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ABSTRACT

Feasibility of RSM-optimized electrocoagulation (EC) sludge recycling was studied in
photo-Fenton (PF) process for the removal of Direct Blue 71. By EC process, relatively
complete decolorization was obtained in pH 8, 20min, and 150mA. The produced
sludge, in EC process, was evaluated to be used and recycled in PF process experimen-
tal runs for two major targets: (1) Degradation of EC sludge as an environmental, con-
cerning by-product; (2) Application of iron species resulted from anodic dissolution
during EC process to play the role of catalyst in PF process. PF process was investigated
based on the effects of EC sludge volume (total iron) and hydrogen peroxide concentra-
tion on decolorization. Besides, the effect of EC sludge recycling on decolorization and
mineralization (TOC decrement) was studied. In optimum conditions of PF process (pH
3, 200mg/L H2O2, 20mL EC sludge and 30min reaction time in the first run), 96.27%
decolorization was achieved. In the same conditions, but in 10min, 67.5% TOC removal
was obtained.
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1. Introduction

Amongst environmental pollutants, dyes are one of
the persistent ones posing significant pollution to the
environmental compartments including water bodies.
It is estimated that around 1–20% of the total azo dyes
are lost during dying process entering the
environment through wastewater discharge, particu-
larly from the textile industries [1]. Textile wastewa-
ters exhibit low BOD to COD ratios indicating the

non-biodegradable nature of them [2]. Actually, the
aromatic rings in the azo dye molecular structures
make it toxic and mostly non-biodegradable; therefore,
necessitating the application of vigorous separating/
oxidative processes to overcome the separation/degra-
dation of such persistent compounds [1,3,4]. Disap-
pearance of color can occur if the colored dye
molecule is precipitated and separated from the solu-
tion (coagulation). Color also disappears if the mole-
cule is cleaved through oxidation reactions, by which
the conjugated structure that absorbs visible
wavelengths and thereby creates color is broken up.
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Electrocoagulation (EC) process is a separating process
which has been successfully used for the treatment of
textile wastewater [1,2] being attractive for its versatil-
ity, safety, selectivity, amenability to automation, ease
of control, and environmental compatibility [2,5]. It
mainly involves the generation of coagulant in situ by
dissolution of metal ions from the consumable anode
with simultaneous formation of hydroxide ions at the
cathode. The electrochemical reactions occurring
within an EC cell are summarized as given below
[1,6,7]:
At the anode:

M ! Mnþ þ ne� (1)

2H2O ! 4Hþ þO2 þ 4e� (2)

At the cathode:

2H2O + 2e� ! H2 þ 2OH� (3)

Regarding these Eqs. (1–3), the electro-generated metal
ions (Mn+) immediately undergo further spontaneous
reactions producing corresponding hydroxides and/or
polyhydroxides having strong affinity for dispersed
particles as well as counter ions bringing about the
coagulation [1]. Meanwhile, the electro-generated
gases including hydrogen and oxygen (mainly hydro-
gen), impinge the particles and coagulant aggregates
upward, accelerating collisions between particles and
coagulant by inducing more mixing [8]. Finally, the
flocculated pollutants become separated either to the
top or bottom of the EC cell depending on the domi-
nant separation mechanism [9].

Although EC process provides remarkable separa-
tion efficiency, pollutants are not degraded consider-
ably and are concentrated within the EC sludge. As a
by-product, sludge brings about significant environ-
mental nuisances imposing noticeable operational
costs of handling and disposal [10]. Considering
noticeable concentration of the flocculated pollutants,
such sludge cries out for handling and disposal to
comply with the environmental regulations. Apart
from that, iron species in EC process sludge as a result
of anodic dissolution are capable of acting as catalyst
in some other processes. Fenton-based processes
(Fenton, electro-Fenton, photo-Fenton (PF), and sono-
Fenton) are viable processes in which iron plays the
role of catalyst and reacts with hydrogen peroxide to
form the strong destructive agent; the hydroxyl radical
[11–13]. Initially, decomposition of hydrogen peroxide
by the catalytic function of iron in acidic pH brings

about the generation of hydroxyl radical (Fenton
reaction) [14–17]:

Fe2þ + H2O2 ! Fe3þ + HO: + OH� (4)

Besides, in PF reaction, which is a viable Fenton con-
figuration, hydroxyl radical is produced through the
photolysis of hydrogen peroxide [18]:

H2O2 + UV ! HO: + HO: (5)

In PF, UV radiation enhances pollutants degradation
via generating additional hydroxyl radicals [19].
Likewise, based on equation 6, oxidized ferrous ion
(Fe3+) is photo-reduced back to the ferrous ion which
reacts with hydrogen peroxide thereby resuming the
hydroxyl radical generation cycle [12]. Indeed,
regeneration of Fe2+ is accelerated via photo-reduction
in PF when compared with the “simple” Fenton’s
process [20].

Fe3þ + UV + H2O ! HO: + Fe2þ + Hþ (6)

In this study, EC process with iron anodes was
applied for efficient separation of Direct Blue 71
(DB71). The EC experiments were designed using
response surface method (RSM). In a completely sepa-
rate setup, PF process was conducted. In this way, in
optimum condition of the EC process, sludge which
contained iron species was separated and applied in
the PF process for the bilateral target of agglomerated
dye/sludge degradation along with providing iron
source as a catalyst in the PF process. PF process was
optimized; EC sludge along with the produced PF
sludge was recycled several times in PF runs until no
sludge was remained. Hence, sludge as a concerning
environmental problem was degraded and at the same
time, enhanced pollutant degradation. Accordingly,
sludge produced in EC and PF experimental runs is
used at source of production, waste minimization is
obtained at source, and catalyst is used in place of
reagents. These three advantages are among the green
chemistry principles [21] which endorse the current
study. The decrement of organic content of PF-treated
samples was investigated through TOC analysis.
Finally, PF process efficiency was evaluated in the
presence and absence of EC sludge, UV, and hydro-
gen peroxide. In other words, four separate processes
including PF (UV/H2O2/EC sludge), Fenton (H2O2/
EC sludge), UV/H2O2, and photolysis with UV were
carried out and compared based on the achieved
decolorization efficiencies.
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2. Materials and methods

2.1. Sample and reagents

DB71 dye (C40H23N7Na4O13S4) was supplied from
Alvan Sabet company (Iran) with a purity of over 99%
(CAS No. 4399-55-7, MW= 1029.9 gmol−1, C.I. No.
34140). The chemical structure of DB71 is illustrated in
Fig. 1. Samples were synthetically prepared with ini-
tial concentration of 100mg/L DB71 for both EC and
PF processes. All chemicals including sodium sulfate,
sodium phosphate, sodium chloride, sodium nitrite,
hydrogen peroxide, sulfuric acid, and sodium hydrox-
ide were of analytical grade and obtained from the
Merck Company.

2.2. EC setup and experiments

The EC process was conducted at room tempera-
ture in a rectangular glass-made reactor with dimen-
sions of 11 × 5 × 14 cm and volume of 770mL which
was loaded with 600mL electrolyte. Four iron sheets
were used as cathodes and anodes having dimensions
of 15 × 3 cm with total effective surface area of 144
cm2. In order to power supply the EC system, a digital
DC source (Zhaoxin, 0-2 A, and 0-20 V) was
employed. Average voltage was recorded throughout
the experiments for energy consumption calculation.
Since dye samples were synthetically prepared using
distilled water, sodium sulfate, sodium phosphate,
sodium chloride, and sodium nitrite were separately
added to the samples as supporting electrolytes to
provide enough dissolved solids content thereby
inducing electrical conductivity within the electrolyte.
Solution pH was adjusted by adding certain amount
of either 0.01M sulfuric acid or 0.01M sodium
hydroxide. A magnetic stirrer was also used to agitate
the electrolyte thoroughly. Samples were taken from
the reactor within desired reaction times and filtered

through 0.45 micron Whatman filter paper for absor-
bance measurement.

2.2.1. Design of experiment

EC process was designed using RSM. RSM is a
technique for design of experiments that quantifies
relationships among measured responses (dependent
variables) and a number of input factors (independent
variables). It is mainly used to find a combination of
values for factors by which the optimal value of
response is obtained. By this technique, much more
precise evaluation is provided with much less number
of experimental runs in comparison with rather con-
ventional, time-consuming one-factor-at-a-time meth-
ods [22]. In this study, effects of factors including
initial pH, electrical current (mA)/current density
(mA cm−2), and electrolysis time (min) on decoloriza-
tion efficiency were evaluated using full central com-
posite design (CCD) which is the most popular
response surface design. The experimental runs were
conducted in a randomized manner to minimize sys-
tematic bias. Data were analyzed using Minitab 16
software. Experimental points attributed to the inde-
pendent variables were set as presented in Table 1.
Eight star points (α = ±1), six axial points (α = ±1.68),
and six replicates at the center point (α = 0) were
selected as experimental points.

2.3. PF process

Since anode electrodes in EC process were made of
iron, EC sludge contained iron species which were
supposed to be used as catalyst in the PF process. In
this way, in optimal condition of EC process, solution
pH was elevated to 9 to transform all iron species to
non-soluble ones. Afterward, the whole electrolyte was
centrifuged at 1,000 rpm for 15min for the separation

Fig. 1. Chemical structure of DB71.
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of sludge from the bulk solution. Then the supernatant
was carefully decanted and the precipitated sludge
was transferred to a storage container. Total volume of
the EC sludge was about 60mL. In the PF process, a
cylindrical quartz reactor was loaded with 200mL
DB71 solution of 100mg/L. Afterwards, centrifuged
EC sludge was added to the dye solution. Then solu-
tion pH was adjusted to 3 using a pH glass electrode
(WTW 720) calibrated with standard buffers at pH val-
ues of 4 and 7. Hydrogen peroxide was also added in
three various concentrations to identify the appropriate
ratio of EC sludge/H2O2. A 4W UVC lamp (Philips®,
254 nm) was employed to provide the photolysis
source of the PF process being installed on the outer
wall of the quartz reactor facing the dye solution. The
light intensity of the lamp was 9.5Wm−2. By switching
the UVC lamp on, the PF reactions were started. Mag-
netic stirrer was used to mix the solution thoroughly.
Meanwhile, aliquots of 10mL were taken in deter-
mined reaction times for immediate analysis. At the
end of each PF run, whole reactor content, as well as
the withdrawn samples, was centrifuged at 1,000 rpm
for 15min after elevating the pH up to 9. Then the sep-
arated sludge was wholly recycled in the next PF runs
until complete degradation of sludge was accom-
plished and no sludge was remained in the PF reactor.
The targets solved the problem of sludge and supplied
iron from it. For the measurement of total organic car-
bon, samples were quenched with sodium nitrite and
then analyzed by TOC analyzer.

2.4. Analyses

Decolorization efficiency was determined through
measuring absorbance of filtered samples at λmax = 587
nm which is the wavelength of maximum absorbance
for DB71. Besides, absorbance within region between
200 and 700 nm was scanned. Absorbance measure-
ments were carried out using Hach DR5000 UV–vis
spectrophotometer.

TOC analysis was also conducted using TOC ana-
lyzer (Shimadzu; model TOC-VCHS, Japan). Total iron
concentration was measured based on the correspond-
ing procedure in the standard methods [23].

3. Results and discussion

3.1. Electrocoagulation

3.1.1. First step: selection of supporting electrolyte and
electrode arrangement

In order to minimize the number of experimental
runs in EC process and focus on more critical inde-
pendent variables, EC was initially conducted under
similar pH and electrical current (pH 8, 150mA) to
select appropriate supporting electrolyte and electrode
arrangement. Four various supporting electrolytes
with similar concentration of 5mM were employed
and the results are depicted in Fig. 2(a). Accordingly,
the highest and the lowest decolorization efficiencies
were obtained in the presence of sodium sulfate and
sodium phosphate, respectively. Besides, sodium sul-
fate provided significantly higher decolorization
within much shorter reaction time in comparison with
the rest of the supporting electrolytes. Afterward, the
effect of electrode arrangement was assessed in three
different arrangements. As demonstrated in Fig. 2(b),
high decolorization was achieved in short electrolysis
time when electrodes were arranged in monopolar
configuration. Hence, sodium sulfate and monopolar
arrangement were selected and applied for the rest of
the experiments.

3.1.2. EC process design of experiments

EC process was designed considering decoloriza-
tion efficiency as the response. In this way, response
surface analysis was employed to determine the
experimental conditions. Three factors including pH,
electrical current, and reaction time were considered.
Eight star points (α = ±1.68), six replicates at the center
point (α = 0), and 6 axial points were selected as exper-
imental points. As presented in Table 2, 20 experimen-
tal runs were prescribed based on full CCD. The
experimental and predicted values of the responses
are also represented in Table 2.

RSM designs are capable of fitting a second-order
prediction equation for the response [22]. In this way,
the correlation of dependent variables and decoloriza-
tion efficiency are revealed by the quadratic (second-
order) polynomial response surface model which, in
the general equation, is as follows:

Y ¼ b0 þ
Xn

i¼1

bixið Þ þ
Xn

i¼1

biix
2
ii

� �þ
Xn

i;j¼1

bijxixj
� �

(7)

where Y is the predicted response, b0 is a constant, xi
represents the coded levels of independent variables,

Table 1
Coded and actual levels of independent variables

Coded levels
Independent variables −1.68 −1 0 +1 +1.68
Actual levels
pH 5.3 6 7 8 8.7
Electrical current (mA) 66 100 150 200 234
Reaction time (min) 3 10 20 30 37
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bi, bii, and bij are the regression coefficients which
stand for linear, quadratic, and interaction effects,
respectively.

Based on the general quadratic response surface
model, the following empirical relationship was
obtained for the modeling of decolorization efficiency
regarding various levels of the factors:

Y ¼ 99:4625þ 2:9864X1 þ 15:7685X2 þ 3:8332X3

� 1:0258X2
1 � 11:1003X2

2 � 5:8713X2
3 � 0:9563X1X2

þ 0:6388X1X3 � 1:0513X2X3 ð8Þ
In this equation, X1, X2, and X3 represent pH, electrol-
ysis time, and electrical current, respectively. Fig. 3

Fig. 2. (a) Effect of various supporting electrolytes (5mM) on decolorization (pH 8, 150mA, monopolar arrangement) and
(b) Effect of electrode arrangement (pH 8, 150mA, sodium sulfate used as supporting electrolyte).

Table 2
RSM design, experimental, and ANOVA-predicted values of the responses

Exp. runs

Actual levels of independent variables Decolorization (%)

pH Time (min) E current (mA) Experimental Predicted

1 8 10 200 73.14 75.18
2 7 20 66 65 76.38
3 7 37 150 98.36 94.56
4 7 20 234 98 89.27
5 7 3 150 35.06 41.52
6 6 10 200 65.80 66.02
7 7 20 150 99.54 98.70
8 6 30 100 97 93.08
9 5.3 20 150 91.30 91.51
10 8 30 100 97.96 95.86
11 8 10 100 73.31 64.13
12 7 20 150 97.30 98.70
13 7 20 150 99.10 98.70
14 7 20 150 99.39 98.70
15 6 30 200 90.07 97.36
16 8 30 200 99.11 102.70
17 8.7 20 150 99.11 101.55
18 7 20 150 98.41 98.70
19 7 20 150 98.93 98.70
20 6 10 100 63 57.52
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demonstrates the comparison of predicted and experi-
mental decolorization.

High value of determination coefficient of 0.9633
endorses the validity of the corresponded quadratic
polynomial equation (Eq. (8)). In other words, it con-
firms that the experimental values are in good agree-
ment with the predicted values of the responses.
Likewise, the adjusted R2 which accounts for the num-
ber of parameters fit by the regression is 0.8979.

Parameter-estimated values and t-test distribution
components are presented in Table 3. Actually, p-
value and t-value demonstrate the significance of the
coefficient. In this way, larger t-value along with smal-
ler p-value indicates that the parameter is of higher
significance [24]. In Table 3, regarding the estimations
for b1, b2, and b3, it is revealed that the highest and the
lowest estimations corresponded to the coefficients of
electrolysis time and pH, respectively. Likewise, high-
est t-value and lowest p-value are attributed to the
electrolysis time. On this basis, electrolysis time has
had the most significant influence on decolorization
efficiency (with p-value of 0.000 and t-value of 8.45).
This is also expectable because the dose of iron
released from the anode increases by increase in elec-
trolysis time, based on the Faraday’s law [25]. Statisti-
cally, coefficients having p-value ≤ 0.05 are significant.
Accordingly, the term electrolysis time with a p-value
of 0.06 is quite a significant term. Amongst the qua-
dratic coefficients, electrolysis time × electrolysis time
and electrical current × electrical current were the sig-
nificant terms. None of interaction terms were of sig-
nificance.

Table 4 demonstrates the results of ANOVA for
the first response; decolorization efficiency. The signif-
icance and adequacy of the model are supposed to be
evaluated using analysis of variance [22].

The effects of factors including pH, reaction time,
and electrical current on decolorization efficiency were

evaluated, and the results are illustrated in Fig. 4. The
response surface and contour plots illustrate the
mutual interactions of two independent variables on
the response. As illustrated in Fig. 4, each plot shows
the interactive effects of two independent factors
on the decolorization efficiency. In Fig. 4, the correla-
tions of pH and electrolysis time on decolorization
efficiency are revealed. It can be seen that decoloriza-
tion efficiency is enhanced in higher levels of pH and
time. This is supposed to be due to higher generation
of hydroxide ions which are essential to cooperate and
bond with the coagulant agents released from the
anode to form an adsorptive surface for floc formation
[26]. Besides, it has been stated that high pH levels
decrease the zeta potential thereby enhancing the
mutual collision between particles and bringing about
higher EC efficiency [27]. Additionally, decolorization
efficiency increases with time because of increase
in concentration of coagulants and floc formation.
Decolorization reached its optimum level in 20min
electrolysis since further increase in time didn’t induce
higher efficiency.

Electrical current is another critical factor in the EC
process which, its simultaneous effect with pH on
decolorization, is depicted in Fig. 4. The current den-
sity values attributed to 66, 100, 150, 200, and 234mA
are 0.46, 0.69, 1.04, 1.39, and 1.62mA cm−2, respec-
tively. Generally, increase in pH and electrical current
enhances the decolorization efficiency. According to
the Faradays law, dissolution of electrode is related to
the total charge passed through it [28]. In other words,
electrical current in higher levels increases metallic
dissolution thereby inducing more coagulant species
release into the electrolyte. At the same time, higher
electrochemical reduction at the cathode creates more
hydrogen bubbles which in turn, increase the colli-
sions [26]. Nevertheless, electrical current over 200mA
resulted in lower efficiency. According to Fig. 4, it can
be confirmed that the optimum electrical current and
electrolysis time are 150mA (current density of 1.04
mA cm−2) and 20min, respectively.

3.1.3. Optimum condition of the EC process

EC process was optimized based on the condition
under which the highest decolorization efficiency is
achievable experimentally. The highest decolorization
efficiency was 99.54% which was obtained in optimum
condition presented in Table 5.

Electrical energy consumption is of high concern
within all electrochemical processes and is commonly
calculated through the following equation [17]:

Fig. 3. Comparison of experimental and predicted values
of response (decolorization).
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E ¼ UIt

1000
(9)

where E is the electrical energy consumption (kWh),
U is the applied voltage (volt), I is the electrical cur-
rent (A), and t is the reaction time (h).

Accordingly, the electrical energy consumption
needed for optimum decolorization of 1m3 stud-
ied wastewater using EC process is 0.4 kWh.
Likewise, the electrical energy consumption for the
removal of 1 kgm−3 DB71 in optimum condition is
2.4 × 10−3 kWh.

Table 3
Estimated regression coefficients for decolorization efficiency

Coefficient Parameter estimate Standard deviation t-value p-value Significance

b0 99.4625 2.805 35.463 0.000 –
b1 2.9864 1.861 1.605 0.140 Non-significant
b2 15.7685 1.861 8.474 0.000 Significant
b3 3.8332 1.861 2.060 0.066 Significant
b12 −0.9563 2.431 −0.393 0.702 Non-significant
b13 0.6388 2.431 0.263 0.798 Non-significant
b23 −1.0513 2.431 −0.432 0.675 Non-significant
b11 −1.0258 1.811 −0.566 0.584 Non-significant
b22 −11.1003 1.811 −6.128 0.000 Significant
b33 −5.8713 1.811 −3.241 0.009 Significant

Table 4
ANOVA table for decolorization efficiency

Source Sum of squares Degree of freedom Mean square F-value

Regression 5,848.12 9 649.79 13.74
Residual error 472.90 10 47.29
Total 6,321.02 19

Fig. 4. Response surface and contour plots of decolorization as a function of pH, electrical current (mA), and reaction
time (min).
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3.2. PF process (dye decomposition as well as sludge reuse
and degradation)

3.2.1. Effect of EC sludge volume (total iron)

Concentration of iron as the catalyst is a crucial fac-
tor in Fenton process [29]. As it was formerly
described, iron species required to react with hydrogen
peroxide to form hydroxyl radical was supplied by
adding certain volume of EC sludge to the PF reactor.
The effect of EC sludge amount (total iron concentra-
tion) on decolorization efficiency was investigated and
the results are depicted in Fig. 5. As seen, by the addi-
tion of 15mL EC sludge, decolorization efficiency is
not considerable, and in its highest value reaches to
about 36%. In the next run of PF, 20mL EC sludge was
applied yielding significantly high decolorization effi-
ciency shortly after the reaction was started up (over
90% decolorization efficiency in 5min reaction time).
This is supposed to be attributed to higher generation
of hydroxyl radical [30]. Afterwards, 25mL EC sludge
was used by which less decolorization rate resulted.
These results are also in agreement with those reported
within literatures where it has been stated that after an

optimal concentration of Fe2+, further increase in it
exhibits negligible efficiency improvement or less effi-
ciency due to adverse effect of excessive ferrous ion
dosage [19,31]. Consequently, 20 mL EC sludge with a
total iron of 27.7 ± 3mg/L along with 200mg/L H2O2

fulfilled the effective ratio of Fe/H2O2 to form the
major degrading agent; the hydroxyl radical.

3.2.2. Effect of hydrogen peroxide concentration

To evaluate the effect of hydrogen peroxide con-
centration, three different concentrations were exam-
ined and the results are demonstrated in Fig. 6. As
shown, by increasing the H2O2 concentration from 50
to 200mg/L, decolorization efficiency is enhanced.
Actually, it is expected that reasonably high concentra-
tions of hydrogen peroxide increase generation of
hydroxyl radical by which higher degradation occurs
[20]. Accordingly, 200mg/L hydrogen peroxide was
found to be the most efficient concentration with
decolorization efficiencies of over 90% during the reac-
tion times reaching a maximum of 96.27% in 30min
reaction time. Further increase in H2O2 concentration
was avoided since by 200mg/L H2O2, the decoloriza-
tion efficiency was satisfying (96.27%).

3.2.3. Effect of EC sludge recycling on decolorization
by PF

In optimum conditions of the PF process (pH 3,
20mL EC sludge, 200mg/L H2O2), the recycling of the

Table 5
Optimum conditions of EC process

Parameter Value

pH 8
Electrolysis time (min) 20
Electrical current (mA) 150

Fig. 5. The effect of EC sludge volume (total iron concen-
tration) on decolorization efficiency (100mg/L direct blue,
pH 3, 200mg/L H2O2).

Fig. 6. Effect of hydrogen peroxide concentration on decol-
orization efficiency within various reaction times (pH 3, 20
mL EC sludge containing total iron of 27.7 ± 3mg/L).
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sludge was experimented in as much as achieving zero
sludge production. On this basis, it took eight runs to
completely degrade the recycling EC and PF sludge. It
should also be noted that within all these eight PF runs,
decolorization efficiency was over 75% (75–96%). As
observed in Fig. 7, the highest decolorization was
obtained in fresh sludge (run 1) especially at 5min
reaction time. The decolorization efficiencies at 5min
reaction time were in the range of 27.2–90.2% and corre-
sponded to fresh sludge (run 1) and run 5, respectively.
This difference in efficiency can be attributed to the
amount of iron dissolved in solution at former runs and
decrease in iron at sludge for further experiments con-
sequently. In addition, reaction rate in the presence of
fresh EC sludge (run 1) is higher than those of the
rests. Furthermore, decolorization efficiencies at 30min
reaction time were close to each other in all runs
(74–96%). These results might be related to less organic
load-driven sludge degradation in former runs. Despite
different efficiencies in run 5 (having the lowest effi-
ciency) in comparison with those of other runs are not
understood, further studies are required for justification
of this phenomenon.

3.2.4. Effect of EC sludge recycling on mineralization
by PF

During oxidative decolorization of dye solution,
hydroxyl radical as the major degrading agent, mostly
and essentially decomposes the azo agent in a dye
structure [32]. This leads to the decrement in absor-
bance within wavelength of maximum absorbance of

dye determined as decolorization. But apart from it,
intermediate substances are also a consequence of dye
defragmentation where their occurrence and degrada-
tion are not visible. In order to assess the mineraliza-
tion rate in eight runs of PF with sludge recycling to
supply iron, TOC analysis was carried out. As it was
formerly seen in Fig. 7, decolorization rates in almost
all eight runs of PF were remarkable within 10min
revealing high reaction rate in this reaction time in
which the major portion of decolorization was accom-
plished. For this reason, TOC analysis was performed
for aliquots which were withdrawn in 10min reaction
time, and the results are shown in Fig. 8. As can be
observed, TOC removal is in its highest level in the
first run and with a negligible decrement, in the third
one, both exhibiting over 65% TOC removal efficiency.
On the other hand, the lowest TOC removal belongs
to the second run. Generally, despite the recycling of
the sludge which contains complex mixture of organic
and mineralized compounds, TOC removal efficiencies
of these eight runs are somehow close to each other
ranging between 51 and 67%; which can be inter-
preted as a positive and justifying point in sludge
recycling within PF experimental runs.

3.2.5. Spectral changes investigation for possible
destructive reactions

Light absorbance scan is a valuable method to rec-
ognize absorbance variations in high absorption solu-
tions specially those containing dyes. In this way,
initial sample containing 100mg/L DB71 and effluents

Fig. 7. Decolorization efficiency in eight stages of sludge recycling in PF process (pH 3, H2O2 = 200mg/L).
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of EC and PF processes in optimum conditions were
scanned separately to investigate absorbance varia-
tions within the spectrum of 200–700 nm. As can be
seen in Fig. 9, the wavelength in which maximum
absorbance of DB71 is observed is 587 nm. On this
basis, UV absorbance of EC and PF effluents at 587 nm
is supposed to be a suitable index which has been
decreased significantly to around an absorbance of
zero which endorses over 95% decolorization by these
two processes. Considering the absorbance variations
of the initial DB71 solution, two major peaks can be
observed at 210 nm and 290 nm which correspond to
benzene and naphthalene rings in DB71 structure,
respectively. On this basis, benzene and naphthalene
removal mostly occurred by the EC process. On the
other hand, it cannot be stated that PF process is not
generally efficient in benzene and naphthalene
removal since within PF, EC sludge was recycled and,
in turn, increased the absorbance in these two wave-
lengths as it was definitely expected. Nevertheless,
absorbance decrease at 587 nm (decolorization) in both
EC and PF processes are quite equal. The reason
might be explained as follows: in PF process, decolor-
ization stems from conversion of n→π* which is much
easier for the hydroxyl radical in comparison to the
conversion of π→π* [29,32].

3.2.6. Comparison (PF, Fenton, UV/H2O2, and UV)

Four separate processes were conducted to reveal
the decomposing capabilities of UV, total iron, and
hydrogen peroxide independently and the correspond-
ing results are shown in Fig. 10. As shown, the highest
decolorization is attributed to the PF process in which
all three agents (total iron, H2O2, and UV) are exerted.
In this process, over 90% decolorization is gained
within 5min of reaction time exhibiting a significant

decolorization rate. The next process was carried out
in the absence of UV, in which hydrogen peroxide
and total iron (EC sludge) were applied to form
hydroxyl radical in the Fenton process. Decolorization
trend in Fenton process is quite similar to that of the
PF process, while the reaction rate of Fenton process
is much less in comparison with that of the PF pro-
cess. Thus, UV has definitely enhanced the decoloriza-
tion in PF process. It is supposed to be due to more
generation of hydroxyl radical in PF process. The next
process was carried out to investigate the capability of
EC sludge as a source of total iron used in PF and

Fig. 8. TOC analysis in PF process (pH 3, 200mg/L H2O2,
20mL EC sludge, 10min reaction time).

Fig. 9. Wavelength scan of initial dye sample (100mg/L),
EC effluent in optimized conditions (pH 8, 20min electrol-
ysis, 150mA), PF effluent in optimized conditions (pH 3,
30min reaction time, 200mg/L H2O2).

Fig. 10. Comparison of decolorization efficiency in four dif-
ferent processes in optimized conditions (pH 3, 200mg/L
H2O2, 20ml EC sludge).
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Fenton processes. To do this, experiments were con-
ducted in the presence of UV and hydrogen peroxide
by which over 70% decolorization efficiency was
obtained in 30min. It should also be noted that in
absence of EC sludge (total iron), reaction rate is con-
siderably lower, while in presence of it (in PF and
Fenton processes) a sharp decolorization rate is con-
spicuous. Finally, UV as the only employed degrada-
tion agent yields negligible decolorization efficiency
(about 23% decolorization efficiency in 30min).

4. Conclusions

EC process was optimized for the removal of
DB71. The optimum condition was pH 8, 150mA, and
20min electrolysis by which 99.54% decolorization
was obtained with 2.4 × 10−3 kWh (kgm−3 removed
dye)−1 energy consumption. The produced sludge in
EC process was recycled in PF process for degradation
of sludge and also using total iron as catalyst. In opti-
mum condition of pH 3, 200mg/L hydrogen peroxide,
and 20mL EC sludge, 96.27% decolorization was
obtained in the first PF run. Sludge produced in EC
and PF processes was recycled in eight runs until no
sludge was produced. Furthermore, 67.5% TOC
removal was achieved in pH 3, 200mg/L H2O2, and
10min. It is concluded that iron species in EC sludge
are capable of acting as catalyst in Fenton-based pro-
cesses followed by solving the problem of sludge han-
dling and disposal.
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D.R. Manenti, Performance evaluation of an integrated
photo-Fenton—electrocoagulation process applied to
pollutant removal from tannery effluent in batch sys-
tem, Chem. Eng. J. 197 (2012) 1–9.

[19] F. Ay, E.C. Catalkaya, F. Kargi, A statistical experi-
ment design approach for advanced oxidation of

M. Moradi et al. / Desalination and Water Treatment 57 (2016) 4659–4670 4669



direct red azo-dye by photo-Fenton treatment, J.
Hazard. Mater. 162 (2009) 230–236.

[20] T. Maezono, M. Tokumura, M. Sekine, Y. Kawase,
Hydroxyl radical concentration profile in photo-
Fenton oxidation process: Generation and consump-
tion of hydroxyl radicals during the discoloration of
azo-dye Orange II, Chemosphere 82 (2011) 1422–1430.

[21] L.H. Keith, L.U. Gron, J.L. Young, Green analytical
methodologies, Chem. Rev. 107 (2007) 2695–2708.

[22] A.R. Khataee, M. Zarei, A.R. Khataee, Electrochemical
treatment of dye solution by oxalate catalyzed photo-
electro-Fenton process using a carbon nanotube-PTFE
cathode: Optimization by central composite design,
CLEAN - Soil, Air, Water 39 (2011) 482–490.

[23] APHA, Standard Methods for the Examination of
Water and Wastewater, twentieth ed., APHA, Wash-
ington, DC, 1999.

[24] A.I. Khuri, J.A. Cornell, Response Surface: Design and
Analysis, Marcel Dekker, New York, 1987.

[25] F. Ghanbari, M. Moradi, A. Mohseni-Bandpei, F.
Gohari, T. Mirtaleb Abkenar, E. Aghayani, Simulta-
neous application of iron and aluminum anodes for
nitrate removal: A comprehensive parametric study,
Int. J. Environ. Sci. Technol. 11 (2014) 1653–1660.

[26] G. Chen, Electrochemical technologies in wastewater
treatment, Sep. Purif. Technol. 38 (2004) 11–41.

[27] P.K. Holt, G.W. Barton, M. Wark, C.A. Mitchell, A
quantitative comparison between chemical dosing and
electrocoagulation, Colloids Surf. A 211 (2002) 233–248.

[28] P. Ratna Kumar, S. Chaudhari, K.C. Khilar, S.P.
Mahajan, Removal of arsenic from water by electroco-
agulation, Chemosphere 55 (2004) 1245–1252.

[29] P.A. Carneiro, R.F.P. Nogueira, M.V.B. Zanoni, Homo-
geneous photodegradation of C.I. reactive blue 4 using
a photo-Fenton process under artificial and solar irra-
diation, Dyes Pigm. 74 (2007) 127–132.

[30] T.M. Elmorsi, Y.M. Riyad, Z.H. Mohamed, H.M.H.
Abd El Bary, Decolorization of Mordant red 73 azo
dye in water using H2O2/UV and photo-Fenton treat-
ment, J. Hazard. Mater. 174 (2010) 352–358.

[31] M. Moradi, F. Ghanbari, Application of response surface
method for coagulation process in leachate treatment as
pretreatment for Fenton process: Biodegradability
improvement, J. Water Proc. Eng. 4 (2014) 67–73.

[32] N. Ertugay, F.N. Acar, Removal of COD and color
from Direct Blue 71 azo dye wastewater by Fenton’s
oxidation: Kinetic study. Arab. J. Chem. (2013).
doi:10.1016/j.arabjc.2013.1002.1009.

4670 M. Moradi et al. / Desalination and Water Treatment 57 (2016) 4659–4670

http://dx.doi.org/10.1016/j.arabjc.2013.1002.1009

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Sample and reagents
	2.2. EC setup and experiments
	2.2.1. Design of experiment

	2.3. PF process
	2.4. Analyses

	3. Results and discussion
	3.1. Electrocoagulation
	3.1.1. First step: selection of supporting electrolyte and electrode arrangement
	3.1.2. EC process design of experiments
	3.1.3. Optimum condition of the EC process

	3.2. PF process (dye decomposition as well as sludge reuse and degradation)
	3.2.1. Effect of EC sludge volume (total iron)
	3.2.2. Effect of hydrogen peroxide concentration
	3.2.3. Effect of EC sludge recycling on decolorization by PF
	3.2.4. Effect of EC sludge recycling on mineralization by PF
	3.2.5. Spectral changes investigation for possible destructive reactions
	3.2.6. Comparison (PF, Fenton, UV/H2O2, and UV)


	4. Conclusions
	Acknowledgments
	References



