43.5 45.6

Al;03 15.6 157

MgO 2.4 23

Fe03 1.1 1.1

The N adsorption and desorptiasotherms of CNTML.0 and NTM samplesare
shown in Fig. 3.6a. The isotherm curves show a steeply increased adsorption at low
P/R values and hysteresis loop at intermedRatePo values, which are similar to the
characteristic type IV, indicating the existence of micropores and mesgparé&se

shape of the hysteresis loops is similar to type H3, reflecting the slit shaped pores
resulted from the layered structure stacked bytmonillonite sheets . The pore

size distributions ofCNTM-1.0 and NTM composites are calculated from thg N
isotherms and are shownFig. 3.6b. The majority of the pores in CNTMOand NTM
samples are micropores (< 2 nm) arose from the inter@alafiTiO, particles into the
interlayer space of montmorillonitAs shown in Table 3.3he NTM sample exhibits

193 nt/g of specific surface are@.28 cnt/g of pore volume an8.3 nm of pore size

while the CNTM-1.0sample exhibitslightly increasedpecific surface are215m?/qg)

and very similapore volume @.25 cn/g) and pore sizeé5(2 nm). Thisresultprobably

suggested thdhe carbonaceouspeciesarisen by carbon depositighi d n 6t change

surface structure of the NTM composite.
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Table 3.3Speciic surface area, pore volurapdaverage pore size.

Sample Seet [M?/g] Vt [cmP/g] d[nm]
CNTM-1.0 215 0.25 5.2
NTM 193 0.28 53

The TG@DTA curves of the CNTML.0andNTM samples are shown in Fig. 3The

TG curves of the both samples show a rapid weight loss belo® 1Mith the
temperature increasing, CNTH.0 sample exhibits much fasteright loss thaNTM

from 200 € to 500 €. The subsequerfast weight loss was appeared fré80 € to

700 €. The endothermic peakseredetected at 103 € for CNTML.0 sample and

98 € for NTM sample, respectively, indicating the evaporation of wWwater
physisorbed on the surface of the samples. The lower intensity of the endothermic peak
of CNTM-1.0 sample revealed the lower water adsorpuive to the fact that the
introduced carbonaceous species may change the surface hydrophilic/hydrophobic
propety. The thermic curve o€ENTM-1.0 sample exhibits a broad eketrmic peak

over the range of ZDC to 500 €, which may indicate the oxidation process of
carbonaceouspecie®5]. The subsequent endothermic peaks were observed at 633 €
(CNTM-1.0) and 634C (NTM), respectively, associated with traehydroxylation of

the silicate layers of montmorillonjie

PL spectra have been widely wused to under
semiconductors . Due tothe fact thathe recombination gfhoteexcited electrons

and positive holesresult in PL emission,the lower PL intensity indicates a lower
recombination rate. In order to investig#te photocatalytic activityPL spectravas
recorded as shown in Fig. 3'Bne PL sectra displaya broad emissiompeakaround

520 nm under bandgap excitation, arising from oxygen vacancies and defects on the
surface of TiQ particles . According to the results, the PL intensity of NTM
samples quite high, whereas that lodth theCNTM-1.0and the C&NTM samples are
rather low Compared with the C&NTMample, the CNTML.0 sample exhibits much
lowered PL intensity. Although both kinds of carbatispersed carbon black
C&NTM and deposited carbon in CNTMO0) may possibly absorb padf the

fluorescence generated from i@ the moment PL phenomenon occurred, the much
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lowered PL intensity ofCNTM-1.0 sample revealed that the recombination of

photcexcited electros and positivdiolesin CNTM-1.0sample was greatly restrained
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Fig. 3.8 PL spectra of NTM, CNTML.0and C&NTM sample.
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