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Abstract

This work was performed to compare several Advanced Oxidation Processes in the treatment of wastewater containing an organic dye. In
particular, aqueous solutions containing 50 ppm Orange II (OG-II) in 0.05 M Na2SO4 at pH 3 and at room temperature were subjected to three
different hydrogen peroxide-based oxidation processes in a recycle-batch reactor: Direct Photolysis, the Electro-Fenton process, and a Photoelec-
tro-Fenton process with two different iron(II) concentrations (0.2 mM and 0.5 mM). By producing

�
OH radicals as an active oxidant, all of these

processes remove the color from the solution in a short time, but the Photoelectro-Fenton with the lower iron level performed best. It not only
decolorized the solution in less than 5 min, but it also destroyed 80% of TOC in 60 min of treatment. The comparable TOC removal efficiency
was 63% for the Electro-Fenton system and only 31% for Direct Photolysis. It was found that higher levels of catalytic iron ions are detrimental
to the Fenton-based processes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Dyeing and finishing operations produce large quantities of
wastewater that contains organic dyestuff, surfactants, chelat-
ing agents, and other contaminants that can be characterized as
high levels of total organic content and of color [1]. There ex-
ist a number of options for treating these effluents, such as co-
agulation, adsorption on activated carbon, chemical oxidation,
and biological treatment. The category of Advanced Oxidation
Processes (AOPs) has been identified as offering techniques
with potential application for the removal of color. Many of
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these processes operate through the generation of free radicals
(
�
OH), a strong oxidant species that can attack most of the or-

ganic structures found in wastewater [2,3].
Among candidate AOPs, heterogeneous photocatalysis, us-

ing particulate titanium dioxide (TiO2) suspended in solution,
has been found to eliminate color efficiently, but it requires an
additional operation to remove the TiO2 from the water [4].
Other Advanced Oxidation Processes, particularly the Fenton
process [5] and the Photo-Fenton process [6], have also been
shown to be effective.

The Fenton process uses iron ions as a homogeneous cata-
lyst in the application of hydrogen peroxide as the oxidizing re-
agent. The Photo-Fenton system augments the Fenton process
with UV radiation, apparently increasing the yield of hydroxyl
radicals from the peroxide. More recently a new AOP called
the Electro-Fenton process has been demonstrated; here the
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hydrogen peroxide is produced in situ electrochemically
through the cathodic reduction of dissolved oxygen on a carbon
electrode according to the following reaction:

O2ðgÞ þ 2Hþ þ 2e� / H2O2 ð1Þ

This method, which can also be augmented by UV radia-
tion, has been shown to be effective in destroying dyes and
other organic compounds [7e13].

In general, the Fenton processes operate through the inter-
action of the H2O2 with the iron present in solution, generating
the

�
OH radicals according to the following reaction [14,15]:

H2O2 þ Fe2þ / FeðOHÞ2þ þ � OH ð2Þ
Furthermore, it has been shown that the application of UV

light to this system, i.e. in the Photo-Fenton processes, pro-
duces additional hydroxyl radicals through the reduction of
ferric ions, which could be coupled to other parallel reactions
such as the photolytic breakdown of the Fe(OH)2þ complex:

FeðOHÞ2þ þ hn / Fe2þ þ � OH ð3Þ
Thus, the combination of the electrochemical generation of

H2O2 with the photochemical production of hydroxyl radicals,
called the Photoelectro-Fenton process, generates a greater
quantity of free radicals because of the contribution of both
mechanisms [13,16].

Direct Photolysis (DP) of acid solutions containing perox-
ide on the other hand generates

�
OH radicals through the homo-

lytic breakdown of the peroxide molecule according to [17]:

H2O2 þ hn / 2�OH ð4Þ
If the UV illumination is sufficiently intense, Reaction (4)

may also occur in the electrochemical processes.
In this work we compare the effectiveness of several of

these water-treatment processes by studying the removal of
color and total organic carbon from solutions containing the
common azo dye, Orange II (OG-II). Tests were done using
a batch recycle reactor operated under three conditions of in-
terest: Direct Photolysis (DP) with hydrogen peroxide, Elec-
tro-Fenton (EF) oxidation, and the Photoelectro-Fenton
(PEF) process.

2. Experimental procedure

The experiments were performed in a two-electrode con-
centric annular reactor containing a graphite-cloth cathode
with an area of 164 cm2 (Carbone-Lorraine Inc.) and an an-
ode of the same material (200 cm2) as shown in Fig. 1 [18].
The reactor volume was 250 mL, and the total solution vol-
ume, including that held in a reservoir stirred and sparged
with pure oxygen, was 400 mL. The recirculating flow rate
was maintained at 100 mL/min by use of a peristaltic
pump (Cole Parmer Model 7553-70). In the case of photo-as-
sisted experiments, the illumination was provided by a low-
pressure UV mercury lamp (UVP Inc., P¼ 75 mW/cm2,
l¼ 365 nm).
Some preliminary electrolyses were made to test the capac-
ity of the cell to produce H2O2 by the cathodic reduction of
dissolved oxygen in a 0.05 M solution of Na2SO4 adjusted
to pH 3 with H2SO4 and saturated with oxygen. The concen-
tration of H2O2 accumulated during the electrolysis was deter-
mined by titration with titanium(IV) oxysulfate [Ti(SO4)2]
[19]. The experiments were performed under galvanostatic
conditions.

Test solutions of dye were prepared by adding a concentra-
tion of 50 ppm of Orange II (C16H11N2NaO4S) to the acidified
sodium sulfate solution, and the removal of color was evalu-
ated by determining the absorbance of the solution at
l¼ 487 nm in a UVevis spectrophotometer with autosam-
pling (Agilent Technologies). Prior to the Fenton-reagent oxi-
dation tests, ferrous sulfate solution was also added to make
the ferrous concentration either 0.2 mM or 0.5 mM. For the
Direct Photolysis tests, the solution contained initially
50 ppm H2O2, and no iron was added.

Total organic carbon (TOC) in the solutions was measured
with a TOC-VSCN analyzer (Shimadzu Co), and the pH was
determined with a glass-electrode pH meter (Corning 320).
The Orange II dye and the titanium(IV) oxysulfate were ob-
tained from Aldrich. Sodium sulfate, iron sulfate and sulfuric
acid were obtained from J.T. Baker. Oxygen gas (Infra Co)
was of reagent grade (99.99% purity), and the solutions
were prepared with water type I according to the norm
ASTM-D1193-9931.

3. Results and discussion

3.1. H2O2 accumulation in the system

The capacity of the system to generate H2O2 electrochem-
ically by means of the reduction of O2 (Reaction (1)) on the
carbon-cloth cathode was studied by sampling the solution
and determining the concentration of the accumulated H2O2

by spectrophotometric analysis. Fig. 2 shows the concentration
of H2O2 electrochemically generated as a function of time at
two different levels of applied current. Curve a corresponds
to the assay in which we applied a cathodic current density
i¼�100 mA/cm2, and Curve b was obtained with
i¼�300 mA/cm2. In both cases it is observed that the perox-
ide level increases during the first 100 min of electrolysis and
then levels off at constant values of 20 ppm and 50 ppm, re-
spectively. This behavior can be explained by considering
that in the steady state the rate of production of H2O2 is simul-
taneously balanced by its rate of decomposition, both at the
anode and perhaps homogeneously [11,20]. From estimates
of the initial slopes in Fig. 2 it appears that the net current ef-
ficiency for peroxide production is about 10% when its level in
solution is negligible, and it falls off from there. On the other
hand, the initial rate of accumulation and the final steady-state
level of peroxide concentration for the �300 mA/cm2 current
density are about three times those for �100 mA/cm2. Thus,
there is no apparent disadvantage in operating at the higher
level of current, and so subsequent oxidation tests were done
at 300 mA/cm2.
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Fig. 1. Schematic diagram of the experimental reactor system.
3.2. Destruction of OG-II by the Direct Photolysis (DP)
process

Fig. 3 shows the molecular structure of the model com-
pound OG-II, which has a molecular weight of 350 g/g mol.
This compound is seen to possess an azo bond (eN]Ne),
a benzene ring, and a naphthalene ring, which present absor-
bance signals at different wavelengths; the azo-bond chromo-
phore absorbs in the visible region, while the benzene ring and
the naphthalene group absorb in the UV. The UVevis
spectrum of the OG-II before oxidation is shown in Fig. 4,
in which the characteristic absorbance bands are seen to fall
at 228 nm, 250 nm, and 310 nm in the UV, and at 487 nm.
The low-energy absorption band is assigned to the nep* tran-
sition of the (eN]Ne) group; the band at 310 nm corre-
sponds to the pep* transitions of the aromatic rings
together with that of the (eN]Ne) group of the azo dye [21].

The oxidation of the OG-II by direct photolysis (DP) using
UV radiation at l¼ 365 nm and 75 mW/cm2 was tracked during
the treatment time by observing the decrease in the solution ab-
sorbance at l¼ 487 nm, the signal that corresponds to the
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Fig. 2. Accumulation of H2O2 in pH 3, 0.05 M Na2SO4 solution in the recycle-

batch electrochemical reactor of Fig. 1 at two levels of applied cathodic cur-

rent density: (a) ic¼�100 mA/cm2; (b) ic¼�300 mA/cm2; Q¼ 100 mL/min,

V¼ 400 mL.
maximum absorbance of this azo dye in the visible region. Sam-
ples were also analyzed for the level of TOC as a function of ex-
posure time. The results for the decrease in solution color and the
reduction of TOC using DP are shown in Fig. 5. The absorbance
spectra (Fig. 5A) indicate that, although the Direct Photolysis of
the hydrogen peroxide may generate the

�
OH species, it does not

oxidize the dye very rapidly; it takes 25 min of exposure for the
orange peak to be extinguished. With respect to the removal of
the organic load (Fig. 5B), it is seen that TOC drops about
20% in the first 10 min of treatment, corresponding to the rapid
decrease in color in this period. Subsequent to the first 10 min,
there is little additional removal of TOC. After 1 h of treatment,
only about 30% of TOC is removed even though the initial dose
of peroxide corresponds to a 10:1 molar ratio of oxidant to dye.
From these results we can infer that the degree of mineralization
of the OG-II molecule to carbon dioxide and water by DP is not
satisfactory.

3.3. Destruction of OG-II by the Electro-Fenton (EF)
process

The next set of tests involved the continuous electrochem-
ical generation of hydrogen peroxide in the presence of ferrous

N

N

OH
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Fig. 3. Chemical structure of the Orange II azo dye.
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ions, i.e. the Electro-Fenton (EF) process. Oxidation experi-
ments were made at a cathode current density of �300 mA/
cm2 and at two levels of ferrous sulfate, 0.2 mM and
0.5 mM. The results are shown in Fig. 6. Fig. 6A shows the
absorbance spectra of the solution from the test carried out
with a concentration of 0.2 mM of the Fe2þ, taken at several
times during the treatment, and Fig. 6B shows the correspond-
ing results for 0.5 mM Fe2þ. It is seen that in both cases the
orange peak in the visible region disappears almost completely
within the first 5 min of treatment. It thus appears that the EF
process is effective in removing color of OG-II in this system.
It is interesting to note, however, that the disappearance of the
visible absorbance as well as that in the UV region are both
somewhat less rapid with the higher level of Fe2þ added to
the solution.
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Fig. 4. UVevis absorption spectra of Orange II azo dye solution (50 ppm) be-

fore oxidation.

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70
t (min)

(
T
O
C
t
)
 
/
 
(
T
O
C
o
)

B

200 300 400 500 600 700 800
Wavelength (nm)

A
b
s
o
r
b
a
n
c
e
 
A
U a

b
c
d
e
f

A

Fig. 5. (A) UVevis absorption spectra of Orange II azo dye solution (50 ppm)

treated by Direct Photolysis with an initial H2O2 concentration of 50 ppm in

the absence of Fe2þ; UV-lamp illumination at l¼ 365 nm and P¼ 75 mW/

cm2 after various times: (a) 0 min, (b) 5 min, (c) 10 min, (d) 15 min, (e)

20 min and (f) 25 min. (B) corresponding TOC abatement by the Direct Pho-

tolysis process.
Fig. 6C shows the reduction of TOC as a function of treat-
ment time for the two EF tests. From this figure it appears that
both levels of iron addition yield essentially the same results
for TOC removal. The decrease in TOC is nearly linear with
time, and the removal efficiency after 60 min is about 63%.
The fact that the absorbance at 487 nm falls rapidly to near-
zero levels indicates that the EF treatment attacks first the
(eN]Ne) bond, but the remainder of the molecule is not so
readily oxidized. Thus, the level of residual TOC is significant,
even after 1 h. This behavior might be explained by considering
that at the beginning of the process, the iron ions react very rap-
idly with the H2O2 generating great amounts of

�
OH according

to Reaction (2). This active species is the one that quickly
attacks the azo dye [22]. But the ions of Fe3þ that are generated
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Fig. 6. UVevis absorption spectra of Orange II azo dye solution treated with

the Electro-Fenton process at various times and at two levels of ferrous ion.

(A) 0.2 mM of Fe2þ and initially 50 ppm of H2O2: (a) 0 min, (b) 5 min, (c)

10 min, (d) 15 min, (e) 20 min and (f) 25 min. (B) 0.5 mM of Fe2þ and ini-

tially 50 ppm of H2O2: (a) 0 min, (b) 5 min, (c) 10 min, (d) 15 min, (e)

20 min and (f) 25 min. (C) TOC abatement in the Orange II azo dye solution

by the Electro-Fenton process as a function of time with two levels of ferrous

iron: (*) 0.2 mM of Fe2þ and initially 50 ppm of H2O2; (>) 0.5 mM of Fe2þ

and initially 50 ppm of H2O2.
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during the EF process by Reaction (2), as well as by cathodic
reduction of ferrous ions, can react with H2O2 to generate
hydroxyperoxo radicals (

�
OH2) by the following reactions [21]:

Fe3þ þH2O2 5 FeeOOH2þ þ Hþ ð5Þ

FeeOOH2þ / �OH2 þ Fe2þ ð6Þ
The

�
OH2 radicals are less reactive than

�
OH and thus are

less effective in destroying TOC.

3.4. Removal of OG-II by the Photoelectro-Fenton (PEF)
process

With the objective of increasing the OG-II destruction effi-
ciency, we carried out a series of tests with the PEF system,
a combination of the EF and DP processes. It was anticipated
that introduction of UV radiation can regenerate the catalytic
Fe2þ ion from ferric ion via Reaction (3) rather than losing ox-
idative power via Reactions (5) and (6). In the PEF system the
generation of

�
OH should take place according to the mecha-

nism proposed in Eqs. (2)e(4). The same procedure was car-
ried out as was done with the EF system, with tests done at the
two different concentrations of the Fe2þ (0.2 mM and
0.5 mM). The results for the decrease of the absorbance signal
at 487 nm for both concentrations of the Fe2þ are presented in
Fig. 7A and 7B. The corresponding decreases in the levels of
TOC are presented in Fig. 7C. The results indicate that the rate
and extent of the degradation/decolorization of OG-II are
much greater when the action of UV light is combined with
the continuous electrochemical generation of peroxide in the
presence of Fe2þ ions. In this case, both levels of iron ion
eliminate most of the UV as well as the visible absorption
within 5 min of treatment (Fig. 7A and 7B). On the other
hand it is found in Fig. 7C that 0.2 mM Fe2þ is considerably
more effective than the higher concentration, removing almost
80% of TOC within 60 min, compared to less than 50% de-
struction for 0.5 mM Fe2þ. Again, it is thought that the
photo-reduction of the complex Fe(OH)2þ to Fe2þ enhances
the production of the

�
OH species in the medium (via Eqs.

(2) and (3)), making the oxidation process much more effi-
cient. It is interesting to note that keeping iron levels low re-
tards Reactions (5) and (6) and avoids depletion of the
peroxide. Furthermore, higher levels of iron may also act to
scavenge the active hydroxy radicals according to the follow-
ing reaction [22]:

Fe2þ þ � OH / Fe3þ þ OH� ð7Þ

thus retarding the efficiency of the oxidation reactions.

3.5. Kinetics of decolorization

As was seen above, all of the treatments involving hydro-
gen peroxide were effective in removing the color of the Or-
ange II dye, but some of the treatments were more rapid
than the others. Presumably the disappearance of the absorp-
tion band at 487 nm results from breaking the azo bond in
the dye molecule by peroxide or its derivatives. It is interesting
to compare the kinetics of the various oxidation processes
studied.

In each case the initial molar concentration of the dye was
1.43� 10�7 M, while the initial concentration of peroxide at
50 ppm was about ten times greater. Furthermore, except for
the DP process, additional peroxide was produced at the anode
during the treatment process. According to our interpretation
of the mechanism of the oxidation processes, the main reaction
in our systems is the following:

OG� II þ � OH / oxidized products ð8Þ

with the initial attack being at the azo bond. It is not possi-
ble to know the actual concentration of the active hydroxyl
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radical during the treatment, but a comparison of the appar-
ent decolorization kinetics yields a practical comparison of
the processes. Because of the excess of peroxide, we may
assume that the overall kinetics expression for the OG-II de-
colorization process is pseudo-first order in the dye concen-
tration at short times, before oxidation of the aromatic rings
proceeds very far. Accordingly, the rate of disappearance of
the color should follow the following first-order kinetics ex-
pression [7]:

lnðCt=C0Þ ¼ �k1t ð9Þ

where Ct is the concentration of the OG-II dye at time t, C0 is
its initial concentration, k1 is the pseudo-first-order rate con-
stant for decolorization, and t is time. Fig. 8 shows a plot of
ln(Ct/C0) vs. t for the five tests, where the concentration ratio
is taken to be the observed ratio of absorbances at 487 nm. Ac-
cording to the linear behavior of the curves, this graph con-
firms the pseudo-first order of the overall decolorization
kinetics. Table 1 gives the values of k1 obtained from the
slopes of these curves. It is seen that the rate constant for
the Photoelectron-Fenton (PEF) process with 0.2 mM Fe2þ

is the greatest and is more than twice as large as that for simple
photolysis. The differences in the values of the rate constants
presumably reflect the relative levels of available

�
OH pro-

vided by each of the treatment processes.

4. Conclusions and recommendations

According to the tests carried out in this study on the treat-
ment of weakly acidic water containing OG-II, we have seen
that the decolorization and partial degradation of the dye can
be achieved by any of the several peroxide-based Advanced
Oxidation Processes. Furthermore, in situ electrochemical pro-
duction of the peroxide enhances the efficiency of the pro-
cesses. The addition of Fe2þ to the system also promotes the
oxidation of the OG-II, achieving a complete decolorization
of the solution in all the systems in a short time. The best per-
formance was observed with the PEF with 0.2 mM Fe2þ,
which can also remove 80% of the TOC within 1 h of treat-
ment, significantly better than DF or EF that reduce the
TOC by only 31% and 63%, respectively. The concentration
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of the iron in the system influences the performance to a con-
siderable extent, since an excess of this catalyst becomes det-
rimental, probably by scavenging the active

�
OH oxidant.

It is recommended that further studies be conducted on the
PEF system, exploring the effects of pH, iron level, cathodic
current, and reactor configuration, as well as other important
target species, to optimize the efficiency and economics of
its application as a wastewater-treatment process for effluents
containing organic dyes.
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