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Abstract

The effects of pH, dye concentration, electron acceptor (hydrogen peroxide, persulfate and copper ions) and hydroxyl radical trap (ethanol)
on the decolorization of C.I. Reactive Red 198 using a UV/TiO, system were determined. Decolorization rate increased as the concentration of
persulfate ions added increased. The k values followed the order: pH 4 > pH 7 > pH 10 for the UV/TiO,, UV/TiO,/H,0, and UV/TiO,/Na,S,0g
systems. Hydrogen peroxide, persulfate and copper ions trapped photogenerated electrons and inhibited the recombination of electron/hole pairs
in UV/TiO,, thereby accelerating decolorization rate; persulfate ions trapped photogenerated electrons and generated sulfate free radicals. The
addition of ethanol inhibited decolorization, suggesting that the predominant decolorization pathway involves hydroxyl radicals and that direct

oxidation by photogenerated holes is also significant.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: UV; TiO,; C.1. Reactive Red 198; Hydrogen peroxide; Persulfate; Copper; Ethanol

1. Introduction

Azo dyes, which contain one or more azo bonds, are the
most widely used synthetic dyes and are major dye wastewater
pollutants. Removing color from wastewater is more important
than treating other colorless organics, because the presence of
small amounts of dyes is clearly visible and detrimentally af-
fects the water environment. In Taiwan, new strict regulations
concerning discharged wastewater have been coupled with in-
creased enforcement; accordingly, decolorization of dye efflu-
ents has attracted increased attention. Activated carbon and
enhanced coagulation, which have been widely employed to
remove refractory pollutants from textile wastewaters, are
fairly effective in removing pollutants. However, these tech-
niques transform dyes in solution into solid forms, such that
the waste must be expensively post-treated. Advanced oxida-
tion processes (AOPs) are alternative methods for decolorizing
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and reducing recalcitrant wastewater loads generated by textile
companies. Most investigations of the photo-assisted decom-
position of dyes have utilized TiO, as a model photocatalyst
due to its chemical and biological stability, ready availability,
cheapness, non-toxicity and high photocatalytic reactivity.
Thus, TiO, was used in this work as photocatalyst.

AOPs generally involve the generation of the very powerful
and non-selective oxidizing agent, hydroxyl radical (OH"), to
destroy hazardous pollutants. The following mechanism is
the widely accepted to describe the photodegradation of or-
ganic compounds by UV/TiO, [1]. Photogenerated holes are
generated as a result of TiO, particles having been irradiated
with UV light (Eq. (1)). Hydroxyl radicals are produced by
the oxidation of OH™ or H,O by these photogenerated holes
(Egs. (2) and (3)) which are principally responsible for the de-
struction of organic species. Oxygen is used as an efficient
electron trap (Eq. (4)), preventing the recombination of elec-
trons and photogenerated holes. Eqs. (5)—(7) represent the
other reactions of UV/TiO,. If oxygen is limited, rapid recom-
bination of photoproduced electrons and holes in TiO, lowers
the efficiency of the photocatalytic reactions [2]; consequently,


mailto:chunghsinwu@yahoo.com.tw
http://www.elsevier.com/locate/dyepig

32 C.-H. Wu | Dyes and Pigments 77 (2008) 31—38

the usefulness of such a system has limited practical
application.

TiO, + hv — TiO,(ecg_ + hyg.) (1)
TiO,(hyg;) + OH™ — TiO, + OH' (2)
TiO, (hyg.) + H,0 — TiO, + H® 4+ OH' (3)
TiOs(ecg-) + O, = TiO; + O, (4)
0, + H* - HO; (5)
TiO,(epy ) + H' + 0;+ — TiO, + HO, (6)
HO, + H' — H,0, (7)

Serpone et al. [2] proposed an interparticle electron transfer
process (IPET) in which two semiconductors of different redox
energy levels are combined so that the charge separation of the
corresponding conduction and valance bands are increased,
thereby enhancing the photocatalytic reaction efficiency of the
two semiconductors [2—5]. However, the combined IPET pho-
tocatalysts must be carefully selected according to their redox
energy levels and not all coupled photocatalysts effectively re-
tard the recombination of photogenerated electrons and holes.
Numerous studies have proposed that the addition of oxidants,
such as H,O, [1,6—17], SZO? [1,6,7,10—18], HSO5 [6] and
BrO3 [11,13,16,17], eliminates the recombination process as
the added oxidants rapidly react with conduction band electrons,
generating extremely reactive oxidizing radicals, which in-
creases the efficiency of TiO,. Consequently, an electron accep-
tor (H,O, and Na,S,0g) was used in this investigation to inhibit
the recombination of electron/hole pairs and improve the photo-
degradation efficiency of UV/TiO,.

Liang et al. [19] demonstrated that transition metal ions can
activate sodium persulfate to generate the sulfate free radical
(SO%*), which is a powerful oxidant (of redox potential 2.6 V)
and which can potentially degrade organics; in this context,
Cu®" ions were incorporated into UV/TiO,/oxidant systems.

C.I. Reactive Red 198 (RR198) was selected for use in this
work as the dye has two of the most commonly used anchor
groups employed in reactive dyes, namely the monochlorotria-
zine and vinyl sulfone groups. The objectives of this investiga-
tion were to:

- determine the effects of dye concentration on decoloriza-
tion efficiency;

- elucidate the impact of Na,S,0g dosage on decolorization
efficiency;

- evaluate the effect of pH on various UV/TiO,-based
systems;

- determine the effects of adding hydrogen peroxide, persul-
fate ions, copper ions and ethanol on the UV/TiO, system,;

- measure the effects of Cu®" on both UV/TiO,/Na,S,0g
and UV/TiO,/H,0, systems.

2. Materials and methods
2.1. Materials

The TiO, catalyst was Degussa P-25 (specific surface area,
50 mzlg). C.I. reactive Red 198 (formula, M, and A,,,, were
Cy7H,3CIN7Na4045Ss, 967.5 g/mol and 520 nm, respectively)
was obtained from Aldrich. Fig. 1(a) and 1(b) shows the chem-
ical structure and UV —vis spectra of RR198, respectively. The
Amax Of RR198 did not vary with pH (Fig. 1(b)). Copper nitrate
(Cu(NO3),), sodium persulfate (Na,S,0g), hydrogen peroxide
solution (H,O,, 30% w/w) and ethanol (C,HsOH) were ob-
tained from Merck. pH was controlled using HCIO, and
NaOH via an automatic titrator. All reagents were of analytical
grade and used without further treatment. Water was deionized
and doubly distilled with Milli-Q.

2.2. Decolorization experiments

The dye concentration was 20 ppm in all experiments, except
in the case of experiments designed to determine the effect of
dye concentrations on the UV/TiO, system. Decolorization
experiments were conducted in a 3-L, hollow cylindrical glass
reactor, using a 500 W medium-pressure, 300 mW cm > Hg
lamp (254 nm, Philips) placed inside a quartz tube as irradiation
source. In all UV/TiO,-based systems used, the TiO, dosage
was 0.5 g L™'. The concentrations of copper ions and hydrogen
peroxide were 0.5 and 0.33 mM, respectively; persulfate ion
doses of 0.1, 0.2, 0.5, 1 and 2 mM were used to determine the
effect of persulfate ion dosage. All systems were stirred at
300 rpm and aerated continuously. Aliquots (15 mL) were
withdrawn from the photoreactor at pre-specified intervals;
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Fig. 1. Characteristics of RR198 (a) chemical structure and (b) UV—vis spectra.
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suspended TiO, particles were separated by centrifuging at
5000 rpm for 10 min followed by filtration through a 0.22 pm
filter (Millipore). The dye concentration was measured using
a spectrophotometer (Hitachi U-2001) at 520 nm; decoloriza-
tion efficiency was determined from the difference between
dye concentrations before and after each experiment. Ionic
chromatography (Dionex DX-120) was utilized to determine
the concentrations of sulfate, nitrate and chloride anions. The
extent of mineralization of RR198 was identified by the reduc-
tion in total organic carbon (TOC), as determined using an O.I.
1010 TOC analyzer.

3. Results and discussion
3.1. Effects of dye and persulfate ion concentration

Adsorption of TiO,, direct degradation by H,0, or
Na,S,0g, and dye photolysis were evaluated at pH 7
(Fig. 2). Adsorption and direct degradation revealed no signif-
icant disappearance of RR198; as the decolorization rate of
RR198 was extremely low (0.0117 min~"), subsequent decol-
orization in UV/TiO,-based systems could be attributed to
photocatalytic reaction.

3.1.1. Effect of dye concentration

The effect of initial dye concentration on the rate of dye de-
colorization was determined by varying the initial dye concen-
tration at 10, 20, 40, 60 and 80 ppm at pH 7 in the UV/TiO,
system (Fig. 3(a)). Plotting In(Cy/C) as a function of time
yielded the decolorization rate constant (k) (Fig. 3(b)), values
of which were consistent with pseudo-first-order kinetics as
found by other workers [1,4,18,20,21]. As the decolorization ef-
ficiency can be described in terms of k value, Table 1 shows that
the k values for 10, 20, 40, 60 and 80 ppm RR198 for the UV/
TiO, system were 0.2424, 0.1018, 0.0433, 0.0333 and
0.0226 min~— 1, respectively; clearly, the decolorization rate con-
stant declined as dye concentration increased. Several studies
have obtained similar experimental findings for UV/TiO,-based
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Fig. 2. Adsorption, direct degradation and photolysis of RR198 at pH 7
(RR198 =20 ppm, TiO,=0.5g/L, NaS,05=0.5mM, H,0,=0.33 mM
and 25 °C).
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Fig. 3. Effects of dye concentration in UV/TiO, system at pH 7: (a) decolor-
ization efficiency and (b) linear regression of pseudo-first-order reaction kinet-
ics (TiO, =0.5 g/L and T =25 °C).

systems [1,8,12,16,17,21,22]. This phenomenon has three pos-
sible explanations.

(i) A significant quantity of UV light may be absorbed by
the highly concentrated dye molecules rather than by
the TiO, particles, thereby reducing decolorization effi-
ciency; the dye therefore has a UV-screening effect in-
sofar as, fewer photons reach the TiO, surface as dye

Table 1
Effects of initial concentration of dye and Na,S,0g on decolorization rate con-
stants (k, min~!) (TiO, =0.5 g/L, pH=7 and 25 °C)

Effects of dye concentration in UV/TiO,

Dye conc. (ppm) k (min~ ") R?

10 0.2424 0.9731
20 0.1018 0.9840
40 0.0433 0.9854
60 0.0333 0.9539
80 0.0226 0.9109

Effects of Na,S,0g concentration in UV/TiO, (dye = 20 ppm)

Na,S,05 conc. (mM) k (min~") R?

0.1 0.1415 0.9974

0.2 0.1432 0.9985

0.5 0.1683 0.9958
0.1837 0.9764

2 0.2109 0.9868
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concentration increase, slowing the formation of hy-
droxyl radicals.

(i) As the initial concentration of dye increased, the TiO,
surfaces adsorbed additional dye molecules which in-
hibited direct contact between the dye molecules and
photogenerated holes [8] and which also suppressed
the generation of hydroxyl radicals at the TiO, surface
as dye molecules covered active surface sites [1].

(iii) Increased amounts of dye and reaction intermediates
competed with both hydroxyl radicals and active reac-
tion sites at the TiO, surface, as the initial dye concen-
tration increased. Since the amount of TiO, remained
constant, the rate of formation of hydroxyl radicals at
the TiO, surface was constant. Hence, the fraction of
hydroxyl radicals that attacks the dye molecules and
its reaction intermediates declined as the dye concen-
tration increased.

3.1.2. Effects of concentration of persulfate ions

Fig. 4 shows the effects of persulfate ion dosage on decol-
orization efficiency. The k values obtained when 0, 0.1, 0.2,
0.5, 1 and 2 mM persulfate ions were added were 0.1018,
0.1415, 0.1432, 0.1683, 0.1837 and 0.2109 min~', respec-
tively (Table 1). Thus, the decolorization rate increased as
the dosage of persulfate ions increased. Persulfate ions trap
photogenerated electrons, preventing their recombination
with positive holes, while simultaneously producing sulfate
free radicals (Eq. (8)) [1,14] which can react with water mol-
ecules to generate hydroxyl radicals (Eq. (9)) [1]. Dogliotti
and Hayon [23] and Ivanov et al. [24] showed that persulfate
ions undergo photolysis under light irradiation, forming sulfate
free radicals (Eq. (10)). According to Egs. (8)—(10), increased
amounts of persulfate ions generated additional sulfate free
radicals and hydroxyl radicals which accelerated decoloriza-
tion. Various studies have demonstrated that reactive radical
intermediates, generated from persulfate ions reacting with
photogenerated electrons, accelerate decolorization in the
UV/Ti0,/S,0%~ system [1,6,7,11—15,17,18].
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Fig. 4. Effects of NaS,053 dose in UV/TiO,/Na,S,0g system

(RR198 =20 ppm, TiO, = 0.5 g/L, pH="7 and T =25 °C).

$:0; + ecg- — SO;” + SO, - (8)
SO;+ + H,0 — SO;” + H" + OH’ 9)
$,0;” + hv — 2S0,. (10)

3.2. Effect of pH on decolorization efficiency

The decolorization efficiency of the UV/TiO,, UV/TiO,/
Na,S,0g and UV/TiO,/H,0, systems was determined at pH
4,7 and 10 (Fig. 5). After 10 min of reaction, the decoloriza-
tion of UV/TiO, at pH 4, 7 and 10 was 98%, 57% and 35%,
respectively, that of UV/TiO,/Na,S,0g was 99%, 78% and
48%, respectively and that of UV/TiO,/H,O, was 99%, 84%
and 51%, respectively. The k values for the UV/TiO,, UV/
TiO,/Na,S,05 and UV/TiO,/H,O, systems increased as pH
decreased (Table 2).

As pH influences the surface properties of TiO,, dissocia-
tion of dye and formation of hydroxyl radicals, interpreting
the effects of pH on degradation efficiency is extremely diffi-
cult. Notably, pH influences the adsorption of dye molecules
on the TiO, surface, which is an important step in photodegra-
dation. As the isoelectric point (pHigp, which is that pH at
which the zeta potential is zero) of TiO, is 6.6 [25], the surface
of TiO, will be positively charged at pH < pHigp. As the dye is
anionic and negatively charged due to the sulfonate groups,
electrostatic interaction between the TiO, surface and dye an-
ions resulted in adsorption at pH < 6.6, which would explain
the observed high decolorization rate. Conversely, dye adsorp-
tion onto the TiO, surfaces will be low at pH > 6.6 because of
electrostatic repulsion between the negatively charged TiO,
surfaces and the anionic dye molecules. Thus, the & values fol-
lowed the order: pH 4 > pH 7 > pH 10 in UV/TiO,, UV/TiO,/
Na,S,0g and UV/TiO,/H,0, systems (Table 2). Since numer-
ous reaction mechanisms are involved in dye degradation, in-
cluding hydroxyl radical attack, direct oxidation by positive
holes and direct reduction by electrons, the effect of pH on
degradation efficiency differs from that of photocatalysts and
model substrates.

The k values of the UV/TiO,/Na,S,0g system at pH 4, 7
and 10 were 0.6077, 0.1683 and 0.0683 min ', respectively
(Table 2). Fig. 4 presents the synergistic effect of the persul-
fate on the UV/TiO, system. The acceleration of the decolor-
ization process depends on solution pH; under acidic
conditions, persulfate ions are acid-catalyzed as persulfate
free radicals (Eqgs. (11) and (12)) [26] whereas in alkaline so-
lution, as persulfate free radicals are converted to hydroxyl
radicals (Eq. (13)) [23]. It is therefore proposed that persulfate
free radicals are the dominant oxidant under acidic conditions
whereas the hydroxyl radical is the dominant oxidant under al-
kaline conditions.

$,0;” + H' — HS,0y (11)

HS,0; — SO;” + H' + SO; - (12)



C.-H. Wu | Dyes and Pigments 77 (2008) 31—38 35

() !
—— UV/TiO,
08k W\ —o— UV/TiO,/Na,S,04
k -- & - UV/TiO,/H,0,
=
2
S 06
N
=
= \
=) f
g o4r n
g R
0.2
“o .
0 1 e
0 2 4 6 8 10
Time (min)
(b) %
\ —=— UV/TIO,
0.8 B —0— UV/TiO,/Na,S,04
R - -- UV/TIO,/H,0,
=
2
= 0.6
N
=
2
S 04
D
a
0.2 -
0
0 10 20 30
Time (min)
(c) !
b —a— UV/ITIO,
0gb: —— UV/TiO,/Na,$,0,
A -=#- UV/TiOy/H,0,
g a
'g* 0.6 - A,
N )
St
=
S 04l
@D
C] A
AL
02F Ta
AT
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)

Fig. 5. Decolorization efficiency of UV/TiO,, UV/TiO,/Na,S,0g and UV/
TiO,/H,0, systems at various pHs: (a) pH 4, (b) pH 7 and (c) pH 10
(RR198 =20 ppm, TiO,=0.5 g/L, Na,S,05=0.5 mM, H,0,=0.33 mM
and 25 °C).

SO, + + H,0 — SO;” + OH" + H* (13)

Although H,0, did not decolorize RR198 (Fig. 2), combin-
ing H,O, with UV/TiO, markedly improved the decolorization
efficiency; the k values for the UV/TiO,/H,0, system at pH 4, 7
and 10 were 0.5020, 0.1771 and 0.0517 min~", respectively (Ta-
ble 2). Egs. (14)—(16) describe how the addition of H,O, to the
UV/TiO, system promoted decolorization. Firstly, H,O, photol-
ysis yielded hydroxyl radicals via UV irradiation (Eq. (14)) and
then H,O, trapped photogenerated electrons (Eq. (15)) and in-
hibited the recombination of the photogenerated electron/hole

pairs; finally, H,O, reacted with the UV/TiO, intermediate
(057) (Eq. (16)) and generated hydroxyl radicals. Accordingly,
adding H,O, accelerated the decolorization rate of the UV/TiO,
system; several studies have reported similar results [1,6—17].

H,0, + hv — 20H' (14)
H202 + €cp_ — OH™ + OH’ (15)
H,0, + 05+ — OH™ + OH' + O, (16)

The degradation rate of organic compounds typically in-
creases with H,O, dosage up to a critical value; as the H,O,
dose increases further, degradation efficiency declines since
H,0, scavenges hydroxyl radicals when present at high concen-
trations [27,28], yielding hydroperoxyl radicals that have lower
oxidation capacity than hydroxyl radicals (Eq. (17)). Further-
more, recombination of hydroxyl radicals reduces decoloriza-
tion efficiency (Eq. (18)). Hence, the amount of H,0, in the
UV/TiO,/H,0, system must be controlled carefully.

20H — H202 (18)

pH influences the production of hydroxyl radicals and,
therefore, decolorization efficiency. The k values for the UV/
TiO,/H,0, system followed the order: pH 4 >pH 7 >pH
10, perhaps resulting from the auto-decomposition of H,O,
to oxygen and water under alkaline conditions and the influ-
ence of dye—TiO, adsorption. As Buxton et al. [29] proposed
that the oxidation potential of hydroxyl radicals decreases with
increasing pH, the decolorization rate constant was lowest at
pH 10 in all UV/TiO,/oxidant systems.

3.3. Comparisons of UV/TiO,-based systems

Figs. 6 and 7 compare the decolorization efficiencies
achieved for the UV/TiO,-based systems at pH 4 and 7, re-
spectively. This investigation evaluated the effects of adding
copper ions to the UV/TiO,/oxidant systems at pH 4 (Fig. 6)
and adding ethanol to the UV/TiO, systems at pH 7 (Fig. 7).
The observed synergistic effect was typically greater when
persulfate ions had been added to the UV/TiO, system than
when hydrogen peroxide was used (Table 2). The one-electron
reduction potentials of the species of interest are E(O,/
05)=—155mV, E(H,0,/OH)=800mV and FE(S,0% /
SO;)=1100mV [30]. Thermodynamically, H,O, and
S,03~ are more efficient electron acceptors than molecular
oxygen and S,03 is more efficient than H,O,. Numerous
studies have shown that S,03 " is a stronger electron acceptor
than H,O, [6,7,12,14,17]. However, Qamar et al. [11] and
Tariq et al. [13] obtained the opposite result, which indicated
that H,O, was a stronger electron trap than $,03” in the UV/
TiO, system for Chromotrope 2B and Amaranth. The discrep-
ancies between their studies and this investigation may be at-
tributed to differences between pH values and parent
compounds in the UV/TiO,/oxidant systems.
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Table 2
Decolorization rate constants (k, min~') and correlation coefficients of UV/TiO,-based systems

pH 4 pH7 pH 10

k R k R? k R
UV/TiO, 0.4165 0.9996 0.1018 0.9840 0.0414 0.9975
UV/TiO,/Na,S,0g 0.6077 (1.0903)* 0.9274 (0.9444)* 0.1683 0.9958 0.0683 0.9991
UV/TiOx/H,0, 0.5020 (0.5662)" 0.9993 (0.9074)° 0.1771 0.9489 0.0517 0.9410

RR198 =20 ppm, TiO, = 0.5 g/L, Na,S,05 = 0.5 mM, H,0, = 0.33 mM, Cu**
# The values denoted the results of UV/TiO»/Na,S,0g/Cu system.
" The values showed the results of UV/TiO»/H,0,/Cu system.

Interestingly, the addition of copper ions to the UV/TiO,/
Na,S,0g and UV/TiO,/H,0, systems increased the deco-
lorization rate (Fig. 6); the k values for UV/TiO,/Na,S,0sg,
UV/TiOz/HzOz, UV/TiOz/NElezOg/Cu and UV/TIOz/H202/
Cu systems at pH 4 were 0.6077, 0.5020, 1.0903 and
0.5662 min~", respectively (Table 2). The observed increase
in decolorization rate can be attributed to electron trapping
at the TiO, surface, which prevents electron—hole recombina-
tion and, thereby, accelerates the formation of hydroxyl radi-
cals. In the UV/TiO,/Na,S,0s/Cu system, Cu>" trapped the
photogenerated electrons and was reduced to Cu* (Eq. (19))
which reacted with persulfate ions to generate persulfate free
radicals (Egs. (20)—(22)) [26]; moreover, Cu”" reacts directly
with persulfate ions to produce persulfate free radicals (Eq.
(23)) [26]. Based on Eqgs. (19)—(23), adding Cu®" inhibits re-
combination of photogenerated electron/hole pairs and pro-
duces additional persulfate free radicals in the UV/TiO,/
Na,S,0g system, thereby accelerating decolorization.

Cu®" + ecg. — Cu’ (19)
Cu’ + S$,0; — CuS,04 (20)
CuS,0; — Cu*" + SO + SO, - (21)
SO, .+ + Cu" — Cu*" + SO~ (22)
Cu*" + S,0; — Cu*t + SO; + SO, - (23)
1
—— UV/TiO,
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Fig. 6. Comparison of decolorization efficiency in UV/TiO,-based systems at
pH 4 (RR198=20ppm, TiO,=0.5g/L, NaS;03=0.5mM, H,0,=
0.33 mM, Cu”* = 0.5 mM and 25 °C).

=0.5mM and 25 °C.

Skoumal et al. [31] suggested that additional hydroxyl rad-
icals can be produced by the Cu®"/Cu™ pair, since Cu*" can
be reduced with the HO5 formed from Eq. (5) to give Cu™
(Eq. (24)), which can be further oxidized by the H,O, gener-
ated through Eq. (7) to Cu’" and hydroxyl radicals (Eq. (25)).
In the UV/TiO,/H,0O,/Cu system, Eqgs. (19) and (25) formed
cyclic reactions as an additional source of hydroxyl radical
formation, resembling Fenton-like reactions [32]. The benefi-
cial effect of copper ions is also attributable to the formation
of a complex between the pollutant and copper ions that brings
the copper ions close to the catalyst surface, enabling copper
ions and TiO, to participate in the photoredox cyclic reaction,
which yields oxidant species [33].

Cu*" + HO, — Cu" + H' + 0, (24)

Cu™ + H,0, — Cu*" + HO" + OH™ (25)

Adding ethanol reduced the decolorization rate of the UV/
TiO, system (Fig. 7), the k value of UV/TiO, for the addition
of 1% and 5% ethanol were 0.0322 and 0.0318 min~", respec-
tively. Previous studies have demonstrated that ethanol
quenches hydroxyl radicals, thereby reducing photodegrada-
tion rate [8,9]. This work found that small amounts of ethanol
suppressed RR198 decolorization, implying that hydroxyl rad-
icals are involved in decolorization. However, decolorization
was not entirely prevented by the addition of 5% ethanol,
which suggests that another reactive species, which does not
react with ethanol, is involved in decolorization. This species

1
—— UVITiO,
08 AN —a— UV/TiO,/Na,S,04
. —a— UV/TIO,/H,0,
g o — o~ UV/TIO,/C,H,OH(1%)
2 00Ty Moo~ — o~ UV/TIO,/C,H,0H(5%)
Kl
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02}
0
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Fig. 7. Comparison of decolorization efficiency in UV/TiO,-based systems
at pH 7 (RR198=20ppm, TiO,=0.5g/L, Na,S,05=0.5mM, H,0,=
0.33 mM, C,HsOH = 1% or 5% and 25 °C).
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is most likely to be the photogenerated holes that are produced
by the irradiated TiO,. The inhibiting effect achieved of etha-
nol indicates that the primary decolorization pathway involves
hydroxyl radicals and that direct oxidation by photogenerated
holes is likely not negligible; numerous studies have obtained
similar results [8,9].

Fig. 8 shows the dissociated concentration of sulfate during
decolorization in the UV/TiO,, UV/TiO,/Na,S,0g and UV/
TiO,/H,0, systems at pH 4; Table 3 presents the concentra-
tions of C1~, NO3, SO3~ and TOC in various UV/TiO,-based
systems after 30 min. The theoretical dissociation concentra-
tions of C17, NO3, SO;~ and TOC for 20 ppm RR198 were
0.73, 8.97, 9.92 and 6.70 ppm, respectively; the theoretical
Norm generated concentration of 0.5 mM Na,S,0g was
96 ppm. The concentration of dissociated sulfate in the UV/
TiO,/Na,S,0g system significantly exceeded that in the UV/
TiO, and UV/TiO,/H,0, systems (Fig. 8 and Table 3) because
persulfate ions decomposed to sulfate ions. Despite the fact
that the dye was completely decolorized after 30 min in the
UV/TiO,, UV/TiO,/Na,S,05 and UV/TiO,/H,0, systems at
pH 4 (Fig. 5(a)), the dissociated concentrations of Cl,
NO3, SO; and TOC in various UV/TiO,-based systems
were lower than their respective theoretical values. Mahmoodi
et al. [21], showed that the dissociated concentrations of Cl—,
NO3 and SO~ of 50 ppm RR198 in a UV/TiO,/H,0, system
after an irradiation period of 240 min were 2.5, 0.18 and
9.5 ppm, respectively, and obtained experimental results that
were also lower than the theoretical values. This finding might
be explained by the following two factors:

(i) dissociated C1~, NO5 and SO3~ were adsorbed onto the
positively charged TiO, surfaces (at pH 4);
(i) Cl, N and S atoms were incorporated into intermediates.

After reaction for 30 min, the TOC degradation efficiency
was only 43—46% in the UV/TiO,-based systems, even though
the RR198 had been completely decolorized. Before treat-
ment, the UV—vis spectra of RR198 consisted of three main

25

—*— UV/TiO,
—&— UV/TiO,/Na,S,04
—— UV/TiO,/H,0,

20 -

Sulfate (ppm)

Time (min)

Fig. 8. Dissociated concentration of sulfate during decolorization in UV/TiO,,
UV/TiO,/Na,S,0g and UV/TiO,/H,0, systems (RR198 =20 ppm, TiO, =
0.5 g/L, Na,S,05 = 0.5 mM, H,0, =0.33 mM, pH =4 and 25 °C).

Table 3

Analyses of IC and TOC in various UV/TiO,-based systems

Unit (ppm) UV/TiO, UV/TiO,/Na,S,04 UV/TiO/H,0,
Cl™ 0.09 0.19 0.10

NO3 <0.01 0.50 0.25

Neorm 341 83.65 5.23

TOC 3.60 3.60 3.82

RR198 =20 ppm, TiO, =0.5 g/L, Na,S,05 = 0.5 mM, H,0, = 0.33 mM, re-
action time = 30 min, pH 4 and 25 °C.

absorption bands, two in the UV region (287 and 370 nm)
[34] and one in the visible region (520 nm) (Fig. 1(b)). The
UV band can be assigned to aromatic (benzene and naphtha-
lene) rings present in azo dye molecules [35]. After reaction
for 130 min in UV/TiO,/H,0,, all absorbance peaks disap-
peared and no absorbance peaks existed in the UV—vis spec-
trum [21]. Mahmoodi et al. [21] determined that the primary
intermediates of RR198 in the UV/TiO,/H,O, system were
formate and oxalate anions, which were further oxidized
slowly to CO,.

4. Conclusions

This study examined the effects of dye concentration, pH,
Na,S,05 dose and addition of Na,S,0g, H,0,, Cu>" and eth-
anol on a UV/TiO, system. Decolorization rate declined as dye
concentration increased. The persulfate ions trapped photo-
generated conduction band electrons, preventing the recombi-
nation of the electrons with positive holes and, simultaneously,
generated sulfate free radicals. HO, trapped photogenerated
electrons and inhibited the recombination of photogenerated
electron/hole pairs. The k values for the UV/TiO,, UV/TiO,/
Na,S,0g and UV/TiO,/H,0, systems increased with decreas-
ing pH. Adding Cu”" suppressed the recombination of photo-
generated electron/hole pairs and generated additional
persulfate free radicals in the UV/TiO,/Na,S,0g system,
thereby accelerating decolorization. The UV/TiO,/H,0,/Cu
system resembles the photo-Fenton-like process since the in-
duced photo-Fenton-like reactions acted as an additional
source of hydroxyl radicals. This investigation suggests that
the primary decolorization pathway involves hydroxyl radicals
and that direct oxidation by photogenerated holes is significant
in the UV/TiO, system. During decolorization, some Cl,
NOj and SO3 ™~ ions were released and, even when decoloriza-
tion was complete, the TOC was reduced by only 50%.
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