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A Box-Behnken design (BBD) statistical experimental design was used to investigate the degradation of
o-toluidine by the electro-Fenton process. This method can be used to determine the optimal conditions
in multivariable systems. Fe2* concentration (0.2-1.0 mM), H, 0, concentration (1-5 mM), pH (2-4), and
current (1-4A) were selected as independent variables. The removal efficiencies for o-toluidine and
chemical oxygen demand (COD) were represented by the response function. Result by 2-level factorial
design show that the pH and the Fe?* and H,0, concentrations were the principal parameters. Among
the main parameters, the removal efficiencies for o-toluidine and COD were significantly affected by
pH and Fe?* concentration. From the Box-Behnken design predictions, the optimal conditions in the
electro-Fenton process for removing 90.8% of o-toluidine and 40.9% of COD were found to be 1 mM of
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Hydroxyl radicals
Photoelectro-Fenton process Fe?* and 4.85 mM of H,0; at pH 2. Under these optimal conditions, the experimental data showed that the
o-Toluidine removal efficiencies for o-toluidine and COD in the electro-Fenton process and the photoelectro-Fenton

process were more than 91% and 43%, respectively, after 60 min of reaction. The removal efficiencies for
o-toluidine and COD in the Fenton process are 56% and 27%, respectively.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

o-Toluidine is an important aromatic amine that is used in the
dyestuffs and rubber industry. However, short-term exposure to o0-
toluidine may induce methaemoglobinaemia, whereas long-term
or repeated exposure to o-toluidine could be possibly carcino-
genic to humans [1]; it may cause bladder cancer [2]. It is difficult
to completely treat wastewater containing o-toluidine because
of its resistance to biodegradation. Presently, advanced oxidation
processes (AOPs) have been used for wastewater treatment, par-
ticularly in cases where the contaminant species are difficult to
remove by biological or physicochemical processes [3-7]. AOPs are
based on the generation of a powerful oxidant, the hydroxyl radi-
cal (*OH), which can react with most organic pollutants and then
degrade them [8,9]. The Fenton process is one of the most widely
used AOPs because of its low investment cost [10]. The Fenton
reaction is shown below:

Fe’* +H,0, — °*OH + Fe3* + OH™ (1)
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However, the iron sludge produced from the Fenton pro-
cess requires further treatment and disposal, and this is
a major disadvantage of this process. This major drawback
can be resolved by coupling the Fenton process with elec-
tric discharge, the so-called “electro-Fenton (EF) process”. The
advantage of the electrochemical Fenton process is that it
produces much less iron sludge than the traditional Fenton
process. In this process, ferric ions (Fe3*) are effectively electro-
regenerated to ferrous ions (Fe2*), as shown in Eq. (2); this can be
expressed in terms of current efficiency.

Fe3t e~ — Fe?t (2)

The capability of the electro-Fenton process has been confirmed
by Harrington and Pletcher [11], with more than 90% chemical oxy-
gen demand (COD) removal with current efficiencies higher than
50% and acceptable energy consumptions. The efficiency of the
electro-Fenton process can be improved by using UV or visible light
illumination in a process known as the photoelectro-Fenton (PEF)
process. This improvement is due to the higher production rate of
*OH from the photoreduction of Fe(OH)2* (Eq.(3)) and the photode-
composition of complexes from Fe3* reactions (Eq. (4)) [12-15]

Fe(OH)** + hv — Fe®* +°*OH (3)
R(CO,)-Fe3* + hv— R(*CO,) + Fe(ll) — *R + CO, (4)
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Normally, Fenton-type processes [16-18] are affected by the pH
and initial Fe%* and H,0, concentrations. To determine the optimal
conditions for o-toluidine degradation and the effect of variables
on the electro-Fenton process, the Box-Behnken design (BBD) was
used in this investigation. The BBD can be used to find the opti-
mal conditions in multivariable systems [19]. The statistical design
of an experiment reduces the number of experiments that must
be performed and corresponding time spent and can be used to
optimize the operating parameters in multivariable systems. Few
studies have used BBD for the degradation of azo-dyes and organic
contaminants by the photo-Fenton process [19,20]. However, there
have been no studies published on the use of BBD for the degra-
dation of o-toluidine by the electro-Fenton process. In this study,
the optimal conditions for o-toluidine degradation and the effect of
four variables (pH, Fe2* concentration, H,0; concentration and cur-
rent) on the electron-Fenton process were investigated using BBD.
As only several significant factors were involved in optimization,
response surface methodology (RSM) was applied. Additionally, the
o-toluidine degradation performances of ordinary Fenton, electro-
Fenton and photoelectro-Fenton processes were also compared.

2. Materials and methods
2.1. Material and reactor

o-Toluidine (99.5%, Merck), hydrogen peroxide (H,0,, 35%,
Merck), and ferrous sulfate hepta-hydrated (FeSO4-7H,0, Merck)
were reagent grade and used without further purification. Fig. 1
shows the three kinds of reactors. The Fenton reactor was cylin-
drical stainless steel (diameter: 13 cm; height: 35 cm). The total
volume of the reactor was 3.5 L. The electro-Fenton reactor, a cylin-
drical reactor, was operated in constant current mode. The anode
was titanium net coated with RuO,/IrO, (DSA), and the cathode
was stainless steel. The DSA anode with an inside diameter of 7cm
and height of 35 cm, and the cathode had an inside diameter of 2 cm
and height of 35 cm. The electrodes were connected with direct cur-
rent (DC) power. In the photoelectro-Fenton reactor, a set of 6 UV
lamps fixed inside a cylindrical Pyrex tube (allowing wavelengths
A >320nm to penetrate) were used as the irradiation source. The UV
lamps were connected to the power supply E-safe, 2003, Switching
Power Supply (Max. 300 W), Model: LC-B300AT.

2.2. Analysis method

In the photoelectro-Fenton experiment, synthetic wastewater
containing 1 mM o-toluidine was prepared and then initial pH
was adjusted with perchloric acid (HClO4). After pH adjustment,
a predetermined amount of catalytic ferrous sulfate was added
into the solution and then the UV lights were turned on. H,0,
was also added in the same time to start the reaction. Addi-
tionally, in the electro-Fenton experiment, solution with 1 mM
o-toluidine was prepared and then ferrous ions were added after
the pH was adjusted to the desired value. In the meantime, the
power supply was turned on, and hydrogen peroxide was added to
initiate the reaction. Samples (1 mL) were taken at predetermined
time intervals and were immediately injected into a tube contain-
ing sodium hydroxide solution to quench the Fenton reaction by
increasing the pH to 11. The sample was then filtered (0.45 wm
filter) to remove precipitates and kept for 12 h before COD analysis.
This process was used to avoid quantifying the effect of the H,0,
concentration on the COD value. COD was analyzed by a closed
reflux titrimetric method based on the standard methods [21]. The
Fe2* concentration was determined using the 1,10-phenanthroline
method [22]. Total organic carbon was measured with an
Elementar liquid TOC analyzer. The concentration of o-toluidine

was determined using high performance liquid chromatography
(HPLC) with a Spectra system model SN4000 pump and Asahipak
ODP-506D column (150 mm x 6 mm x 5 um). The detection limit of
o-toluidine was 0.005 mM or 0.535 ppm. Organic acids were ana-
lyzed using a Dionex DX-120 ion chromatograph with an Ion Pac
AS11 anion column at 30°C.

2.3. Experimental design

BBD are a class of rotatable or nearly rotatable second-order
designs based on three-level incomplete factorial designs. Among
all the RSM designs, BBD requires fewer runs [23]. The Design-
Expert software version 7.0 (Stat-Ease, Inc., Minneapolis, USA) was
used to find the optimal conditions of o-toluidine degradation by
the electro-Fenton process. The effects of the significant factors
were determined by BBD. The significant factors and the appropri-
ate studied ranges were pH: 2-4, Fe2* concentration: 0.2-1.0 mM,
and H, 0, concentration: 1-5 mM. The concentration of o-toluidine
was fixed at 1 mM for all experiments.

3. Results and discussion
3.1. Effect of various parameters on o-toluidine removal efficiency

The Fe?* concentration, H,O, concentration, pH and current
were selected as experimental conditions for the BBD. The removal
efficiencies for o-toluidine and COD were represented by aresponse
function. Table 1 shows the two levels of the four factors on BBD.
The values of variables, the experimental data and the results are
presented in Table 2. The maximum removal rate of o-toluidine was
100% and the minimum was 23% (Table 2). When 1.0 mM of FeZ*,
5.0mM of H,0, and 1.0 A of current at pH 2 were applied, the o-
toluidine removal was 94.4% (run 2). However, as current increased
from 1.0 A to 4.0 A, the removal of o-toluidine slightly increased to
100% (run 6). It was found that the amount of current was not sen-
sitive in the applied range and therefore could be neglected. The
correlation of o-toluidine and COD removal efficiencies obtained
from BBD is shown in Table 1, where a higher correlation means
that the parameter has a higher effect on o-toluidine and COD. The
correlation can be as high as 1 or low as —1. The result indicates
that the current has a slight effect on o-toluidine, with a correlation
of only 0.098 (Table 1). The degradation of o-toluidine depended
on the initial concentration of Fe2* and H,0,, showing a high cor-
relation in o-toluidine removal efficiency about 0.617 and 0.278
for Fe2* and H,0, concentration, respectively. The same trend was
also observed in COD removal efficiency. This correlation indicates
that the FeZ* and H,0, concentrations have a positive effect on
the removal efficiencies for o-toluidine and COD, indicating that
increasing Fe?* and H,0, concentrations increased the removal
efficiencies for o-toluidine and COD. The pH has a negative effect on
o-toluidine and COD removal, and so the removal efficiencies for o-
toluidine and COD decreased with increasing pH of solution. From
the correlation values, initial pH and the Fe2* and H,0, concen-
trations were the most significant factors that affected o-toluidine
and COD removal. Table 3 shows the levels of significant factors of
o-toluidine and COD removal efficiencies. Results from the experi-
ment revealed that the maximum removal of o-toluidine was 91.4%
and that of COD was 42% (run 1) (Table 4). The correlation values
indicate that pH had the most pronounced effect on o-toluidine and
COD removal (—0.725 for o-toluidine and —0.593 for COD) (Table 3).
The Fe?* concentration had a comparable effect on these responses,
and H,0, concentration had a greater effect on COD removal than
the degradation of o-toluidine.

Fig. 2 shows the response surface plot of the effect of pH and Fe2*
concentration on the o-toluidine and COD removal efficiencies. This
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Fig. 1. The experimental reactors.

Table 1
The two levels of variables and the value of correlation on o-toluidine and COD removal efficiency from Box-Behnken statistical design.
Variables Symbol Variable level Correlation
Low High o-Toluidine COD
pH A 2 4 -0.628 -0.517
Fe?* (mM) B 0.2 1 0.617 0.633
H,0, (mM) C 1 5 0.278 0.274
Current (A) D 1 4 0.098 0.259
Table 2

o-Toluidine and COD removal from the two levels of variables in electro-Fenton process with 1 mM of o-toluidine designed by the BBD.

Run number pH Fe?* (mM) H,0, (mM) Current (A) o-Toluidine COD removal (%)
removal (%)
1 4.0 0.2 5.0 4.0 17.0 23.0
2 2.0 1.0 5.0 1.0 94.4 57.0
3 4.0 0.2 5.0 1.0 32.0 22.0
4 4.0 1.0 5.0 4.0 56.0 33.02
5 2.0 0.2 5.0 1.0 42.0 8.0
6 2.0 1.0 5.0 4.0 100 59.5
7 2.0 1.0 1.0 1.0 66.4 33.0
8 2.0 1.0 1.0 4.0 68.5 46.0
9 4.0 1.0 1.0 4.0 45.0 34.0
10 4.0 0.2 1.0 1.0 23.0 19.0
11 2.0 0.2 5.0 4.0 74.0 38.4
12 2.0 0.2 1.0 1.0 40.0 225
13 4.0 0.2 1.0 4.0 26.5 27.0
14 4.0 1.0 5.0 1.0 61.4 36.0
15 2.0 0.2 1.0 4.0 56.4 34.6
16 4.0 1.0 1.0 1.0 48.0 31.0

plot shows the negative effect of pH on the removal efficiencies.
The o-toluidine and COD removals decreased as the initial pH of
the solution increased from 2.0 to 4.0 because the oxidation poten-
tial of hydroxyl radicals (*OH) and the dissolved fraction of iron
species decreased [24,25]. The results also show that increasing
the Fe%* concentration can enhance o-toluidine and COD removal
efficiencies because more Fe2* reacts H,0, producing more *OH.
Analysis of variance (ANOVA) tests for o-toluidine and COD
removal were conducted to determine the suitability of the

response function and the significance of the effects of indepen-
dent variables on the response function (Table 5). ANOVA indicates
that the predictability of the model is at the 95% confidence level.
Values of “Prob>F” less than 0.05 indicates a significant effect of
the corresponding variable on the response. The result shows that
the F-values of o-toluidine and COD removal were 11.10 and 8.06,
respectively; imply that the model is significant. There are only
0.15% and 0.43% chances for o-toluidine and COD removal, respec-
tively; that the model’s F-values this large could occur due to noise.

Table 3
The levels of significant factors and the value of correlation on o-toluidine and COD removal efficiency from BBD.
Significant factor Symbol Variable level Correlation
Low Center High o-Toluidine COD
pH A 2 4 -0.725 -0.593
Fe?* (mM) B 0.2 1 0.484 0.455
H,0, (mM) C 1 5 0.294 0.408
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Table 4

o-Toluidine and COD removal from the levels of significant factors in electro-Fenton process with 1 mM of o-toluidine and 1 A designed by the BBD.

Run number pH Fe2* (mM) H,0, (mM) o-Toluidine COD removal (%)
removal (%)
1 2.0 0.6 5.0 914 42.0
2 4.0 0.6 5.0 31.2 17.6
3 2.0 1.0 3.0 75.0 36.0
4 2.0 0.2 3.0 474 16.4
5 2.0 0.6 1.0 63.4 30.0
6 4.0 0.6 1.0 34.0 16.0
7 3.0 0.2 5.0 51.0 24.0
8 40 0.2 3.0 15.0 17.0
9 3.0 0.6 3.0 60.0 32.0
10 3.0 1.0 1.0 52.0 21.0
11 3.0 0.2 1.0 42.4 16.4
12 4.0 1.0 3.0 49.4 21.2
13 3.0 1.0 5.0 78.0 36.0

In this case, pH and Fe?* were significant model terms affecting
percent o-toluidine and COD removal.

3.2. The prediction of optimal conditions of o-toluidine
degradation by BBD

The goal of this part was to establish the optimal conditions for
maximum removal of o-toluidine and COD by the electro-Fenton
process. The BBD can provide an empirical relationship between
the response function and the variables. The mathematical relation-
ship between the removal of o-toluidine and the three significant
variables can be approximated by quadratic polynomial equation,
and the equations for the removal of o-toluidine and COD by the
electro-Fenton process are shown below:

0 — toluidine removal (%) = 64.22 — 11.02A + 12.36B + 3.25C
+2.73AB — 1.02AC + 8.58BC — 1.17ABC (5)

CODremoval (%) = 30.16 — 2.31A + 7.47B + 0.84C
+0.91AB — 2.81AC + 8.03BC — 1.81ABC (6)

where A, B and C are pH, Fe?* concentration and H,0, concentra-
tion, respectively. The equations are used to calculate the removal

Table 5
ANOVA tests for o-toluidine and COD removal by BBD.

of o-toluidine and COD at each value of pH, Fe?* concentration
and H,0, concentration. On the basis of the coefficients in Egs.
(5) and (6), it indicates that pH (A) and Fe%* (B) concentration have
negative and positive effects on o-toluidine and COD removal effi-
ciencies, respectively. In other words, removal of o-toluidine and
COD decreased with the pH (A) while increasing with Fe2* (B) and
H,0, (C) doses. Fe2* dose had a more profound effect on o-toluidine
and COD removal as compared to H,0,. The electro-Fenton pro-
cess utilizes electrochemical generation of ferrous ions from ferric
ions and ferric complexes. Ferrous ions were continuously recycled
electrochemically, and therefore they were not depleted during
the degradation of o-toluidine. Fe2* concentration has the greatest
effect on removal of o-toluidine with the largest coefficient (12.36).

In this study, the removal of o-toluidine and COD were selected
as “maximize” and then, Fe2* and H, 0, concentrations and pH were
used as “within the range.” Consequently, these individual goals
were combined into an overall desirability function by the software
to find the best optimal conditions. The final equation relationship
between the response function (o-toluidine and COD removal) and
the key parameters can be determined by Eqs. (7) and (8).

o0 — toluidine removal (%) = 78.74 — 18.45 x pH + 30.81
x [Fe?*] +3.74 x [Hy0,] (7)

Source Sum of squares df Mean squares F-value p-value
Prob>F
o-Toluidine removal
Model 7790.65 7 112.95 11.10 0.0015 Significant
A (pH) 3387.24 1 3387.24 33.78 0.0004 Significant
B (Fe?*) 3271.84 1 3271.84 32.63 0.0004 Significant
C(H207) 663.06 1 663.06 6.61 0.0330
AB 1.56 1 1.56 0.016 0.9037
AC 190.44 1 190.44 1.90 0.2055
BC 262.44 1 262.44 2.62 0.1443
ABC 14.06 1 14.06 0.14 0.7178
Residual 802.07 8 100.26
Cor Total 8592.72 15
COD removal
Model 1808.81 7 258.40 8.06 0.0043 Significant
A (pH) 552.25 1 552.25 17.23 0.0032 Significant
B (Fe?) 826.56 1 816.56 25.79 0.0010 Significant
C(H207) 155.00 1 155.00 4.84 0.0591
AB 52.56 1 52.56 1.64 0.2362
AC 119.90 1 119.90 3.74 0.0891
BC 68.89 1 68.89 2.15 0.1808
ABC 33.64 1 33.64 1.05 0.3356
Residual 256.41 8 32.05
Cor Total 2065.22 15
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Fig. 2. Three-dimensional representation of the response surface plot of the effect of pH and Fe?* concentration on (a) o-toluidine and (b) COD removal efficiency.

CODremoval (%) = 30.41 — 6.58 x pH + 12.63

x [Fe?*]+2.27 x [H30,] (8)

According to Egs. (7) and (8), at the optimal conditions of pH
2, 1mM of Fe2* and 4.85 mM of H,0,, the maximum removals of
o-toluidine and COD were 90.8% and 40.9%, respectively.

3.3. Comparison between various processes

The optimal conditions were used to investigate the removal
efficiencies for o-toluidine and COD in the Fenton process, electro-
Fenton process and photoelectro-Fenton process. The results are
shown in Fig. 3. Fig. 3(a) shows that the removal efficiency for o-
toluidine in the three processes was almost the same in the first
2 min. After 2 min, the removal of o-toluidine in the Fenton pro-
cess was slightly increased. The removal efficiency for o-toluidine
was approximately 56% after 60 min of reaction. However, the
removal efficiencies for o-toluidine in the electro-Fenton process
and the photoelectro-Fenton process were 91% and 99%, respec-
tively, after 60 min of reaction. The removal of o-toluidine was
due to the formation of *OH via Eq. (1). Moreover, Fe3* in the
solution was able to regenerate inside the reactor when electric
discharge and UV irradiation were used, allowing numerous Fe2*
react with H,O, to generate *OH. Ferrous ions are not depleted
during the oxidation reaction, as shown in Eqs. (2)-(4). Therefore,
the electro-Fenton process and the photoelectro-Fenton process
can enhance the oxidation rate of o-toluidine. The same result
was found for COD removal efficiency, as shown in Fig. 3(b).
The removal efficiencies for COD in the three processes were
similar in the first 2 min. However, the removal efficiency of
COD was significantly different between the various processes
after two min of reaction. The removal efficiencies for COD were
27% for the Fenton process, 45% for the electro-Fenton process
and 43% for the photoelectro-Fenton process after 60 min of
reaction.

Fig. 4 shows that maleic and oxalic acids were identified as
the intermediates from the oxidation of o-toluidine. Maleic and
oxalic acid were found in the electro-Fenton and the photoelectro-
Fenton processes after 1 min of reaction and the concentrations
increased with time. The decrease in maleic acid occurred in the
electro-Fenton and the photoelectro-Fenton processes after 45 and
10 min, respectively (Fig. 4(a)). The decrease in oxalic acid occurred
in the electro-Fenton and the photoelectro-Fenton processes after
30 and 45 min, respectively (Fig. 4(b)). However, maleic and oxalic
acids were found after 10 min of reaction in the Fenton process and
their concentrations increased with time until the end of the reac-
tion. The concentration of maleic and oxalic acid were generated

quickly because of the increased concentration of *OH and degra-
dation of o-toluidine. This result indicates that the electro-Fenton
and the photoelectro-Fenton processes have higher efficiencies to
degrade o-toluidine than the traditional Fenton process. The accu-
mulation of intermediates in the photoelectro-Fenton process was
lower than in the electro-Fenton process (Fig. 4(a) and (b)). More-
over, the removal efficiency for TOC in the electro-Fenton and
the photoelectro-Fenton processes were 12% and 31%, respectively
(Fig. 4(c)). These phenomena show that the intermediates were
efficiently mineralized by the action of UV light in the photoelectro-
Fenton process.

10K
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Fig. 3. Comparison between various processes on (a) o-toluidine removal and (b)
COD removal efficiency. Experimental conditions: 1 mM of o-toluidine, 1 mM of
Fe2*and 4.85 mM of H,0, at pH 2. Each data has twice samplings.
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degradation of o-toluidine. Each data has twice samplings.

4. Conclusions

This study investigated the optimization of o-toluidine treat-
ment by the electro-Fenton process applying the Box-Behnken
experimental design methodology. The results showed that pH and
Fe2* concentrations were important factors in the removal effi-
ciencies for both o-toluidine and COD. The removal efficiencies
for o-toluidine and COD increase with decreasing pH and increas-
ing Fe2* concentration. The optimal conditions for the maximum
removal of o-toluidine and COD (90.8% and 40.9%, respectively,
from prediction) were 1mM of Fe?* and 4.85mM of H,0, at
pH 2. Obviously, the calculating o-toluidine and COD removals
applying the predicted conditions approaches the experimental

results with 91% of o-toluidine removal and of 45% COD removal
in the electro-Fenton process, indicating the reliability of the
methodology used. Both electric discharge and UV irradiation could
significantly enhance the degradation of o-toluidine. Therefore,
more intermediates, such as maleic and oxalic acids, were derived
during the beginning of the electro-Fenton and the photoelectro-
Fenton processes than in the traditional Fenton process.

Acknowledgements

The authors would like to thank the National Science Council of
Taiwan, for financially supporting this research under Contract No.
NSC 96-2628-E-041-001-MY3.

References

[1] G. Korinth, L. Liiersen, K.H. Schaller, ]J. Angerer, H. Drexler, Enhancement of
percutaneous penetration of aniline and o-toluidine in vitro using skin barrier
creams, Toxicol. In Vitro 22 (3) (2008) 812-818.

[2] E. Richter, K. Gaber, U.A. Harréus, C. Matthias, N. Kleinsasser, o-Toluidine
adducts in human bladder DNA and hemoglobin by the local anesthetic prilo-
caine, Toxicol. Lett. 164S (2006) S255.

[3] J.H. Sun, S.P. Sun, M.H. Fan, H.Q. Guo, L.P. Qiao, RX. Sun, A kinetic study on the
degradation of p-nitroaniline by Fenton oxidation process, ]. Hazard. Mater.
148 (2007) 172-177.

[4] E.Brillas, 1. Sirés, M.A. Oturan, Electro-Fenton process and related electrochem-
ical technologies based on Fenton’s reaction chemistry, Chem. Rev. 109 (2009)
6570-6631.

[5] J. Virkutyte, E. Rokhina, V. Jegatheesan, Optimisation of electro-Fenton den-
itrification of a model wastewater using a response surface methodology,
Bioresour. Technol. 101 (2010) 1440-1446.

[6] S. Mohajeri, H.A. Aziz, M.H. Isa, M.A. Zahed, M.N. Adlan, Statistical
optimization of process parameters for landfill leachate treat-
ment using electro-Fenton technique, ]. Hazard. Mater. 176 (2010)
749-758.

[7] L.C. Almeida, S. Garcia-Segura, N. Bocchi, E. Brillas, Solar photoelectro-
Fenton degradation of paracetamol using a flow plant with a Pt/air-diffusion
cell coupled with a compound parabolic collector: process optimization
by response surface methodology, Appl. Catal. B: Environ. 103 (2011)
21-30.

[8] W.H. Glaze, ].W.Kang, R.H. Chapin, The chemistry of water treatment processes
involving ozone, hydrogen peroxide and ultraviolet radiation, Ozone Sci. Eng.
9(4) (1987) 335-352.

[9] M.]. Liou, ML.L. Lu, Catalytic degradation of nitroaromatic explosives with Fen-
ton’s reagent, ]. Mol. Catal. A: Chem. 277 (2007) 155-163.

[10] S. Esplugas, J. Gimenez, S. Contreras, E. Pascual, M. Rodriguez, Comparison of
different advanced oxidation processes for phenol degradation, Water Res. 36
(4)(2002) 1034-1043.

[11] T.Harrington, D. Pletcher, The removal of low levels of organics from aqueous
solutions using Fe(Il) and hydrogen peroxide formed in situ at gas diffusion
electrodes, J. Electrochem. Soc. 146 (1999) 2983-2989.

[12] HJ. Benkelberg, P. Warneck, 3-Chlorophenol elimination upon excitation of
dilute iron(III) solution: evidence for the only involvement of Fe(OH)?*, ]. Phys.
Chem. 99 (1995) 5214-5221.

[13] R. Andreozzi, V. Caprio, R. Marotta, Iron(Ill) (hydr) oxide-mediated photooxi-
dation of 2-aminophenol in aqueous solution: a kinetic study, Water Res. 37
(2003) 3682-3688.

[14] M. Fukushima, K. Tatsumi, K. Morimoto, The fate of aniline after a photo-Fenton
reaction in an aqueous system containing iron(Ill), humic acid, and hydrogen
peroxide, Environ. Sci. Technol. 34 (2000) 2006-2013.

[15] CL. Hsueh, Y.H. Huang, CY. Chen, Novel activated alumina-supported
iron oxide-composite as a heterogeneous catalyst for photooxida-
tive degradation of reactive black 5, ]. Hazard. Mater. B 129 (2006)
228-233.

[16] H. Zhang, C. Fei, D. Zhang, F. Tang, Degradation of 4-nitrophenol in aque-
ous medium by electro-Fenton method, J. Hazard. Mater. 145 (2007)
227-232.

[17] N. Masomboon, C. Ratanatamskul, M.C. Lu, Chemical oxidation of 2, 6-
dimethylaniline in the Fenton process, Environ. Sci. Technol. 43 (2009)
8629-8634.

[18] J. Anotai, C.C. Su, Y.C. Tsai, M.C. Lu, Effect of hydrogen peroxide on aniline oxi-
dation by electro-Fenton and fluidized-bed Fenton processes, J. Hazard. Mater.
183 (2010) 888-893.

[19] F. Ay, E.C. Catalkaya, F. Kargi, A statistical experiment design approach for
advanced oxidation of Direct Red azo-dye by photo-Fenton process, J. Hazard.
Mater. 162 (2009) 230-236.

[20] N. Masomboon, C.W. Chen, . Anotai, M.C. Lu, A statistical experimental design
to determine o-toluidine degradation by the photo-Fenton process, Chem. Eng.
J.159(2010) 116-122.

[21] APHA, Standard Methods for the Examination of Water and Wastewater, 18th
Ed., American Public Health Association, Washington, DC, 1992.



J. Anotai et al. / Journal of Hazardous Materials 196 (2011) 395-401 401

[22] H. Tamura, K. Goto, T. Yotsuyanagi, M. Nagayama, Spectrophotometric deter- [24] W.P. Ting, M.C. Lu, Y.H. Huang, Kinetics of 2, 6-dimethylaniline
mination of iron(Il) with 1,10-phenanthroline in the presence of large amounts degradation by electro-Fenton process, ]. Hazard. Mater. 161 (2009)
of iron(1Il), Talanta 21 (1974) 314-318. 1484-1490.

[23] S.L.C. Ferreira, R.E. Bruns, H.S. Ferreira, G.D. Matos, ].M. David, G.C. Brandao, [25] M. Panizza, G. Cerisola, Electro-Fenton degradation of synthetic dyes, Water
E.G.P. da Silva, LA. Portugal, P.S. dos Reis, Box-Behnken design: and alterna- Res. 43 (2009) 339-344.

tive for the optimization of analytical methods, Anal. Chim. Acta 597 (2007)
179-186.



	Comparison of o-toluidine degradation by Fenton, electro-Fenton and photoelectro-Fenton processes
	1 Introduction
	2 Materials and methods
	2.1 Material and reactor
	2.2 Analysis method
	2.3 Experimental design

	3 Results and discussion
	3.1 Effect of various parameters on o-toluidine removal efficiency
	3.2 The prediction of optimal conditions of o-toluidine degradation by BBD
	3.3 Comparison between various processes

	4 Conclusions
	Acknowledgements
	References


