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Abstract

Degradation of reactive dye Remazol Brilliant Orange 3R (RBO) has been performed using photoeletrocatalysis. A biased potential
is applied across a titanium dioxide thin-film photoelectrode illuminated by UV light. It is suggested that charges photogenerated at the
electrode surface give rise to chlorine generation and powerful oxidant®) (@&t causes the dye solution to decolorize. Rate constants
calculated from color decay versus time reveal a first-order reaction up to 80> mol I~ in dye concentration. The best experimental
conditions were found to be pH 6.0 and 1.0 mdi NaCl when the photoelectrode was biased-&tV (versus SCE). AlImost complete
mineralization of the dye content (70% TOC reduction) was achieved in a 3-h period using these conditions. Effects of other electrolytes,
dye concentration and applied potentials also have been investigated and are discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction during the dyeing process such as dispersing agents, salts
and many others organics make the wastewater treatment
Reactive dyes are a class of synthetic dyes extensivelya complicated process. Effluents from these wastewater
used in the textile industry due to their characteristic of treatments are processed into sludge cakes and deposited in
fixation in the fibers. In addition to the chromophore group, landfills [3,4] resulting in further long-range environmental
this kind of dye also exhibits a reactive group, which binds risk from these partially oxidized dyes.
to the textile fibers through covalent borid§. The dyeing Over the past few years, alternative meth¢ss9] for
process consists of two main steps: first, the fabric is im- dye treatment have been investigated, including chemical
mersed in a dyeing bath; and second, the dye in excess, nobxidation with reagents such as: ozone, hydrogen peroxide,
fixed onto the fabric, is removed by washing steps. The ma- 0zone/UV, hydrogen peroxide/UV and Fenton’s reagent (hy-
jor environmental problem associated with the use of thesedrogen peroxide- Fe(ll). A photocatalytic method for the
reactive dyes is due to their inefficient fixation to the fibers. oxidation of dyes in wastewater using Hi@nd UV or solar
This is caused by the fact that commercial dyes are highly irradiation has also been investigaf@é@-12]
impure with the reactive group easily inactivated due to  Relatively few studies for dye degradatift8—15] have
hydrolysis with —OH from the dye bafl2]. Therefore, sig- been conducted using electrochemical oxidation. The elec-
nificant losses (12—20% of the annual dye production) occur trolysis of dispersed dyes at Ti/Pt-Ir anode leads to 90%
during the manufacture and processing with dyes being color removal and to the destruction of 40-79% of the chem-
discharged as effluents into publicly owned water treatment ical oxygen demand (COD) under acidic §ji3,14] The
plants. The variety of physical-chemical properties of each use of Ti/RuQ as anode has also been reported to remove
class of dyes and the introduction of several other chemicals92% of the COD in the treatment of a mixture of reactive
acidic dyeq15].
An attractive process popularized in the past few years
* Corresponding author. Tek:1-608-262-2674; fax+1-608-262-0454. for degrading organic pollutants is the combination of
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o} Micropore 3500 MW cutoff membrari@5]. Photoelectrode
H SOsNa thin-films were cast onto titanium foil back contacts (0.05
NaO,SOCH, CH W@N =N or 0.5 mm thick, Goodfellow Cambridge Ltd.) following a
HO @ sequence of dipping, drying and firing at 3@for 3 h. Fur-
© ther details concerning this procedure are available in the
@ literature[22,23]

A detailed description of the characterization of these
HSC-ﬁ-N-H thin-film electrodes is presented elsewhé?®]. Briefly,
however, the band gap energy was estimated by means
of UV-Vis spectra recorded from thin films prepared by
Fig. 1. Molecular structure of Remazol Briliant Orange 3R (RBO).  dip-coating square pieces of quartz slides (2cr@cm) in
the sols. One layer of the nanocrystalline semiconducting
material was estimated to be 100 nm thick in previous work
configuration allows the more effective separation of pho- [27]. The slides were fired at 35C for 3h in order to be
togenerated charges thereby increasing the lifetime of compared with the actual thin-film electrodes used in the
electron—hole pairgl6]. In spite of its real advantage, few photoelectrocatalytic experiments. The UV-Vis spectra were
studies have been conducted on the application of this newrecorded using a blank slide as a reference. A blue shift of
technology for the remediation of textile dyfs—19] 0.19eV in the band gap energy, compared to bulk titanium
Nanostructured semiconductor thin-film electrodes have dioxide, is observed in the profile of the absorption spec-
been studied since their early introduction on supported ce-trum due to quantum-size effect of the small particles in the
ramic membranef20,21] Titanium dioxide itself has been  gql. Accordingly, the TiQ prepared by the sol gel chemistry
prepared by sol-gel chemistry techniques and coated on anethod presents an onset of absorption at 360 nm, giving a

variety of supports to produce thin-film photoelectrodes as band gap energy of 3.44 eV for these thin-film electrodes.
reported previouslj22,23]. These new electrodes have large

internal surface areas. They are electrochemically stable anth 2. Test cells
have a high efficiency for the decontaminating organic pol-
lutants[24]. Photocurrent measurements and flat band poten-
Azo dyes constitute a considerable part of the overall cat- tial determinations were carried out using a 30-ml
egory of dyestuffs encountered in wastewater and probably single-compartment Teflon cell having a circular quartz
have the least desirable consequence in terms of toxicity towindow of 50-mm diameter. A circular opening in the cell
aquatic biota and interference in natural photosynthetic phe-opposite the quartz window allowed exposure of 4.5cm
nomena. It is well known that the degradation of this kind of the working electrode (Tig) to UV illumination. The
of dye by usual metabolic routes leads to potentially haz- platinum foil counter electrode (9.0 &y having a circular
ardous aromatic aming4]. Remazol Brilliant Orange 3R opening of the same size as the light pathway, was placed
(RBO; Fig. 1) is a complex azo dye widely used in the tex- just in front of the working electrode, 1cm away. A sat-
tile industry despite the fact that it is not easily degraded by yrated calomel electrode (SCE), used as a reference, was
conventional methods. placed close to the working electrode through a bridge tube
In this work, we report on the photoelectrocatalytic degra- with a Vycor frit tip.
dation of RBO using titanium-supported titania photoelec-  The photoelectrocatalytic degradation experiments were
trodes made by sol-gel techniques. The RBO degradationperformed in a two-compartment reactor. A Nafion 117
kinetics parameters have been evaluated through total or-membrane was used to separate both compartments while al-
ganic carbon (TOC) removal and solution discoloration to |owing electrolyte contact. The photoactive area of the anode
assess the effectiveness of this method. (TiO2) was 10 crd and was illuminated by a 450 W Xe—Hg
arc lamp (Oriel, model 6262) UV light source through a
guartz circular window mounted in one of the sides of the

0]

2. Experimental cell. The compartment containing the platinum counter elec-
trode of approximately the same area was not directly ex-
2.1. Catalyst and photoelectrodes posed to the UV illumination. The reference electrode was

the same SCE mentioned above. A Princeton Applied Re-
Titanium(lV) isopropoxide (Aldrich) was used as a pre- search (PAR) potentiostat model 6310 was used to bias
cursor for preparing Ti@ colloidal suspensions. Typically, the photoanode in the photoelectrocatalytic experiments and
20 ml of titanium isopropoxide was added to a nitric acid also to record the linear sweep voltammetry (LSV) plots for
solution keeping the ratio Tif/H,O at 1:0.5:200. The re-  measuring photocurrents. All LSV measurements employed
sulting precipitate was continuously stirred until completely a voltage sweep of 10 mV'$.
peptized to a stable colloidal suspension. This suspension All experiments employed the same UV light source.
was dialyzed against Milli-Q water to pH 3.5 by using a The irradiance at the working electrode surface was



M.V.B. Zanoni et al./Journal of Photochemistry and Photobiology A: Chemistry 157 (2003) 55-63 57

50 mW cnT 2, as measured with an International Light Inc. time-dependent scale. Three distinct conditions were inves-

model IL 1400A photometer. tigated: (a) the photocatalytic treatment by using UV light
without a bias potential; (b) the electrocatalytic treatment by
2.3. Spectroscopy and organic carbon analysis biasing the electrode with-1V (SCE) in dark conditions

and (c) finally the photoelectrocatalytic treatment, i.e. using
Absorption spectra in the ultraviolet and visible range both UV light and 1.0V (SCE) of bias potential. The frac-
were recorded with a Hewlett-Packard spectrophotometer,tional conversion is the ratio of dye concentration variation
model HP 8452A in a 10 mm quartz cell. A total organic at timet (C;) to the initial dye concentratiorCp) in solution
carbon analyzer (Shimadzu Instruments, model TOC 5000)atz = 0.

was used to monitor organic carbon removal. Concentration was determined by monitoring the ab-
sorbance of RBO dye at = 492nm, from the UV-Vis
2.4. Eletrophoretic mobility measurements absorption spectra as a function of time (showifig. 2b).

It can be seen that absorbance decreases as a function of
The electrophoretic mobility of Ti@particles dispersed  time during photoelectrocatalysis. The RBO dye obeys

in 0.010 mol 1 KNO3 and containing 0.001 mot} RBO Beer's law for concentrations up to.5lx 10~*moll~%;

dye was measured with a Zetasizer (Malvern Instruments,¢ = 1.324 x 10*moll~tcm 1. The results obtained
model 5000). Water was evaporated from Ta@ueous sus-  (Fig. 2b) show that the photoelectrocatalytic approach pro-
pensions producing a xerogel that was fired at 3Ddor motes the decrease of all peaks of the chromophore in the

5h. The solid was ground in an agate mortar and a 2:8 g dye molecule. Furthermore, fractional conversions indicate
suspension was prepared in Kil6blution. The pH was ad- ~ complete removal of color when 100 ml of the dye is pho-
justed by add|ng appropriate amounts 0.1 m6|H-|NO3 or toelectrOIyzed for 30 min at-1Vv under UV illumination.

KOH under N atmosphere. The samples were stored un- On the other hand, only 16 and 9% of color removal was
der Np atmosphere for 12h at room temperature to allow observed in the photocatalytic or electrocatalytic treatment,

the surface to equilibrate with the solution and the pH was respectively. These results illustrate that dye degradation by
rechecked just prior to mobility measurement. photoelectrocatalytic procedures is more effective than the

expected summation of electrochemical degradation and

photocatalytic effects. Instead, a synergistic effect seems to
3. Results and discussion play a major role in the final treatment. By applying a bias

potential one significantly increases the efficiency of the

The remarkable synergistic effect of a biased photoanodephotocatalytic activity of the Ti/TiQ electrode and thereby

on the photocatalytic process during the discoloration of a increases the reaction rate of dye oxidation.
5x 10-°molI~! RBO dye solution in 0.5 moH! NaCl can In order to obtain more information about the photoelec-
be observed ifrig. 2 Fig. 2ashows the performance of the trocatalytic process and to optimize the method for degrad-
TiO> thin-film electrodes with respect to color removal eval- ing RBO, we also investigated other parameters controlling
uated as a fractional conversidih@f the dye and plottedina  this process such as nature of supporting electrolyte, the pH
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Fig. 2. (@) Comparison of reactive dye concentration reduction as a function of treatment time)fone(photocatalytic process using UV lighty) the
electrocatalytic process applying= +1V and O) the photoelectrocatalytic process with both UV light afid= +1 V. In all cases, dye concentration
was 5x 10~°moll~! in 0.5molI-* NaCl and pH 6.0. The anode was a Ti/Bi@in-film electrode. (b) UV-Vis absorption spectra fo3.0~° mol -1
RBO dye in 0.5molt! NaCl at pH 6.0 before (Curve 1) and after photoelectrocatalytic degradation on thethiicfilm electrode biased at1.0V
(vs. SCE) with the aliquots being removed each 5min (Curves 2-9).
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Fig. 3. Results from the photoelectrocatalytic oxidation &fi® > mol -1
RBO dye at pH 6.0 in 0.5mot! of: (O) NaCl, () KNO3z, (A) NaClOy
and @) NaSOy using UV light andE = +1V (vs. SCE).

of the solution, the applied voltage and the dye concentra-

tion.
3.1. Effect of supporting electrolyte

The influence of the type of electrolyte on the removal

of color was investigated through experiments conducted

with 5.7x 107> mol 1"t RBO in 0.25 mol 1 NaCl, NaClQ,
KNO3 and NaSOy. Dye absorbance was monitored during
30 min of photoelectrocatalytic degradatiafi £ +1V, pH
6.0) and the degradation transients are present&agin3.

The results obtained show that the selection of a supporting

electrolyte for the complete removal of color is critical to

the process. The degree in discoloration is 28 and 19% when.l_i

NaClOs and NaSQOq are used as electrolytes, respectively.
On the other hand, KN®promotes 75% of color removal
after 30 min. This occurs due to photolytic reaction of ;NO
under irradiation of. < 380 nm by the overall reactidg4]:

NO3™ + H2O + hv — NO2* + OH®* + OH™

Therefore, the photocatalytic oxidation properties of
NOs3~ also are likely for increasing the concentration of
hydroxyl radicals and thereby increasing the discoloration
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Fig. 4. Photocurrent—potential curves obtained for JTiBin-film elec-
trodes under dark conditions (Curve A) and for 0.5mélINaSOy
(Curve B) and 0.5moH! NaCl (Curve C) under UV illumination. Scan
rate=10mVs?, pH 6.0.

Photocurrent—potential curves under dark conditions
(Curve A) and under UV illumination, both in 0.5 mof
NapSOy (Curve B) and NaCl (Curve C) are compared to
each other inFig. 4. According to the literaturg¢16], by
illuminating the semiconductor with light energy greater
than that of the band gap, electron—hole pairs are generated
at the electrode surface. A bias potential positive to the
flat-band potential produces a bending of the conduction
band causing a more effective charge separation and in-
creases the photocurremgy) that begins to flow and likely
promotes a better oxidative degradation process.

As expectedkig. 4shows that, under UV illumination, the
O, photoelectrode gives rise to a photocurrent in8l@,
at—0.20V, but in NaCl media the onset potential shifts to a
less positive potential 6£0.38 V, both at pH 6.0. In addition
to this shift in potential, photocurrent in NaCl media was
higher than in any other tested electrolyte.

It is well known [16,19,24]that the shape of the pho-
tocurrent voltammograms reflects the balance between the
recombination of electron—hole pairs and substrate photoox-
idation. By applying an anodic bias potential to a working
electrode we provide a potential gradient within the photo-

rate of the dye. Nevertheless, in subsequent experiments;atalyst film to efficiently force the electrons to arrive at the

we did not consider KN@ as a supporting electrolyte

counter electrode and leave photogenerated holes to react

since the UV-Vis spectrum obtained after photocatalysis of \yith H,0/0H- to give rise to OM radicals as shown by the
the dye showed the occurrence of extra peaks in the UV giopa reaction that can be assigned udiug. (1)-(4)

region, suggesting other pathways for the photooxidation
route or, alternatively, the corrosion of the coated catalyst.
Most importantly, the highest discoloration rate is observed
in chloride media, indicating that the mechanism of RBO
degradation in NaCl solution may be different than that
operating in the other supporting electrolytes.

Photoanode:
TiO2 4+ hv — TiOz — e + TiO2 — hf 1)
TiOz — hfy + HoOs — TiO2 — OHg® + H* (2)
TiO, — hf}, + OHg — TiO2 — OHs® 3)
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Cathode (counter electrode): pH
2H,0 + 26~ — Hy + 20H~ (4) 2 4 6 8 10 11

where the subscripts cb and vb denote conduction band and
valence band of the photocatalyst antl &ind e denotes
photogenerated holes and electrons, respectively. The ap-
plication of a positive potential higher than the flat-band
potential on the Ti/TiQ electrode decreases the charge re-
combination process shown Hqg. (5) which is essential

for promoting substrate degradation.

TiO, — e, + TiO2 — hi, — heat (5)

Initial rate (mol L)
o
Initial rate (mol L)

Therefore, at higher bias potentials the recombination rate
(Eq. (5) is minimized and the rate of the competitive re- (b) »
actions Egs. (2) and (3)are increased a&q. (4) Under
these circumstances, it is possible to notice the concomitant
increasing in the photocurrent density. 0 ' ' ' ' ' 0

Nevertheless, in comparing Curves B and Eig. 4, one 00 02 04 06 08 10 12
can notice that the nature of the electrolyte affects the pho- Conc. of NaCl (mol L™
tocurrent. The photocurrent intensity obtained for sulphate ] o
solutions corresponds simply to the contribution from the F'9- 5 Effect of NaCl concentration at pH 6.0 (Curve &) and pH variation
T . . in solutions 0.5 molt* NaCl (Curve b), on the initial rate of photoelec-
injection of electrons in the conduction band and hole trans- yocataiytic oxidation of 5< 10-5mol I~ RBO dye on a Ti@ thin-film
fer rate scavenged by OH On the other hand, it is known  electrode biased a = +1V (vs. SCE).
that chloride ions are commonly electrochemically oxidized
to chlorine at potentials aroungl1.3V (versus Ag/AgCl)

[28]. We therefore suspected that chloride ions might be ox- NaCl on the dye discoloration. The dependence of the ini-
idized at a less positive potential under photoelectrocatalytic tial degradation rate evaluated from slopes of the curves ob-
conditions as denoted Wyq. (6} tained for dye consumption (moi}) as function of time

: T - ' . (s) at different NaCl concentration is presentedFig. 5
Ti0z =y + Clg —~ TiOz —Cls ©) (Curve a). Initial degradation rates Iinzarly increase with

To confirm this hypothesis, photoelectrocatalytic stud- the increase in the chloride concentration. This suggests
ies of a 0.5molt! NaCl solution at pH 6.0 were con- that at initial dye concentrations ofs610~°moll~ color
ducted under UV illumination aE = +1 V. Aliquots were removal follows a first-order process with respect to Cl
removed after 30min of photoelectrocatalysis and ana- anions.
lyzed using the standard colorimetric method based on the The dependence of photocurrent and dye discoloration
N,N-diethyl-p-phenylenediamine (DPD) indicator for free rate on chloride concentration may be attributed to the im-
chlorine [29]. Results obtained showed that an average of provement of Ct adsorption on the electrode surface under
12.3mgt?! of chlorine gas is generated over the time of conditions of high concentrations of chlorifi9]. At higher
experiment. These experiments confirm that active chlo- adsorption conditions, electron/holes generated at a steady
rine can be produced at high concentrations on TifTiO rate or OH radicals are more easily transferred to the ClI
photoelectrodes. ions improving the photocatalysis process due to the mini-

In order to test the hypothesis that free chlorine acts mization of charge recombination.
as oxidative species in the degradation process, we com- From these data it is clear that the direct electrooxidation
pared photoelectrocatalysis with the chemical oxidation of of RBO has a lower reaction rate on HGhin-film elec-

5.3 x 10-°mol =1 RBO by bubbling free chlorine into the  trodes. However, the experimental conditions attained in the
test solution. Chlorine gas was generated by the direct re-presence of Cl noticeably increase the efficiency of color
action of KMnQ, with concentrated HCI. Changes in the removal. Although color removal is important, the major
absorbance of the original dye were monitored during these practical interest in using the photoelectrocatalytic method
experiments at various time intervals. Total color removal is the degree to which we mineralize the dye. In this con-
was obtained after adding a relatively high level of free text, experiments have been conducted by monitoring the
chlorine. These results suggest that chlorine generation dur-TOC removal under the same operational conditions used
ing the photoelectrocatalytic reaction may be one of the for color removal.

oxidizing species leading to the discoloration of the dye.  The TOC results obtained for aliquots 0k3.0~>mol |1
Treatment of 5x 10~°>moll~1 RBO in NaCl at concen- RBO in 0.50 molt? of NaCl, NaClQ, KNO3 and NaSOy
trations varying from 0.1 to 1.0mott were carried out  submitted to photoelectrocatalytic treatment during 30 min
in order to obtain more information about the influence of at a potential oft+1V, under UV illumination are presented
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Total organic carbon removal by photoelectrocatalytic oxidation.6f510->moll~* RBO in 0.5mol ! NaCl at pH 6.0 andE = +1V (vs. SCE) on

TiO» thin-film electrodes over a 30 min experiment

Influence of p# Influence of electrolyte

Influence of potentidl

pH TOC removal (%) Eletrolyte (0.5mott) TOC removal (%) Potential (V) TOC removal (%)
2 143 NaCl 28.4 +0.4 21.0

4 17.1 KNG 24.8 +0.6 25.9

6 28.4 NaClQ 19.7 +0.8 29.7

8 22.5 NaSO, 15.5 +1.0 36.3

10 27.0 +1.2 22.6

11 21.0

a0.5mol "X NaCl, E = +1V (vs. SCE).
bE =41V (vs. SCE), pH 6.0.
¢0.5mol 1 NaCl, pH 6.0.

in Table 1 Although color removal reaches 100% in NaCl
electrolyte, the TOC removal is smaller than hoped but

dye (0.06 mM) causes the isoelectric point of 7itd move
to pH 2.0 as Curve b ifrig. 6 shows. These results indicate

greater than values obtained for the other electrolytes. Therethat the adsorption of the RBO dye onto pitakes its sur-

are two main factors influencing the photodegradation of the
dye. With the NaClQ@, KNO3 and NaSQy salts, the pho-
togenerated holes can react with Oldr H,O to form OH
radicals Egs. (2) and (3) which can oxidize the dye. How-
ever, we suspect that in chloride medium the photocatalytic
activity is accentuated sindéqg. (6) is also taking part in

face more negatively charged, shifting the isoeletric point of
TiO» three pH units backward compared with the pure elec-
trolyte. Similar results have been found for the adsorption
of phosphate anion onto TJ30]. Due to the fact that the
RBO dye has a negative charge, the applied positive poten-
tial on the working electrode may increase its adsorption.

the process and is responsible for faster dye decomposition At pH values higher than the isoelectric point, negative ions

For this reason, further photoelectrocatalytic experiments in-
volving RBO degradation were investigated in 0.5 mdl|
NaCl solutions.

3.2. Effect of pH

The influence of pH on the discoloration rate of RBO
is presented irFig. 5 (Curve b). Initial degradation rates
are plotted as function of different pH valueSg(= 5 x
10°moll~1, E = 41V and 0.5molt! NaCl). It can be

seen that the degradation rate is highest over the pH range

4-6 and decreases noticeably at higher pH.

TOC results monitored after the end of each experiment
(30min) are also presented ifable 1 Although the pH
markedly affects the discoloration rate, a maximum TOC
reduction of 28% was obtained at pH 6. These results show
that color removal is to a great extent faster at acidic medium
but mineralization could be preponderant at pt6. In all
further investigations pH 6.0 was selected as the optimum pH
to investigate the dye degradation using chlorine medium,
where mineralization and color removal are favorable.

Since the surface charge of the titanium dioxide elec-
trode is influenced by the pH of the solution and by dis-

solved species, we have used electrophoresis to determine

the changing in the isoelectric point of Ti@s caused by
the presence of the RBO dyEig. 6 shows the results of
measuring the zeta potential for suspended;iéxticles as
function of the pH of the suspension. The pH of the isoelec-
tric point for TiO, was found to be 5.0in 0.01 mot} KNO3

in the absence of the dye. However, the addition of the RBO

are repelled from the Ti@surface. In addition, by increas-

ing the pH of the solution, the concentration of Oldlso
increases, which is responsible for hydroxyl radical genera-
tion during the photocatalytic oxidation process. As a con-
sequence, both the percentage of chlorine generation and the
adsorption of the dye are diminished in conditions where the
pH of the solution is higher than the pH of isoelectric point.

20
15 - o
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Fig. 6. Electrophoretic curves for TiOnanoparticles suspended in
0.01mol ! KNO3 as a function of the pH of the suspensiof?)(no
dye added and®) with 0.06 mol -1 RBO dye added.
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Fig. 7. Influence of the applied potential on color removal of (O) 8x 10-5mol -2 RBO dye in 0.5 molt! NaCl pH 6.0 and electrode
5x10"*moll~* RBO dye in 0.5molt* NaCl at pH 6.0 by photoelectro-  piased at = +1V (vs. SCE).

catalytic oxidation over a Ti@thin-film electrode: $) 0.2V, (&) 0.4V,
(A) 0.6V, (@) 0.8V, (A) 1.0V and O) 1.2V (vs. SCE). _
3.4. Effect of dye concentration

The influence of the initial concentration of RBO on the
photoelectrocatalytic dye decomposition was investigated

3.3. Effect of applied potential by keeping constant all previously optimized parameters in
order to obtain the best performance of the photoelectrode.
Experiments were conducted ins510~°moll~1 RBO Dye concentration ranged fromk110~° to 8x 10~° mol I-1.

using the best conditions defined previously to check for the The photoelectrocatalytic decomposition of the RBO in
importance of selecting the best potential for this process. 0.5mol ! NaCl atE = +1V was followed by measuring
Potentials ranged betweearD.2 and+1.2 V and absorbance the absorbance decay &at= 496 nm over 30 min. The de-
decay at 496 nm was monitored over 30 min of the exper- crease in concentration as a function of time was plotted as
iment. Results are presented as fractional converd)oin ( In[A]t/[A] versust and is shown irFig. 8

Fig. 7. These results clearly demonstrate that the degrada- Clearly, there is a linear relationship up ta05x

tion rate increases as a function of applied potential up to 10~>mol =1 of the dye as function of the time of treatment,
E = +1V. Further increases in potential lead to a slight re- with a calculated slope 0£0.162s1, which is a typical
duction in degradation. TOC results obtained at the end of behavior of a first-order reaction in dye consumption. Nev-
each experiment revealed analogous trends, as can be seegrtheless, a deviation is observed at higher RBO concen-

in Table 1 tration. As can be seen iRig. 8 at the dye concentration
As calculated from onset potential measurements, theof 8 x 10-°moll~1, the degree of discoloration process
flat-band potential for Ti@ at pH 6.0 in 0.5 molt! NaCl in 0.5mol* NacCl is always lower than 77% even after

media is about-0.38 V. All of the applied potentials em- 60 min of treatment. The decrease in dye degradation rate
ployed in this study are positive of this flatband potential. at higher initial RBO dye concentrations can be explained
Therefore, there is always a potential gradient over the tita- by the fact that at higher RBO dye concentrations the light
nia film, resulting in an electric field, which keeps photogen- intensity reaching the Ti® film surface is reduced due
erated charges apart. These results suggest that adsorptiot the lower transparency of the solution. In addition, the
of the RBO dye is enhanced and/or the generation and sepformation of dye aggregates in solution usually begins at
aration of electron—hole pairs are accelerated under higherconcentrations higher than 0.1 mM and the process is some-
voltage conditions. As a result, the rate of recombination how influenced by NaCl concentration, as demonstrated in
decreases, so as to increase the photocurrent as a functiofig. 9. This experiment was carried out both in 0.5 and
of the applied potential. Accordingly, more of the active ox- 1.0mol1 NaCl, under the same experimental conditions
idizing radical species are thereby formed at higher poten- as inFig. 8 and reveals that 100% of color removal is at-
tial, which promotes faster dye decomposition. In all further tained after 25 min of experiment when the concentration of
experiments+1V was chosen as best potential for investi- NaCl is 1.0 molt2, which suggests that the dye degradation
gating the degradation of the RBO dye. depends on the ratio [NaCl]/[dye] in terms of concentration.
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demonstrated that a complete removal of color occurs after
few minutes but longer times are needed to a more complete
mineralization of the dye. We have obtained 70% of miner-
alization after 3 h of experiment using the best conditions of
the method. Further experiments concerning reaction prod-
ucts and additional improvements to this process are now in
progress.

Abs

4. Conclusions

This study demonstrates that a photoeletrocatalytic pro-
cedure leads to a fast and complete discoloration of RBO
with a significant mineralization of the dye (70%) after 3h
of treatment. Although other studies have used NaCl as a
supporting electrolyte in the photoelectrocatalytic oxidation
0.0 . . ° . ® of organic compounds, our results indicate that under cer-

0 10 20 30 40 50 60 tain biasing conditions on the T|{TLOphotoeIt_actrode lthe
Time (min) process may Iea}d to actwt_a chlorllne generation. While our
process can easily decolorize textile wastes, the by-products
Fig. 9. Effect of concentration of NaCl on absorbance decay of Of this process may or may not be acceptable to treatment
8.0x 10-5mol I-1 RBO dye at pH 6.0 as a function of time of photoelec- ~ plants. We are now analyzing these secondary products so
trocatalytic oxidation over a Ti@thin-film electrode biased & = +1V as to ascertain their suitability for further treatment.
(vs. SCE): () 0.5mol I"* NaCl and @) 1.0mol * NaCl. The best conditions for maximum photoelectrocatalytic
degradation were found to be pH 6 at a potentiahdfV.

Lastly, we conducted a series of experiments over a 3-h The highest RBO degradation rate was found to occur in
period using 5« 1072 and 2x 10~®>moll~1 RBO in NaCl chloride solution, which in turn seems to account for gener-
1.0 mol -1 with the photoanode biased #tL V in order to  ation of powerful oxidants such as€) CI* and OH rad-
further investigate the full potential of the photoelectrocat- icals that are directly responsible for fast dye degradation.
alytic approach. The overall results from TOC measurements Despite the fact that chlorine has been used extensively as a

are given inFig. 10 Several repetitions of the methodology disinfectant for water purification systems, our method war-
rants further studies to clarify the dye degradation mecha-

80 nism using chlorine generation since chlorinated compounds

could result in this process.
70 4 Despite these uncertainties we believe that the use of TiO
thin-film photoelectrodes prepared by sol-gel methods has
60 | proven to be a powerful, efficient alternative to usual ap-
proaches applied to the discoloration and mineralization of
;\E 50 - the azo family of reactive dyes at low concentration. This
= is of importance because most of the wastewater treatments
é 40 4 available until now for remediation of recalcitrant reactive
o dyes are in most cases based on phase transfer techniques.
8 30-
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