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ABSTRACT

Non-metal doped photocatalysts (Sulphur or fluorine-doped TiO,) prepared
through sol-gel technique are characterized using powder X-ray diffraction
(XRD) and UV-vis diffuse reflectance spectroscopic techniques. The
prepared photocatalysts consist of purely anatase phase TiO, and showed
an enhanced photocatalytic activity for the degradation of organic
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pollutant, Reactive Red 141 (RR141), as compared to undoped TiO, under
visiblelight irradiation. Photocatal ytic mineralization is evaluated by total
organic carbon (TOC) analysis. Effect of the concentration of oxidants,
namely, potassium peroxomonosul phate (oxone or PMS), potassium
peroxodisulphate and hydrogen peroxide, and the amount of catalyst to

the dye ratio on the rate of degradation are worked out.
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INTRODUCTION

Photo-induced oxidation and reduction reactions
using TiO, hasreceived much atentioninview of their
applicationsfor photochromic sensors solar cells2
and photocatalysis*=. WhenTiO, isilluminated with
light at wavel ength < 390 nm, the generation of elec-
tron or hole makesit possibleto be applied asaphoto-
catayst. Thevaenceband potentia of TiO, ispositive
enoughto generate hydroxyl radicalsa thesurfaceand
the conduction band potentia isnegativeenoughtore-
duce molecular O,. Thehydroxyl radical isapowerful
oxidizing agent and attacks organic pollutantsat or near
thesurfaceof the TiO, resultingin complete oxidation
of pallutant to CO,. However, onedisadvantageof TiO,

isthat it can only absorb UV light. Therefore, themgor
aiminthedevelopment of TiO,-based materiasisto
extend the photoactivity by reducing thebandgap from
3.2eV towardsvisiblelight rangein order to utilize
solar light more efficiently. One popular approach for
TiO, modification to red-shift the absorption edge of
crystalineTiO, isdoping transition metasinto TiO 1%,
Althoughtranstion metd sgivethedesred red-shift, the
photocatalytic activity of meta doped TiO, isimpaired
by thermal instability and anincreasein charge-carrier
recombination’®. Recent research hasfocused greatly
ondoping of TiO, with non-metal impurities** which
hasbeen foundto be effectiveinlowering thethreshold
energy for photochemistry onthe TiO, surface. Itis
widely accepted that the dopantssuchasN, Fand C
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areincorporated as anionsand replace oxygeninthe
|attice of TiO, and effectively extend thelight absorp-
tionto above 400 nm. Thevisblelight photocatalytic
activity of fluorinedoped TiO, isgreater than that of
nitrogen doped TiO, dueto thefact that nitrogen dop-
ing createssurface oxygen vacancieswhilefluorinedop-
ingincreases surface oxygen vacanciesaswell asac-
tivesites??, Ohno et a. reported that S cation-doped
TiO, powder absorbed visible light more strongly
(wavelengthslonger than 440 nm) than N, Candthe S
anion doped TiO, powders and showed high photo-
catayticactivity under visiblelight®!. Liuand Chenaso
reported that S cation doped TiO, effectively
photocatal yze the degradation of phenol under visible
light®4, Inthelight of the abovefacts, we planned to
preparefluorine or sulphur doped TiO, nanoparticles
to effectively utilizevisiblelight for the photocataytic
degradation of azo dyesfromwastewaters. Inthe present
work, sulphur or fluorine-doped TiO, (S-TiO, or F-
TiO,) photocatal ystswere prepared by sol—gel tech-
niqueandthephotocatdytic activity of thecatdystswere
andyzed by observing theminerdization of commercid
di-azo dye, Reactive Red 141 (RR141) under visible
lightillumingtion.

EXPERIMENTAL

Materials

Andyticd gradetitaniumtetrachloride, thiourea, am-
monium fluoride, potassium peroxodisulphate (PDS),
hydrogen peroxide (H,0,), sodium hydroxideand hy-
drochloric acid were procured fromMerck, India. Po-
tassium peroxomonosul phate (PMS or oxone)
(2KHSO,.KHSO, K ,S0,) was obtai ned from Sigma-
Aldrich. ReactiveRed 141(C_H,,O,.S,CI.N, ), adi-
azotextiledye(r  =543nm,¢__ =25,000M" cm-
1), was obtained from Supra Tulvers, India. Degussa
P25TiO, photocatalyst (Degussa, Germany) havinga
specific surfaceareaof 57 m? g-! wasused as control.

Preparation of fluorineor sulphur-doped catalyst

Initidly, TiCl, (0.05mol) wasadded drop-wiseinto
400 mL doubledistilled water whileit wassurrounded
by anicebath. After stirring for several minutes, 0.72
mol ammonium fluorideor 0.12 mol thioureawasadded
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into the above solution and proper stirring was main-
tained for 30 min. The obtained sol waskept overnight
for aging. Theprecipitateformed wasfiltered, dried at
343K, andfinally calcinedfor 3hat 673K toobtain
thedoped TiO, photocatayst. Undoped reference TiO,
was prepared in the same way but without adding Sor
F source. The colour of the prepared S-doped and F-
doped titanium dioxide powder sampleswerepdeyd-
low and grey colour, respectively.

Photocatalyst characterization

Powder X-ray diffraction (XRD) patterns of the
prepared samples were recorded using a X pert-Pro
diffractometer with CuKa radiation (L =1.5405A) in
the 26 range of 10—80° at a scan rate of 0.02° s*. A
Shimadzu 2550 UV-visible spectrophotometer
equipped with a diffuse reflectance accessory (ISR
2200) was used to obtain the solid-state UV-vis ab-
sorption spectraof the catalyst over arange of 300
600 nm.

Photocatalytic activity evaluation

Thephotodegradation experimentswerecarried out
inaphotocataytic chamber illuminated with three 250
W tungsten-halogen lamps (Philips, India; A = 360—
2000 nm). TheUV radiation (A <395 nm) wasfiltered
usinga2 Mil (50 umthick) CU clear sun-control film
(Garware, India) anditstransmittance spectrumisgiven
inFigure 1. A known amount of the photocatalyst was
added to 70 mL dye solution of desired concentration
inaphotochemica reactor made of borosilicate glass.
The concentration of the dye obtained after mixingthe
suspension continuously inthedark for 45min, to en-
Sureadsorption/desorption equilibrium, wasused asthe
initial concentration (C ) for further kinetic anaysis of
the photodegradation process. During theirradiation, 5
mL aiquotswerewithdrawn at gppropriatetimeinter-
vasand the photocatayst wasremoved by centrifuge-
tionandfiltration (0.2 um). The concentration of the
dye was determined spectrophotometrically using a
UV-vis spectrophotometer (Shimadzu, 2550) by mea-
suring the absorbance of the clear dye solution at its
. Theconcentration obtained at variousirradiation
timesis denoted as C.. Total organic carbon (TOC)
content of theirradiated sampleswasmeasured using
TOC andyzer (Shimadzu TOC-V ,, mode!).
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control film (UV filter used).
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RESULTSAND DISCUSSION

Crystal phasecomposition of doped-TiO, particles

XRD patterns (Figure 2) confirm that the prepared
samplescontanonly anatase crystalites, astherecorded
peaks are corresponding to thoseindexed for there-
flection planes of anatase phase of TiO, (JCPDS 21-
1272). Anatase phase of TiO, isconsidered to be best
photoactive. It isto be mentioned that the Degussa P25
TiO, containsanatase and rutile phases (additiona pesk
at 20 =27.61° correspondto rutile phase). The XRD
peaks of the prepared samples are broader than those
of P25TiO, indicating that the crystallite sizesof the
prepared catalysts are smaller than that of P25TiO,
(~25nm). Theaveragegrainsizeof theS-TiO, and F-
TiO, crystallitesestimated by means of Scherrer equar
tion are8 and 10.4 nm, respectivedly. It isto be noted
that the samples exhibit thetypical structureof TiO,
crystal without any detectable dopant related peak
which may be dueto thefact that only some limited
amount of dopant might havemoved ether intotheinter-
ditid positionsor intothesubstitutiond sitesof the TiO,
crystal structureleading to dight distortionsin the pesk
positiong®,

Diffusereflectance spectra

Figure 3 showsthe absorption spectraof S-TiO,
and F-TiO, particlestogether withthat of undoped TiO,
particles. The dight blue shift in the band edge of the
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prepared TiO, (undoped) comparedto P25 TiO, indi-
catethat thecrystalitesize of the TiO, preparedinthis
method issmaller than that of P25 TiO,, whichisin
agreement with XRD results. Thedoped TiO, show a
clear red shift which can be attributed to the sul phur or
fluorine doping. The sulphur doping hasextended the
range of absorptionwaveengthtowardsvisibleregion
and hasimprovedtheutilization of vigblelight. Thismay
be dueto the subgtitution of lattice titanium by S** cat-
ion that might haveformed an isolated narrow band
abovethevalenceband of TiO, whichinturn reduces
the bandgap™>>24. In the case of F-TiO,, thered shift
inoptical absorption of TiO, wasnot asitwasin S
TiO,. Thisindicatesthat the doped fluorine atomsin
TiO, particles could not affect the optical absorption
property of TiO, which was consistent with theresult
reported by Li et a2, In addition, the colour of sul-
phur-doped TiO, and fluorine doped TiO, were pale
yellow and grey, respectively. It implied that the doped-
TiO, absorbs somelower wavelength portion of visible
spectrumwith low optica absorptionintensity?”.
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Figure2: XRD patternsof STiO,, F-TiO,, prepar ed undoped
TiO,and P25 TiO, calcined at 400 °C for 3 h

Photodegradation of RR141

Therewasno noti ceable decol ouri zation of RR141
whentheexperimentswerecarried out with (i) dyedone
inthedark aswell asinlight and (ii) dyeand catalystin
the dark, whichindicated that neither photolysis nor
catalysisoccurred inthissystem. However, irradiation
of aqueous solutions of the RR141 in the presence of
colloidal doped-TiO, ledto an exponentia decreasein
the absorption intensity (decrease in concentration)
which fit very well in thefirst-order rate equation as
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Figure3: UV-visabsor ptionspectraof S TiO,, F-TiO,, prepared
undoped TiO, and P25 TiO, calcined at 400°Cfor 3h
shown in Figure 4. Nearly 82 and 79 percent
decolourization of 5 x 10° M RR141 were attained
after 60minof visblelight irradiationinthe presence of
1.713gL"' STiO, and F-TiO,, respectively. Under
smilar experimenta conditions, the prepared undoped
TiO, and Degussa P25 TiO, showed only 57 and 46
percent decolourization of RR141 after 60 minirradia-
tion. Thedlightly higher photocatal ytic activity of the
prepared TiO, compared to DegussaP25 TiO, can be
attributed to the presence of purely anatase phasein
theformer whilethelater containsmixer of anataseand
rutile phases. Itisclear that theamount of degradation
achieved within 60 minusingthe prepared S-TiO, and
F-TiO, isamost 1.4 times higher than that observed
withthebareTiO,. Thehigher photocatalytic activities
of prepared doped catalysts compared to undoped
TiO, may be attributed to the synergic effects of ab-
sorptioninthevisiblelight region (red shift inabsorp-
tion edge) and increasein the active sitesin themodi-
fied TiO,, whichincreasesthe el ectron-holeformation
process.

Effect of catalyst concentration on RR141 degr a-
dation

The degradation rate wasfound to increase with
theincreasein thecatalyst concentrationinitialy (Fig-
ure 5) and decreases on raising the catalyst amount
abovetheoptimum level whichisthe characteristic of
heterogeneous photocatalysis. The optimized catayst
concentration found out for the efficient degradation of
RR141is1.713gL"". Thereasonfor theincreasein
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therate of degradationwith theincreaseinthe catalyst
concentration up to certain level may be duetothein-
creaseinthetotd activesurfaceareawhichinturnen-
hance the number of activesitesavailableonthe cata-
lyst surface, i.e., the optimum cata yst |oading depends
ontheinitial dyeconcentration aswdl. Whenthecata
lyst concentration istoo high, turbidity impedes pen-
etration of light and thereby hampersthe photocatalytic
activity apparently dueto light scattering?®. Thus, ex-
cessdose of catalyst may not beuseful inview of re-
duced irradiationfield aslight scatteringisprominent.

24
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194 o RR141 + Sulfur doped Titania + Dark
o RR141 + Sulfur doped fitania + Light
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Figure 4 : Normalized concentration vs. time plot for the
photocatalyzed degradation of RR141.[TiO,| =[S-TiO,] =[F-
TiO] =1.713gL™"; [RR141] =5x10°M
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Figure5: Effect of catalyst loading on the photodegr adation
of RR141.[RR141] =5x10°M

e Snoivonmental Science
Au Tudian Yournal



152

Current Research Poper

Effect of substrateconcentration

It was observed that the degradation of RR141is
reduced with increas ng dye concentration (Figure6).
High degradation rate at |ow dye concentrations may
bedueto theincreasein thereaction between thedye
mol eculesand the oxidizing species (holesor *OH radi-
cds). Smilarly, whentheinitid concentration of thedye
isincreased, more dye molecul esget adsorbed onthe
surface of the catalyst creating aninhibitive effect on
the reaction between dye mol ecules and photo-gener-
ated holesor hydroxyl radicals. Consequently, within-
creadnginitia dyeconcentration, the photonflow reach-
ingthecatalyst particleswill a so decreasesdueto much
adsorbed dye molecules?®. At elevated dye concen-
tration, dye mol ecul es absorb asignificant quantity of
light rather than the photocatal yst particlescausing a
screening effect and reduction in theefficiency of the
catayticreaction. Therate of degradation largely de-
pends on theformation of reactiveradicals. Sincethe
intensity of light and catal yst dosage are kept constant
with different dye concentration, formation of O, and
"OH radicason the surfacemay decreasewithincreas-
ing dye concentration as theratio of catalyst to dye
reduces. Therefore, theratio between the number of
availableactive sites of the catalyst and the number of
dyemoleculesdecreaseswhichinturnleadstoamulti-
layer adsorption of dyein each activestethereby reduc-
ingthedegradationrate. The noted raisein the degrada:
tionraecongant withincreesng caldys todyeratio (Hg-
ure6inset) supportsthisview.

10

¥
g 4 L2 o ’//_,,
=5 r s

e A F-TiO;
2 L = + 5-TiO,

b T
“
R
6 - \\,\ 0+ T T T T !
it 10 20 0 0 50 60
\\K Ratio o e (x10°gMTLT)
S,
“\.

3
f catalyst to dy

./"‘

<10 s

—
T
e
—~—

ki
.

Ti0»

0
003

005 0.07
Dye Concentration (mM)

0.09

Figure6: Ratecongantsfor the photocatalyzed degradation
of RR141.[S-TiO,] =[F-TiO,] =1.713gL™"
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Theexperimentscarried out with different dyecon-
centrations (3to 9 x 105 M) and congtant catalyst to
dye concentration ratio (C, pedTiO2/CDye =2x10*gM!
L") showed that the degradation rate constants are not
varying muchwith dyeconcentration. Theplotsof pseudo
firg-order ratecongtantsvs. dyeconcentration, when cata:
lyst to dye concentration ratiois2 x 10*gM~' L, are
giveninHgure7. Thedegradation rate strongly depends
ontheratio of photocatalyst to dye concentration upto
15gL " of catdyst and abovethisscattering of light by
excess catalyst isdominant which reducestherate.
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Figure7: Plot of rateconstant vs. concentration of thedyefor
thephotocatalyticdegr adation of RR141 at congtant doped-TiO,
todyeratio(=2x10*gM-'L™)

Effect of oxidantson photodegradation

Electron scavengersused in photocataysisretards
detrimental e ectron-holerecombinationthat occursat
the surface of the catalyst asthey capture the conduc-
tion band dectronsand rapidly dissociateinto harmless
productsand finally form*OH or other reactiveradi-
caswhich hasthepotentia to degradetheorganic pol-
|utants compl etely. Oxidantswill dsoincreasetheoxi-
dation rate of intermediate compoundsand avoid the
problems caused by low oxygen concentration. The
possibility of enhancing therate of photocatal ytic deg-
radation of the chosen dye by the addition of oxidants
was scrutinized for three oxidants, namely, PMS
(oxone), PDSand H,0,. The preliminary experiment
with light and oxidants show ~10% (after 2 h)
decol ourization of RR141 whereasthose experiments
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performed in the presence of catalyst and oxidants
showed an enhanced decol ourization (Figures8 and
9). Interestingly, thetimetaken for 95% decol ourization
isreduced by 5 timeson addition of PM Sin the photo-
cataytic degradationof RR141using S-TiO, or FTiO,,
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Figure8: Experimental datafor the photodegradation of
RR141inthepresenceof oxidantsand sulphur-doped TiO,;
C =1713gL"; C,,,=5%10°M;C_ =C_=C,
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Figure9: Experimental datafor the photodegradation of

RR141inthepresenceof oxidantsand fluorine-doped TiO,;
Cr-Ti02=1713gL~1; CRR141=5%105M; Cpy5=C

PDS=CH202=2MM; Cpy 5, Cppsand Cypop represent
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It was found that the photocatal ytic degradation
ratesincreasesinitidly withincreasing concentration and
get saturated at 2 mM PM Sconcentration. Theincrease
intherate of photodegradation noticed isdueto the
immediate trapping of photo-generated electrons (e)
by PM S (el ectron acceptor) whichin turn decreases
the recombination of el ectron-hole pairsthereby en-
hancing the quantum yield®. In addition, thegenera-
tion of highly reactive hydroxyl and sulphateradicals
during the photocata ytic degradation of PM S assists
the photocatal ytic degradation of the dye dueto the
highly oxidizing nature of theseradicas. Theformation
of lessreactiveradical species SO, ™, by thereactionsof
"OH and SO, with excessoxone, may bethereason for
thedecreasein the reaction rate observed when higher
concentrationsof PM Sisused®.

Similar to the results obtained with PMS, the
photodegradation efficiencieswerefound to increase
initially with increasing amount of persulphateion or
H,O, but tend to decline with further increase in
persulphate or H,O, concentration. Present study indi-
catesthat 2mM PDSor H,0, isthe optimal concen-
trationto usewith S-TiO, and F-TiO, alongwith vis-
iblelight irradiation for the mineralization of RR141.
Addition of PDS or H,O, inthe photocatal ytic degra-
dation of RR141 decreases the time taken for 95%
decolourization by 1.5times. SO, and "OH radicals
produced by S,0,> and H,O,, respectively, are re-
sponsiblefor therapid photodegradation of RR141.
The SO, radical isastronger € ectron scavenger than
oxygen®¥ and thereforeis expected to enhance photo-
caadyssefficency.

Mineralization studies

Thecompleteminerdization of thesubstrateshould
be ensured before discharging thewastewater into the
ecosystem asthe substrate get converted into many in-
termedi ate products (during photodegradation) which
are sometimes moretoxic than the parent compound.
Hence, theextent of mineralization of theRR141 was
studied by measuring thetota organic carbon (TOC)
asafunction of irradiation time (Figure 10). Itisclear
from Figure 10 and Figure 8 that, decol ourization can
be achievedinashort period, whereas, prolongedirra-
diationisrequired for the proper mineralization of the
parent molecule. It is noted that the doped catalysts
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havean enhanced minerdization potentia under visble
light than pure TiO,.. Also, theextent of photocatalyzed
minerdizationisawayshigher when PM Swasused as
oxidant than PDSand H,O,. Thehighrateof minerdiza:
tion achieved whileadding PM S can berationa ized by
thefact that PM S gets decomposed through both e,
and h*, of the semiconductor photocatalyststo give
SO, and"OH, whereasH,O, givesonly "OH radicas
and PDSgivesonly sulphateradica sasexplained ear-
lier. TOC reductionismuch dower than decol ourization,
suggesting that the breskage of azo bond (chromophore)
isthefirst step of the photocatal ytic dye degradation.
Therelatively slow TOC reduction was most likely
caused by thetransformation of parent compoundsini-
tidly into smaller organicintermediates, such as, acetic
acids, phenolsand adehydes, which still contributeto
the TOC of the solution. The early breakdown prod-
uctsmight then undergo further oxidationleadingtothe
production of CO.,.

100

50 A

+ 5-Ti0, alone
A PDS +S-Ti0,
» H,0; +5-Ti0; E
m PMS + 5-Ti0,

TOC/ TOCy (%)

O T T T T

0 1 2 3 4 5
Irradiation time (h)

Figure 10 : TOC reduction observed during the

photodegradation of RR141inthepresenceof S-TiO,,. [S

TiO|=1.713gL™; Cpms:CstchzofzmM? Crp =5%

10°M.

CONCLUSIONS

Purely anatase phase sul phur-doped TiO, and fluo-
rine-doped TiO, nanoparticleswere prepared through
sol-gel method. The doped TiO, samples showed a
red shift in the bandgap absorption. The
photodegradation studi es confirmed that the amount of
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dyedegraded within 1 h using the doped samplesis1.4
timeshigher than that observed with undoped TiO, un-
der visiblelight. Therate of degradation dependson
theratio between the amount of catalyst used and the
dyeconcentration. Almost a5-foldreductioninthetime
taken for 95% decol ouri zation of RR141 wasobserved
when PM S was added along with prepared catalyst.
PM Sisfound to be abetter choice asan oxidant than
conventional hydrogen peroxide or potassium
peroxodisul phateand the prepared sul phur-doped TiO,
havethe potentid to efficiently remove non-biodegrad-
able di-azo textile dye, RR141, from wastewater
streamsby utilizing visible portion of solar spectrum.
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