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Azo dye degradation using Fenton type processes assisted by
UV irradiation: A kinetic study
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Abstract

Application of Fenton and photo-Fenton type processes, UV/Fe2+/H2O2 and UV/Fe0/H2O2, for dye wastewater treatment was investigated. In
the first stage of the study, Fenton type processes were optimized regarding the iron catalyst concentration and the iron catalyst/H2O2 ratio. In
the next step, Fe2+/H2O2 and Fe0/H2O2 at optimal process parameters were combined with UV radiation in order to enhance dye degradation.
The destruction of model organic pollutant, azo dye C.I. Acid Orange 7 (AO7), was monitored on the basis of decolorization and mineralization
extents, determined by UV–vis and TOC analyses, respectively. All studied processes have shown high efficiency in the bleaching of the studied
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ye model solution with complete decolorization achieved in all cases. Mineralization extents depended on the type and the dosage of added iron
atalysts for Fenton type reaction. The highest mineralization extent was achieved by UV/Fe0/H2O2, 90.09% of TOC removal. A quantum yield
f AO7 organic dye, Φ = 6.5 × 10−3 mol Einstein−1, was determined on the basis of decolorization of AO7 by direct photolysis.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Synthetic dyes are present in almost all spheres of our every-
ay life and their application is continuously growing. Azo type
f dyes with N N unit as the chromophore in the molecu-
ar structure is the largest group of dyes and represents more
han a half of the global dye production [1,2]. Over 15% of
verall azo dye production is lost during manufacturing and
pplication processes [3]. Colored wastestreams from azo dye
roduction processes and utilization industries pose a major
hreat to the surrounding ecosystems due to the documented
ealth hazards caused by toxicity and a potentially carcinogenic
ature of such organic pollutants [4]. Therefore, the necessity
f effective dye wastewater treatment prior to discharge into
he effluent is undoubted. One of the major difficulties in treat-
ng this type of colored wastewater is the ineffectiveness of
iological processes, which are mostly economically suitable
rocesses in comparison with other treatment options [5]. Azo
yes are known to be largely non-biodegradable in aerobic con-
itions and can be reduced to more hazardous intermediates in

anaerobic conditions [6]. Other common commercial processes,
such as coagulation/flocculation and adsorption, do not involve
chemical transformations, and therefore generally transfer waste
components from one phase to another, thus causing secondary
loading of environment [7–9].

An attractive, sludge free alternative for the treatment of
wide range of organic pollutants present in wastewater, includ-
ing synthetic dyes, are so called Advanced Oxidation Processes
(AOPs). Hydroxyl radicals (OH•), highly reactive species gener-
ated in sufficient quantities by AOPs, have the ability to oxidize
the majority of the organics present in the wastewater effluents
[10]. Common AOPs involve Fenton and Fenton like processes,
ozonation, electrochemical oxidation, photolysis with H2O2 and
O3, high voltage electrical discharge (corona) process, TiO2 pho-
tocatalysis, radiolysis, water solutions treatment by electronic
beams or �-beams and various combinations of these methods
[11,12].

Fenton type processes have shown high efficiency for han-
dling different types of colored wastewater, especially for
bleaching [13–15]. Generally, Fenton process involves appli-
cation of iron salts and hydrogen peroxide to produce hydroxyl
radicals, Eqs. (1) and (2) [16]:
∗ Corresponding author. Tel.: +385 1 4597 124; fax: +385 1 4597 143.
E-mail address: nkopri@marie.fkit.hr (N. Koprivanac). Fe2+ + H2O2 → Fe3+ + OH− + •OH (1)
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Fe3+ + H2O2 → Fe2+ + HO2
• + H+ (2)

Besides OH radical, ferryl ion, FeO2+, as an alternate oxidant
could also be considered [16]. Another source of iron catalysts
in Fenton reaction could also be the iron powder, which in acid
media reacts with hydrogen peroxide producing ferrous ions,
Eq. (3) [17]:

Fe0 + H2O2 → Fe2+ + 2OH− (3)

From the environmental point of view, the advantage of the
implementation of iron powder (Fe0) instead of iron salts is that
the concentration of iron ions in wastewater after the treatment
is significantly lowered [18]. Moreover, utilization of Fe0/H2O2
process takes into account the avoidance of additional loading
of treated wastewater with other anions, while a relatively small
amount of the remaining iron powder can be easily removed
from wastewater after the treatment.

Although UV radiation itself has ability to destroy organic
molecules [19], the efficiency of direct photolysis of organic
dyes decay proved to be difficult and it depends on the dye’s
reactivity and photosensitivity [20]. Moreover, most of the com-
mercially used dyes are usually designed to be light resistant.
When UV irradiation is combined with some powerful oxidant,
such as H2O2, organic dye degradation efficiency can be sig-
nificantly enhanced due to OH radical generation caused by the
photolysis of H2O2, Eq. (4):
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Fig. 1. Structure of C.I. Acid Orange 7.

Series of experiments were conducted in order to establish the
optimal iron catalysts/hydrogen peroxide molar ratio for each of
the applied Fenton type processes, Fe2+/H2O2 and Fe0/H2O2.
According to the literature [32–34], at the beginning of the exper-
iment, pH was adjusted at 3 using 25% sulfuric acid, which was
followed by the addition of iron catalyst and hydrogen perox-
ide. Ferrous sulfate, FeSO4·7H2O, and iron powder were used
as the sources of iron catalysts in applied Fenton type processes.
The concentrations of iron catalysts were 0.5 and 1.0 mM in
both processes, while the concentration of hydrogen peroxide
was varied to give molar ratios 1:5–50. The reaction mixture
(V = 250 mL) was continuously stirred at room temperature in
the open batch reactor with magnetic stirring bar, and treated
for 1 h, while dye concentration and TOC values were measured
at the end of each experiment to establish decolorization and
mineralization extents.

Experiments with the highest mineralization extents achieved
by the usage of Fenton type processes were repeated in the
absence and in the presence of UV light radiation. The same
photoreactor as in our previous study [35], a water-jacketed
glass vessel of total capacity volume of 0.8 L, was used (Fig. 2).
A quartz tube was placed vertically in the middle of the pho-
toreactor with mercury lamp 125 W (UV-C, 254 nm) located
inside (UVP-Ultra Violet Products, Cambridge, UK, and sup-
plied by Hach Company, Loveland, CO, USA). The UV lamp
was attached to a power supply, UVP-Ultra Violet Products,
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2O2 + hν → 2OH• (4)

nd these highly reactive non-selective radicals may further react
ith the organic substrate, i.e. synthetic dye [21]. This pro-

ess demonstrated high efficiency in the treatment of different
ypes of organic dyes [5,22–24]. UV radiation may also be com-
ined with Fenton or Fenton like processes to improve organic
ye decolorization and mineralization in wastewaters [25–30].
nder UV irradiation, Fe3+ ions are constantly reduced to the
e2+, Eq. (5), and the Fenton process is improved by the partic-

pation of photogenerated Fe2+:

e3+ + H2O + hν → Fe2+ + HO• + H+ (5)

The goal of this study was to investigate the efficiency of
enton type processes, Fe2+/H2O2 and Fe0/H2O2, as well as

he efficiency of the same processes assisted by UV irradiation,
V/Fe2+/H2O2 and UV/Fe0/H2O2, for the treatment of colored
astewater containing model pollutant, azo dye Acid Orange
(AO7). Firstly Fenton type processes were optimized and in

he second step combined with UV irradiation to enhance dye
egradation. Also, direct photolysis was performed in order to
etermine a quantum yield of organic dye AO7 by the simple
athematical modeling.

. Experimental

Azo dye C.I. Acid Orange 7 (AO7), previously synthesized
n our laboratory according to the procedure described in the
iterature [31], was used as the model pollutant (Fig. 1). Experi-
ents were performed using model wastewater with initial dye

oncentration of 20 mg L−1.
pland, CA, USA, with the frequency of 50/60 Hz, U = 230 V,
= 0.21 A. The value of incident photon flux by reactor volume
nit at 254 nm, I0 = 3.42 × 10−6 Einstein L−1 s−1, was calcu-
ated on the basis of the ferrioxalate actinometry measurements
36]. The total volume of the treated solution was 0.5 mL,
hile the solution circulated through reactor by a peristaltic
ump at a flow rate of 0.1 L min−1. Temperature was main-
ained at 25 ± 0.2 ◦C by circulating the water through jacket
round the photoreactor. The duration of each experiment was
0 min. Samples were taken periodically from the reactor (0,
, 5, 10, 20, . . ., 60 min) and thereafter immediately analyzed.
ll experiments were repeated three times and averages are

eported.
A Perkin-Elmer Lambda EZ 201 UV–vis spectrophotome-

er was used for decolorization monitoring at λmax = 480 nm,
hile mineralization extents were determined on the basis
f total organic carbon content measurements (TOC), per-
ormed by using total organic carbon analyzer; TOC-VCPN
000 A, Shimadzu. Handylab pH/LF portable pH-meter,
chott Instruments GmbH, Mainz, Germany, was used for pH
easurements.
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Fig. 2. Schematic diagram of photoreactor: (1) glass water-jacketed reactor,
(2) quartz jacket, (3) UV lamp, (4) sampling port, (5) power supply (PS), (6)
magnetic stirring bar, (7) and (8) solution inlet and outlet, (9) and (10) cooling
water inlet and outlet, (11) thermometer.

3. Results and discussion

According to our previous investigations [37,38] and also the
knowledge from the literature [39], the oxidation power of Fen-
ton reagent is influenced by several operating parameters: iron
concentration, source of iron catalysts (ferrous or ferric salts,
iron powder), H2O2 concentration, iron catalyst/hydrogen per-
oxide ratio, pH, treatment time and temperature. Therefore, it
was necessary to find optimal process parameters through the
laboratory treatability tests, so-called “jar tests”. Thus, in this
paper a set of experiments using different sources of iron catalyst
and different molar ratios of iron catalyst/H2O2 were conducted
in order to establish optimal values of studied parameters for
both Fenton type processes, Fe2+/H2O2 and Fe0/H2O2. Fig. 3
summarizes AO7 decolorization and mineralization results after
conducted “jar tests” for determining optimal values of stud-
ied parameters for Fe2+/H2O2 process. It can be seen that by
the usage of both Fe2+ concentration, almost complete decol-
orization of AO7 model solution was obtained. Color removals
between 98–99% and 90–95% with iron catalyst concentrations
of 0.5 and 1.0 mM were achieved, respectively. Somewhat lower
decolorization observed in the cases using higher Fe2+ concen-
tration may be attributed to the pronounced interference of dye
spectra and spectra of iron complexes. Those complexes are
assumed to be formed with possible by-products of dye degra-
dation after the initial cleavage of azo bond. Besides bleach-
i

Fig. 3. Influence of ferrous concentration and Fe2+/H2O2 ratio on color and
TOC removal in Fenton process for the degradation of AO7 at pH 3.

decrease of total organic content, i.e. values of TOC parame-
ter. Almost the same mineralization extents were achieved with
both 0.5 and 1.0 mM of ferrous sulfate concentration. It can be
seen that with increasing the hydrogen peroxide concentration,
degradation efficiency was also slightly increased to the achieve-
ment of the certain optimal Fenton reagent ratio. With the further
increasing of hydrogen peroxide concentration, degradation effi-
ciency decreased due to the scavenging nature of hydrogen
peroxide towards OH radicals when it is present in higher con-
centration. This resulted in the formation of perhydroxyl radicals
which are significantly less reactive than hydroxyl radicals, Eqs.
(6) and (7) [17].

H2O2 + •OH → HO2
• + H2O (6)

HO2
• + •OH → H2O + O2 (7)

The highest mineralization extent, 34.67% of TOC removal, was
achieved with c(Fe2+) = 1.0 mM and Fe2+/H2O2 = 1:40.

As it was described for “classical” Fenton process, “jar tests”
for establishing optimal studied parameters of Fenton like pro-
cess, Fe0/H2O2, were performed (Fig. 4). In Fe0/H2O2 pro-
cess, 28 and 56 mg L−1 of iron powder were added and they
correspond to 0.5 and 1.0 mM iron concentration applied in
Fe2+/H2O2 process. Again, almost complete bleaching, >98%
of color removal was obtained through the entire investigated
r
p
d
r
i
s
t
(
i
i
H
d
n
ng, degradation of organic dye molecule is characterized by a
ange of H2O2 concentration, but only for a lower dosage of iron
owder. On the other hand, with a higher dosage of iron pow-
er, decolorization efficiency strongly depended on Fe0/H2O2
atio, where constant decreasing in decolorization efficiency by
ncreasing H2O2 concentration over 10 mM was observed. The
ame, but even more pronounced effect can be observed from
he results of the partial mineralization of AO7 model solution
Fig. 4). It can be seen that with both used Fe0 dosages, by
ncreasing H2O2 concentration mineralization efficiency also
ncreased to the certain level where with further increasing of

2O2 concentration, mineralization efficiency started to sharply
ecrease. This effect is partially associated with the scavenging
ature of H2O2 towards OH radicals when it was in excess,
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Fig. 4. Influence of iron powder dosage and Fe0/H2O2 ratio on color and TOC
removal in Fenton “like” process for the degradation of AO7 at pH 3.

Eqs. (6) and (7). But in the case of iron powder that negative
effect of H2O2 when it was present in higher concentration,
can be mainly attributed to the formation of an inert oxida-
tive film on the iron powder surface which disables further
leaching of Fe2+ ions in the bulk and continuous generation
of OH radical throughout reaction (1) [15]. Again, like in decol-
orization results, a lower efficiency of Fe0/H2O2 process for
the mineralization of AO7 using higher dosage of iron pow-
der was observed. The highest mineralization extent, 39.78% of
removed TOC, was obtained in the case of c(Fe0) = 0.5 mM and
Fe0/H2O2 ratio of 1:20 (Fig. 4). Maximal mineralization extent
obtained by Fe0/H2O2 process was 5.21% higher in comparison
to that achieved by Fe2+/H2O2, although the concentration of
iron catalyst was lower (Figs. 3 and 4). Plausible explanation
for that could be found in the fact known from the literature that
highly oxidative media promotes oxidation reaction of organic
molecules adsorbed on the surface of solid particles [40,41].

Further set of experiments was directed to the investi-
gations of the efficiency of direct UV photolysis for AO7
degradation in model wastewater. The quantum yield of AO7,
6.5 × 10−3 mol Einstein−1, was determined by trial and error
method inserting values into the model with simultaneous com-
parison of predicted and experimentally obtained data for AO7
decolorization. Simulation of AO7 degradation was performed
by Mathematica 5.0 (Wolfram Research, Champaigne, IL) using
GEAR method which finds the numerical solution to the ordi-
n
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Fig. 5. The efficiency of direct photolysis for the degradation of AO7, the com-
parison of data predicted by model and those experimentally obtained.

almost all radiation was adsorbed by the parent compound i, and
that no other generated intermediates j competed for the absorp-
tion of photons. In the latter case, it followed that εici ≈ εjcj and
Fi ≈ 1. Consequently, the Eq. (8) could be modified as:

rUV = −dci

dt
= ΦiI0[1 − exp(−2.303Lεici)] (9)

Once I0, 3.42 × 10−6 Einstein L−1 s−1 and L, 3 cm, were known
by actinometry experiments, the quantum yield of the specie
i could be calculated. The value of molar absorption coeffi-
cient of AO7, ε = 6352.5 M−1 cm−1, was calculated from the Eq.
(10) by measuring absorbance of the AO7 solution at 254 nm.
Absorbance A, can be expressed as:

A = ε × l (10)

where ε is the molar absorption coefficient with dimensions
1/(concentration × length) and l is the cell path length [43].
From Fig. 5, a good accordance between data for color and
TOC removal predicted by used model and data obtained exper-
imentally during the treatment of AO7 model solution by UV
photolysis process can be observed. Minor discrepancy between
predicted and observed TOC removal in the period after 30 min
of treatment, may be attributed to the formation of by-products
with different quantum yields which was not included in the
modeling. From the decolorization and mineralization point of
view, it can be seen that AO7 model solution was partially decol-
o
m
d
l
1
m
A
o
o
m

F

ary differential equation. The used model, given by Eq. (9), is a
odified version of the so-called “LL model”, a semiempirical
odel based on the Lambert’s law, proposed in the literature

19]:

UV = −dci

dt
= ΦiFiI0[1 − exp(−2.303L

∑
εjcj)] (8)

eing fi = εici/
∑

εjcj , where Φi, εi, I0 and L stand for the
uantum yield and the extinction coefficient of specie i, the inci-
ent photon flux by reactor volume unit and the effective optical
ath in the reactor, respectively. Gimeno et al. [42] proposed that,
f only the beginning of the photolysis process was considered,
rized up to 87.02%, while only 17.08% of organic content was
ineralized. Such behavior of the studied system was expected,

ue to the fact that commercial synthetic dyes are designed to be
ight resistant [20]. The very low mineralization extent with only
7.08% of TOC removal, achieved by direct photolysis of AO7
odel solution is associated with incomplete decolorization of
O7 model solution. According to Collona et al. [22] decol-
rization is followed by mineralization, i.e. first the bleaching
f the solution to the certain level occurred and afterwards the
ineralization process started.
The next step was to establish and to compare the efficiency of

enton type processes, Fe2+/H2O2 and Fe0/H2O2, and the effi-
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Fig. 6. Color removal of AO7 during the treatments by different AOPs. Initial
conditions: c(Fe2+) = 1.0 mM, c(H2O2) = 40 mM, pH 3.

ciency of the same processes in the presence of UV light, for the
decolorization and mineralization of AO7 model solution. The
efficiency of corresponding UV/H2O2 and UV/iron catalyst pro-
cesses at optimal conditions of Fenton type processes established
earlier (Figs. 3 and 4), were also studied. In Fig. 6, AO7 decol-
orization kinetics by Fe2+/H2O2, UV/Fe2+/H2O2, UV/H2O2 and
UV/Fe2+ processes were presented. The concentrations of added
ferrous sulfate and hydrogen peroxide were the same as those
established as optimal for AO7 degradation by Fenton pro-
cess in Fig. 3, c(Fe2+) = 1.0 mM and c(H2O2) = 40 mM. AO7
model solution was decolorized up to 93.86% by Fe2+/H2O2
process and achieved steady state almost immediately (Fig. 6).
As it was mentioned earlier, difference between decoloriza-
tion achieved and complete decolorization, may be attributed
to the interference of dye spectra by the possible formation of
Fe-complexes between Fe ions and dye by-products with max-
imum wavelength close to the λmax of studied dye. In the case
of UV/Fe2+/H2O2 process more than 95% of color removal was
obtained in the second minute, while the complete bleaching,
100% of color removal, was achieved after 20 min of process,
leading to the conclusion that UV light is able to destroy formed
Fe-complexes. Similar differences of decolorization efficiency
between Fe2+/H2O2 and corresponding process in the presence
of UV light were reported by several authors [29,34]. The com-
plete color removal, 100%, was also achieved by UV/H2O2 pro-
cess due to the OH radical production throughout the H O pho-
t
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Fig. 7. TOC removal of AO7 during the treatments by different AOPs. Initial
conditions: c(Fe2+) = 1.0 mM, c(H2O2) = 40 mM, pH 3.

consequence of either complete consumption of added H2O2 or
quenching of Fe ions into the stable complexes. According to
the AO7 mineralization results during the UV/Fe2+/H2O2 pro-
cess, where continuous degradation of organic content through
complete treatment time could be observed, it is more likely
that AO7 degradation by Fe2+/H2O2 process is inhibited due
to the formation of stable Fe-complexes. Thus, the final miner-
alization extent of 84.12% of TOC removal achieved after 1-h
treatment by UV/Fe2+/H2O2 process was significantly higher
than that by Fe2+/H2O2. Kavitha and Palanivelu [44] reported
that Fe-complexes can be destroyed under UV irradiation and
that iron ions can be returned into the iron regeneration cycle,
i.e. formation of OH radicals through Fenton mechanism could
be continued. Besides that, in comparison to Fe2+/H2O2 pro-
cess, in UV/Fe2+/H2O2 process the generation of OH radi-
cals via photolysis of H2O2 and the degradation of organics
through direct photolysis additionally attribute to the overall
enhancement in mineralization efficiency of AO7. In the case
of UV/H2O2 process, final mineralization extent achieved after
1-h treatment, 34.99% TOC removal, was almost the same as
that obtained by Fe2+/H2O2. However, the continuous trend of
TOC removal implicates that degradation of remaining organics
tends to progress even after 60 min of the treatment, which is not
the case in Fe2+/H2O2 process. As it was expected due to the
incomplete decolorization, the lowest TOC removal (12.45%)
was obtained by UV/Fe2+ process. The final mineralization
e
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l
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2 2
olysis, reaction (4), but after 40 min of the process. As in the case
f direct photolysis, AO7 model solution was decolorized only
artially by UV/Fe2+ process. Achieved decolorization extent,
8.36%, was even lower than that obtained by direct photolysis
f AO7 solution, 87.02% of color removal (Figs. 5 and 6). So,
he final achieved decolorization extents followed the increasing
rder UV/Fe2+ < Fe2+/H2O2 < UV/H2O2 = UV/Fe2+/H2O2.

Besides decolorization, process efficiency was estimated on
he basis of TOC value decrease (Fig. 7). It can be seen that
O7 model solution was mineralized up to 34.67% with the
chievement of steady state after 20 min of Fe2+/H2O2 process.
bserved inhibition of the mineralization process could be the
xtents achieved after 1-h treatment followed the increasing
rder UV/Fe2+ < Fe2+/H2O2 = UV/H2O2 < UV/Fe2+/H2O2.

Fig. 8 presents the calculation of apparent first-order rate
onstants, k, of the AO7 degradation by above processes for
he first 10 min of treatment time by using linear regression,
n(TOC/TOC0). It can be seen that the calculated value of k for
V/Fe2+/H2O2, 0.0542 min−1, was almost twice as high as k

or Fe2+/H2O2 process, 0.0285 min−1. These results speak in
avor of earlier set forth conclusions which confirm that besides
redominant OH radical generation throughout Fenton mecha-
ism, OH radical production via H2O2 photolysis significantly
ttribute to the overall generation of OH radicals. Although sim-



200 H. Kusic et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 195–202

Fig. 8. Comparison of AO7 degradation kinetics during the first 10 min
of treatments by different AOPs. Initial conditions: c(Fe2+) = 1.0 mM,
c(H2O2) = 40 mM, pH 3.

ilar values of TOC removal were obtained after 1-h treatments
by Fe2+/H2O2 and UV/H2O2 processes, 34.67 and 34.99% TOC
removal, respectively, a significantly lower first-order rate con-
stant was calculated for UV/H2O2 process, 0.0070 min−1.

Fig. 9 presents the kinetic of AO7 decolorization by
Fe0/H2O2, UV/Fe0/H2O2, UV/H2O2 and UV/Fe0 processes at
0.5 mM of iron catalyst and/or 10 mM of H2O2 which were pre-
viously established as optimal for Fe0/H2O2 process (Fig. 4).
It can be seen that although decolorization rate of AO7 by
Fe0/H2O2 process is somewhat lower than that by Fe2+/H2O2
(Fig. 6), final extent is slightly higher, 98.10%. Initial lower rate
of AO7 decolorization can be explained by a gradual leaching
of Fe2+ ions into the solution, reaction (3), and consequently by
the slower generation of OH radicals throughout Fenton mech-
anism [15], reaction (1). On the other hand, the overall higher
decolorization extent may be attributed to the lower formation
of Fe-complexes due to both lower initial concentration of iron
catalyst and gradual leaching of Fe ions from the iron powder

F
c

surface into the bulk. Complete color removal was obtained by
UV/Fe0/H2O2 and UV/H2O2 processes (Fig. 9) similarly like
in the case of processes with the addition of Fe2+-salt and/or
H2O2 (Fig. 6). Decolorization profile obtained by the treatment
with UV/Fe0/H2O2 is similar to that obtained by UV/Fe2+/H2O2
process. It should be emphasized that treatment time required
for complete AO7 bleaching in the case of UV/H2O2 process
with 10 mM of H2O2 was 30 min (Fig. 9), while with 40 mM of
H2O2 it was 40 min (Fig. 6). In the case of UV/Fe0 process com-
plete decolorization was not achieved, only 84.83% of color was
removed, like in cases of AO7 treatment by UV and UV/Fe2+

process. Moreover, a slightly lower final decolorization extent
was obtained than by UV process, where 87.02% of color was
removed (Fig. 5). The plausible explanation for lower extents
of decolorization by UV process with the addition of iron cat-
alysts than by direct photolysis of AO7 model solution could
be found in the assumption that a part of emitted energy by
UV light might be lost to the irradiation of added iron catalysts.
The final decolorization efficiency followed the increasing order
UV/Fe0 < Fe0/H2O2 < UV/H2O2 = UV/Fe0/H2O2 (Fig. 9), sim-
ilarly like in earlier experiments based on the optimal operating
conditions for the Fenton process.

The mineralization efficiency of the processes with the addi-
tion of iron powder and/or hydrogen peroxide is compared and
presented in Fig. 10. It can be seen that AO7 mineralization
by Fe0/H O process was significantly enhanced in the pres-
e
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ig. 9. Color removal of AO7 during the treatments by different AOPs. Initial
onditions: c(Fe0) = 0.5 mM, c(H2O2) = 10 mM, pH 3.
2 2
nce of UV irradiation, from 39.78 to 90.09% of removed TOC.
s it was mentioned before, achievement of steady states in
egradation of organics by Fenton type processes could be the
onsequence of either complete H2O2 consumption or quench-
ng of Fe ions into the stable complexes. In the Fe0/H2O2 process
t is more likely that the pronounced inhibition of mineraliza-
ion rate, which occurred after 20 min of the treatment, might
e the result of the complete consumption of added hydrogen
eroxide. The results of TOC decrease obtained during the treat-
ent of AO7 model solution by UV/Fe0/H2O2 process also state

n the favor of this assumption. Moreover, in the same treat-

ig. 10. TOC removal of AO7 during the treatments by different AOPs. Initial
onditions: c(Fe0) = 0.5 mM, c(H2O2) = 10 mM, pH 3.
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ment time, after 20 min, even more pronounced reduction in
the oxidation power of UV/Fe0/H2O2 process was observed.
That was also corroborated by the treatment of AO7 model
solution with UV/H2O2 process, c(H2O2) = 10 mM. It can be
seen that although after 20 min of the process, mineralization
of organics was strongly inhibited, but it was not terminated
(Fig. 10). This observation could be explained with the fact that
after the consumption of H2O2, degradation of organics might
be continued through the UV photolysis mechanism and also
by chain radical mechanism between organic radicals formed
by dye degradation with OH radicals. Chen and Pignatello [45]
proposed degradation mechanism of phenol which also includes
secondary reactions between organic radicals formed by attack
of OH radical to the parent organic molecule, contributing to
the overall mineralization extent. Furthermore, Stylidi et al. [3]
reported the formation of phenol and other mono-substituted
benzenes, di- substituted benzenes, mono- and di-substituted
naphtoles and organic acids as by-products of TiO2 photocat-
alytic degradation of azo dye Acid Orange 7. Therefore, it can
be assumed that the same type of organic radicals which are
formed in the phenol degradation could also be formed by OH
radical attack to other organics with at least one benzene ring.
Similar continuation of mineralization process can be observed
by the treatment with Fe0/H2O2 process after 20 min of process
(Fig. 10). If there was no UV irradiation, further mineralization
could be attributed only to the mentioned chain radical mech-
a
t
w
r
U
i
c
b
(
e
o
8
p
w
h
c
h
s
l
h
r
f
i
s
r
p

r
p
i
w

Fig. 11. Comparison of AO7 degradation kinetics during the first 10 min of treat-
ments by different AOPs. Initial conditions: c(Fe0) = 0.5 mM, c(H2O2) = 10 mM,
pH 3.

double high than that calculated for UV/Fe2+/H2O2 process,
0.0524 min−1 (Fig. 8). The reason could be found in the posi-
tive effect of solid particles as well as in significantly higher k
for UV/H2O2 process with lower H2O2 concentration, 0.0297
toward 0.0070 min−1 (Fig. 8), which ensured higher additional
OH radical production through H2O2 photolysis alongside the
basic source throughout Fenton mechanism. The proof for the
gradual leaching of Fe2+ ions from the iron powder surface
into the bulk could be found in the lower k for Fe0/H2O2,
0.0186 min−1, than that for Fe2+/H2O2, 0.0285 min−1.

From the presented results it could be seen that Fenton type
processes using iron powder both in the presence and in the
absence of UV light showed higher AO7 degradation efficiency
than those using Fe2+-salt. Besides higher efficiency, processes
using Fe0 are more acceptable from the environmental point of
view, too. With the usage of iron powder, the loading of treated
solution with counter ions is avoided and at the same time con-
centration of remaining iron ions in the bulk is also lower, even
up to 50% [18].

4. Conclusions

Fenton type, Fe2+/H2O2 and Fe0/H2O2, and corresponding
photo-assisted processes, UV/Fe2+/H2O2 and UV/Fe0/H2O2,
as well as UV/H2O2 processes, were successfully applied for
t
b
e
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w
a
i
u
o
s
e
t

nism. As it was expected due to the incomplete decoloriza-
ion, the lowest mineralization extent, 11.56% of TOC removal,
as reached by the treatment with UV/Fe0 process. Final

eached mineralization extents followed the increasing order
V/Fe0 < Fe0/H2O2 < UV/H2O2 < UV/Fe0/H2O2 (Fig. 10). As

t was mentioned before, despite lower concentration of iron
atalyst, higher mineralization was obtained by Fe0/H2O2 than
y Fe2+/H2O2 process, 39.78 toward 34.67% of TOC removal
Figs. 7 and 10). Similarly to those results, higher overall min-
ralization was reached by the same processes in the presence
f UV light, UV/Fe0/H2O2 and UV/Fe2+/H2O2, 90.09 toward
4.12% TOC removal. Those differences in the efficiency of
rocesses using iron powder and Fe2+-salt could be associated
ith the earlier mentioned positive effect of solid particles to the
ighly oxidative media [40,41]. Comparing dye degradation effi-
iency of both UV/H2O2 processes, with 10 and 40 mM of initial
ydrogen peroxide concentration, it can be seen that besides
horter time for the achievement of complete decolorization by
ower concentration of H2O2 (Figs. 6 and 9), a significantly
igher mineralization was obtained, 54.66 toward 34.99% TOC
emoval (Figs. 7 and 10). Reason for that could be found in the
act that at higher concentration in the bulk, hydrogen peroxide
s behaving like hydroxyl radical quencher, Eqs. (6) and (7), con-
equently lowering the hydroxyl radicals concentration, which
esulted in lowering the dye degradation efficiency of UV/H2O2
rocess [46].

In Fig. 11 comparison of calculations obtained by linear
egression of first-order rate constants for the first 10 min of
rocesses conducted at optimal conditions of Fe0/H2O2 process
s presented. It can be seen that the highest k, 0.1225 min−1,
as calculated for UV/Fe0/H2O2 process which is more than
reatment of AO7 model wastewater. Almost complete, >94%
leaching of AO7 solution was achieved by all processes, with
xception of direct photolysis and processes combining UV light
nd iron catalysts, where only partial color removal, <87%,
as reached. Significant enhancement of mineralization was

chieved in both Fenton type processes in the presence of UV
rradiation, from 34.67 up to 84.12% TOC removal for processes
sing Fe2+-salt and from 39.78 up to the overall highest 90.09%
f TOC removal for those using iron powder as iron catalyst. It
hould be emphasized that besides higher AO7 mineralization
fficiency, processes using iron powder are more environmen-
ally friendly because of the lower iron concentrations after
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the treatment in the bulk and because of the avoidance of the
addition of other anions to the treated system. By using sim-
ple mathematical modeling, a quantum yield of studied dye,
Φ = 6.5 × 10−3 mol Einstein−1, was calculated.
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