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c Fac. Ciencias Qúımicas, Universidad Autónoma de Zacatecas, Km 0.5 Carretera Cd. Cua
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1. Introduction

Textile activities are highly water intensive and its effluents
are usually strongly colored, containing high concentrations of
dyes, tensoactive compounds, chrome, suspended solids, and high
chemical oxygen demand (COD) [1]. The presence of dyestuff in tex-
tile wastewater is aesthetically offensive, inhibits photosynthetic
processes in water bodies and, in many cases, generates toxic-
ity to aquatic organisms and humans [2]. Most dyes contained
in textile effluents are designed to resist oxidizing and reducing
agents, washing, and light exposure. These characteristics make
such chemicals highly refractory and hard to remove by using con-
ventional wastewater treatment processes [3].

Considering discharge volume and effluent composition of
wastewaters, textile industry is rated as the most polluting among
all industrial sectors [4]. For this reason, water reuse in textile
industry is a very interesting and environmentally desirable goal.
Color is one of the most important wastewater reuse criteria for
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nd nitrate anions on the color removal of water containing the azo-dye
ic solution, by using photo-assisted Fenton process with Fe(II)/H2O2 and
tigated. Experiments were conducted in a batch reactor irradiated during
with emission in the visible spectra. Experimental results showed color

in of reaction in the photo-assisted process for all of the different salts,
rate with respect to the corresponding systems under dark conditions. The
was the Fe2(SO4)3/H2O2/UV system, where the decolorization process is
idative species generated by rupture of Fe(III)–peroxo complexes are less
epletion and mineralization of the effluent were also tested during the

f total organic carbon (TOC) showing that, for most of the photo-assisted
n was reached after 3 h of reaction.
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these kinds of effluents [3,5]. Complete color removal is sought if
water is to be reused in fiber washing process, to avoid undesired
color variations in the subsequent dyeing process.
Several emerging methodologies have been tested for the treat-
ment of textile wastewater. Among them, Advanced Oxidation
Processes (AOPs) are considered as highly efficient ones. For
instance, ozonation, H2O2/O3, H2O2/UV, O3/UV, TiO2/UV, and elec-
trochemical oxidation have been tested in these effluents [3,6]
with interesting results for color removal and COD depletion.
Among AOPs, the photo-Fenton reaction has been shown as a
very attractive, cost effective, and high efficiency process for tex-
tile wastewater decolorization, as demonstrated in several recent
works [2,7–10]. For this photo-assisted process, the influence of
radiation is an increase of the oxidation rates of the model pollu-
tants, as compared to the conventional (in the dark) Fenton process.
Several possible reaction schemes for photo-induced system have
been proposed and the formation of different complexes studied by
spectrophotometry (see Tables 1–3) [11,12,19]. From these studies,
the influence of iron oxidation state and the specific counter ion of
the iron salt employed have been demonstrated, both in the decom-
position of H2O2 and in the overall efficiency of the photo-Fenton
process for the oxidation of some model pollutants [12,13,17,18].
For example, Kiwi et al. [14] showed an important diminishment
in the decoloration rate of Orange II by the Fe(III)/H2O2 system
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Table 1
Fenton’s reactions [13,21–23]

[Fe(II)]2+ + H2O2 → [Fe(III)]3+ + HO• + OH− (1)
[Fe(II)]2+ + HO• → [Fe(III)]3+ + OH− (2)
[Fe(III)]3+ + H2O ↔ [FeOH]2+ + H+ (3)
[Fe(III)3+] + H2O2 ↔ [FeHO2]2+ + H+ (4)
[FeOH]2+ + H2O2 ↔ [Fe(OH)(HO2)]+ + H+ (5)
[FeOH]2+ → [Fe(II)] + HO• (6)
[FeHO2]2+ → [Fe(II)] + HO2

• (7)
[Fe(OH)(HO2)]+ → [Fe(II)] + HO2

• + HO− (8)
RH + HO• → R• + H2O (9)

Table 2
Fenton’s reaction: additional reactions by chloride anion effect [12,13,24]

2+ − +

0.42 mM, respectively, for each of these salts. The reaction mixture
was kept in agitation in the dark for 5 min in order to homog-
[Fe(II)] + Cl ↔ FeCl (10)
[Fe(III)]3+ + Cl− ↔ FeCl2+ (11)
[Fe(III)]3+ + 2Cl− ↔ FeCl2+ (12)
FeCl2+ → [Fe(II)]2+ + Cl• (13)
FeCl2

+ → [Fe(II)]2+ + Cl•2
− (14)

[Fe(II)]2+ + Cl• → [Fe(III)]3+ + Cl− (15)
[Fe(II)]2+ + Cl•2 → FeCl2+ + Cl− (16)
Cl− + HO• → [ClOH]•− (17)
[ClOH]•− + H+ → [HClOH]• (18)
[HClOH]• → Cl + H2O (19)
Cl• + H2O2 → HO•

2 + Cl− + H+ (20)
Cl•2 + H2O2 → HO•

2 + 2Cl− + H+ (21)

Table 3
Fenton’s reaction: additional reactions by sulfate anion [12]

[Fe(II)]2+ + SO4
2− ↔ FeSO4 (22)

[Fe(III)]3+ + SO4
2− ↔ FeSO4

+ (23)
[Fe(III)]3+ + 2SO4

2− ↔ Fe(SO4)2
− (24)

FeSO4
+ → [Fe(II)]2+ + SO•

4
− (25)

SO•
4

− + H2O2 → SO4
2− + HO•

2
− + H+ (26)

when using chloride salts, because of the generation of chlorinated
organic products. However these works have not studied the effect
of several different salts over a single model pollutant. Moreover,
important amounts of anions coming from sources different than
the iron salts are present in those experiments. Therefore, the effect
of inorganic salts on the reaction rates is not well documented and
the interpretation of experimental data is not easy because little is
known about the photoreactivity of Fe(III) complexes.

The aim of this work is to further analyze the actual effect of sev-
eral iron/H2O2 systems on the efficiency of photo-assisted Fenton
reaction for water decolorization, and for organic matter depletion

and mineralization. In our search to determine the best treatment
condition for textile wastewater with the final goal of generating
good quality reusable water, we have evaluated the influence of dif-
ferent iron salts on the H2O2 decomposition and the effect of this
behavior on the photocatalyzed decolorization of water containing
an azo dye.

2. Experimental

2.1. Reagents

Several Iron salts were used in the experiments as iron
sources, FeCl2·6H2O, FeCl3·4H2O, FeSO4·7H2O, Fe2(SO4)3·nH2O,
and Fe(NO3)3·9H2O as well as hydrogen peroxide H2O2 30% stabi-
lized. Sulfuric, chlorhydric, and nitric acids were used for pH adjust-
ment. All of these chemicals were purchased from Fermont as A.C.S
reagent grade and used as received without further purification.
Reactive blue 69 (RB69), industrial grade, was supplied by CIBA.
otobiology A: Chemistry 198 (2008) 144–149 145

Fig. 1. Irradiation spectrum of the lamp used in this work.

2.2. Experimental procedures

Degradation of RB69 was carried out by the Fenton and photo-
Fenton process, employing a batch type cylindrical reactor (500 mL
total volume). The source of light is a 15 W visible light domestic
lamp (Phillips).

The optical characterization for the determination of the emis-
sion from the lamp used in the experiments was carried out in a
UV–Vis–IR Spectrophotometer (Shimadzu mod. UV-3101 PC). Fig. 1
depicts the actual irradiation spectrum of the lamp. It is worth to
observe that the lamp emission is mostly at the visible region, with
several peaks, and very low UV (3%) emission. The total radiative
output of the lamp is 2.87 W.

The synthetic colored solution was prepared by dissolving
100 mg of RB69 in 1 L of water (0.14 mM). All the experiments
were carried out in acidic (pH 3) conditions in order to avoid
precipitation of iron oxides. The initial pH value of the solution
was adjusted and kept constant by using a solution of an acid
with the same anion as the iron salt employed; i.e., either sulfu-
ric, chlorhydric, or nitric acids. The solution of the model pollutant
was placed in the reactor and the transition metal catalyst (either
Fe(II) or Fe(III)) was added to get a concentration of 0.13 mmol/L.
The iron salts used in this study were FeCl2, FeCl3, FeSO4, Fe2(SO4)3,
and Fe(NO3)3. The resulting anion concentrations corresponding
to the above iron concentration were 0.29, 0.42, 0.15, 0.22, and
enize it and an initial (t0) sample was taken. Then, hydrogen
peroxide was added as the oxidizing agent, at a 41 mM concen-
tration. At this point, the lamp was turned on and the experiment
started.

Additionally to the photo-Fenton experiments, experiments
with the Fenton reagent were carried out for comparison purposes.
In these experiments the procedure was the same, except that the
lamp was not employed.

Every experimental run lasted for 5 h. The solution was kept
in agitation for the duration of the experiment and samples were
taken at timed intervals, immediately quenched in NaOH solution,
and analyzed. The samples taken during the photo-Fenton reac-
tion were analyzed for H2O2, Fe(II), color, and total organic carbon
(TOC), as described in Section 2.3, whereas those from the Fenton
reagent were analyzed only for color. The rise in the reaction mix-
ture temperature due to the heating of the solution by agitation
and/or absorption of the lamp radiation by the dye was followed
by a CORNING temperature meter mod. 309 (−50 to 150 ± 0.4 ◦C
range).
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Fig. 2. Molecular structure of the reactive blue 69 azo dye.

Experiments for the RB69 azo-dye photolysis under the illu-
mination from the lamp were also carried out. For this case, the
synthetic colored solution in acidic (pH 3) conditions was placed in
the reactor and the lamp was turned on for 1 h.

2.3. Analytical methods

Hydrogen peroxide concentration was determined by iodo-
metric titration (stock solution [H2O2] ≥ 10−3 M). The con-
centration of Fe(II) was measured by the o-phenanthroline
colorimetric method after reduction of Fe(III) with hydroxy-
lamine chloride and by using a molar extinction coefficient of

Fig. 3. UV–vis spectra for the initial concentration of the azo-dye RB69 at pH 6.8.

Fig. 4. Decoloration of RB69 as function of reaction time for photolysis, Fenton and photo-Fenton reaction, with different ferrous salt/H2O2 systems.
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Table 4
Decolorization percent determined after 5 min of reaction, in dark and photo-
assisted experimental conditions, for different iron salt/H2O2 systems

System Dark Photo-assisted

FeCl2/H2O2 42 90
FeCl3/H2O2 49 79
FeSO4/H2O2 49 85
Fe2(SO4)3/H2O2 15 57
Fe(NO3)3/H2O2 48 71

Fig. 5. Oxidation profile of Fe(II) for the different ferrous salts tested as function of
reaction time.

dark conditions the percentage of decolorization is similar for the
FeCl2, FeCl3, FeSO4 and Fe(NO3)3 salts with 50% approximately of
decolorization. The dye degradation with Fe2(SO4)3/H2O2 system
shown the smallest percentage of decolorization.

The experimental results of the photo-assisted dye degradation
are similar with previous works in the literature, in the sense that
the rates of decomposition of H2O2 and oxidation of organic solutes
are slower by Fe(III)/H2O2 system than by Fe(II)/H2O2. The salts
with higher percent of decolorization were FeCl2 and FeSO4. This
may be due to the fact that in the first minutes the rate of decom-
position of hydrogen peroxide by Fe(II) (Eq. (1), Table 1) is very
fast, generating high concentrations of OH• radicals, which quickly
S.L. Orozco et al. / Journal of Photochemistry a

1.11×104 M−1cm−1 at 510 nm for the Fe(II)–phenanthroline com-
plex [15].

The decrease in RB69 concentration was determined from its
characteristic absorption peak at � = 605 nm. Absorption spectra of
the samples in the UV–vis were measured with a Hach DR 5000
Spectrophotometer in the wavelength range 200–700 nm, using a
spectral interval of 2 nm. The pH measurements were made with
an OAKTON pH meter, calibrated with standard buffers solutions of
3.00 and 7.00 ± 0.02 (25 ◦C) [16].

The degree of mineralization of RB69 was determined by mea-
surements of the total organic carbon with Hach direct method for
low (0.3–20 mg/L) and mid (15–150 mg/L) range TOC Testing Tube
Reactor/Curvette Tubes.

3. Results and discussion

3.1. Effect of iron salt on dye decomposition

The azo-dye RB69 (molecular weight 613.13) has a several
groups on its chemical structure, with different absorbance peaks
in the UV–vis region. The main conjugated structures in the RB69
molecule are the azo group, the benzene and the naphthalene rings.
The structure of the molecule is presented in Fig. 2. Fig. 3 shows the
UV–vis absorbance spectrum of the initial azo-dye solution at pH
6.8. There are five clearly distinguishable absorption peaks: one at
605 nm, in the visible region, and four in the ultraviolet region at
370, 310, 250, and 220 nm. These absorption bands correspond to
the main functional groups of the dye molecule: the chromophore
group containing the azo structure produces the absorption in the
visible region, while the aromatic rings absorb in the UV region.
Absorbance spectra were measured at several values of pH, 1.5, 2,
2.5, 3, 4, 5, 8, 10 and no modifications were observed. This indicates
that the RB69 azo-dye structure was not modified by the pH value.
Also at pH 3 absorbance spectra of the dye in presence of iron ions
were measured, which did not show evidence of the formation of
iron–dye complexes.

In decolorization process is of special interest the evolution of
the absorbance peak in the visible region (� = 605 nm), since color
in the synthetic water is related to this absorption band. In fact RB69
dye concentration is proportional to the measured absorbance at
605 nm, which is caused by the chromophore group of the molecule.

Fig. 4 shows the concentration profile of RB69 dye in pho-
tolysis (UV–vis), dark (iron/H2O2 systems) and photo-assisted
(iron/H2O2/UV–vis systems) conditions. As can be observed in

Fig. 4, the azo dye was not modified by the visible light. However,
in dark conditions a very important decolorization of the synthetic
water is observed after 10–30 min of reaction for the different salts.
The most effective salts was FeCl3, and the slowest, by far, was
Fe2(SO4)3.

The results of the photo-assisted process are also shown in
Fig. 4. In all cases the photo-assisted process greatly increases the
decolorization rate. Color diminished to very low values the first
5–10 min of reaction, with the only exception of the Fe2(SO4)3
system. The considerable increase in the rate of decolorization
observed could be attributable to the photoreduction of free fer-
ric species which yields ferrous ion and OH radicals. It could
also be attributable to the Fe(III)–peroxo (Eq. (4), Table 1) and
Fe(III)–hydroperoxo complexes (Eqs. (3) and (5), Table 1), formed
during reaction by interaction of H2O2 with Fe(III). These complexes
undergo homolytic dissociation by the absorption of visible light (in
the 290–550 nm wavelength range for the Fe(III)–hydroperoxo and
400–600 nm for the iron(III)–peroxo [22,23]). Nevertheless, this
process is not so well known as the former.

The percentage of decolorization in dark and in photo-assisted
conditions in the first 5 min of reaction is compared in Table 4. In
Fig. 6. Photoreduction profile of Fe(III) for the different ferric salts tested as function
of reaction time.
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Fig. 7. Decomposition of H2O2 by different ferrous and ferric salts.

oxidize the dye (Fig. 4). Actually, as can be observed in Fig. 5, the
ferrous ion is completely oxidized in the first minutes of the photo-
assisted reaction. In contrast, when Fe(III) salts were used (Fig. 6),
some minutes of irradiation are required for the photoreduction to
Fe(II).

The photo-assisted dye degradation with Fe2(SO4)3/H2O2 sys-
tem gave the smallest percentage of decolorization, since that
oxidative species generated by rupture of Fe(III)–peroxo complexes,
just like HO2

−, are less reactive species. In this case, the decoloriza-
tion process could be influenced by the effect of the sulfate anion.
However, the formation Fe(III) complexes by sulfate anion (Eqs.
(22)–(24), Table 3) is not very likely because of the strong com-
petition with hydrogen peroxide (Eqs. (4) and (5), Table 1), since
the sulfate anion concentration is negligible with regard to hydro-
gen peroxide. Thus, the photo-assisted process is only influenced
by the photo-reduction of Fe(III) (Fig. 6).

We also determined the effect of the iron salt counter ion on
the actual decomposition rate of H2O2 in photo-assisted conditions
(Eqs. (1) and (4) of Table 1). These results are shown in Fig. 7.

It is interesting to note that hydrogen peroxide decomposition
is effectively affected by the counter ion of ferrous chloride. The
initial behavior (first 30 min) of the reaction rate has a very similar
tendency for all the iron salts. This is the stage where the greatest
amount of decolorization occurs, and is due to the attack from either
hydroxyl radicals, for the case of Fe(II) salts, or peroxo radicals, for

the case of Fe(III). In the long term, clear differences can be observed
in the evolution of H2O2 for the different salts. While the cases of
the ferric salts can be described quite well by zero order kinetics
with similar rates, the ferrous salts show significant deviations from
such a simple behavior.

In particular, in the case of the FeCl2, the rate of decomposi-
tion of H2O2 shows a slower tendency in this second stage. This
occurs because of the competition between H2O2 (Eqs. (4) and (5),
Table 1) and Cl− ions (Eqs. (11) and (12), Table 2) to form complexes
with iron. In our case the concentration of Cl− ions in solution
is small (0.29 mM) in comparison with the concentration H2O2
(41 mM); therefore the formation of Fe(III)–chloro complexes is
expected to be less important then the formation of Fe(III)–peroxo
and Fe(III)–hydroperoxo complexes.

3.2. Oxidation and mineralization of the effluent

Besides color removal, oxidation and mineralization in the
effluent are other bulk characterizations very useful in wastewa-
ter treatment. The actual mineralization was determined as total
organic carbon. Fig. 8 shows TOC removal values after 60 and
Fig. 8. TOC removal values after 1 and 3 h of reaction for the different photo-assisted
systems.

180 min, for every iron/hydrogen peroxide system used. The initial
value of TOC is 28 mg C L−1.

From Fig. 8 it is noticeable that TOC values were not substantially
modified during the first hour of degradation process, suggesting
that, during this time, the main reaction is the azo bond breakage
yielding intermediate compounds. Once the initial decolorization
process slows down, the oxidizing species start reacting more
with the intermediate compounds, carrying out their mineraliza-
tion.

Other interesting trend can be identified when comparing TOC
values obtained for the different iron salts tested: it is possible to
observe in Fig. 8, that the TOC degraded is similar for ferrous and
ferric salts in 3 h of reaction, where ferrous sulfate salt gives the
best results with 85% degradation. These results indicate that the
use of ferrous sulfate salt not only lead to chromophore group frag-
mentation but to mineralization of the azo-dye molecule and its
intermediates. For the nitrate ferric salt a similar situation hap-
pens, with high percentages of TOC degraded in comparison with
the others salts.

4. Conclusions
It was demonstrated that, as in the case of Fenton reaction,
photo-assisted Fenton processes are influenced by the counter ion
of the iron salt used in the reaction. For the particular case of the
reactive blue 69 dye degradation, it was identified that chloride
salts enhance color removal rate when compared with sulfate or
nitrate salts.

The tendency observed for decoloration efficiency obtained for
the different iron salts tested is not entirely in agreement with
earlier reports. Nevertheless, this disagreement can actually be
rationalized considering the effect of radiation field on the process:
it is clear that the use of radiation will generate entirely different
conditions compared with previous works, mainly by photoreduc-
tion of Fe(III), leading to novel degradation pathways still to be
studied.

If color removal is considered as the main parameter to be con-
sidered for textile wastewater reuse, results provided by this work
are very interesting because color was almost completely removed
in about 10 min, when ferrous chloride salt was used. Use of other
ferrous and ferric salts (except ferric sulfate) provides similar trends
with almost equivalent initial reaction rates. When mineralization
is considered as the actual goal of the process, it was determined
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