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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 (Fe3+ or Cu2+)
and TiO2 or sulphur-doped TiO2 (S-TiO2) based heterogeneous photocatalysis. The mineralization efficiency of paired systems is evaluated from
total organic carbon (TOC) measurements. The photodegradation rates of
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 TiO2-RR141 system
reduces the rate of photodegradation of RR141, the metal-ions addition to
TiO2-oxone-RR141 system increases the degradation of RR141 due to
synergistic effect.
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aqua complexes through photo-redox reaction[7]. Application of photo-induced reactions using titanium diDegradation of organic pollutants by pairing differ- oxide (TiO2) is limited due to its requirement for UV
ent oxidation processes has become a common prac- light for its excitation. Doping of TiO2 with anion imputice. The competence of combined systems with pho- rities[8–12] has been effective in lowering the threshold
tocatalysis and sonolysis or photocatalysis and mem- energy for photochemistry on the TiO2 surface. Another
brane filtration or photo-Fenton reactions and sonolysis factor that affects the efficiency of photocatalytic proor electro- photo-Fenton[1–6] etc., are reported. But not cess is the recombination of photo-generated electrons
many attempts were made in pairing photocatalysis and and holes on the surface of the catalyst. However, it
photo-Fenton-like reactions for wastewater treatment. can be restrained by adding suitable scavengers of parThe rate of photodegradation of pollutants in combined ticular charge carriers. In photo-Fenton-like reactions,
oxidation processes mainly depends on the reactive transition metals with two or more valence states with a
radical formation. In photocatalysis and photo-Fenton suitable oxidation–reduction potential can be used to
coupled systems, reactive radicals are generated by produce •OH. Few reports are also found on the appliphotocatalytic reactions on semiconductor cation of peroxomonosulphate (PMS or oxone)[13] and
photocatalysts as well as by the independent Fe(III) peroxodisulphate (PDS)[14] as oxidant instead of conINTRODUCTION
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ventional H2O2 along with metal ions in photo-Fentonlike reactions. These oxidants led to the generation of
sulphate radicals (redox potential of 2.6 V) which had
greater efficiencies in the presence of metal ion catalyst
and light. In this study, photo-Fenton-like reactions (Fe3+
or Cu2+-oxidants) are combined with TiO2 or sulphurdoped TiO2 (S-TiO2) mediated photocatalysis and its
efficiency under visible light in removing synthetic dye
Reactive Red 141 (RR141) from wastewater streams
are assessed.
EXPERIMENTAL
Materials
Widely used textile dye, Reactive Red 141
(C52H34O26S8Cl2N14; ëmax = 543 nm; åmax = 25,000 M–
1
cm–1) is obtained from Supra Tulvers, India and was
used as the model pollutant without further purification.
Potassium peroxomonosulphate (PMS or oxone) was
obtained from Sigma-Aldrich. Analytical grade ferric
nitrate nonahydrate, copper sulphate pentahydrate, titanium tetrachloride, thiourea, potassium
peroxodisulphate (PDS), hydrogen peroxide (H2O2)
and sodium hydroxide were received from Merck, India.
Preparation of sulphur-doped titania catalyst
Initially, TiCl4 (0.05 M) was added drop-wise into
400 mL double distilled water while it was surrounded
by an ice bath. After stirring for several minutes, 0.12
M thiourea (source for sulphur) solution was added
drop-wise into the above solution and proper stirring
was maintained for 30 min. The obtained sol was kept
overnight for aging. The precipitate formed was filtered,
washed (to remove the chloride content), dried at 343
K, and finally calcined for 3 h at 673 K to obtain the
sulphur-doped TiO2 photocatalyst. The colour of the
prepared S-doped titanium dioxide powder sample was
pale yellow.
Photocatalyst characterization
The phase purity of the prepared samples were analyzed by recording powder X-ray diffraction (XRD)
patterns on a Xpert-Pro diffractometer with Cu Ká
radiation (ë = 1.5405 Å) in the 2è range of 10–80° at
a scan rate of 0.02° s-1. A Shimadzu 2550 UV-visible

spectrophotometer equipped with a diffuse reflectance
accessory (ISR 2200) was used to obtain the diffuse
reflectance spectra of the catalyst over a range of 300–
600 nm.
Photodegradation studies
The photodegradation experiments were carried out
in a photocatalytic chamber provided with magnetic stirrer (to maintain uniform suspension) and four cooling
fans (11 cm diameter). Tungsten-halogen lamp (250 W,
Philips, India) was used for the continuous emission of
visible light ( = 360–2000 nm). The UV radiation ( <
395 nm) was filtered using a 2 Mil (50 m thick) CU
clear sun-control film (Garware, India). A photochemical reactor made of borosilicate glass (125 mL) was
used. 70 mL of dye solution (in double distilled water)
of appropriate concentration was taken within the
photoreactor. Ferric or cupric ion solution with desired
concentration and/or photocatalyst (TiO2 or sulphurdoped TiO2 (S–TiO2)) was introduced into the
photoreactor and then the solution mixture was stirred
continuously for 45 min in dark to ensure adsorption/
desorption equilibrium. Finally, oxidants (PMS or PDS
or H2O2) were introduced into the above suspension
just before light irradiation. The dye concentration (determined spectrophotometrically using a Shimadzu 2550
UV-vis spectrophotometer; from the absorbance of the
dye at its ëmax = 543 nm; åmax = 25,000 M–1 cm–1) in bulk
solution at this condition (just before starting light irradiation) is used as the initial concentration (C0). During
the irradiation, 5 mL aliquots were withdrawn at appropriate time intervals and the photocatalyst was removed immediately by centrifugation and filtration
through syringe filter (0.2 µm). The concentration obtained at a certain irradiation time (t) is denoted as Ct.
Total organic carbon (TOC) was measured using a
Shimadzu TOC–VCPH model TOC analyzer. pH of the
suspension was adjusted to 5.6 using dilute NaOH solution.
RESULTS AND DISCUSSION
Characterization of S-TiO2 particles
The X-ray diffraction patterns of S-TiO2 calcined
at 400 °C is shown in Figure 1. The observed XRD
peaks correspond to those indexed for (1 0 1), (0 0 4),
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(2 0 0), (1 0 5), (2 1 3), (1 1 6), (2 2 0), (3 0 1) planes
of anatase phase of TiO2 (JCPDS file No. 21-1272).
The average grain size of the anatase crystallites estimated by means of Scherrer equation, D = 0.9ë / âcosè
(D - the grain diameter; ë - wavelength of X-ray used;
â - full-width at half-maximum of the peak in radians; è
- the angle of diffraction in degree) was found to be 8
nm. The fact that the doped sample exhibit only peaks
related to anatase phase reveals that the prepared
sample has only anatase crystallites, which is considered to be best photoactive.

Figure 1 : XRD pattern of S-TiO2 calcined at 400 oC for 3 h.

Figure 2 : UV-vis absorption spectra of TiO2 (P25) and sulphurdoped TiO2 calcined at 400 °C for 3 h.

Figure 2 shows the diffuse reflectance spectra of
S-TiO2 and undoped TiO2 particles. The doped catalyst shows a clear shift in the absorption edge towards
the visible light range (> 400 nm) which can be attributed to the sulphur doping. This may be due to the substitution of lattice titanium by S6+ cation that might have
formed an isolated narrow band above the valence band
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of TiO2 which in turn reduces the bandgap[10,11]. When
TiO2 is doped with sulphur, the sulphur 3p states are
somewhat delocalized, thus greatly contributing to the
formation of the VB with the oxygen 2p and Ti 3d states.
Consequently, the mixing of the sulphur 3p states with
VB increases the width of the VB itself resulting in a
decrease in the bandgap energy[12].
Photodegradation of RR141
A set of experiments were carried out at natural pH
(3.2 for TiO2-Fe3+ and 5.5 for TiO2-Cu2+ systems) of
the aqueous suspensions. It was observed that, in TiO2Fe3+-system, catalyst poisoning occurred due to complete adsorption of the dye molecules on to the catalyst
surface since acidic pH is not favorable for TiO2. But,
in TiO2-Cu2+-system, initial adsorption amount noticed
was moderate. When PMS was added into the suspension with TiO2-Fe3+-dye, initial adsorption was further increased due to the reduction in the pH of the
suspension. In TiO2-Cu2+-system, the extent of adsorption seems to be moderate with better rate of reaction
than individual photocatalysis as well as photoFenton-like process, as the natural pH of this coupled
system falls between 5.4 and 5.8 which is almost
same as individual processes. Maximum reaction rate
was attained at pH 5.8 for TiO2 with dye (photocatalysis) whereas in the case of Fe3+ and Cu2+ based
studies (photo-Fenton-like reaction) highest activity
was observed at pH 3.2 and 5.5 respectively. In order to improve the rate of reaction as well as to minimize the extent of adsorption, the pH of the TiO2Fe3+-oxidant system was altered to ~ 5.6 and it was
found that the initial adsorption reduces to a minimum and an enhancement in the rate of reaction compared to individual photocatalysis or photo-Fentonlike reactions was noted. Raising pH to a value above
6 in both the systems had shown a negative impact
on pseudo first-order rate constants. Therefore, further studies were carried out by maintaining the pH
~ 5.6 for all the systems (TiO2-Fe3+-oxidant, TiO2Cu2+-oxidant and S-TiO2-Fe3+/Cu2+-oxidants).
Combination of titania with Fe3+ or Cu2+ ions alone
(without oxidants) in visible light showed detrimental
effects on decolourization efficacy. It was observed that
the decolourization of RR141 attained after 1 h visible
light irradiation using TiO2-Fe3+ or TiO2-Cu2+ systems
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was less than 15 percent which was far lower than that
obtained using TiO2 alone (44%). Application of sulphur-doped TiO2 (S-TiO2) instead of undoped TiO2
(Degussa P25) along with Fe3+ or Cu2+ also showed
similar results. The retardation of photodegradation rate
on addition of Fe3+ or Cu2+ in TiO2 based systems may
be due to the quenching of photo-generated electrons
by the adsorbed metal-ions which act as recombination centers that in turn reduce the generation of active
radicals [15]. The strong negative effect on the
photodegradation of RR141 can be due to the competition of organic compounds with iron species for adsorption on to TiO2 surface also. The adverse effect of
metal ion deposition on TiO2 photocatalysis was reported by previous studies[16,17].
An increase in the pseudo first-order rate constant
values (compared to individual processes) was observed
when TiO2-Fe3+ or TiO2-Cu2+ photocatalysis was performed in the presence of oxidants, namely, oxone
(PMS), PDS and H2O2, as given in TABLE 1. The
enhanced degradation observed in the coupled systems
with oxidants (TiO2 + Fe3+ + Dye + oxidant or TiO2 +
Cu2+ + Dye + oxidant) may be attributed to the enhanced generation of active radicals through decomposition of oxidants by both TiO2(e–) and metal ions. In
TiO2 suspension, the dynamic equilibrium between Fe3+
and Fe2+ (due to the redox reactions with irradiated
TiO2) is reached very fast. In metal-ions mediated photocatalysis, formation of stable dye-metal ion complexes
should have favored degradation[18]. Almost complete
decolourization was achieved within 30 min in the case
of coupled systems (TiO2 + Cu2+ or Fe3+ + Dye + oxidant systems).

the three oxidants chosen, PMS was showing improved
activity in the coupled systems. In coupled system that
work with S-TiO2, oxidizing potential was considerably increased especially with cupric ions.

Figure 3 : Effect of PMS concentration on the pseudo firstorder rate constants for the photodegradation of RR141 in
the coupled system; [TiO2] = [S-TiO2] = 1.428 g L–1; [Fe3+] =
[Cu2+] = 0.2 mM; [RR141] = 5 × 10-5 M.

Effect of oxidant concentration
Experiments were carried out with different oxidant concentrations (0.5 to 2.5 mM) at constant dye (5
× 10-5 M), TiO2 (1.428 g L-1) and S-TiO2 (1.428 g L-1)
concentrations. Effect of oxidant concentration on
pseudo first-order rate constant values during
photodegradation of RR141 using combined photocatalytic and photo-Fenton systems are illustrated in Figures. 3 and 4. In coupled systems, increase in the pseudo
first-order rate constants was observed till an optimum
oxidant concentration beyond which a slight decrement
in the pseudo first-order rate constant was noted. Among

Figure 4 : Effect of H2O2 concentration on the pseudo firstorder rate constants for the photodegradation of RR141 in
the coupled system; [TiO2] = [S-TiO2] = 1.428 g L–1; [Fe3+] =
[Cu2+] = 0.2 mM; [RR141] = 5 × 10-5 M.

Introducing peroxomonosulphate into the solution
leads to the formation of SO4•- and SO5– radicals as
well as hydroxyl radicals through radical chain reactions. PDS, a powerful oxidizing agent with a standard
potential of E0 = 2.01 V, can be decomposed to SO42ion and SO4•- by the photo-generated e– present in TiO2
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as well as by metal ions. The SO4•- radical has the ability to attack organic compounds by abstraction of a
hydrogen atom or addition on unsaturated molecules.
The initial increase in the degradation efficiency that accompanies with the addition of oxidants can be attributed to the increased formation of •OH radicals[19] as
explained earlier. The reduction in the rate constants
noted in the presence of oxone, beyond optimum concentration, may be due to the destruction of sulphate
and hydroxyl radicals by the excess HSO5–. Higher oxidant concentration reduces the apparent rate constant due
TABLE 1 : The pseudo first-order rate constants and mineralization amounts obtained in photocatalysis, photo-fenton
like reactions and combined systems (TiO2 or S-TiO2–Fe3+–
oxidant & TiO2 or S-TiO2–Cu2+–oxidant) under optimized
conditions.
Catalyst
TiO2

Photodegradation Mineralization
rate constant
Efficiency
k1 × 104 (s–1)
after 4 h (%)
1.87
42

S–TiO2

4.77

57

TiO2 + PMS

17.1

68

S–TiO2 + PMS

25.1

69

Fe + PMS

27.18

80

Cu2+ + PMS

16.12

76

37.78

88

3+

3+

TiO2 + Fe + PMS
2+

TiO2 + Cu + PMS

34.37

90

3+

25.38

87

2+

S–TiO2 + Cu + PMS

35.13

91

TiO2 + PDS

3.10

63

S–TiO2 + PDS

5.50

59

Fe + PDS

8.680

74

Cu2+ + PDS

5.970

64

TiO2 + Fe + PDS

20.57

88

TiO2 + Cu2+ + PDS

21.67

87

S–TiO2 + Fe + PDS

19.43

80

S–TiO2 + Cu2+ + PDS

22.78

85

TiO2 + H2O2

5.10

63

S–TiO2 + Fe + PMS

3+

3+

3+

S–TiO2 + H2O2

8.07

64

Fe3+ + H2O2

12.33

76

Cu2+ + H2O2

5.770

70

TiO2 + Fe3+ + H2O 2

18.72

84

18.50

86

2+

TiO2 + Cu + H2O2
3+

S–TiO2 + Fe + H2O2

15.50

83

S–TiO2 + Cu2+ + H2O2

18.82

87
3+

2+

Foot note: [TiO2] = [S-TiO2] = 1.428 g L ; [Fe ] = [Cu ] = 0.2
mM; [RR141] = 5 × 10-5 M; [Oxidants] = 2 mM.
–1
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to the scavenging effect of hydroxyl and sulphate radicals
themselves as well as by the Fe2+ ions in the solution[14].
The overdose of H2O2 retards the photocatalytic degradation rates since at higher H2O2 concentrations, the
hydrogen peroxide adsorbed on the photocatalyst surface could effectively scavenge the •OH radicals and
finally forms a much weaker oxidant HO2• thereby inhibiting the major pathway for the generation of •OH
radicals[20,21].
Increment in decolourization achieved with PDS in
coupled system is well appreciable. A 2.4-fold raise in
the rate constants when compared to individual processes was recorded (TABLE 1). Sulphate radicals have
a longer half life than hydroxyl radicals mainly due to
their preference for electron transfer reactions while
hydroxyl radicals can participate in a variety of reactions with equal preference. The high oxidation efficiencies of the SO4•– radicals in combination with the slow
rate of consumption of precursor oxidants (due to their
stability) make sulphate radical based processes very
effective for the degradation of recalcitrant organic compounds[22].
CONCLUSIONS
Integration of titanium dioxide based photocatalysis
with Fe3+ or Cu2+-oxidant systems seems to be effective
and promising approach for the removal of azo-dyes. The
degradation is favored at a pH of 5.6 by TiO2 or S-TiO2Fe3+-oxidant or TiO2 or S-TiO2-Cu2+-oxidant systems.
In the case of coupled systems, complete
decolourization can be achieved within 30 min while
individual systems took more time for complete colour
removal. Combination of titania photocatalyst with
photo-Fenton-like process produces a synergic effect
that leads to increase in photodegradation rate constant to a value which is larger than those obtained for
these AOPs when performed separately, may be due
to the generation of radicals through decomposition of
oxidants by both excited titania and metal-ions.
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