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ABSTRACT

The present study investigates the photodegradation of a di-azo dye,
Reactive Red 141 by combining photo-Fenton-like reactions (Fe* or Cu®)
and TiO, or sulphur-doped TiO, (S-TiO,) based heterogeneous photoca-
talysis. The mineralization efficiency of paired systemsis evaluated from
total organic carbon (TOC) measurements. The photodegradation rates of
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coupled systems are higher than those of individual techniques of
photocatalysis and photo-Fenton-like reactions under visible light
illumination. While the addition of metal-ions to the TiO,-RR141 system
reduces the rate of photodegradation of RR141, the metal-ions addition to
TiO,-oxone-RR141 system increases the degradation of RR141 due to

synergigtic effect.

INTRODUCTION

Degradation of organic pollutantsby pairing differ-
ent oxidation processes has become acommon prac-
tice. The competence of combined systemswith pho-
tocatd ysisand sonolysisor photocatal ysisand mem-
branefiltration or photo-Fenton reactionsand sonolys's
or e ectro- photo-Fenton*! etc., arereported. But not
many attemptswere madein pairing photocatalysisand
photo-Fenton-likereactionsfor wastewater treatment.
Therateof photodegradation of pollutantsin combined
oxidation processes mainly depends on thereactive
radical formation. In photocataysisand photo-Fenton
coupled systems, reactive radicals are generated by
photocatalytic reactions on semiconductor
photocatalysts aswell as by the independent Fe(l11)
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aqua complexesthrough photo-redox reactionl. Ap-
plication of photo-induced reactionsusing titanium di-
oxide(TiO,) islimited dueto itsrequirement for UV
light for itsexcitation. Doping of TiO, withanionimpu-
ritieg® 12 hasbeen effectiveinlowering thethreshold
energy for photochemistry ontheTiO, surface. Another
factor that affectsthe efficiency of photocata ytic pro-
cessistherecombination of photo-generated el ectrons
and holes on the surface of the catalyst. However, it
can berestrained by adding suitable scavengersof par-
ticular charge carriers. In photo-Fenton-likereactions,
trangtion meta swithtwo or morevaencestateswitha
suitable oxidation-reduction potential can be used to
produceOH. Few reportsarea so found on the appli-
cation of peroxomonosulphate (PM S or oxone)*® and
peroxodisulphate (PDS)™* as oxidant instead of con-
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ventiona H,O, dongwithmetal ionsin photo-Fenton-
likereactions. These oxidants|ed to the generation of
sulphateradicals(redox potentid of 2.6 V) which had
greater efficienciesinthe presence of meta ion catalyst
andlight. Inthisstudy, photo-Fenton-likereections (Fe*
or Cu**-oxidants) are combined with TiO, or sul phur-
doped TiO, (S-TiO,) mediated photocatalysisand its
efficiency under vishblelightinremoving synthetic dye
Reactive Red 141 (RR141) from wastewater streams
are assessed.

EXPERIMENTAL

Materials

Widely used textile dye, Reactive Red 141
(C,H,0,SCILN, ;A _ =543nm; e =25000M"
tem™) isobtained from Supra Tulvers, Indiaand was
used asthemodd pollutant without further purification.
Potass um peroxomonosul phate (PM S or oxone) was
obtained from Sigma-Aldrich. Analytical gradeferric
nitrate nonahydrate, copper sulphate pentahydrate, ti-
tanium tetrachloride, thiourea, potassium
peroxodisulphate (PDS), hydrogen peroxide (H,0,)
and sodium hydroxidewererecelved from Merck, In-
dia
Preparation of sulphur-doped titania catalyst

Initidly, TiCl, (0.05 M) was added drop-wiseinto
400 mL doubledistilled water whileit wassurrounded
by anicebath. After stirring for several minutes, 0.12
M thiourea (source for sulphur) solution was added
drop-wiseinto the above solution and proper stirring
was maintained for 30 min. The obtained sol waskept
overnight for aging. The preci pitateformed wasfiltered,
washed (to removethe chloride content), dried at 343
K, andfinally calcined for 3hat 673K to obtain the
sul phur-doped TiO, photocatalyst. The colour of the
prepared S-doped titanium dioxide powder samplewas
paleyelow.

Photocatalyst characterization

The phasepurity of the prepared sampleswereana
lyzed by recording powder X-ray diffraction (XRD)
patterns on a Xpert-Pro diffractometer with Cu Ko
radiation (A = 1.5405 A) in the 260 range of 10-80° at
ascanrateof 0.02° s. A Shimadzu 2550 UV-visible
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spectrophotometer equipped with adiffusereflectance
accessory (ISR 2200) was used to obtain the diffuse
reflectance spectraof the catalyst over arange of 300
600 nm.

Photodegradation studies

Thephotodegradation experimentswerecarried out
inaphotocata ytic chamber provided with magnetic tir-
rer (to maintain uniform suspension) and four cooling
fans (11 cm diameter). Tungsten-hdogenlamp (250W,
Philips, India) was used for the continuous emission of
vigblelight (A =360-2000 nm). The UV radiation (A <
395 nm) wasfiltered usinga2 Mil (50 umthick) CU
clear sun-control film (Garware, India). A photochemi-
cal reactor made of borosilicate glass (125 mL) was
used. 70 mL of dyesolution (in doubledistilled water)
of appropriate concentration was taken within the
photoreactor. Ferric or cupricion solutionwith desired
concentration and/or photocatalyst (TiO, or sulphur-
doped TiO, (S-TiO,)) was introduced into the
photoreactor and then the solution mixturewasstirred
continuously for 45 minin dark to ensure adsorption/
desorption equilibrium. Findly, oxidants(PMSor PDS
or H,O,) wereintroduced into the above suspension
just beforelight irradiation. Thedyeconcentration (de-
termined spectrophotometricaly usngaShimadzu 2550
UV-vis spectrophotometer; fromtheabsorbanceof the
dyeatitsh _ =543nm;g__ =25,000M"' cm™')inbulk
solution a thiscondition (just beforestarting light irra-
diation) isused astheinitia concentration (C,). During
theirradiation, 5 mL aliquots werewithdrawn at ap-
propriatetimeintervalsand the photocatal yst wasre-
moved immediately by centrifugation and filtration
through syringefilter (0.2 um). The concentration ob-
tained at acertainirradiationtime (t) isdenoted asC..
Total organic carbon (TOC) was measured using a
Shimadzu TOC-V ,, model TOC analyzer. pH of the
suspension was adjusted to 5.6 using dilute NaOH so-
lution.

RESULTSAND DISCUSSION

Characterization of S-TiO, particles

TheX-ray diffraction patternsof S-TiO, calcined
at 400 °C is shown in Figure 1. The observed XRD
peaks correspond to thoseindexed for (101), (004),
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(200),(105),(213),(116),(220),(301) planes
of anatase phase of TiO, (JCPDSfile No. 21-1272).
Theaveragegrain sizeof theanatase crystallites esti-
mated by means of Scherrer equation, D = 0.9/ cosO
(D - thegrain diameter; 1 - wavelength of X-ray used;
B - full-width at half-maximum of the peak in radians; 0
- theangle of diffractionin degree) wasfoundto be8
nm. Thefact that the doped sampleexhibit only peaks
related to anatase phase reveals that the prepared
sample hasonly anatase crystallites, whichisconsid-
ered to be best photoactive.
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Figurel: XRD pattern of STiO, calcined at 400°C for 3h.
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Figure2: UV-visabsor ption spectraof TiO, (P25) and sulphur-
doped TiO, calcined at 400°C for 3h.

Figure 2 showsthe diffuse refl ectance spectra of
S-TiO, and undoped TiO, particles. The doped cata-
lyst showsaclear shift inthe absorption edgetowards
thevisiblelight range (> 400 nm) which can beattrib-
uted to the sulphur doping. Thismay beduetothe sub-
ditution of | atti cetitanium by S°* cation that might have
formed anisolated narrow band abovethevaenceband
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of TiO, whichin turn reducesthe bandgap™®™. When
TiO, isdoped with sul phur, the sul phur 3p states are
somewhat delocalized, thusgresatly contributingto the
formation of theV B withtheoxygen 2pand Ti 3d Sates.
Conseguently, themixing of the sulphur 3p stateswith
VB increasesthewidth of the VB itself resultingina
decreasein the bandgap energy*2.

Photodegradation of RR141

A set of experimentswere carried out at natural pH
(38.2for TiO,-Fe** and 5.5 for TiO,-Cu** systems) of
the agueous suspensions. It wasobservedthat, inTiO,-
Fe**-system, catalyst poi soning occurred dueto com-
plete adsorption of thedye moleculesonto the catayst
surfacesinceacidic pH isnot favorablefor TiO,. But,
inTiO,-Cu?*-system, initial adsorption amount noticed
was moderate. When PM S was added into the sus-
pensonwith TiO,-Fe*-dye, initia adsorption wasfur-
ther increased due to the reduction in the pH of the
suspension. InTiO,-Cu**-system, theextent of adsorp-
tion seemsto be moderate with better rate of reaction
than individual photocatalysis as well as photo-
Fenton-like process, asthe natural pH of thiscoupled
system falls between 5.4 and 5.8 which is almost
sameasindividual processes. Maximum reactionrate
was attained at pH 5.8 for TiO, with dye (photoca-
talysis) whereasin the case of Fe** and Cu?* based
studies (photo-Fenton-like reaction) highest activity
was observed at pH 3.2 and 5.5 respectively. In or-
der toimprovetherate of reaction aswell asto mini-
mize the extent of adsorption, the pH of the TiO,-
Fe**-oxidant system was altered to~ 5.6 and it was
found that theinitial adsorption reducesto amini-
mum and an enhancement inthe rate of reaction com-
pared to individual photocatalysis or photo-Fenton-
like reactionswas noted. Raising pH to avalue above
6 in both the systems had shown anegative impact
on pseudo first-order rate constants. Therefore, fur-
ther studieswere carried out by maintaining the pH
~ 5.6 for all the systems (TiO,-Fe**-oxidant, TiO,-
Cu*-oxidant and S-TiO,-Fe**/Cu?*-oxidants).

Combination of titaniawith Fe** or Cu?* ionsalone
(without oxidants) invisiblelight showed detrimental
effects on decol ourization efficacy. It wasobserved that
thedecol ourization of RR141 attained after 1 hvisible
lightirradiationusing TiO,-Fe** or TiO,-Cu* systems
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waslessthan 15 percent which wasfar lower than that
obtained using TiO, alone (44%). Application of sul-
phur-doped TiO, (S-TiO,) instead of undoped TiO,
(Degussa P25) along with Fe** or Cu?* also showed
smilar results. Theretardation of photodegradationrate
on addition of Fe** or Cu?* inTiO, based systems may
be dueto the quenching of photo-generated electrons
by the adsorbed metal-ionswhich act asrecombina-
tion centersthat in turn reduce the generation of active
radicals'*®. The strong negative effect on the
photodegradation of RR141 can be dueto the compe-
tition of organic compoundswith iron speciesfor ad-
sorptiononto TiO, surfacea so. The adverseeffect of
metal ion deposition on TiO, photocatalysiswasre-
ported by previous studies617,

Anincreasein the pseudo first-order rate constant
vaues(comparedtoindividua processes) wasobserved
whenTiO,-Fe** or TiO,-Cu* photocatal ysiswas per-
formed in the presence of oxidants, namely, oxone
(PMS), PDS and H,O,, asgivenin TABLE 1. The
enhanced degradation observed in the coupled systems
with oxidants (TiO, + Fe** + Dye+ oxidant or TiO, +
Cu?* + Dye + oxidant) may be attributed to the en-
hanced generation of active radical sthrough decom-
position of oxidantsby both TiO,(e") and metd ions. In
TiO, suspension, thedynamic equilibrium between Fe**
and Fe?* (due to the redox reactions with irradiated
TiO,) isreached very fast. Inmetal-ions medi ated pho-
tocatdys's, formation of stabledye-metd ion complexes
should have favored degradation!*®. AlImost complete
decolourizationwasachieved within 30 mininthecase
of coupled systems (TiO, + Cu?* or Fe** + Dye + oxi-
dant systems).

Effect of oxidant concentr ation

Experimentswere carried out with different oxi-
dant concentrations (0.5t0 2.5mM) at constant dye (5
x 10°M), TiO,(1.428gL") and STiO, (1.428gL™)
concentrations. Effect of oxidant concentration on
pseudo first-order rate constant values during
photodegradation of RR141 using combined photocata:
Iytic and photo-Fenton systemsareillustrated in Fig-
ures. 3and 4. In coupled systems, increasein thepseudo
first-order rate constantswasobservedtill an optimum
oxidant concentration beyond which adight decrement
inthepseudofirs-order rate constant was noted. Among
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thethree oxidantschosen, PM Swasshowingimproved
activity inthecoupled systems. In coupled system that
work with S-TiO,, oxidizing potential was consider-
ably increased especidly with cupricions.

40
¢ Fe¥ +TiO, + RR141

A Fe*™ +S-TiO; + RR141 -
& Cu2'+ TiO, + RR141

A Cu* +S-TiO, + RR141

35 1

('PJLé '(3111\‘1)
Figure 3: Effect of PM Sconcentration on the pseudo fir st-
order rateconstantsfor thephotodegradation of RR141in
thecoupled system; [TiO,] =[S TiO,] =1.428gL™"; [Fe*] =
[Cu*]=0.2mM; [RR141] =5x10°M.
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Figure4: Effect of H,O, concentration on the pseudo first-
order rateconstantsfor thephotodegradation of RR141in
thecoupled system; [TiO,] =[STiO,] =1.428gL"; [Fe*] =
[Cu#]=0.2mM; [RR141] =5x10°M.

Introduci ng peroxomonosul phateinto thesolution
leads to the formation of SO, and SO, radicals as
well ashydroxyl radicalsthrough radical chain reac-
tions. PDS, apowerful oxidizing agent with astandard
potential of E;=2.01V, can bedecomposedto SO,*
ionand SO, by the photo-generated e presentinTiO,
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aswell asby metd ions. The SO, radical hastheabil-
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tothescavenging effect of hydroxyl and sulphateradicas

ity to attack organic compounds by abstraction of a themsdvesaswell asby the Fe** ionsin the solution4.

hydrogen atom or addition on unsaturated molecul es.
Theinitid increasein the degradation efficiency thet ac-
companieswith the addition of oxidants can beattrib-
uted to theincreased formation of *OH radical§'% as
explained earlier. Thereductionintherate constants
noted inthe presence of oxone, beyond optimum con-
centration, may be dueto the destruction of sulphate
and hydroxyl radicasby theexcessHSO, . Higher oxi-
dant concentration reducesthe gpparent ratecongtant due

TABLE 1: Thepseudofirst-order ratecongtantsand miner-
alization amountsobtained in photocatalysis, photo-fenton
likereactionsand combined systems(TiO,or STiO-Fe*—
oxidant & TiO,or S-TiO,~Cu*-oxidant) under optimized
conditions.

Photodegradation Mineralization

Catalyst rate constant Efficiency
kyx 10° (s after 4h (%)
TiO, 1.87 42
S-TiO, 477 57
TiO,+ PMS 17.1 68
S-TiO,+ PMS 25.1 69
Fe™ + PMS 27.18 80
Cu* + PMS 16.12 76
TiO, + Fe* + PMS 37.78 88
TiO,+ Cu*" + PMS 34.37 90
S-TiO,+ Fe* + PMS 25.38 87
S-TiO,+ Cu* + PMS 35.13 91
TiO,+ PDS 3.10 63
S-TiO,+ PDS 5.50 59
Fe* + PDS 8.680 74
Cu* + PDS 5.970 64
TiO,+ Fe*" + PDS 20.57 88
TiO,+ Cu* + PDS 21.67 87
S-TiO,+ Fe* + PDS 19.43 80
S-TiO,+ Cu*" + PDS 22.78 85
TiO,+ H,0, 5.10 63
S-TiO,+ H,0, 8.07 64
Fe* + H,0, 12.33 76
Cu* + H,0, 5.770 70
TiO, + Fe* + H,0, 18.72 84
TiO,+ Cu* + H,0, 18.50 86
S-TiO,+ Fe* + H,0, 15.50 83
S-TiO,+ CU* + H,0, 18.82 87

Foot note: [TiO,] =[S-TiO,] =1.428g L™, [Fe*] =[Cu*]=0.2
mM; [RR141] =5 x 10° M; [Oxidants] =2 mM.

Theoverdose of H,O, retards the photocatalytic deg-
redation ratessincea higher H,O, concentrations, the
hydrogen peroxide adsorbed on the photocatal yst sur-
face could effectively scavengethe OH radicalsand
finally formsamuch weaker oxidant HO,' thereby in-
hibiting the major pathway for the generation of ‘OH
radical §2021,

Increment in decol ourization achieved with PDSin
coupled systemiswell appreciable. A 2.4-foldraisein
the rate constants when compared to individua pro-
cesseswasrecorded (TABLE 1). Sulphateradicadshave
alonger haf lifethan hydroxyl radicalsmainly dueto
their preferencefor e ectron transfer reactionswhile
hydroxyl radicalscan participatein avariety of reac-
tionswithequd preference. Thehigh oxidation efficien-
ciesof the SO, radicalsin combination withtheslow
rate of consumption of precursor oxidants(duetotheir
stability) make sulphateradical based processesvery
effectivefor the degradation of reca citrant organic com-
pounds?,

CONCLUSIONS

Integration of titanium dioxide based photocatalyss
with Fe** or Cu?*-oxidant systems seemsto beeffective
and promising gpproach for theremova of azo-dyes. The
degradationisfavored at apH of 5.6 by TiO, or S TiO,-
Fe**-oxidant or TiO, or S-TiO,-Cu?*-oxidant systems.
In the case of coupled systems, complete
decol ourization can be achieved within 30 min while
individua systemstook moretimefor complete colour
removal. Combination of titania photocatalyst with
photo-Fenton-like process produces asynergic effect
that leads to increase in photodegradation rate con-
stant to avaluewhichislarger than those obtained for
these AOPswhen performed separately, may bedue
to thegeneration of radica sthrough decomposition of
oxidantsby both excited titaniaand meta-ions.
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