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bstract

This work investigated the treatability of real textile effluents using several systems involving advanced oxidation processes (AOPs) such as
V/H2O2, UV/TiO2, UV/TiO2/H2O2, and UV/Fe2+/H2O2. The efficiency of each technique was evaluated according to the reduction levels observed

n the UV absorbance of the effluents, COD, and organic nitrogen reduction, as well as mineralization as indicated by the formation of ammonium,
itrate, and sulfate ions. The results indicate the association of TiO and H O as the most efficient treatment for removing organic pollutants from
2 2 2

extile effluents. In spite of their efficiency, Fenton reactions based treatment proved to be slower and exhibited more complicated kinetics than
he ones using TiO2, which are pseudo-first-order reactions. Decolorization was fast and effective in all the experiments despite the fact that only

2O2 was used.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The color of a water sample is related to the decrease in
ight intensity as it passes through the sample, mainly due to
he presence of organic and inorganic material in the colloidal
orm. Industrial effluents such as textile industry ones are char-
cterized by the gradual coloring of natural waters. Besides the
egative effects on water appearance, which makes it repulsive to
onsumers, the presence of organic matter in the natural waters
s directly associated with toxicity and carcinogenicity caused
y dyes, surfactants, suspended solids, organochlorinated com-
ounds, etc. that can be present in the effluent [1].
From an environmental point of view, decolorizing the wash-
ng bath is one of the greatest problems of the textile industry. It
s estimated that more than 15% of the world dye production is
eleased into the environment during synthesis, processing, and
se. This is alarming since it means ca. 400 tonnes a day. This
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Mineralization

oss is due mainly to incomplete dye fixing (10–20%) during the
extile fiber dyeing step (Fig. 1) [2].

Several techniques such as membrane filtration, adsorption
3], coagulation [4], and biodegradation [5] have been used to
olve the problems caused by the toxic substances contained
n industrial effluents. However, all of these treatments result
n secondary pollution, since they transfer the toxic substances
rom the liquid phase to other phases such as the sludge, used
embranes, and saturated adsorbents, which cause another envi-

onmental problem. Therefore, there has been an increased
nterest in advanced oxidation processes (AOPs) that is an
lternative destructive treatment in which chemical species are
educed into smaller fragments and even to the point of miner-
lization. AOPs are processes involving UV or visible radiation
ssociated with substances such as H2O2 [6], semiconductors
uch as TiO2 [7], and ZnO [8], Fe2+ or Fe3+ [9], O3 [10], and/or
heir variations and associations.
In this way, the aim of the present work is to compare the
egradation behavior of real textile effluents using the following
xidation processes: UV/H2O2, UV/TiO2, UV/TiO2/H2O2, and
V/Fe2+/H2O2.

mailto:nesouza@uem.br
dx.doi.org/10.1016/j.jhazmat.2006.12.053
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Fig. 1. Example of cot

. Experimental procedures

.1. Materials

The textile effluent samples (EFA, EFB, and EFC) presenting
olorants (Yellow Procion, Red Procion, and Remazol Brilliant
lue R), sodium chloride, and surfactant agents as main the com-
osition were kindly provided by a fabric manufacturer from the
orthwest region of Paraná State (PR), Brazil. TiO2 (P-25, 80%
natase, 20% rutile with a specific surface of 50 m2 g−1) was
indly provided by Degussa and used without previous purifica-
ion. H2O2 (30%, analytical grade) was purchased from Sinth.
ll the other reagents were of the analytical grade and used
ithout previous purification.

.2. Photodegradation process

Irradiation was performed at ambient conditions in three
pen conic borosilicate glass reactors containing TiO2, H2O2,
e2+ or their associations at 0.25 g L−1, 1 × 10−2 mol L−1, and
0.0 mg L−1, respectively. The samples were 500.0 mL of textile
ffluents collected on three different days (March, 2005) from
he outlet of the dyeing machines, which have the pH adjusted

reviously by the industry from 13.0 to approximately 7.5 by
sing hydrochloride acid due to effluent waste reasons. The efflu-
nt samples were not diluted before the oxidation processes to
void changes in their characteristics (Table 1).

w
p
m
n

able 1
haracteristics of the EFA, EFB, and EFC textile effluents samples

ffluents pH NH4
+ (mg L−1) SO4

2

FA 7.67 4.76 n.d.
FB 7.39 4.48 n.d.
FC 7.89 5.46 n.d.

.d.: concentrations not detected due to effluent high coloring.
ing with reactive dye.

.3. Heterogeneous photocatalysis

UV/TiO2 system suspensions were sonicated for 20 min in
he dark at pH 3.50, which was adjusted by addition of HCl
.10 mol L−1 in order to reach the best adsorption rates that
ere attained in acid pHs (values determined in previous tests).
he same procedure was performed for UV/TiO2/H2O2 treat-
ent with the addition of hydrogen peroxide after the sonication

rocess.

.4. Homogeneous photocatalysis

In the UV/H2O2 and UV/Fe2+/H2O2 treatments, pH was
djusted to 3.0 before addition of reagent of Fe2+ and H2O2
eagents or their associations.

.5. Photochemical reactor

The reagents plus the samples were continuously magneti-
ally stirred in the photochemical reactor, with the surface of
he solutions or suspensions approximately 30 cm distant from
he radiation sources (three high pressure 250 W mercury lamps
ithout bulb). The lamps were vertically fixed onto the top

all of a wooden box (80 cm × 80 cm × 50 cm). Four fans were
laced in different positions on the side walls of the reactor to
inimize the heating effect produced by the lamps. The inter-

al walls were covered with aluminum foil to avoid radiation

− (mg L−1) Norg (mg L−1) COD (mg O2 L−1)

12.00 808.12
12.12 708.24
12.14 799.04
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Fig. 2. Reduction in absorbance levels in the EFA and EFB effluents. The dif-
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UV/H2O2/TiO2 (a)
J.C. Garcia et al. / Journal of Haz

osses and the internal temperature ranged around 35 ◦C during
rradiation process.

.6. Analytical determinations

The degradation of the effluents as a function of irradiation
ime was monitored in quartz cuvettes (5 mL and 1 cm opti-
al path) by using UV/vis spectrophotometry (Shimadzu 1240)
t the wavelengths associated with simple aromatic (254 and
84 nm); conjugated aromatic (310 nm) and colored (430 nm)
ompounds. The mineralization rates were calculated by the
hemical Oxygen Demand (COD) decrease and by the oxida-

ion of nitrogen and sulfur organic compounds to ammonium,
itrate, and sulfate ions. The used analytical techniques followed
tandard methods [11] and residual peroxide was determined
ccording to the technique described by [12].

. Results and discussion

Because of the evidences indicating that the degradation of
rganic substrates occurs on the surface of the catalyst, adsorp-
ion was considered a very important step in the photocatalytic
rocess [13]. Therefore, previous adsorption tests were carried
ut and the results showed that acid pH (3–3.5) is the most
ndicated for standard dye adsorption on TiO2 surface. Thus,
he degradation of the real textile effluent samples composed

ostly of dyes, sodium chloride, and surfactant agents were
arried out at pH 3.5. Under this condition, initially reactive
yes (anionic form) were attracted to the semiconductor sur-
ace, which was positively charged [14], forming a first layer
f dye. The subsequent dye layers were formed following a
harge independent adsorption zero-order model, resulting in
ata that cannot be adjusted to simple adsorption models such
s the Langmuir–Hinshelswood one. It should be stressed that it
as possible to observe the color appearance and disappearance
n the TiO2 surface in the beginning and final of the degradation
rocess, respectively.

Using a pH close to 3.5 will help to keep the degradation
onditions of different advanced oxidation processes as close as
ossible to each other for comparison sake as this is the purpose
f this work. Furthermore, when Fenton reactions are carried
ut in acid pH the precipitation of Fe(OH)3 is avoided. Under
hese conditions, the effluent absorbance decreased significantly
or all treatments (Fig. 2); EFC effluent (not shown in the fig-
re) behaved similarly. The absorbance reduction indicates the
ragmentation of the organic structures with complete effluent
ecolorization as well as partial loss of aromatics after irradi-
tion for few minutes. The most effective effluent absorbance
eduction in the UV region of the spectrum was obtained to the
ssociation of UV/TiO2/H2O2 treatment.

These results can be explained by the following reactions:
a) [15] and (b) [16], which present the possible formation of
ydroxyl radicals, the main species responsible for the oxida-

ive character of the reaction medium in the studied treatments.
he described reactions below indicate that hydroxyl radicals
re more likely to form in UV/TiO2/H2O2 systems and a larger
umber of oxidizing species can appear in the e−/h+ generation
erent numbers refers to effluent spectra in the following conditions: (1) without
reatment; (2) after treatment with H2O2; (3) after treatment with TiO2; (4) after
reatment with Fenton reaction; (5) after treatment with TiO2 plus H2O2.

rocess [17].

UV/H2O2 (a)

H2O2 + hν → 2OH•

UV/TiO2 (a)

TiO2 + hν → TiO2(e− + h+)

TiO2h+ + OH−
ad → TiO2 + OH•
TiO2 + hν → TiO2(e− + h+)

TiO2h+ + OH−
ad → TiO2 + OH•

H2O2 + e− → OH
• + OH−
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Table 2
Final concentration of the mineralized products in the real EFA, EFB, and EFC textile effluents for H2O2, TiO2, H2O2/TiO2, Fe2+/H2O2 treatmentsa

Sample Reagents NH4
+ (mg L−1) NO3

− (mg L−1) SO4
2− (mg L−1) COD (mgO2 L−1) H2O2 (mg L−1)

EFA H2O2 2.80 0.147 131.68 268.16 n.d.
TiO2 2.94 0.157 134.13 135.60 n.d.
H2O2/TiO2 3.00 1.580 135.85 72.32 n.d.
Fe2+/H2O2 6.45 0.668 130.56 334.48 136.41

EFB H2O2 1.70 0.199 22.43 226.00 22.71
TiO2 1.75 0.255 61.03 108.98 n.d.
H2O2/TiO2 6.44 0.433 87.32 99.49 n.d.
Fe2+/H2O2 3.08 1.343 163.04 298.30 90.54

EFC H2O2 11.20 0.318 25.74 289.28 n.d.
TiO2 11.25 n.d. 40.63 126.56 n.d.

56.07 n.d. n.d.
75.06 131.08 80.94
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Diagram 2. Formation of N2 in oxidative processes involving hydroxyl radicals.
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H2O2/TiO2 14.00 1.41
Fe2+/H2O2 2.70 0.202

a Organic nitrogen was not detected; n.d.: not detected.

UV/Fe2+/H2O2 (b)

Fe(OH)2+ → Fe3+ + OH•

Fe2+ + H2O2 → Fe3+ + OH− + OH•

Nitrogen (azo and amino groups) and sulfur (sulfonic groups)
re the main heteroatoms present in reactive dyes, and the char-
cterization of the effluents after the photochemical treatments
Table 2) indicated the formation of inorganic species derived
rom these heteroatoms. It should be emphasized that the manu-
acturer that generated the effluents assured us that any inorganic
ompounds contained either N or S added to the dye solution.
herefore, the only possible source of these species in the solu-

ion would be the oxidation of organic compounds. The organic
orm of nitrogen was not detected in any of the effluents after
he oxidation treatments, which indicated the mineralization of
he organic effluent species and the possible formation of NH4

+,
O3

−, and N2 in the system. Another possibility is the formation
f sulfate ions, which confirms the theory. However, the associ-
tions of UV/TiO2/H2O2 and UV/Fe2+/H2O2 proved to be more
ffective and exhibited the highest mineralization rates for the
hree tested effluents, followed by the UV/TiO2 and UV/H2O2
ystems, respectively.

As for the species derived from nitrogen, only the formation
f NO3

− and NH4
+ ions could be expected, since these are very

ommon products of photocatalytic processes. However, tak-
ng into account the complete disappearance of organic nitrogen
Diagram 1), which was the only source of nitrogen before irra-
iation (1), the formation of stoichiometric amounts was sought

or a coherent mass balance. However, total nitrogen balance
as not possible for any of the experiments, since the sample
atrices were complex and difficult to characterize. In addition,

t should be considered that part of the nitrogen can be released

f
T
o

Diagram 1. Nitrogen species in the reaction
Diagram 3. Formation of sulfate ions during oxidation of dyes.

nto the atmosphere and part of NO3
− could be absorbed on

iO2 surface (2).
The N2 formation process is possible through the following

eactions: (a) the azo group of the dyes ( N N ) could be a
ossible precursor of N2; (b) the azo group atoms are already
n zero oxidation state, that is, N2. The formation of N2 from

N N ) can be described by a simple radical reaction, as shown
n Diagram 2 [18].

The formation of inorganic products concomitantly to COD
isappearance also leads to the production of sulfate ions, which
s derived from organic sulfur. The advantage of studying the
ulfate ion is that the sulfur contained in the dyes is already in
ts highest oxidation state (6+), thus, the only product expected
rom this heteroatom is the sulfate ion (Diagram 3) derived from
he initial attack to the dye sulfonic groups [18]. The formation
f sulfate ions after the oxidation of the EFA effluent sample by
sing the UV/TiO2/H2O2 system (Fig. 3) indicates that SO4

2−
s formed at a high rate at the beginning of the reaction and then
ecomes stable. This confirms the theory that the dye sulfonic
roups of are attacked in the first minutes of irradiation.
On the other hand, it should be noticed that part of the anions
ormed in the process may still be adsorbed onto the surface of
iO2 in the case of the heterogeneous photocatalysis. As previ-
usly discussed, at acidic pH, the surface is positively charged

medium before and after irradiation.
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decolorization happens very fast (in the first minutes of irra-
diation), whereas the loss of simple and conjugated aromatics
compounds is slower and more gradual. This happens because
degradation begins with the rupture of structures more suscepti-

Table 3
Degradation percentages (in terms of absorbance reductiona) and rate constants
(k) for EFA, EFB, and EFC effluents in relevant wavelengths (H: H2O2; T: TiO2;
TH: TiO2/H2O2; F: Fenton)

Sample 254 nm 284 nm 310 nm 430 nm

EFA (H)
Degradation % 52.91 70.33 76.88 90.67
k (min−1) 0.0016 0.0019 0.0022 0.0033
R 0.991 0.973 0.990 0.992

EFA (T)
Degradation % 61.66 72.44 74.33 90.35
k (min−1) 0.0018 0.0021 0.0030 0.0035
R 0.998 0.998 0.996 0.993

EFA (TH)
ig. 3. Evolution of the sulfate ions in the EFA effluent during UV/TiO2/H2O2

reatment.

nd control experiments indicated an adsorption of approxi-
ately 10% of the sulfate and nitrate ions under the same

rradiation conditions and in standard condition.
Data concerning COD reduction also indicate that the most

ffective mineralization process was UV/TiO2/H2O2, because
t reached reduction levels higher than 90%, whereas the
se of only peroxide or Fenton reagent resulted in COD
eductions of 60% and 80%, respectively. The treatment associ-
ting UV/TiO2/H2O2 consumed the added peroxide completely,
hereas the Fenton reactions yet presented H2O2 at the end. Fur-

hermore, the UV/TiO2/H2O2 treatment has the advantage of
eads to a final nontoxic residue due to the absence of residual
eroxide. The final peroxide concentrations associated with the
enton reactions were around 38%, 25%, and 23% for effluents
FA, EFB, and EFC, respectively.
Since the most effective treatment was the association of
V/TiO2/H2O2, the degradation kinetic behaviors were ana-

yzed for this condition. The results indicate that the degradation
f the effluents happens through pseudo-first-order reactions, as

ig. 4. Monitoring of absorbance decay during 6 h of EFB effluent irradiation
nder UV/TiO2/H2O2 treatment.

E

E

E

E

E
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ell as in most of the degradation experiments. The plots of
n C/C0 versus time for this kind of experiments are straight
ines and provide the angular coefficients, which correspond
o the numerical values for the degradation rate constants (k).
ssuming that the concentration of hydroxyl radicals is higher

han that of substrate leads to Eq. (1):

n

(
Ct

C0

)
= −kt (1)

here C0 is the initial concentration, Ct the concentration of
ubstrate at a given time, t the time, and k is the velocity con-
tant (t−1) [19]. Fig. 4 shows the absorbance decay in different
avelengths as a function of irradiation time to the EFB efflu-

nt sample during irradiation process. It can be noticed that
Degradation % 87.97 94.58 95.51 100
k (min−1) 0.0059 0.0075 0.0078 0.017
R 0.994 0.988 0.995 0.984

FA (F)
Degradation % 27.59 32.07 34.63 57.14
k (min−1) –b –b –b –b

R –b –b –b –b

FB (H)
Degradation % 36.99 56.35 59.62 78.42
k (min−1) 0.0015 8.92.10−4 0.0014 0.0024
R 0.975 0.981 0.963 0.974

FB(T)
Degradation % 49.16 56.21 65.94 86.05
k (min−1) 0.0016 –b –b 0.0053
R 0.941 –b –b 0.970

FB (TH)
Degradation % 74.92 82.36 87.29 67.36
k (min−1) 0.012 0.014 0.015 0.011
R 0.996 0.976 0.978 0.982

FB (F)
Degradation % 34.69 46.29 48.09 68.53
k (min−1) –b –b –b –b

R –b –b –b –b

a (Absorbance after treatment/absorbance before treatment inicial) × 100.
b It did not exhibit a linear behavior during degradation.
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le to oxidation, such as the azo groups, which originate smaller
ompounds that undergo further oxidation until attain a complete
ineralization.
The efficiency of different treatments in the degradation of

FA and EFB effluents can be compared in terms of degradation
ercentage, rate constants, and the linear regression coefficients
Table 3). The Fenton reactions gave the smallest absorbance
eduction level at 254 nm. This is caused by the presence of
esidual hydrogen peroxide in the solution since control tests
oint to interference in spectral absorbance at this wavelength
t high concentrations of peroxide.

. Conclusion

The obtained results prove that the treatment of textile efflu-
nts using advanced oxidation processes with UV radiation
s effective for decolorization, COD reduction, and mineral-
zation in short irradiation time. The fact that these treatment
rocesses do not generate residues justifies the use of any
f the techniques. The general efficiency presented by the
echniques decreased as following: UV/TiO2/H2O2 > UV/Fe2+/

2O2 > UV/TiO2 > UV/H2O2. More detailed studies would be
ecessary in order to optimize these techniques for industrial
cale. Nevertheless, studies such as this one already indicate
hat it is possible to implement this kind of waste treatment, par-
icularly in the textile industry, since the matrices of this kind of
ffluents are not easily biodegradable.
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