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a b s t r a c t

The electrocoagulation process with periodic reversal of the electrodes was used to treat high 
strength synthetic methyl orange wastewater. The Al-Fe electrodes were considered as the optimal 
electrodes compared with Al-Al and Fe-Fe electrodes. Effect of voltage variation on color and COD 
removal efficiency, energy consumption, electrode consumption, sludge production and sludge den-
sity was investigated and discussed. 20 V and 50 min were considered the optimal applied voltage 
and treatment time in treating the wastewater. The effects of oxidation and reduction were enhanced 
continuously with increasing voltage during the electro coagulation process. However, adsorption 
and flocculation was still the main methyl orange removal pathway at different voltages.

Keywords:  Electro coagulation; Periodic reversal of the electrodes; Methyl orange wastewater; 
 Voltage variation; Running time.

1. Introduction

Dye wastewater has the characteristics of strong colors,
low biodegradability and high chemical oxygen demand 
(COD), which is one of the most important component of 
industrial wastewater [1,2]. Between 1% and 15% of dye is 
released into the wastewater during dyeing process, which 
is very harmful for human and environment without being 
well treated [3–5]. Different kinds of technologies have 
been employed for the removal of dyes from wastewater. 
But low biodegradability, high cost and secondary pollu-
tion indicate that dye wastewater is not treated effectively 
by most biological processes as well as advanced oxidation 
processes [6,7]. 

Electro coagulation (EC) process takes electrons as 
intermediates to generate related metal hydroxide as coag-
ulation to remove pollutant, which is an effective and inno-
vative method to treat dye wastewater [8].

The EC process is a complex technology with phys-
ical and chemical processes. Fe or Al is dissolved from 

anode into aqueous solution, and generates correspond-
ing metal ions, Al3+ and Fe3+ subsequently. Then the metal 
ions immediately react with the hydroxide to produce the 
corresponding metal hydroxide or poly-hydroxide as coag-
ulations [6]. The effective metal hydroxide removes pollut-
ants through adsorption and precipitation. Pollutants can 
be removed by adsorption, precipitation, chemical reaction 
and electrolytic flotation. The oxidation and reduction dis-
sociation of water on electrode surface can produce oxygen 
in anode and hydrogen in cathode. The generation of bub-
ble increases the turbulence of wastewater and enhances 
mass transport rate. The main reaction of EC is summa-
rized as follows:

Anode:

M → Mn+ + ne– (1)

(there M-Fe or Al, n-3)

2H2O → O2 + 4H+ + 4e– (2)
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Cathode:

2H2O + 2e– → H2 + 2OH– (3)

In the wastewater:

Fe3+ + 3OH– → Fe(OH)3 (gel) (4)

Al3+ + 3OH– → Al(OH)3
 (gel) (5)

The advantages of EC process include easy operation, 
positive removal of pollutant, energy efficiency, environ-
mentally friendly and cost effectiveness [9–11]. In addition, 
the rapid development of hydro power industry in China 
will cut down the operating cost and provide a favorable 
environment for EC process in wastewater treatment. The 
concentration polarization and metal oxide passivation 
layer, formed on electrodes, are two serious disadvantages 
of EC process, which can impede the dissolution of the 
metal plates into wastewater. The EC process with peri-
odic reversal of the electrodes (PREC) has been reported 
to solve the problems of traditional EC process [12]. PREC 
enhances the transfer rate of metal ions and dissolves the 
passivation on the electrode surface, which can maintain 
a poorer degree of passivation on the surface of electrodes 
and obtain a more active removal efficiency of dye. 

Traditional studies have focused on the optimization of 
control parameters of EC process, such as electrode material, 
applied voltage, initial pH, initial methyl orange concentra-
tion and inter-electrode distance, in order to maximize the 
efficiency of dye removal. The optimal dye concentrations 
in synthetic wastewater are less than 200 mg/L for the EC 
process [13–17]. Dye removal in the EC process would be 
affected obviously in treating high strength dye wastewater. 
The applied voltage is one of the most critical parameters 
of EC process [18,19]. The increase in voltage makes higher 
current and more metal ion dissolved into the wastewater, 
which would enhance dye removal and shorten reaction 
time, especially in treating high strength dye wastewater. 
However, limited information on the effect of voltage varia-
tion in a wide range on dye removal in EC process, especially 
in PREC is available. Moreover, the concentration of dye is 
always higher than 200 mg/L in practical dye wastewater. 
Hence, this paper focused on treatment of synthetic methyl 
orange waste water containing 500 mg/L methyl orange by 
PREC. The aim of this paper was to investigate the specific 
effect of voltage variation on performance of the PREC. The 
performance of the PREC was evaluated by color and COD 
removal efficiency (CR and CODR), energy consumption 
(ENC), pH, conductivity, sludge production (SP), sludge 
density (SD), and electrode consumption (ELC). Moreover, 
different electrodes including Al-Al, Fe-Fe and Al-Fe elec-
trodes on the wastewater treatment were compared. Special 
attention was given to the effect of voltage variation on the 
removal mechanism of methyl orange by PREC.

2. Materials and methods

2.1. Experimental devices

Structure of the PREC is shown in Fig. 1. The power 
supply connected to the PREC reactor can adjust the volt-

age from 0 to 100 V and transform the direction of electrode 
from 1 s to 99 h. Al and Fe were used as electrode materials. 
Magnetic stirrer was employed at the bottom of the electro-
lytic cell.

The cycle of reversal time was 15 s for the first part and 
was 5 min for the second part of this experiment. Total area 
of the electrode was 24 cm2 (6 cm × 4 cm). The electrodes 
were positioned vertically and parallel to each other with 
an inner gap of 2.5 cm. A beaker with volume of 500 mL was 
used as the electrolytic cell.

2.2. Experimental procedure

The electrodes were polished by sandpaper before each 
experiment and were immersed in 15% HCl for 2 min, and 
then were rinsed with distilled water. Finally, the electrodes 
were dried and weighed (m1). The electrodes were rinsed 
thoroughly with distilled water after each experiment, and 
then were dried and weighed again (m2).

Fresh synthetic wastewater with methyl orange concen-
tration of 500 mg/L was placed into the beaker each run. 
1 g/L NaCl was added into the wastewater as electrolyte. 
The experiment was done under voltages of 5, 10, 15, 20, 25, 
30 and 35 V. Each experiment was carried out for 60 min. 
Samples were taken out of the cell each 10 min. Color, COD 
and pH were measured after being filtrated by 0.45 µm filter 
paper. After each reaction, the solution was settled for 2 h, 
and then the volume ratio of the sludge to the total waste-
water was measured. All experiments were repeated thrice. 
All chemicals and reagents used in this study were of ana-
lytical grade.

2.3. Analytical methods

The methyl orange concentration was measured by a 
UV/V is spectrophotometer (Jinghua UV 2100, China) at 
a wavelength of 463 nm, the maximum absorbance of the 
methyl orange. COD, the sludge yield and consumption of 

+

V A 
6 

5 

3 3 

1 

2 

4 

Fig. 1. Schematic diagram of the PREC system. 1. Electrolytic 
cell. 2. Synthetic methyl orange wastewater. 3. Electrodes (iron 
or aluminum). 4. Magnetic bar. 5. Magnetic stirrer. 6. Power 
supply (U-volt meter; I-ampere meter; t-the time for periodical 
reversal of electrodes).
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electrode plate were measured according to standard meth-
ods [20]. The variation of pH was monitored by a pH meter 
(Leici PHS-25, China). The main calculations in this work 
are listed below:

CR
A A

A
t% %( ) =

−
×0

0

100   (6)

CR—removal efficiency of color; A0—absorbance values 
of methyl orange before treatment; Ai—absorbance values 
of methyl orange after treatment for t min.

CODR
COD COD

COD
t% %( ) =

−
×0

0

100  (7)

CODR—removal efficiency of COD; COD0—COD con-
centration before reaction; CODi—COD concentration after 
treatment for t min.

ENC kWhkg MOr
UIt
MOr

( )( ) =
×

−1

1000 0 5∆ .
  (8)

ENC—energy consumption; U—Voltage, V; I—Current, 
A; t—running time, h; ∆MOr—change in methyl orange 
concentration before and after treatment, mg/L; 0.5—vol-
ume of wastewater, 0.5 L.

SP kg sludge kg MOr
m m m m

MOr
( ) ( )( ) =

−( ) − −( )
×

−1 4 2 3 1

1000 0 03∆ .
  (9)

m1, m2—mass of the crucible ready to initial methyl 
orange solution and effluent respectively, g; m3, m4—mass 
of the crucible containing 30 ml initial methyl orange solu-
tion and effluent after 2 h of drying respectively, g; ∆MOr—
change in methyl orange concentration before and after 
treatment, mg/L; 0.03—volume of wastewater, 0.03 L.

SD g L
m m m m

R
−( ) =

−( ) − −( )
×

1 4 2 3 1

0 03.
  (10)

R—volume ratio of sludge to methyl orange solution 
after treatment.

ELC kgAl kg MOr
m m

MOr
Al Al ( )( ) =

−−1 1 2

∆
 (11)

or ELC kgAl kg MOr
m m

COD
Al Al  ( )( ) =

−−1 1 2

∆
 (12)

or ELC kgFe kg MOr
m m

MOr
Fe Fe  ( )( ) =

−−1 1 2

∆
 (13)

or ELC kgFe kg MOr
m m

COD
Fe Fe  ( )( ) =

−−1 1 2

∆
 (14)

ELC—electrode consumption; MAl1—mass of Al elec-
trode before treatment; MAl2—mass of Al electrode after 
treatment; MFe1—mass of Fe electrode before treatment; 
MFe2—mass of Fe electrode after treatment; ∆COD—mass 
of removal of COD, kg; ∆MOr—mass of removal of methyl 
orange, kg.

In order to study the effect of voltage variation on 
methyl orange removal mechanism, the samples were 
taken out of the electrolytic cell after reaction at different 

voltages. The samples were extracted by organic solvents 
and subjected to GC–MS analysis using a 7890/5975 GC–
MS system (Agilent, USA) to identify the by-products. 
Then the amount of dissolved metal ions in solution was 
measured by inductively coupled plasma mass spectrome-
try (ICP-MS) (NexION 300X; Perkin Elmer).The difference 
between consumption of electrodes and the amount of dis-
solved metal ions in solution was the amount of dissolved 
metal ions in flocs.

3. Results and discussion

3.1. Electrode material

Fe and Al were the most common electrodes used for 
EC process. Al-Al, Fe-Fe and Al-Fe were used as electrodes 
of the PREC to treat the synthetic methyl orange wastewa-
ter, respectively. Take CR and CODR as indices for assess-
ing wastewater treatment performance, which are shown 
in Fig. 2. The experimental errors of CR and CODR were 
less than 4%. The PREC with Fe-Fe and Fe-Al electrodes 
achieved similar CR. Al-Fe electrodes got more posi-
tive CODR than others. To take 20 V as a case, CODR of 
42.6%, 98.8% and 97%, and CR of 57%, 59.7% and 78% were 
achieved by Al-Al, Fe-Fe, Al-Fe electrodes, respectively. 
Al-Al electrodes got the poorest CR and CODR. The results 
would be explained by the fact that the iron ions had stron-
ger enmeshment effect than aluminum ions and the syner-
gistic effect of iron and aluminum ions [21]. 

Treatment of methyl orange wastewater by electro coag-
ulation with Al-Al electrodes was reported and achieved 
97% color removal under optimal conditions [16]. This result 
showed that the Al-Al electrodes also achieve a desired 
color removal under optimization conditions for 125 mg/L 
of methyl orange. Previous study has observed that the Al 
anode was superior to the Fe anode for removing disperse 
dye, and the Fe anode can get a greater removal efficiency 
than Al anode for the treatment of reactive dye [22]. Elec-
tro coagulation with Al-Fe electrodes has been proven as an 
efficient way to treat textile waste waters containing a vari-
ety of textile dyes and Reactive Brilliant Blue X-BR [23,24]. 
Al-Fe electrodes achieved better methyl orange and color 
removal efficiencies than Al-Al and Fe-Fe electrodes in this 
study. The possible reason was that the complexity formed 
by iron and aluminum got better methyl orange removal 
performance by adsorption and flocculation than separate 
iron-and aluminum. In summary, Al-Fe electrodes were 
considered as the optimum electrode material and were 
used in the following experiments.

It was worth noting that CODR with Fe-Fe electrodes 
increased to 52.1% for the first 30 min, and decreased to 
14.8% at 60 min with voltage of 20 V. The color of waste-
water disappeared gradually for the first 30 min and was 
deeper for another 30 min using Fe-Fe electrodes. The 
phenomenon was in accord with previous study, and the 
colloidal ferric hydroxide gave yellow-brown color into 
solution after EC treatment [13,18]. In Fig. 3, we observed 
that a new substance was produced when Fe-Fe was taken 
as electrodes. The peak of the new substance increased with 
enhancing voltage. The peak of the new substance increased 
with enhancing voltage. According to the results of GC-MS, 
the main new substance is N,N-dimethyl-1,4-Benzenedi-
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amine. The results demonstrated that the Fe electrode is 
beneficial to the oxidation of methyl orange and the -N=N- 
was cleaved during oxidation. This result was similar to 
the previous studies [25,26]. So color of the wastewater 
disappeared gradually in the first 30 min for Fe-Fe elec-
trodes. Moreover, the dissolved ferrous ions increased with 
enhancing voltage, resulting in an increase in the formation 
of intermediates. Previous study reported that the coag-
ulation was the main pathway for COD removal and the 
oxidation process was the next [17]. Flocculation was the 

main method to remove methyl orange in the early stage 
of reaction for Fe-Fe electrodes. The reduction of iron ions 
was enhanced with the increase of voltage and running 
time, resulting in an increased production of the new sub-
stance. On the contrary, flocculation was gradually weak-
ened during this period, which led to the analysis of organic 
matter and achieved a poor CODR.

3.2. Color and COD removal

Variations of CR and CODR with the increase of voltage 
are shown in Fig. 4. CR and CODR were improved contin-
uously with increasing voltage. The removal efficiency of 
color was better than that of COD in all cases. The approx-
imately complete removal of color was achieved when the 
voltage was higher than 20 V within 50 min, but only 82% of 
CODR was obtained in this case. Azo groups were the main 
reason that methyl orange generated color in the wastewa-
ter. The results indicated the existence of oxidation during 
EC process, which converted methyl orange to some simple 
organic compounds. 

The new ecological hydrogen produced by the cathode 
and electronic have a high activity. Methyl orange can be 
reduced directly [Eq. (15)], and the new ecological hydro-
gen was capable of reacting with dye using Fe0 as cata-
lyst [25]. From results of electrode material, the metal ions 
dissolved in the Fe electrode can also help to break the 
-N=N-. Previous studies have demonstrated the presence 
of hypochlorous acid and chlorine using sodium chloride 
as an electrolyte and adding sodium chloride helped to 
improve pollutant removal rate [27–29]. The main reaction 
of sodium chloride was summarized as Eqs. (16), (17) and 
(18) [30]. The oxidation and reduction of dyes occurred 
with chemical structure fragmentation of dyes (Azo 
groups breaking) [31].

Fig. 2. Change of CR and CODR using Al-Al, Fe-Fe and Al-Fe as electrodes under different applied voltages.

Fig. 3. Spectroscopic analysis after 1h of treatment using differ-
ent electrodes.
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N N N SO3Na
2H+2e-

N NH2 + H2N SO3Na  (15)

Cl– – 2e → Cl   (16)

Cl2 + H2O → HClO + H+ + Cl– (17)

HClO → ClO– + H+   (18)

Significant increase of dye removal efficiency was 
observed when voltage rose from 5 V to 15 V. In the case 
of 5 V, the current density was approximate zero, which 
meant that there was few metal ions dissolved in the 
wastewater and little flocculation formed. In previous lit-
erature, 97% of CR was achieved only at 4.4 V of voltage 
[16]. The reason was that the experiment in the literature 
was carried at a conductivity of 9.9 ms/cm, which was far 
greater than the conductivity of 2.05 ms/cm in this study. 
The optimal methyl orange concentration in previous study 
was 125 mg/L, which was only one quarter of this study. 
In this study, more than 97% of CR and 78% of CODR was 
obtained when the voltage exceeded 20 V after 1 h. There-
fore, the PREC operated under high voltage was more 
suitable for the treatment of high strength methyl orange 
wastewater comparing with low voltage value, especially 
under low conductivity condition. There was slight increase 
of CR when the voltage was higher than 20 V and the run-
ning time was longer than 50 min. CODR did not change 
significantly when the voltage was higher than 20 V and 
the running time was longer than 40 min. This phenomenon 
can be explained by the super saturation of intermediates 
such as metal ions when the voltage was greater than 20 V. 
The metal ions dissolved in the anode continuously reacted 
with the hydroxide to form flocs during the EC process. 
However, the amount of metal ions and metal flocs would 
be excessive when the voltage was greater than a certain 
value. Therefore, there were little increase of flocs with fur-
ther improving the ions dissolved from the anode [25].

There was a small change in the difference between CR 
and CODR when the voltage was changed. This meant that 

there was a certain degree of oxidation, which was affected 
by increasing voltage. However, the difference between 
CR and CODR was almost the same when the voltage was 
higher than 20 V. Adsorption and coagulation were the pri-
mary ways to remove methyl orange directly under higher 
voltage, leading to the same increments of CR and CODR. 
Fe2+, ·OH and ClO– produced from Cl– were the main sub-
stances oxidizing or reducing methyl orange in the PREC 
system. A higher voltage should produce more Fe2+, ·OH 
and ClO–, but the excess accumulation of metal ions and 
coagulations on the surface of the electrode under higher 
voltage resulted in weakening oxidation and reduction per-
formance.

3.3. Energy consumption

Energy consumption (ENC) was a major factor affect-
ing the use of EC process. The lower voltage was consis-
tent with the less energy consumption generally. ENC was 
a critical index for assessing the economic benefits of the 
PREC in treating the methyl orange. The ENC with the 
change of voltage is shown in Fig. 5. The ENC increased 
with the enhancement of applied voltage and running time. 
The increase rate of ENC at a higher voltage was faster 
than that at a lower voltage. The ENC was relatively slow 
when the voltage was lower than 20 V. The ENC of PREC 
was 22.7 kWh/kg (MOr) and 39.7 kWh/kg (MOr) after 1 h 
at 20 V and 25 V, respectively. The increase rate of ENC 
in the first 30 min was relatively slower than the later 30 
min when voltage was greater than 25 V, especially with 
voltage of 35 V. The CR, CODR and ENC increased from 
99.2%, 83% and 41.3 kWh/kg (MOr) to 99.6%, 83.3% and 
83 kWh/ kg (MOr) at 35 V when the running time lasted 
from 30 min to 60 min, respectively. There were slight 
increase of CR and CODR in the later 30 min, but the ENC 
was doubled. The results meant that the utilization effi-
ciency of current was lower at a higher voltage. It should 
be noted that temperature of the wastewater rose with the 
running time in the PREC process. The excess energy was 
dissipated as heat energy partially [16].

Fig. 4. Change of CR(a) and CODR(b) with processing time under different applied voltage.
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The CR and ENC were 97 ± 2% and 44 ± 3kWh/ kg 
(MOr) under optimal condition using conventional EC pro-
cess [16]. The minimum ENC required to achieve 97% CR 
was 28 kWh/kg (MOr) in this study. Therefore, removal 
of the same mass of methyl orange required more energy 
consumption in conventional EC process. In addition, the 
low conductivity meant the small current density and the 
slow flocculation rate, which would be overcome by adopt-
ing relative high voltage value. Also it was cost-effective to 
use PREC to treat high strength methyl orange wastewater 
compared with conventional EC process.

3.4. The pH variations

The pH value played a vital role in EC process by con-
trolling the speciation of metal ions occurring in the PREC 
cell. The electrolysis of wastewater in the PREC produced 
hydroxide to raise the pH value. Fig. 6 shows the change of 
pH during PREC process under different voltages.

The pH value of the wastewater increased gradually 
with the proceeding of experiments and improved faster at 
higher voltage. The pH increased from 6.5 to 8.4 at a voltage 
of 5 V and from 6.4 to 10 at a voltage of 35 V after treatment 
of 1 h. The experimental errors of pH were less than 5%. 
The concentration of OH– was enhanced with the dissolu-
tion of metal ions and electrolysis of wastewater, lending 
to increase of pH value in EC process, especially under a 
higher voltage. More positive CR meant a greater change 
of pH value. The increase in the amount of hydroxide pro-
duced more metal hydroxide and flocculation to improve 
methyl orange removal [32,33].

Al and Fe hydroxides were different at different pH 
values. Al(OH)3 with large surface area had a strong abil-
ity to absorb organic compounds, and has been considered 
to be the main substance in EC process [16]. Fe(OH)3 was 
the dominant substance to remove organic matter [34]. 
The optimal pH of EC process with Al or Fe as electrode 
was different in treating dye wastewater. Previous paper 
has reported that optimal pH range was from 5 to 7 for 
both Fe and Al electrodes [18]. While being operated at 
extreme pH values, lower than 3 or higher than 10, color 
and COD removal performance of the EC process would 

be affected obviously. The aluminum irons were dissolved 
from Al electrode and produced Al3+ and Al(OH)2

+ within 
the pH range of 2–3. Al3+ and Al(OH)2

+ were transformed 
into Al(OH)3 at pH values ranging from 4 to 9. The ratio 
of Al(OH)4

– was increased when pH higher than 10 [28]. 
Also different Fe hydroxides were produced in various pH 
values. The Fe(OH)2

+ and Fe(OH)2+ were dominant species 
in acidic solution which were transformed into Fe(OH)3 
spontaneously in the pH of 6–9.5. Finally, Fe(OH)4

– was 
generated when pH was higher than 9.5 [35]. From Fig. 
4, we observed that the main COD and coloration were 
removed at the first 20 min. The pH value increased from 
6.6 to 9.3 for the first 20 min. Fe(OH)3 and Al(OH)3 were 
mainstreams at this range of pH value. CR and CODR did 
not change significantly when running time was longer 
than 40 min. The pH was heightened from 9.7 to 10 for 
the last 20 min, and the main form of Fe hydroxide was 
Fe(OH)4

– in this range of pH value. Fe(OH)4
–  did not play 

a crucial role in removing COD and color.

3.5. Sludge production, density and electrode consumption

Sludge was generated during EC process. Most of the 
methyl orange was removed through the precipitation and 
enmeshment of metal flocculation forming sludge [36]. The 
better removal efficiencies of color and COD usually corre-
sponded to more SP [37]. Fig. 7 shows the change of SP and 
SD with increase of applied voltage. The SP was improved 
continuously with increasing voltage. Small increase of SP 
was observed when the voltage increased from 5 V to 15 V. 
There was slight decrease on SP, from 1.96 kg (sludge)/
kg(MOr) to 1.95 kg (sludge)/kg(MOr), when the voltage 
was enhanced from 15 V to 20 V. A significant increase of 
SP was observed when the voltage rose from 20 V to 25 V. 
A Higher voltage indicated more dissolved metal ions and 
more sludge generation. When the voltage was higher 
than a certain level, the excess of metal hydroxide, not 
being used to precipitate methyl orange completely, was 
produced. Therefore, SP increased steeply with enhancing 
voltage when the voltage was greater than 20 V. In previous 
literature, SP was 17.2 ± 0.9 kg (sludge) kg (MOr)−1 under 
the optimal condition, which was much larger than the SP 

Fig. 5. Change of ENC under different applied voltages.
Fig. 6. The pH variation of the wastewater with running time 
under different applied voltages.
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in this study [16]. The reason was that the concentration 
of methyl orange was higher and the current density was 
smaller in this study than previous study.

The SD was raised when the voltage increased from 5 V 
to 25 V, and then decreased with further improving the volt-
age. The maximum sludge density of 9.7 g/L was obtained 
at 25 V. The consumption of aluminum electrode was more 
than the iron electrode, and Al(OH)3 occupied larger vol-
ume than Fe(OH)3 at the same mass. The ratio of aluminum 
to iron consumption determined the SP, which was reduced 
from 2.8 to 1.1 when the voltage was raised from 5 V to 35 V. 
Therefore, the SD increased when the voltage increased 
from 5 V to 25 V. Simultaneously, more bubbles would be 
produced at a higher voltage, which induced the decline of 
SD when the voltage was higher than 25 V.

The electrode was an indispensable part in the EC sys-
tem. The ELC was one of the most important indices for 
assessing performance of EC process. Fig. 8 shows the 
change of ELC with the enhancement of voltage. The higher 
the voltage was, the faster the electrodes were dissolved 
according to Faraday’s law [38]. The ELC, both Al electrode 
and Fe electrode, kept increasing with the rise of voltage. 
The consumption of iron electrode was much smaller than 
that of aluminum electrode. This led to a small amount of 
Fe2+ produced and a small chance of oxidation and reduc-
tion. This result was similar to the reports in previous study 
[22]. It can be attributed to the Fe electrode was more likely 
to form a passivation layer than the Al electrode in the same 
operation condition. The passivation layer would be over-
come under a higher voltage, which promoted the dissolu-
tion of Fe electrode.

The desired removal efficiency, more than 96% of CR 
and 75% of CODR, was achieved at voltages of 20 V, 25 V, 30 
V and 35 V when running time was 50 min, 40 min, 30 min 
and 20 min, respectively. There were slight increase on CR 
and CODR when the voltage or running time continued 
increasing. The corresponding SP and ELC were similar in 
those cases, but greater SD was observed at a higher volt-
age. More than 1.55 times of ENC was required to achieve 
the satisfactory CR and CODR at 35 V compared to 15 V. 
Comparing the various indicators in different situations 
and from the perspective of economic efficiency, 20 V and 

50 min were considered as the optimal applied voltage and 
running time in present study.

3.6. Mechanism of methyl orange removal

Common flocculation, oxidation and reduction were 
two main routes for PREC to reduce coloration and remove 
COD. The insoluble Fe(OH)3 or Al(OH)3 was the major 
flocs to remove organic matter and dyes [34]. Fe(OH)3 and 
Al(OH)3 were converted into Fe2+, Fe3+ and Al3+ at pH of 
2, which did not have capacity to flocculate and remove 
methyl orange. Therefore, the methyl orange removed by 
flocculation was released into the solution at pH of 2 leading 
to increase of methyl orange concentration. The difference 
between the total removed methyl orange and the methyl 
orange removed by flocculation was the one removed by 
oxidation and reduction. As an indicator, methyl orange 
would undergo structural change when the pH value was 
adjusted to 2. The related reaction is shown in Fig. 9a and 
the methyl orange at pH of 2 showed peak at 510 nm.

In order to study the proportion of methyl orange 
removed by flocculation, the effluent at pH of 2 after treat-
ment of 1 h under different voltages was analyzed by ultra-
violet spectrophotometry. Spectroscopic analysis of the 
samples under different voltages at peak of 510 nm is shown 
in Fig. 10. About 3.3%, 17.8% and 17.3% of methyl orange 
was removed by oxidation and reduction and 77.2%, 80.2%, 
82.3% of methyl orange was reduced though flocculation 
under 10 V, 20 V and 30 V, respectively. The degree of oxi-
dation and reduction for color reduction at 20 V was similar 
to that at 30 V, but COD removal at 30 V was more than 
20 V. The results confirmed that more intermediate was 
removed by oxidation and reduction at 30 V than at 20 V. 
These results indicated that a higher voltage would increase 
the ratio of oxidation and reduction, but flocculation was 
the main way to remove methyl orange.

The intermediate product in solution during the PREC 
process was measured by GC-MS. From the results of 
GC-MS, more than 95% of intermediate was C8H11N under 
voltage of 10 V, 20 V and 30 V after reaction for 1 h. The 
structure of C8H11N is presented in Fig. 9b. It demonstrated 

Fig. 7. Change of sludge production (SP) and sludge density (SD) 
with increasing applied voltage.

Fig. 8. Change of electrode consumption (ELC) with increasing 
applied voltage.



L.-M. Ren et al. / Desalination and Water Treatment 135 (2018) 258–267 265

the cleavage of the Azo bond in the methyl orange during 
treatment of PREC. The result was in accord with previ-
ous study [39,40]. The direct hydrogenation reduction 
of methyl orange is shown in Fig. 9c. The proportion of 
C8H11N in the intermediate increased with the enhance-
ment of voltage, 95.1% for 10 V, 96.5% for 20 V and 98.4% 
for 30 V. The results indicated that the oxidation and reduc-
tion were strengthened with the increase of voltage. How-
ever, proportion of oxidation and reduction in the PREC 
process was low, so the intensity of reinforcement was rel-
atively small. More than 2.5% of intermediate was long-
chain hydrocarbons, which proved the existence of ·OH 
and ClO– during EC process. A previous study has reported 
that chlorinated salts were broken down to produce highly 
oxidative reagent from chloride ions at the anode surface 
[41]. The ·OH and ClO– led to the formation of long-chain 
hydrocarbons by breaking the benzene ring of methyl 
orange. The total amount of intermediates increased when 
the voltage increased from 10 V to 20 V, then decreased with 
further improving the voltage. The low current density cor-
responded to the small amount of oxidizing material such 
as electronics and ·OH, leading to less intermediates. The 
oxidizing material increased with improving voltage, so 

the number of intermediates increased when the voltage 
was improved from 10 V to 20 V. Only around 2% of methyl 
orange remained in the effluent at 20 V, but flocculation, 
oxidation and reduction were enhanced continuously with 
increasing voltage further. Therefore, there was a decrease 
in the intermediates when the applied voltage changed 
from 20 V to 30 V. 

The specific presence of metal ions after reaction of 1 h 
is shown in Fig. 11. Almost all dissolved iron and about 88% 
of the dissolved aluminum were used to eliminate methyl 
orange at each voltage. Total amount of dissolved iron and 
aluminum increased with heightening voltage, which was 
the reason why the higher methyl orange removal efficiency 
and greater SP were achieved at a higher voltage. In Fig. 2, 
the PREC with Al-Al electrodes got around 60% of CR and 
40% of CODR only. In summary, the capability of iron and 
iron-aluminum hydroxides for removing color and COD 
was greater than aluminum hydroxides. The result was in 
accord with previous studies that reactive dyes were char-
acterized by Azo bonds (N=N) and were removed by the Fe 
anode superior than Al anode [42,43].

The variation of voltage affected methyl orange removal 
to some extent. However, the shorter cycle of periodic elec-

N N N SO3Na
2H+2e-

N NH2 + H2N SO3Na

N(b)

(c)

NH+ N N
pH =3.5

- O3S NH N N+- O3S(a)

Fig. 9. Conversion of methyl orange in acidic solution (a), the chemical formula of C8H11N (b) and hydrogenation reduction reaction 
of methyl orange (c).

Fig. 10. Spectroscopic analysis of original methyl orange and ef-
fluent after treatment of 1 h at pH of 2 under different voltages.

Fig. 11. Dissolved and precipitated metal ions at different 
 voltages. TM - total dissolved metal ions; DM - dissolved metal 
ions after reaction of 1 h; SM - metal ions in the sludge after reac-
tion of 1 h; M-Al or Fe.
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trode reversal time meant more time was consumed by the 
reversal process, leading to less useful time for removing 
dye [16]. 15 s of the cycle of periodic electrode reversal 
might limit the influence of the voltage variation on methyl 
orange removal performance. Therefore, the PREC with the 
reversal time of 5 min was employed to treat the methyl 
orange wastewater at 10 V, 20 V and 30 V, and the results 
are shown in Fig. 12.

The PREC with reversal time of 5 min achieved the 
desired CR and CODR in shorter operating time than that 
of 15s. CR and CODR using the PREC with reversal time 
of 5 min reached stabilization within 20 min at 20 V, and 
the CR and CODR were 97.6% and 77.5%. In addition, 
the CODR of PREC with reversal time of 5 min after 1 h 
of treatment was greater than that of 15 s. These results 
indicated that the PREC was a time-saving way to treat 
methyl orange wastewater by optimizing the operating 
parameters. More than 99.6% CR was achieved by PREC 
with reversal time of 5 min after 1 h of treatment in the 
three voltages. Greater CODR was achieved by PREC with 
cycle of reversal time of 5 min at higher voltage. The result 
verified that the voltage did have an impact on pathway to 
eliminate methyl orange.

4. Conclusions

PREC was employed in treating synthetic high 
strength methyl orange wastewater to investigate the 
specific effect of voltage variation on CR and CODR 
performance. The PREC operated under high voltage 
was a suitable way to treat high strength methyl orange 
wastewater, especially under low conductivity condi-
tion. Higher voltage achieved desired CR and CODR 
in shorter time. To obtain the similar methyl orange 
removal performance, the ENC was lower than previous 
studies because of the mode of PREC. The change of pH 
also gave an explanation to the phenomenon that CR and 
CODR increased slightly when voltage was greater than 
20 V and running time was longer than 50 min. 20 V and 
50 min were optimal operation conditions by consider-
ing the CR, CODR, ENC, SP and SD. High voltage would 
enhance the degree of oxidation and reduction for methyl 

orange removal, but flocculation was the main way to 
remove methyl orange.

Abbreviations

EC — Electro coagulation
PREC —  Electro coagulation with periodic reversal of 

the electrodes
CR — Color removal
CODR — Chemical oxygen demand removal
ENC — Energy consumption
ELC — Electrode consumption
SP — Sludge production
SD — Sludge density
MOr — Methyl orange
U — Voltage
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