Laponite immobilized TiO2 catalysts for photocatalytic degradation of phenols
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Abstract

Laponite immobilized titania catalysts were prepared by a pillaring process and by
hydrothermal synthesis (HT) applying different titania sousigsh asTiCls and TiOSQ.
Textural investigations (XRD, TEM, Nphysisorption) evidenced that by the pillaring
procedure a high specific surface area (~45@)mmesoporous composite with6snm sized
anatase nanoparticles were formrethiningthe morphology of parent laponite structure. In
contrast, by hydrotherm&leatment with titanium oxysulfate the initial laponite structure was
destroyed and a more opened nanoporous silica/titania material was formed withdiigger

14 nmanatase particles.

FT-IR spectroscopic investigations revealed thigerent acidic ctaracter oftitania/laponite
compositesampls showingst r onger Lewi s a nsiles onedathkcatélyst8. n st e d
However acidic centers in titanigillared laponite stem from TOi Si bonds, whereas in HT
sample fronthe separated, ionjsurface sulfee species on titania.

Catalytic activity of titania/laponite composites were tested in pbgigation of modefL0'®

M phenol and 2,4 &richlorophenol(TCP)water solutionsCatalytic tests were carried out in a
home constructebatchtype photoreactor with oxygen bubblingnd applying commercial

low pressure Hg lampasmitting UV-light at254 nmand361 nm. Catalytic results showttht
utilization of titania/laponite catalysts enhadcthe photaxidation activity Hydrothermally

prepare sample showeshuchbetter catalytic performance than titanium chloride pillared one



probably due to the bigger titania particles and the more opened mesoporous structure of
titania/laponite HT and moreover to the peculiar surface acidic propertieslfaftad titania
species Separation of catalysts from reaction media even in tap water was much easier than

that of commercial titania, i.e. by saléttling.

1. Introduction

Advanced oxidation process@AOP) can be real solutianto conventionalphysical water
treatmentechniques fotheremoval oftoxic and norbiodegradable organic pollutaniisthey

are quite efficient and cost effectivgl, 2]. In industrial practice it seems that A©Banbe

rather complementary methods to biological treatment, in order to reduce toxicity of effluents
by converting the inherent pollutants to less harmful or biodegradable Amesig AOPs
photocatalytic degradatiois one of the suitable alternatives. Byessnent of performance
andoperatingcosts at pilot plant scafertegaMendez et. al[3] have found thaly utilization

of TiO2 based photocatalystEvonik P25, about50 mg/L phenol containing waste watean

be treated economicallin heterogeneou8OPs titania in the form of anatassppears to be

the ultimatechoice agphotocatalysfor environmental applications. It hagyh photaactivity,
stability under UV light and low price. From catalytic point of vieyplication of titania in an
agueoussspension would be more advantageous compared to its immobilization on a physical
surface, however nanosized anatase posvtieveendency to agglomerate into larger particles,
more pronounced in tap watand there are also difficulties in recoverindram the reaction
media.Compared with the usual poered photocatalysts, the easily recyclable photocatalysts
have more advantages in water treatment and purification systénns, mmobilization of

titania nanoparticles on a suitable support can ovesctine above mentioned problems.
Extensive research is in progress to find the appropriate,hetuically stable support, and
plethora ofsophisticated anchorecommon substratese teste4]. Different types oporous
silica[5] and clay mineral based titania composites attracted great interest dupdeditdity

to decrease the particle size of titabjadispersing ibn high specific surface area supports and
thus enhancing the oxidation potential of the catalylStania can be incorporated into clay
mineral structures by different ways. One of them is theaflectpillaring procedure, when
polymerizedcations or psitively chargedanoparticlesire replacinghe interlayer cationf§].

In this way amorphous or very small titania particles are formed between the clay mineral
layers, showing poor photocatalytic activiif. Another approach is theynthesisf a porous

composite structuse when a solid dispersion of crystalline anatase nanoparticles among the
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swollenor decomposedilicate layer structuress formed,creatinga more photoactive catalyst

[7, 8]. The pore structure of the titania silica composite also plays a cruciainrales
photocatalytic activity. TiQ pillared clays are microporous solids of moderate por¢Sity

with less accedisle active sites forthe reactants. In contrastomposite materials with
mesoporous structure and bigger crystalline titania nanoparticles can be optimal solution to
meet the requirements of higihotocatalytic activity and easiefay of separatiorf-rom this

point of view laponitea crystalline, synthetic clay, isostructural with hectasgems to be a
particularand idealcandidatefor the preparation of porous titania hanocomposites. It is well
known thatthe special house of cards structure of lapgrcreating exfoliated discrete plates

of 20-30 nm in water suspension is more suitable for the synthesis of such composites than
other smectite type clay minerd® 10]. Zhu et al. applied titanium hydrate sol as precursor,
and found that aging at 100AC with |l aponite
metal hydrates on #acid-leached laponite layef$0]. During the aging period a reaction starts
between the laponite crystallites and the acidic pillaring solufibe acid leached laponite
layers suffer structural changes, meanwhile the high pH of laponite dispersion facilitates the
formation oflarger TiQ nanoparticles. Application of a surfactant can further enhance the
porosity of the nanocomposite materiahplying the above concept Daniel et. al investigated
the effect ofsynthesis parameters, such as pH, Ti/clay ratio, hydrothermal @éeaend
microwave heatingll, 12]. It was found that increased titania content and temperature of
hydrothermal treatment, enhamg the crystallinity of anatase resulted in better performing
photocatalystsAustralian scientistmodified the above synthesis procedure by applying titanyl
sulfate as titania source first onithellite clay[13] than in the case of laponite4]. They have

found that by application of the acidic precursor and hydrothermal treatrsiemtar
mesoporousomposite structure was formed like with prehydrated titania sol, and that the
catalytic activity could be enhanced by increasing tingstallite size of anatase and
mesoporosity of the catalyst. Their Bidmobilized clay mineral catalystgere compardly

active in degradation of herbicidi#se P25 TiQ [15], but could be more easily separated from

the reaction mixture

Lin et. al.modified the titania/laponiteatalysts with zirconia or ceria order to achieve better
photocatalytic performandé6]. Joo et alhave prepared actiwmpositgphotocatalyst for the
decomposition trichloroethylene by combining ZnO nanoparticle®at#dwith laponite[17].

In this study, TiQ/laponite nanocomposite materials were prepared by different methods
(pillaring or hydrothermal treatment), applying different titania precursors in order to compare

their photocatalytic activity in decomposition of model compounds such as phenol and 2,4,6
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trichlorophenal TiCl4 and TiOSQ were chosen as titanium precursirgwvoid the application
of titanium alkoxides, and to ugmw cost intermediates of TiQvhite pigment manufacturing
Photocatalytic behavior was studibg the utilizationof commercial low pressure Hg UV
lamps of different wavelengths, to revéa efect of different radiation energiebextural and
spectroscopic methods evidenced the strucpealliaritiesof the studied catalysts and made

easier to interpret tiredistinct photocatalytic behavior.

2. Experimental section

2.1 Materials

The synthetidayered clay, dponiteXLG gradewas purchased froBYK-Chemie GmbH,
Germany(formerly Rockwood Additives, now marketed by BYK Additives & Instruments)
Titanium chloride, titanyl sufate (TIOSQuAH20, 98%) hydrochloric acid and 2,4,6
trichlorophenolwere obtained fronSigmaAldrich. Phenol (>98%) was supplied by Loba
FeinchemieGmbH.Commercial, fumed P25 TiQvas purchased from Evonik Industries AG,

Germany.

2.2 Synthesis of TigLaponite catalysts

Laponite immobilized titania catalyststh different amounts of titanaaere prepared based on
the procedure of Long et. 4lL8, 19]. A solution ofpartially hydrolyzed Tpolycations was
prepared by adding Ti€into a 2 M HCI solution. The mixture wakandiluted by slowly
adding deionized water with coasit stirring to reach a final titaniuaoncentration of 0.82 M.

The final concentration of HGvas 0.6 M. The solution was aged for more than 8 h at room
temperature prior to its use. Eight gramhaponitewas dispersed in 2.0 L deionized water and
the slurry was stirred for 5 h. The pillaring solution was slowly added into the suspension of
clay with vigorous stirring until the amount reachedab@ 20mmol Ti/g clay respectively

The precipitatedproduct wereaged inthe solution for24 h. Subsequently, the clay particles
were separated bgentrifugation,and washeahloride freg, evidenced bysilver nitrate test.
Samples weredried at 12@C for 12 hand hen calcined &00AC for 12 h Thecalcinedsanples
containing different amounts of titanagere designated as TiLapP1 andapP2, respectively.
Titania modified laponite wgsrepared also by the application of titanyl sultayeghe method

of Yanget al.[14]. In a typical synthesis procedure 8 g of laponite was dispersed in 400 mL
distilled water and vigorously stirred until clear, homogenous icoolution wasobtainel.

25,6 g TiGBOs wasdissolved by heating in 200L distilled water. 150 ml(15 mmol Ti/g
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laponite)of the stockitanyl sulfatesolution wasaddeddropwise tahelaponite suspensicand

stirred for 3 h. The mixture was transfertedh Teflon lined stainless steel autoclave, and kept
under autogenous pressure at 150AC for 24 h.
was separated by centrifugation and washed neutral and sulfate free with distilled water. The
sample was ded at ambientemperature. Then it wdseat treated in awo-stepprocedure by

2AC/ mi n hfesaat 10AqC dfatre 1h and i5m OtAlCe fsoac a3ndh .s tT
prepared sample was designated as TiJap

The heat treated TiLap catalysts were grinded in agate mortar ab@&@02 mm grain size

fraction, bund to be easily separable from reaction media by settvas tested in

photocatalytic reactions.

2.3  Characterization

Chemicalcomposition of the samples was determined by-Q@HS analysis $pectro Genesis)

after digesting the samples in cc. HF and sulfuric acid solution on a water bath.

X-ray powder diffraction patterns were recorded by a Philips PW 1810/3710 diffractometer
with BraggBrentano pardocusing geometry applying monochromatized G(K=0.15418

nm) radiation (40 kV, 35 mA) and proportional counter. For the identificafiamatase phase
ICDD PDF2 card No. 21272 was used-ray diffraction patterns were collectedtlween 3

and 75ADRdO0dsigMonl sa

Nitrogen physisorption measurements were carried out &6 AC using Ther mo
Surfer automatic, volumetric adsorption analyzer. Before adsorption analysis, silica samples
were outgassed under highcuam (<10®*mb ar ) at 2 SpechiCsurfacerares2was .
calculated by the BET equation between the @.21relative pressure. Pore size distribution
was evaluatettom the adsorption brandyy the BJH methgdas suggested 3ouquerokt al

[20].

TEM images were taken using a MORGAGNI 268D transmission electron microscope (100
kV; W filament; pointresolution = 0.5 nm)Samples were suspended israall amount of
ethanol and a drop of suspension was deposited onto a copper grid covered by carbon
supporting film and dried at ambient.

Diffuse reflectance spectra in the WXis region were detected at ambient by a Jas&y¥
UV-Vis spectrophotometexquipped with NV470 type integrating sphere using the official
BaSO standard as reference.

Ammonia ion exchange capacity of the parepbiate and its titania modified varieties were

determined by contacting 1 g clay with 25 ml 1 M ammonium chloridgtisal for 3h. The
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procedure was repeated two more times by fresh ammonia solution after separation with
centrifugation. After the third mixinghe clay was centrifuged and washed with distilled water

until chloride free and dried at ambient temperaturan®nia concentration was determined

by temperature programmed desorption of ammo
t o 6 0#®sAald glass reactoia stream, and automatically titrating the evolved ammonia
absorbed iristilled water by 0.1M hydrochloric acid.

FT-IR spectroscopic measurements were carried out abyNicolet Compact 400
spectrophotometerquipped with a special measuring cell with in situ pretreatment facility in

high vacuum (BLO® mbar). Applying theselftsupported wafer témique p ect r a of 10 (
adsorbed pyridine (Py=mbay), desorbed in high vacuum at different temperatures-2000

3004 00AC) were obtainedat aBgbor ewaPgradwer gt idei

high vacuum. The spectra were normalizedto5mgftcinhi cknesso for compa

2.4  Photocatalyticexperinents

A self-construced batchtype cylindrical photochemicalassreactor was used witimternal
diameter anaveralllength of70x 480 mm. The irradiating lampvas positioned coaxially

a quartz tubgein the centeof the cylindrical reactor and was cooled by nitrogen flowvoid

the overheating of the lamp and keeping the reaction temperature constant, close to ambient at
3 2 N.Vdlumk @ithe reaction mixture was0 cn¥, whichcontained the model compounds,
phenol or2,4,6trichloro phenol TCP), dissolved in distilled water and the photocatalyst
suspended by sonication prior to irradiati®he concentration of phenol &ICP was 310°

M, whereaghat of the catalyst wak1i 0.4 g/L.Pure oxygen was used for photooxidation that
was fed into the reactor from the bottom through a fritted glass filter with 98@namflow

rate; the intensive bubbling served also as an efficient stirring of the catalyst Beioye
starting tle reactionthe catalyst suspension was equilibrated with oxygen for 10 minutes
without switching the lamp o©®ne of theobjectivesof our study was to test the photocatalytic
applicability of commercidly available low pressure Higmps manufacturedoy LighTech
Lamp Technology.td., Hungary.Therefore two types ofcustomlampswith measurs of 15

mm outer diameter 860 mm lengthwereused One of them wathe GHO436T5Ltype, flow
ozonegenerating, germicidal lamgrradiating in the UVC regionat 254 nm with 13 W UV-
radiant. The other one wasGHO245T6L/4UVA type lamp irradiating in the316-400 nm
range with 4.6V UV power, with the maximum at 361 niuring the photocatalytic tests at
certain intervals 5 cirsamplewas takerof the reaction mixturiltered with 450m Millipore

filter and analyzed usinggilent Technologies 1200 seriefPLC apparatugquipped with a
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UV detectorand aPhenomex Lunas(  (2%0x4.6 mm}ype reversed C18 aminn. The mobile
phase was acetonitrile/water in the rati®@f70 and 60:4Gor the determination of phenahd
TCP conversion, respectively.hg flow rate was 1.5 mL/Signal of phenol was detected at
270 nm,and thabf TCP at 280 nmCorncentration depletioof phenol and TCP was calculated
by theplotting of caibrated HPLCpeak areas against the irradiation time

In comparisondegradationof phenol and TCP &realso investigatethy photooxidation, i.e.
without application of catalystBhotocatalytic activiesof the prepared@iO2/laponitesamples
were also compared to that of commercial 1i®25.The applied amount of P25 catalyst

corresponded to the titania content of titenialaponite composite samples.

3. Results and discussion

3.1 Textural characterization

Textural properties of the prepareifferenttypes of laponite immobilized titania catalyst were
characterized by Xay powder diffractionandnitrogen physisorptiormhe XRPD patterns and
nitrogen adsorption isotherms are shown in Fig 1 grmaspectively Chemical composition

and textual characteristics are summarized in TablRD pattern oparentsynthetidaponite
clay,showing thevidened reflections typical for disordered hectorite structtare bandexed
according to redrencg21], with a doo1)peak corresponding to 1.1 nAll the titania containing
samples shownly the presnce of crystalline anatase phadewever the average crystallite

size calculatedby the Sherrer equation differ significantly (Table Samples modified with
pillaring TiCls solution show widened anatase reflection in conneegtitnthe small crystallite
size, around 6 nm. Thealculatedaverage titania crystallite size of T#Dap HT samplds
somewhat bigger, ~ 12 nm, whereas this value for P25 timamounted to 35 nm (Table 1).
Some weak reflections of laponife.g 110) remained after pillaring procesbowever by
titanyl sulfate modification reflectiamof laponite cannobe observe@ny moreThe increase

of background between 200 A 2 d 2/bapHT BamPle can be associated with the formation
of amorphous silical'he latter indicates the deterioration of parent laponite structure by acidic
dissolution of sodium, magnesium and lithium cations resulting in layer degradation and

framework collaps§l4].
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Fig. 2Nz physisorption isotherms of the studi€i®D2/Laponiesamples compared to parent

laponite

Nitrogen physisorption results support tabovementionedobservations (Fig. 2)Parent
laponite and the titania modified sample®./LapP 12 exhibit type I\(a)isotherms[20] with

H2 hysteresis loop, and long, flat plateau,characteristic formaterialswith not ordered,
acomplex pore structure made up of interconnected networks of pores of different size and
shapeé[20], in this case probably mainly sBhapeé ones Increased specific surface area and

pore volumeare observed for samples modified by TLiCThis can be due to the partial



delamination of the housaf-card structure of laponite by the titania nanoparticles resulting in
a more opened structure with somewhat bigger pores. Pore size aaaBessed by BJH
method from the adsorption branichs indeed revealed10% increase in pore diameter from
310 3.3nm.TiO-/LapHT sample made by titanyl sulphate modification showed a quite different
nitrogen physisorption isotherm. The adsorbed volume significantly increased and the
hysteresis loop of IV type isotherm becamieamsitioral onebetween H1 and H2 typeThe
specific surface areslightly decreased due to the much bigger p¢r&s5 nm) but the pore
volume doubled (Table 1Thisobservation impliethe total deterioration dheparent laponite
structure andheformation of a titanissilica composite mterial[14, 15]. The bigger pores of
thecomposite materiarise from the interparticle voids.

Chemical compositiomnalysis of the parent laponite and the titania modified samples support
the aboveconclusims. Sodium content of althe titania containing samples significantly
decreased, but leaching of magnesium was partial for PPZasdmples andompletefor HT

one (Table 1). Interestinglyon-exchange capacity d?1-P2 samples increased 3 times
higher value, indicating that the platelets of laponite are detached from each other but remained
more or less intactThis alterationof ion-exchange capacity can be useful by further
modification of samples with other cations, e.g. transiti@tals.Titania content offiLApP1

and TiLapHT sampleare similararound 6.5 mmol/gvhereas TiLapP2 sample showed only a
10 % higher value/.5mmol/g There is no use to put higher amount of titania precursor to the
syrthesis mixture, the maximal amounfttitaniato beincorporatedseems to babout30i 35

wt.%.

TEM investigation of the prepared catabstipport the results of other textural methods. TEM
images are shown in Fi§. Parent laponite shosthewell-knownlamellarstructure of laponite
platelets with thickness of ~ 1 nm. By modification with the pillafinGls solutionsmall and
poorly crystallizedtitania nanoparticles among the clay sheets casbbervedin accordance

with XRD results.

By the hydrothermal treatent of titanyl sulfate containing laponite suspensitoial
transformation of the clay mineral is achieved and830m sized, evenly dispersed, spherical
titania and silica particles are formed. TEM investigations support the nitrogen physisorption
datg i.e. enhanced porosity of th@,/LapHtsample is due to intarystallite cavities. Titania
nanoparticles are homogeneously dispersed among the silica particles. Thisititanratio
influences the hydrophobicity of the same)cesilica nanopatrticles are covered by silanol

groups.



Table 1Textural properties of the studied samples

Sample Seer  PD TPV Na Mg Ti NH3 IEC? TiO2 cryst.
m?/g nm cmg  mmol/lg mmol/lg mmol/lg mmollg  siz€ nm

Laponite 375 3.0 0.278 1.6 4.7 - 0.22 -

TiO2/LapP1 447 3.33 0.377 0.02 1.7 6.7 0.79 5.3

TiO2/LapP2 450 3.35 0.359 0.02 0.8 7.5 0.65 5.9

TiO2/LapHT 323 7.45 0.542 0.02 0.02 6.8 0 12

P25 50 - - - 12.5 - 35

1Pore diameter determined by BJH method from #spbtion branch of the isotherm

2 Determined by ammonia TPD method following ammonium chloridesiarhange procedure

3 Determined by XRD based on Sherrer equation and profile fittmgthod

Fig. 3 TEM images of the parent laponite and laponite immobilized titania varieties: Laponite
(A), TiO2/LapP2(B), TiO2/LapHT (C D)
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Macroscopic properties of the laponite based catalysts, important from the separation point of
view, were also characterized by scanretertron microscopySupporting info, Fig. S1, S2).
Laponite supported titanmat al yst show the picture of a gr
irregularly shaped, angular particles with very wide particle size distribution. By bigger
magnification the layered structure of laponite can be clearly visualized by TiLapP2 sample.
SEM images revealed that the morphology is quite different from that of P25 titania, the latter
consisting of 350 nm sized nanoparticles.

Separation properties of the different catalyst were evaluated by measuring their settling
velocity. The method of dermination and the results are summarized inp8umg
information in Fig 8-5 and Table 2The result show that the laponite immobilized titania
catalysts have similar but two orders of magnitude higher settling velocity than P25 titania. It
is not surpising according to the very different morphology of the two types of catalysts

evidenced also by SEM images.

3.2  Spectroscopic investigationdV-Vis and FT-IR spectrophotometry

1.00 TiO,/LapHT

0.751

Absorbance

0.50
TiO,/LapP1

0.25 TiO,/LapP2
0.00 T T .
200 300 400 500 600

Wavelength/nm
Fig. 4DR UV-Vis spectra of the prepared laponite immobilized titasaimnples compared to

commercial P2%itania

The band gap energy of titania can be investigated by the help of DRisJSpectroscopy.

The DR U\AVis spectra of the prepared catalysts compared to commercial P25 are shown in
Fig. 4. The characteristabsorption band of anatase can henfbat 38 nm, corresponding to

3.2 eV band gap energy. Finely dispersed anatase phase reguladypkleshifted absorption

band due to quantum size effect of nanoscaled particles or interface interf22joris our

case no band shift of the prepared catalys lower wavelength can be observed, however the
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slope of absorption edge slightly increased, indicating a negligibly higher band gap energy for
the laponitemmobilized titania sampleSpectra of amples prepared ligedifferent methods

are very simar to each otherDR UV-Vis spectra evidence thatur catalystscan be
photocatalyticallyactive when illuminated by UM, or shorter wavelength lighbutsimilarly

to P25 they areotin the visible region.

When silica material are modified with tita@i, Tir Of Si bonds can be formed between the
silica-titania interfacg23]. When titaniaisincr por at ed i nto a silica ma
acid surface siteare generateff3]. Onecangetinformation about th@amount and nature of

acidity ofcatalystdy adsoption ofa base on the and investigating the formed surface species

by FT-IR spectroscopy. Pyridin€Py) is a well-known and verified adsorbent for the
characterization of acisites of metal oxides, zeolites elhe 8a, 8b and 19b ring vibrations

( &n) of Py give adsorption bands in the 17080 cm! frequency region. Py can be

physisorbed or Hbonded to silanol groups ¢Ry), coordinated to Lewis acid sitesly) or

Py
447

L-'Py
1608 114

B
B-Py I
1550
TiO,/LapP2

O
Q
g &
et & TiO,/LapP2
)
3 ;
< L-Py TiO,/LapHT §§g)8
1606 L-Py
1445

4000 3750 3500 3250 1600 1500 1400

Wavenumbers/cm’!
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Fig. 5FT-IR spectra of adsorbed Py titania modified laponite sampleBy was adsorbed on
300AC dehydrated sampl e s2008t0 0OACOAC, oann d od & D onr
protonated

o n Br-Py) JHe tattier oaecgives a baadhat 1645 swhérédis

H-Py bands appear at 1446 and 1598 camd L-Py bands at 1448 and 1610 ¢frequencies.
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The FTIR spectra of pyridine adsorbed on the studied titania modified samples are shown in
Fig. 5A and B It can be observed thah both types of samples relatively highencentration

of Lewis acid sitegan be found comparedtotltaf Br °nsted type. These
when titania is interacting with the silica framework, antdQdiiSi bonds are formef23]. Tii

Oi Si bridges can generaBer ° nst ed aci d sites when Ti at om:
and hydroxylgroups or water molecules are in the vicinity of their coordination spheres. In the
absence of coordinated water or hydroxyl groups incorporated Ti species behave as Lewis acid
centers. The intensity of-Ry bands is related to the concentration of tHeOTSi bonds

available for Py molecules to be adsorbed. According tdR-3pectra there is no significant
difference betweeacidic character dhetitania/laponite samples prepared bytie different

methods, and it seems that only a small amotifit is involved inthe Ti Oi Si bond formation

reaction. The strength of acid sites can be characterized by the desorption temperature of
pyridine Pyismainyd e sor bed from t he Br ° nmohstratingveynt er s
weak acidity of the samples. Wwes acid centers show higher acid strength, Py can be desorbed
totally from these centers n | y  a tOn thedddhér @andhe acidity of TiLapHT sample
originatesrather from surface sulfate groupand not from TiOi Si bond formation as
evidenced by theresence of S=0 stretching vibration band at 1368. Sulfate groups can
probablybelocalized on the surface of bigger titania particksd their formation can be due

to the reaction of sulfuric acid originating from decomposition of titanium oxysulfate with the
titania nanoparticles during the hydrothermal treatntearmation of covalent disulfate species

is hindered by the size ofditia nanoparticleé- 12 nn). According toBarthos and. - n vy i et
al. [24, 25] the S=0 stretuing vibration band found between 13#885cm™ is characteristic

of isolated moncsulfate groupswith ionic character. S=O stretching vibration band
characteristic focovalently bondlisulfate species appeamound 140@m™ [25]. Liu et al [26]

have found the S=0 band appearing at 1393 omsulfated bulk titania photocatalyst with

higher sulfur contentJpon Py adsorptigrthe S=0 bands totally disappear, which support the

idea that they aréocatedon the surface of titanisgnd donot belong to unreacted titania
oxysulfateor titania sulfatespecies. Upon desorption of 8y200A Ghe band appear somewhat
redshiftedto 1340 cmi, thent ot al | y r e ig. 6).rTeigdpheadmer®idwelCknow

on sulfated titania/titaniairconiasilica catalyst [25]. The chemisorbed pyridine can
backdonate electrons to the sulfate groups through the titanum ion, changing its ckaracter
more ionic. This ¢ hagopandtdlovwkbufreeienciesshe shi ft of
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Detection of surface sulfate species on TiLapHT sample means that this catalyst has titania
speciesot only differing in size bualsoin acidity and surface properties comparedHat of
titanium chloride pillaed ones.

The different surface charact&tic of the two laponitéitania composites was also supported

by the FFIR spectrain the OH region(Fig. 5A). TILApHT sample show typical OH bands
characteristic for amorphous silica. The intensive band at 3742scassociated with terminal
silanol groups anthe wide band around@®0 cm! belongs tchydrogenbondedneighboring
silanols. In the spectra of TiLapP2 sample a band at 3678 almo appears. The latter is
characteristic for the M@H vibration. This obervation is in line with our formethemical
analysis and textural characterization results, indicating that the parent laponite structure was
still preserved.

3.3  Photocatalytic activity

Photocatalytic activityof the synthesized titania/laponite composite catslysstestedby
studying thedegradation of model compounds, phenol and Zribloro phenol(TCP) in

water solution. Two types of commerdyahvailablelow pressure Hg lampsere applied
providingUVC and UVA radiation at 254 nand361 nm, respectivelyig. 6 shows theesults
obtainedoy UVC irradiationofp henol i ¢ s ol ul0dP M phenol®hlotodatalytion i n g
oxidation efficiencies of Tiglap catalysts were compared to thatcommercid P25 titania

and to photooxidation without added catalyigte amount of P25 was chosen to contain equal
amount of titania with that of TiglLap samples (see Table L)is observed that TiedLapHT
sample degradephenol in 20 minutes, showing superior activity compared to/T&pP2
catalyst and photooxidatioffFig. 6) P25 exhibit somewhat better performance eliminating
phenol within 10 min. Decomposition of TCP was very fast on all catalysts and also by

photooxdation byusingUVC irradiation,it was completeavithin 5 minutes.
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Fig. 6 Degradation of phenol by phetoor photocatalytic oxidationwith 254 nm UVC
irradiationon titania/laponite catalysts compared to commercialtR&ia

It seems that reactiaate of TCP oxidation is higher and activation energy is much lower than
that of phenolunder similar reaction conditionslt is well known phenomena from
photodegradation studies of phenol and chlorophenols, that substitution pattern of phenol
strongly irfluences the rate ofphotalegradation[27]. Thus, most probably adsorption
properties of different phenols on the hydrophilic surface of titzomaposite, and the complex
equilibrium conditions of the three adsorbed phases (oxygen, phenol/TCP, titaniadsdica)
responsible for the different photocatalytic behavior.

In order tomore closelystudythe effect of catalgtsrather than that diigh energy irradiation,

the photodegradation phenol and TCP was investigat@doby UVA irradiation with lower
enegy input The determined depletion data are presentedgin7/FTrends, 8nilar to those
experienced with UVC radiatiowere obsergd for the catalytic activity. Application of
titania/laponite composites significantiycreasedthe reaction ratecomparedto simple
photooxidationandTiO2/LapHT sampleshowedbetter catalytic performance thtrepillared
variety, TiQ/LapP2.CommercialP25 titania exhibited similaty high activity like before,
degadingphenol in 15 min.

Decomposition offCP was alsdaster with the applied catalysts than that of phenol, but total
decomposition could be only achieved with P25 and/Li&pHT catalyst, in 15 and 80 min,
respectivelyAs expected, the catalytic acceleration has been found more apparent at the longer
wavekngth of 361 nm compared to 254 nReferenced to nonatalyzed photooxidation,
phenol depletes2times and ~15 times faster in photocatalytic oxidation with/LEpHT and

P25 catalysts, respectively. Similarly, the rate enhancing effect for TCP t®adad and 18
using the above catalysts.
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Fig. 7 Degradation of phenol (A) and 264trichloro phenol(B) by phote, or photocatalytic
oxidationwith 361 nm UVA irradiation on titania/laponite catalysts compared to commercial
P25titania

This is inline with the observatiorthatthe homogeneous depleting process of direct photolysis
andOH radical reactions play a decreasing role with increasing wave]amgtiheterogeneous
surface reactions beame more dominant.The fact that phenol and TCP underg
photooxidation in the absence of a catalyst at 361 nm is surprising, since these molecules does
not absorb light at this relatively long wavelength. One possible explanation has recently been
provided in conjunction with the thermal oxidation of chlorepbls, where the accelerating

effect of stray light was atbuted to the formation of quinones, photocatalytically active
intermediates in the reacti¢®8, 29].

In summary, it was found that titania/laponite composite material prepared by titanium
oxysulfate and hydrothermal method was more active in decomposition of phenol attaiiCP
titania/laponite pillared catalyst, but could not exceed the activity of comm&ziltania.

The significant difference in catalytic activity of the two titania/laponite commosée be
explainedby their structural characteristics. T#DapHT catalyst can be considered rather a
mesoporousmixed oxide corposite materialpossessingvell-crystallized, bigger anatase
nanoparticles that can be easily accessed by the reactant molecules. For porous stinectures
diffusion of reactant molecules caa & ratedetermining stepsmaller pore size can hinder the
diffusion. TiO2/LapP catalysts have bigger surface area because of its much goedlsize,

and very small anatase patrticles that are confined in the laponite structure. The peculiar pore
structure and the optimal crystallinity of anatase nanoparseem to have beficial effect

on photocatalytic activityn TiO2/LapHT. Similar trends were found bg. Paul et.al[15]
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investigating herbicide decomposition on titania/laponite composite materials. Surface charge,
hydrophobiehydrophilic character of the catalyst can also influence the catalytic activity by
favoring the adsorption of reactant maliss on active surface species. From this point of view

it seems that both types of titania/laponite compositelnae a k Br °nst ed and
character as a consequence daf(iiSi bond formation during the synthests, due to the
presence ofsolated sulfate groupsn the surface of titania nanoparticlesit is the case
concerningliO2/LapHT sampleHowever, the presence of surface sulfate grongsLapHT
sample and the M@H groups in TiLapP samplean significantly affecthe electrontsucture

of anatase particlekiu et. al.[26] have found thaibnic sulfatespecieswith S=O bondorder

less than twprepresenting coordinatively unsaturated Lewis acid sites have beneficial effect
on photocatalytic activity. Surface sulfate species can withdraw electrons from the neighboring
Ti%* cations, resulting in increased electron deficiendye presence of acid sites can improve

the charge separation of the phgenerated electrons and holes and hinder the recombination
of electronhole pairs. In contrashigh sulfate coverage of titania and formation of covalent
disulfate species rather ek the photocatalytic activity.

In order to find some correlation between the surface properties and photocatalytic activity,
liquid phase adsorption of phenol on the studied catalysts was investigated. Results are
summarized in Supporting informationgF$3, and table SQur experiments revealed that by

the applied photocatalytic reaction parameters, it is not possible to reach the equilibrium
concentration, and the dispersion of the catalysts, especially in the case of P25 plays important
role in the dsorbed amount of phenol. Our adsorption experiments clearly evidenced that P25
titania adsorbs at least two times higher amount of phenol than the laponite immobilized ones.
This can be one reason, among the many other factors, influencing the catabyiti. Zhe
adsorption behavior by offeour contat time show similar tendency likke photocatalytic
activity, being P25 the most active one, followed by TiLapHT sample. By 24 h adsorption the
adsorbed amount of phenol significantly increased, but R#50gercomes the laponite
supported titania catalysts.

Titania/laponite composite catalystsave been foundo be inferior in photatalytic activity
compared to commercial titani@hey do havehowever showethepractical benefitthat they

can beeasly recoveedfrom the reaction slurry by settling bltration. As evidenced also by

our investigations, theegimentation rate of P25 catalyst is velyw, it needs several hours to

be settled.
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Conclusions

Our experimentfiave proved that dponite isa suitable support for the production of easily
separable Ti@based catalyst&\pplying different titania immobilization procedures, it turned
out that although @i | | ar i ngo p r @mmeite structuree@nly $-6 nnh €G
nanoparticles are incorporatedbetweerthe layersBy applying hydrothermal treatment and
acidic TiOSQ precursoy thelaponite structure is converted to a silica/titania nanocomposite
with 12-14 nm titania particle$=T-IR study of adsorbed pyridinevealed the ifferent addic
characteof the studied catalysts, evidencing the presence of sulfate species on thedurface
titania phasen TiO2/LapHT sample. The lattecatalystis more activein photocatalytic
degradation of phenol and 2,4r&hlorophenothanthe6 pi | | aredd one, proba
size ofcrystallinetitania nanoparticle$o thepeculiar pore sgemanddifferentacidity. It was

also found thaP25titania overammes the catalytic activity ofponite basetitania catéysts

butit has the drawback thaain hardly be separated from the reaction miegisedimentation

or filtration.
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Figure captions

Fig 1. X-ray powder diffraction patterns of the parent laponiteiem@iO> modified varieties
compared to commercial P25. Dashed curve on/TEpHT sample represents the pattern
calculated by profile fitting method for the crystallite size determinatfanatase

Fig. 2N2 physisorption isotherms of the studi€2/laponitesamples compared to parent
laponite

Fig. 3 TEM images of the parent laponite and laponite immobilized titania varieties: Laponite
(A), TiO2/LapP2 (B), TiQ/LapHT (C D)

Fig. 4 DRUV-Vis spectra of the prepared laponite immobilized titania samples compared to

commercial P25 titania
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Fig. 5FT-IR spectra of adsorbed Py on titania modified laponite samples. Py was adsorbed on
300AC dehydrated sampl es20080 0 A® O0(AfCr, o m nldo tdtesra r
Fig. 6 Degradation of phenol by phetmr photocatalytic oxidation with 254 nm UVC
irradiation on titania/laponite catalysts compared to commercial P25 titania

Fig. 7 Degradation of phenol (A) and 2,4t6chlorophenol(B) by phote, or photocatalytic

oxidation with 361 nm UVA irradiation on titania/laponite catalysts compared to commercial

P25 titania
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