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a  b  s  t  r  a  c  t

The  present  work  describes  a more  efficient  methodology  for the  chlorination  of  water  contain-
ing  disperse  dyes,  where  the  chlorinated  byproducts  identified  by mass  spectra  are  compared.
For  this  investigation,  we  tested  the  degradation  of  CI  Disperse  Blue  291  dye,  2-[(2-Bromo-4,6-
dinitrophenyl)azo]-5-(diethylamino)-4-methoxyacetanilide)  a commercial  azo dye  with  mutagenic
properties.  The  present  work  evaluates  the photoelectrocatalytic  efficiency  of  removing  the  CI  Disperse
Blue  291  dye  from  a wastewater  of  the  textile  industry.  We  employed  NaCl  as  a  supporting  electrolyte.
It  should  be  noted  that  photoelectrocatalytic  techniques  are  non-conventional  method  of  generating
chlorine  radicals.  The  by-products  formed  in this  process  were  analyzed  using  spectrophotometry,  liquid
chromatography,  dissolved  organic  carbon,  mass  spectral  analysis  and  mutagenicity  assays.  The  process
emoval of azo dye
hoelectrochemical chlorination
yproducts of chlorination

efficiency  was  compared  with  the  conventional  chlorination  process  adopted  during  sewage  and  efflu-
ents  treatment  processes.  This  conventional  chlorination  process  is less  efficient  in  removing  color,  total
organic  carbon  than  the photoelectrochemistry  technique.  Furthermore,  we  shall  demonstrate  that  the
mutagenicity  of the  generated  by-products  obtained  using  photoelectrocatalysis  is completely  differ-
ent from  that  obtained  by  the  conventional  oxidation  of chloride  ions  in  the  drinking  water  treatment
process.
. Introduction

The occurrence of mutagenic response to contaminants eminat-
ng in some textile and wastewater treatment plants processing
esiduals from textile finishing companies has been reported in the
iterature [1–5]. The routine backtracking of wastewaters enter-
ng treatment plants from the production plants of some textile
rocessing companies has led to the identification of textile dyes
s being a cause of the high mutagenic effects impacting the water
xiting the treatment plant as well as drinking water quality [6–10].

CI Disperse Blue 291 dye, 2-[(2-Bromo-4,6-dinitrophenyl)azo]-
-(diethylamino)-4-methoxyacetanilide) (Fig. 1) is a commercial
zo dye (CAS 51868-46-3) highly used in the textile industry
or dyeing polyester. The compound has hydrophobic proper-
ies, which can easily adsorbed on aquatic sediments or forms

table suspensions that can be transported by receiving waters
nd ultimately reach water treatment plants [10]. The presence
f CI Disperse Blue 291 and five 2-phenylbenzotriazole (PBTA)

∗ Corresponding author. Tel.: +55 1633019619.
E-mail address: boldrinv@iq.unesp.br (M.V.B. Zanoni).

304-3894/$ – see front matter ©  2012 Published by Elsevier B.V.
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© 2012 Published by Elsevier B.V.

derivatives has being detected in extracts obtained from several
rivers in Japan that have been receiving effluents from textile dye-
ing factories. Those dye related compounds have been the main
source of the mutagenic activity detected in river waters [11].

CI Disperse Blue 291 was  detected as a mutagenic for TA1537,
TA1538, TA98, TA100, TA98DNP6, YG1024 and YG1041 strains of
Samonella both with and without metabolic activation system (S9)
[12,13]. The genotoxicity aspects of aminoazobenzenes dyes have
been previously studied [14–17].  The chemical structure analy-
sis involving these dyes showed that the mutagenic responses in
Salmonella and mammalian assay systems depend on the nature
and position of halogen substituents with respect to both the aro-
matic rings and the amino nitrogen atom. Because minor changes
in the molecule can drastically modify mutagenic activity and car-
cinogenic potential, it is important that each azo dye released into
the market is adequately tested. Among the aminoazobenzene dyes
with nitro and halogenated substituents the only dye that has been
extensively evaluated for mutagenicity has been the dinitrobro-

moaminoazobenzene dye CI Disperse Blue 79 [18]. Because of the
mutagenic properties of dye compounds, the development of meth-
ods to treat and recycle wastewaters containing these compounds
is an issue of immediate concerns due to the proven toxicity but yet

dx.doi.org/10.1016/j.jhazmat.2011.10.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:boldrinv@iq.unesp.br
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Fig. 1. Chemical structure of the Disperse Blue 291 dye.

he commercial importance of these dyes in the textile industry.
he search for new chlorinated disinfection by-products in drink-
ng water has been a challenge. Often, researchers generally have to
ttempt to identify unknown chlorinated products generated from
ncompletely defined starting materials, albeit more sophisticated
nalytical chemical techniques and new assays have helped sort
ut these chemical species as well as their impact with respect to
oxicity [19,20].  Furthermore, we believe that the photoelectrocat-
lytic process can be used to reduce the presence of undesirable
utagenic compounds.
Photoelectrocatalytic oxidation has being successfully applied

or treatment of organic pollutants, to promote oxidation of bro-
ide, chloride and bromate reduction [21–26].  It is accepted that

he oxidation process is based mainly on the active oxidants gener-
ted at the surface of semiconducting oxides such as the hydroxyl
adical (OH

•
), formed due to the oxidation of adsorbed water/OH−

roups, which has powerful oxidation properties (E0 = 2.73 V vs
HE), as shown in Eqs. (1) and (2).  Nevertheless, if the photoelec-

rocatytic oxidation process is conducted in a chloride medium
nder acidic condition this leads to the formation of active chlo-
ine, generated in situ by direct oxidation of the chloride ion on an
lectrode based on Ti/TiO2 under a biasing potential and in the pres-
nce of UV irradiation [21–24].  The adsorbed chloride ions on the
iO2 semiconductor anode surface could be oxidized by holes gen-
rated under UV irradiation leading to formation of Cl

•
/HOCl

•
/Cl2

•

pecies, as demonstrated in Eqs. (3) and (4).  In both cases, whether
r not competitive reactions with organic compounds is occurring,
here will be consequent formation of active chlorine (Cl2, HClO,
lO−) in solution (Eq. (5)).

Photoanode:

iO2 + h�  → TiO2–e−
cb + TiO2–h+

vb (1)

iO2–h+
vb + H2Os → TiO2–OH

•
s + H+ (2)

iO2–OH
•

s + Cl− → HClO
•

(3)

iO2–h+
vb + Cl−s → TiO2–Cl

•
s (4)

l
• + Cl

•
(H+, H2O)

• → Cl2 (5)

Cathode (counter electrode):

H2O + 2e− → H2 + 2OH− (6)

Because chorine radicals (E0
Cl·/Cl− = 2.410 V vs NHE and

0
Cl·2/2Cl− = 2.090 V vs NHE) are stronger oxidants than active

hlorine (E0
Cl2/2Cl− = 1.395 V vs NHE), their generation by pho-

oeletrocatalytic condition should be strongly encouraged. We  have
revious shown that the photoelectrocatalytic process seems to
e a good alternative for promoting the formation of active chlo-
ine and thereby accelerating the degradation of dyes due to the

• •

ormation of Cl or Cl2 − radicals as intermediates. These radi-
als are formed from the direct oxidation of chloride ions on the
node surface irradiated by UV with an applied biasing potential
19]. However, the use of NaCl as supporting electrolyte in the
us Materials 205– 206 (2012) 1– 9

photoelectrocatalytic oxidation of organic compounds has some-
what distrusted as there have been concerns about the formation
of possible mutagenic chlorinated by-products due to parallel elec-
trochemical oxidation and/or radical hydroxyl reaction of chloride.
Furthermore, chloride ions are naturally present in surface waters
at levels of 250 mg L−1 and the use of active chlorine is the usual
method of disinfection process applied in effluent or in drinking
water production. In addition, the use of chloride ions has demon-
strated enhancement effect on the photoeletrochemical technology
applied to organic pollutants abatement [27–29].  Therefore, it
would seem valuable to investigate the effect of chloride ions on
both the photoelectrochemical oxidation process as well as the
typical chlorination procedure with respect to the generation of
mutagenic by-products.

In the present work the photoeletrocatalytic process was
applied in the removal of CI Disperse Blue 291 dye from wastewater
of textile industry using sodium chloride as supporting elec-
trolyte. The formation of oxidation by-products and the effect on
mutagenicity were evaluated. In parallel, conventional chemical
chlorination process was  investigated in order to comparatively
evaluate the formation of chlorination by-products and their muta-
genicity.

2. Experimental

2.1. Preparation of Ti/TiO2 thin-film electrodes

Titanium (IV) isopropoxide (Aldrich) was  used as a precursor
for preparing TiO2 colloidal suspensions. Typically, titanium iso-
propoxide was  added to a nitric acid solution keeping the ratio
Ti/H+/H2O at 1/1.5/200. The resulting precipitate was continuously
stirred until completely peptized to a stable colloidal suspension.
This suspension was  dialyzed against ultrapure water (Milli-Q,
Millipore) to a pH of 3.5 by using a Micropore 3500 MW cut off
membrane. Thin-film photoelectrodes were dip-coated onto a tita-
nium foil back contact (0.05 or 0.5 mm thick, Goodfellow Cambridge
Ltd.), after heating the Ti foils at 350 ◦C. A sequence of dipping, dry-
ing and firing at 450 ◦C for 3 h was used after each coating (five
repetitions).

2.2. Apparatus and procedure

The photoelectrocatalytic oxidation experiments were per-
formed in a 250 mL  photoelectrochemical reactor equipped with
water refrigeration using an ultra-thermostatic bath (Nova Técnica,
Brazil), as shown in Fig. 2. In the cell, was positioned a working
electrode, an auxiliary electrode and a Ag/AgCl reference electrode
was placed close to the working electrode using a bridge tube con-
taining a Vycor frit tip. The photoactive area of the anode (TiO2)
was 25 cm2 and was  illuminated with a UV light source (254 nm)
by using a 125 W Philips medium pressure mercury. This bulb is
placed in the center of a quartz sleeve. The distance from the light
source to the photoanode is 2.5 cm.  The dye and textile wastewa-
ter solution was  placed in the reactor without any pre-treatment
and the photoelectrochemical process was performed under the
conditions of bubbling compressed air into the reactor. A Pt gauze
electrode was used as counter electrode.

A potentiostat/galvanostat EG & G PARC Model 283 controlled by
the electrochemical 270 software was  used to bias the photoanode
in these photoelectrocatalytic oxidation experiments.
2.3. Dye monitoring

A high performance liquid chromatograph Shimadzu Model 10
AVP coupled with a photodiode array detector was used to separate
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Fig. 2. Photoelectrocatalytic reactor with: (1) photoanode of Ti/TiO2 illuminated
by a commercial lamp (Phillips) of 125 W cm−2 operating as a UV light source
(315–400 nm)  mounted 5 cm in front of the working electrode. A platinum gauze
used as the counter-electrode (2) and a saturated calomel electrode (SCE) placed
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model [34]. Samples were considered positive when significant
lose to the working electrode using a bridge tube containing a Vycor frit tip (3) and
4)  air flow.

nd identify products and intermediates of these reactions. The sep-
ration column was C-18 (4.6 mm  × 250 mm,  5 �m)  and the mobile
hase was acetonitrile:water (85:15) flowing at 1.0 mL  min−1. Sig-
als obtained from detector were analyzed by area integration.
tandard curves and quantitative analysis of standard Blue 291 dye
ere carried out by linear regression plotting peak area vs con-

entration. The procedure was carried out in triplicate for each
ample.

Absorption spectra in the ultraviolet and visible range were
ecorded with a Hewlett-Packard spectrophotometer, model HP
452A in a 10 mm quartz cell. A total organic carbon analyzer (TOC-
CPN, Shimadzu, Japan) was employed for to study the degree of
rganic carbon mineralization of dye solution. Prior to injection
nto the TOC analyzer, the samples were filtered using a 0.45 �m

illipore filter to remove any particles. The measurements are
xpressed as media of three repetitions.

The original dye and by-products generated by chemical chlo-
ination were analyzed by mass spectrometry using an UltrOTOFQ

 ESI-TOF Mass spectrometric Bruker Daltonics, Billerica, MA,  USA.
his unit was operated under high-resolution internal and external
alibration before performing the analysis of samples. The internal
alibration solution was Na-TFA 10 mg/mL  (TOF). We  used an infu-
ion pump with a flow rate of 300 L/h, an end plate set at 4000 V, a
500 V capillary with the capillary exit at 300 V, 55 V for a Skimmer,

 90 ms  transfer, a collision exit gate at 65 ms,  dry gas temperature
60 ◦C, dry gas flow of 4 L min−1, Neb. Gas Pressure was  set at 2 bar
nd the gas used in the measurements was nitrogen. The mobile

hase was acetonitrile, and the method of detection was posi-
ive for the time of analysis.The products obtained after 120 min
f degradation through the photoelectrocatalytic chlorination
us Materials 205– 206 (2012) 1– 9 3

process were analyzed by mass spectrometry using a model 3200
QTRAP system equipped with a Tubo V Source and Electrospray
Ionization – ESI. Samples were infused into the ESI source at flow
rates of 10 �L min−1 via microsyringe pump. ESI-MS(/MS) experi-
ments were carried out in the Full Scan mode (m/z  50–600 Da) and
by selection of a specific ion in Q1 and performing its fragmenta-
tion using collision-induced dissociation (CID) with nitrogen in the
collision chamber.

All the samples were filtered before injection with a syringe in
PTFE filters of 0.22 �m (sterile disposable filter unit mark Millipore
Millex® model).

The original dye and by-products generated by chemical chlo-
rination were analyzed by mass spectrometry using an UltrOTOFQ
– ESI-TOF Mass spectrometric Bruker Daltonics, Billerica, MA, USA.
This unit was operated under high-resolution internal and external
calibration before performing the analysis of samples. The internal
calibration solution was  Na-TFA 10 mg/mL  (TOF). We  used an infu-
sion pump with a flow rate of 300 L/h, an end plate set at 4000 V, a
4500 V capillary with the capillary exit at 300 V, 55 V for a Skimmer,
a 90 ms  transfer, a collision exit gate at 65 ms,  dry gas temperature
160 ◦C, dry gas flow of 4 L min−1, Neb. Gas Pressure was set at 2 bar
and the gas used in the measurements was  nitrogen. The mobile
phase was  acetonitrile, and the method of detection was posi-
tive for the time of analysis.The products obtained after 120 min
of degradation through the photoelectrocatalytic chlorination pro-
cess were analyzed by mass spectrometry using a model 3200
QTRAP system equipped with a Tubo V Source and Electrospray
Ionization – ESI. Samples were infused into the ESI source at flow
rates of 10 �L min−1 via microsyringe pump. ESI-MS(/MS) experi-
ments were carried out in the Full Scan mode (m/z  50–600 Da) and
by selection of a specific ion in Q1 and performing its fragmenta-
tion using collision-induced dissociation (CID) with nitrogen in the
collision chamber.

All the samples were filtered before injection with a syringe in
PTFE filters of 0.22 �m (sterile disposable filter unit mark Millipore
Millex® model).

2.4. Chlorination of the CI Disperse Blue 291 dye (CI DB 291)

Solutions of 20 mg  L−1 of CI Disperse Blue 291 dye were sub-
mitted to conventional chemical chlorination with active chlorine
gas. The final concentration of the residual free chlorine [18] in
the treated water was  quantified by colorimetric method based on
N,N′-diethyl-p-phenylenediamine (DPD) reaction according to the
official method [30].

2.5. Mutagenic activity evaluation

The Salmonella/microsome assay was  performed using the
treated and non-treated dye solutions. The in situ concentration
procedure was  applied. Aliquots of a maximum of 2 mL of each sam-
ple were diluted in more concentrated top agar [31] with strains
of Salmonella typhimurium TA98 (his D3052, rfa,  � bio,  � uvrB,
pKM101) and YG1041, a derivative of the TA98, able to produce
high levels of nitroreductase and O-acetyltransferase [32]. Exoge-
nous metabolic activation was provided by Araclor 1254 induced
Sprague Dawley rat liver S9 mix  [33] and necessary cofactors at the
concentration of 4% (v/v). Positive controls were 4-nitroquinoline
(Acros) at 0.25 �g/plate and 2-aminoanthacene (Sigma/Aldrich)
at 2.5 �g/plate for both strains in the absence and presence of
metabolic activation S9 mix, respectively. Results were statistically
analyzed using the Salanal computer program, with the Bernstein
ANOVA and positive dose response were obtained. P < 0.05 was
considered statistically significant. The results were expressed
as the number of revertants per liter equivalent of each sample
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Fig. 3. Diode array chromatograms of a 20 mg  L−1 solution of Disperse Blue 291 dye
before (0 min) and after chemical chlorination (80 mg  L−1 of active chlorine) during
120  min  of reaction. Chromatographic conditions (HPLC-DAD): acetonitrile/water
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Fig. 4. UV–vis spectra obtained by diode array detection (DAD) under hydrody-
namic conditions (HPLC) obtained at 8.1 min of retention time for a solution of
20  mg L−1 solution of Disperse Blue 291 dye before (0 min, curve 1) and after 120 min
of  chemical chlorination (curves 2–7). Chromatographic conditions (HPLC-DAD):

partial cleavage of the dye molecule. However, there is not a
5:15 as mobile-phase, C18 column as stationary-phase, oven temperature 40 ◦C,
ow rate 1.0 mL  min−1.

ested. A blank control solution containing only the electrolytic
upporting agent (sodium chloride) was tested. Five doses ranging
rom 0.05 to 2 mL  per plate, which contained different equiva-
ent amounts of the dye or treated dyes, were tested in duplicate
lates both in the presence and absence of S9 mix. The doses
ere expressed in �g equivalent of the dye, except for the blank

ontrol. Doses were selected according to sample availability and
ensitivity of each strain. The test is based on the detection of
istidine-independent revertants in selected Salmonella strains
fter exposure to mutagens with or without additional activating
nzymes. The dose response can be quantified by varying sample
oncentration and counting revertant colonies per plate at each
oncentration. Background was carefully evaluated and when there
as a reduction of the number of revertants in relation to the
egative control or no growth at all, samples were considered as
oxic.

. Results and discussion

.1. Quantitative analysis of CI Disperse Blue 291 dye

Fig. 3 exhibits the chromatogram obtained for 20 mg  L−1 dis-
erse Blue 291 dye in Na2SO4 0.2 mol  L−1 at pH 6.0 by HPLC-DAD.
his data was obtained by using the best experimental condition of
cetonitrile/water 85:15 (v/v), column C-18, T = 40 ◦C and at a flow
ate of 1.0 mL  min−1. The chromatograms are characterized by a
ain peak at a retention time (tr) of 7.34 min  attributed to disperse

lue 291. Characteristic UV–vis spectra obtained by diode array
etection under these hydrodynamic conditions was  recorded and
sed as a parameter to identify and confirm the dye. The spectra
f the major components presented in the commercial 291 dye
re displayed in Fig. 4 (curve 1). The spectra present two bands of
bsorption at 613, 290 nm,  which was attributed to the azo group
nd other aromatics present in the dye molecule, respectively. The
mall peak at tr = 7.95 min  is attributed to small quantities of con-
aminant present in the commercial sample of disperse Blue 291
ye. Taking into account that each substance presents a differ-
nt absorption pattern, the diode array detection confirmed the

resence of these compounds by their UV–vis spectra. After confir-
ation, we proceeded with the quantitative analysis of the disperse

yes present in the commercial sample.
acetonitrile/water 85:15 as mobile-phase, C18 column as stationary-phase, oven
temperature 40 ◦C, flow rate 1.0 mL min−1.

The analytical curves constructed from 1 to 20 mg L−1 of dis-
perse Blue 291 dye exhibited an excellent linear relationship from
1 to 11 mg  L−1, r = 0.9962, n = 10. The limit of detection (LOD) eval-
uated as the signal-to-noise ratio equal to 3:1 reaches values of
around 0.59 mg  L−1 and the limit of quantification (LOQ) deter-
mined as the signal-to-noise ratio equal to 10:1 was  calculated
(LOQ = 10 × (SD/B)) and the values are around 1.96 mg  L−1 were
obtained. The repeatability of the proposed method, evaluated in
terms of relative standard deviation, was measured as 2.2% over 10
experiments using samples containing 5 mg  L−1 of the dye.

3.2. Chemical chlorination effects on CI Disperse Blue 291 Dye

To investigate the products generated after treatment by chem-
ical chlorination of this dispersed azo dye, 200 mL  of solution
containing 20 mg L−1 of the commercial blue dye was treated with
80 mg L−1 of active chlorine. The curves obtained after 10–120 min
of reaction are shown in Fig. 3. The respective UV–vis spectra under
hydrodynamic conditions recorded taking the chromatographic
peak at tr = 7.34 min  are shown in Fig. 4. Both chromatographic
peaks and UV–vis spectra were obtained under chemical chlorina-
tion, as described in Section 2. After 2 h of chlorination we  observed
a 60% decrease of the peak areas attributed to the original dye
(tr = 7.34 min) and contaminant (tr = 7.95 min). In addition, curves
obtained from 10 to 120 min  of treatment shown in Fig. 4 indicate
that the UV–vis absorbance spectra monitored at the specific reten-
tion time of 7.34 min  reaches 60% of discoloration after 2 h of the
chlorination reaction. The chromatograms also displayed remain-
ing peaks around tr = 4 min indicating that chemical chlorination is
not an effective process for completely removing the dye and also
can form by-products not yet identified by the HPLC-DAD condi-
tions employed.

To follow the degradation of Disperse Blue 291 dye by the
chlorination process the solution treated during 120 min  was
analyzed for dissolved total organic carbon (TOC). Only a maxi-
mum of 8% of TOC removal was  obtained (Fig. 5, curve A). These
results suggest that the chlorination process involves only the
complete mineralization of the product. To obtain more informa-
tion about the chlorinated by-products, ESI-MS/MS measurements
were carried out. Analysis of CI Disperse Blue 291 dye showed
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Table  1
MS/MS  transition ion scan obtained by LC–MS–MS for CI Disperse Blue 291 dye and its derivatives after chemical chlorination and photoelectrochemical chlorination.

MS/MS transition (MM)  Chemical structure

Disperse Blue 291 dye
[M+, 79Br] 509 M = 508

[M+, 81Br] 511 M + 2 = 510

By-products generated after chemical chlorination of CI Disperse Blue 291 dye

[M+H]+ = 549 M = 548

[M+H]+ = 520 M = 519

[M+H]+ = 492 M = 491

By-product generated after 120 min  of photoeletrocatalytic chlorination of CI Disperse Blue 291 dye

[M+H]+ = 299 M = 298

[M+H]+ = 353 M = 352

[M+H]+ = 381 M = 380

[M+H]+ = 391 M = 390

t
7

t
r
s
(
t
t
–
i
b
(
p
p
d

wo intense peaks with the characteristic m/z ratio of ([M+,
9Br] = 509; [M+2, 81Br] = 511) as shown in Table 1, confirming
he pattern described previously for this dye [11]. For the chlo-
inated by-products, three intense peaks are prominent among
everal peaks of lower intensity, with the characteristic m/z ratio of
[M+H]+ = 549; [M+H]+ = 520; [M+H]+ = 492), whose chemical struc-
ures are shown in Table 1. The peak ([M+H]+ = 549) was attributed
o the molecule of CI Disperse Blue 291 dye formed after losing a
OCH3 group, to gain 1H+ and two chlorines. The peak [M+H]+ = 520

s formed because of losing one ethyl group (–CH2–CH3), which
ecomes the peak [M+H]+ = 492 after losing one more ethyl group

–CH2–CH3). These results confirm that although the chlorination
romotes discoloration, the treatment generated chlorinated by-
roducts, which could be more dangerous than those of the original
ye.
3.3. Photoelectrochemical chlorination effect on CI Disperse Blue
291 dye

To verify the efficiency of degradation by using photoelectrocat-
alytic oxidation of chloride, 200 mL  of solution containing 20 mg  L−1

of CI Disperse Blue 291 dye was  treated by the photoelectrocat-
alytic process in the presence of 0.2 mol  L−1 NaCl as supporting
electrolyte. The pH was  adjusted to 4 and the Ti/TiO2 the anode was
biased to +1 V under UV irradiation. This experimental condition
leads to formation of around 80 mg  L−1 of active chlorine, measured
by spectrophotometric method, when the dye is not present [19].

The generated products were monitored by HPLC-DAD, UV–vis
spectra, TOC removal, mutagenic potency and ESI-MS/MS.

In both Figs. 6 and 7 it is possible to observe the effect of
photoelectrocatalytic oxidation on the HPLC-DAD chromatograms
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Fig. 7. UV spectra obtained for 20 mg  L−1 of Dye Blue 291 in solutions of NaCl
0.1 mol  L−1 on Ti/TiO2 anodes after photoelectrocatalytic oxidation at +1 V and UV
irradiation. Time of photoelectrocatalysis: (1) 0 min; (2) 10 min; (3) 20 min; (4)
isperse Blue 291 dye treated with 80 mg  L−1 of active chlorine (A) and photoelec-
rocatalytic oxidation on a Ti/TiO2 anode in NaCl 0.2 mol  L−1, pH 6, E = 1 V and UV
rradiation (B).

nd the UV–vis spectra, respectively obtained during 120 min  of
reatment of 20 mg  L−1 of the dye in 0.2 mol  L−1 NaCl at a pH
f 4.0 on these Ti/TiO2 anodes operating under + 1 V of biasing
nd subjected to UV irradiation. Fig. 6 indicates that the photo-
lectrocatalytic oxidation promotes rapid degradation of the dye
iagnosed by a suppression of the peak of chromatograms for
oth dye and contaminant. This degradation process significantly
odifies the chemical structure of dye, as shown by the total sup-

ression of the absorbance peaks at both visible and UV region,
fter 90 min  of photoelectrocatalytic process (curve obtained from
0 to 90 min  of treatment, Fig. 6). These species completely dis-
ppeared after 120 min  of photoelectrocatalysis. The degradation
ollows the equation: ln A0/A = −kt (where, A = absorbance of Blue
91 dye at time t, A0 = absorbance of Blue 291 dye at time = 0 and

 = rate constant), which has a rate constant of 0.0691 min–1.

The percentage of dye degradation monitored by dissolved total

rganic carbon (TOC) removal after photoelectrocatalytic chlorina-
ion can be seen in curve B of Fig. 5. For comparison the total organic
arbon removal obtained after chemical chlorination is shown in

ig. 6. Chromatograhic profile of 20 a mg  L−1 of Disperse Blue 291 dye in NaCl
.2  mol  L−1 pH 4 before (0 min) and after 120 min  of photoelectrocatalytic oxida-
ion on Ti/TiO2, E = 1 V and UV irradiation. Chromatographic conditions (HPLC-DAD):
cetonitrile/water 85:15 as mobile-phase, C18 column as stationary-phase, oven
emperature 40 ◦C, flow rate 1.0 mL  min−1.
30  min; (5) 60 min; (6) 90 min  and (7) 120 min. Chromatographic conditions (HPLC-
DAD): acetonitrile/water 85:15 as mobile-phase, C18 column as stationary-phase,
oven temperature 40 ◦C, flow rate 1.0 mL  min−1.

curve A of Fig. 5. The results showed that photoelectrocatalytic oxi-
dation of dye in chloride medium promoted around 100% of TOC
removal.

To investigate the products generated after photoelectrocat-
alytic chlorination of CI Disperse Blue 291 dye, a solution of
20 mg L−1 dye was submitted to treatment in 0.2 mol L−1 NaCl
pH 4.0 on Ti/TiO2 anodes operating under +1 V and UV irradia-
tion. Aliquots of the final solution were collected after 120 min
of treatment. The results analyzed by mass spectrometry using an
UltrOTOFQ – ESI-TOF (a technique employed to analyze the results
of conventional chlorination) does not shown any significant signal,
confirming the TOC results showing 100% removal by photo-
electrocatalytic chlorination. Nevertheless, the same sample after
extraction (Section 2) was  analyzed by ESI-MS/MS equipped with a
Tubo V Source and Electrospray Ionization – ESI as described in Sec-
tion 2. Although the TOC measurement indicated that the dye was
totally mineralized after 120 min  the mass spectra showed main
peaks with an m/z ratio of [M+H]+ = 299 [M+H]+ = 353, [M+H]+ = 381,
[M+H]+ = 391. This result is due to the high sensitivity of the applied
analytical technique. The chemical structures of the generated
products are shown in Table 1. All proposed structures were con-
firmed by MS2 spectra. The products seem to be a benzotriazole
derivative as shown in Table 1, similar to the one already described
by Watanabe et al. [11]. Interestingly, the structures (Table 1) of
the ions mentioned above suffered loss of resonance characteristics
due to photoelectrocatalyic chlorination after 120 min. The aro-
matic ring conjugated to the amine and amide groups of the original
molecule could be a strong indication that these amide groups and
aromatic amine may be likely responsible for the mutagenic charac-
ter of the molecule. Nevertheless, this behavior could be attributed
to the low concentration of these generated by-products upon pho-
toelectrocatylic oxidation. These results strongly support that the
mechanism of azo dye degradation is different when photoelectro-
catalytic chlorination and chemical chlorination are applied.

3.4. Mutagenicity of the treated CI Disperse Blue 291 solutions
The supporting electrolytic solution containing 0.2 mol  L−1

sodium chloride (blank solution) was  tested in the
Salmonella/microsome assay with TA98 and YG1041 in the
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Table  2
Mutagenicity data for the supporting electrolytic solution containing 0.2 mol  L−1 NaCl (blank control) tested with the TA98 and YG1041 strains of Salmonella in the presence
and  absence of exogenous metabolic activation (S9).

Doses Mean of number of revertants/plate and standard deviation (SD)

mL  solution/plate TA98 YG1041

−S9 +S9 −S9 +S9

Mean SD Mean SD Mean SD Mean SD

Negative control 21.7 1.5 23.3 1.7 85.0 3.7 81.6 8.3
0.01 78.5  7.8 80.5 0.7
0.05 22.0 1.4 29.5 3.5 89.0 12.7 73.5 6.4
0.10 21.0  1.4 26.5 4.9 97.0 1.4 86.5 35
0.25  22.0 2.8 27.5 0.7 87.5 10.6 84.0 9.9
0.50  21.5 2.1 26.0 0.00 83.0 5.7 88.0 14.1
1.00  25.5 4.9 23.0 2.8 88.0 11.3 86.5 4.9
2.00  23.5 0.7 24.5 4.9
Revertants per �g NDa ND ND ND

a Mutagenic activity not detected under the tested conditions.

Table 3
Mutagenicity data for the CI Disperse Blue 291 solution containing in 0.2 mol L−1 NaCl tested with the TA98 and YG1041 strains of Salmonella in the presence and absence
of  exogenous metabolic activation (S9).

Doses Mean of number of revertants/plate and standard deviation (SD)

�g equivalent of dye/plate TA98 YG1041

−S9 +S9 −S9 +S9

Mean SD Mean SD Mean SD Mean SD

Negative control 21.7 1.5. 23.3 1.7 85.0 3.7 81.6 8.3
0.08  83.50 13.4 68.5 4.9
0.42  17.0 1.4 22.0 2.8 104.5 14.9 69.0 12.7
0.83  21.0 0.0 22.5 0.7 93.5 12.0 84.0 0.0
2.10  14.0 0.0 26.5 2.1 103.0 8.5 110.0 5.66
4.20  19.5 2.1 18.5 0.7 94.5 7.8 171.0 12.7**

8.30 23.0 4.2 28.0 1.4* 135.5 3.54** 300.0 8.5**

16.6 26.5 2.1 33.0 1.4**

Potency revertants per �g NDa 0.6 4.9 21

p
(
B
(
l
t
t
(

T
M
a

* Significant at 5%.
** Significant at 1%.
a Mutagenic activity not detected under the tested conditions.

resence and absence of S9 and provided negative as expected
Table 2). Mutagenicity of the solution containing the CI Disperse
lue 291 provided positive results for both strains as expected
Table 3). YG1041 was  more sensitive because it presents high

evels of nitroreductase and acetyltranferase that biotransforms
he original dye in high mutagenic species. The tests performed for
he traditional strains TA98 with and without metabolic activation
S9) indicated that the dye Disperse Blue 291 is mutagenic only

able 4
utagenicity data for the CI Disperse Blue 291 solution after chlorination in 0.2 mol  L−1

bsence of exogenous metabolic activation (S9).

Doses Mean of number of revertants/plate and stand

�g equivalent of dye/plate TA98 

−S9 +S9 

Mean SD Mean 

Negative control 21.67 1.5 23.3 

0.08  

0.42  23.00 4.2 23.0 

0.83  22.50 3.5 24.0 

2.10  36.50 2.1** 23.5 

4.20 TOXa TOX 

8.30  TOX TOX 

16.6  TOX TOX
Potency revertants per �g TOX TOX 

* Significant at 5%.
** Significant at 1%.
a Presence of toxicity.
when undergoing metabolic activation through S9. In addition,
there are considerably increased of mutagenic potency with
strain YG1041 with S9. These results illustrate the importance of
acetylation and nitroreduction in the mutagenicity of the DB291

dye, since this strain produces large amounts of nitroredutase and
acetyltransferase. The presence of nitroredutase in the YG1041
strain could be promoting the reduction of the nitro group of
the dye giving rise to the hydroxylamines. On the other hand

NaCl tested with the TA98 and YG1041 strains of Salmonella in the presence and

ard deviation (SD)

YG1041

−S9 +S9

SD Mean SD Mean SD

1.7 85.0 3.7 81.6 8.3
87.5 6.4 81.5 4.9

4.2 80.5 0.7 78.0 0.0
1.4 83.5 3.5 78.0 2.8
2.1 82.5 0.7 104.5 6.4*

TOX TOX
TOX TOX

TOX TOX
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Table  5
Mutagenicity data for CI Disperse Blue 291 solution after 120 min-treatment with photoelectrocatalytic oxidation in 0.2 mol L−1 NaCl tested with the TA98 and YG1041 strains
of  Salmonella in the presence and absence of exogenous metabolic activation (S9).

Doses Mean of number of revertants/plate and standard deviation (SD)

�g equivalent of dye/plate TA98 YG1041

−S9 +S9 −S9 +S9

Mean SD Mean SD Mean SD Mean SD

Negative control 21.7 1.5 23.3 1.7 85.0 3.7 81.6 8.3
0.08 83.5 10.6 66.5 2.1
0.42 20.0  0.0 22.0 2.8 78.0 11.3 83.5 2.1
0.83 18.0  1.4 20.0 0.7 78.5 9.2 86.0 4.2
2.10  25.0 4.2 18.5 7.8 91.5 0.7 82.5 9.2
4.20  17.5 2.1 23.0 1.4 98.0 21.2 76.5 16.3
8.30  21.5 2.1 19.0 7.1 93.0 0.0 64.0 11.3
16.6  22.0 0.0 20.5 0.7
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[

Potency revertants per �g NDa ND 

a Mutagenic activity not detected under the tested conditions.

-acetylated products generated by acetyltransferase, generate
ighly reactive species, hence the increase in mutagenic potency

n strain YG1041 detected for DB291 dye.
Mutagenicity data for the chlorination of the dye solution are

hown in Table 4. The results indicated that chlorination pro-
uced several by-products that could be also mutagenic (Table 1).
owever, because toxic by-products were also formed, it was
ot possible to analyze the effect of the treatment with respect
o mutagenicity. This behavior is expected since the compounds
ormed after conventional chemical chlorination is identified
s organochlorinated compounds, as shown in Table 1. Muta-
enic/toxic by-products were already observed in other studies
8,35]. The dye solution treated with photoelectrocatalysis chlori-
ation process in 0.2 mol  L−1 NaCl for 120 min  completely removed
utagenicity (Table 5) corroborating the TOC data. This could be

ttributed to the absence of dinitro groups and azo group in the dye
ubmitted to phoelectrocatalytic treatment, as shown the chemical
tructure presented in Table 1 identified by mass spectra. The same
hotoelectrocalytic treatment process was also performed using
.2 mol  L−1 sodium sulfate instead of sodium chloride and results
or mutagenicity were also negative (data not shown). It is clear that
hotoelectrocatalytic process was more efficient in the removal of
he mutagenicity of the CI Disperse Blue 291 and this process does
ot generate toxic by-products as in typical chlorination.

. Conclusions

CI Disperse Blue 291 dye was almost completely mineralized
nd its mutagenicity was removed under optimized conditions
f photoelectrocatalysis using an irradiated and biased Ti/TiO2
hotoanode, using both NaCl as sodium sulfate as supporting elec-
rolytic solution in a short time scale treatment (120 min). Although
ntermediate compounds can be formed during photoelectrocat-
lytic chlorination by using the NaCl as supporting electrolytic
olution, the occurrence of radical species generated during the
hotoelectrocatalytic process is a source of powerful radical species
hat increase oxidation efficiency.
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