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a b s t r a c t
The present work compares the efficiency of iron electrocoagulation in the removal of two differ-
ent dyes; Reactive Red 35 (RR35) and Disperse Yellow 56 (DY56). Numerous operating parameters 
such as pH, type of supporting electrolyte were studied. The operating cost of the process was 
computed and it was found to be a cost-effective process in the treatment of textile wastewater. 
The removal of RR35 dye was under optimum conditions of 50 mg L–1 initial concentration, pH 
of 6, 0.5 g NaCl as supporting electrolyte, 43.4 A m–2 current density was an ideal and economic 
choice that gave best percent removal with maximum power saving. On the other hand, for the 
removal of DY56, the optimum conditions which result in the best percent removal were the same 
as for RR35 except for the initial dye concentration was 40 mg L–1. The best removal efficiency 
was 96.89% and 94.67% for RR35 and DY56 respectively. Adsorption data were analyzed, differ-
ent error analysis conforms that the isotherm data followed Langmuir for both studied dyes. The 
fact that adsorption of the dyes molecules onto the insoluble iron hydroxide flocs was established 
using energy-dispersive X-ray analysis and Fourier-transform infrared spectroscopy analyses. 
The results indicated that the first-order rate equation is the fit for the process. The thermody-
namic results indicated that the process is spontaneous, randomness, and endothermic adsorption. 
Finally, multiple regression analyses were conducted.

Keywords:  Electrocoagulation; Mechanism; Dye removal; Reactive Red 35; Disperse Yellow 56; 
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1. Introduction

Nowadays, ecological contamination because of indus-
trial effluents is considered a significant issue. The textile 
industry expands the impressive measure of water during 
dyeing and finishing operations. Textile wastewater contains 
dyes such as reactive and disperse dyes and many other 
types of dyes, representing a significant ecological issue 
for a long time. Due to the toxicity of these synthetic com-
pounds, they may represent a severe hazardous effect on 

the aquatic systems and humans [1]. Dyes from the indus-
trial origin and even if they are with low concentrations are 
considered harmful materials and that’s why it is essential 
to treat this kind of wastewater carefully before discharging 
into the water bodies [2]

Numerous researchers investigated several techniques 
for the removal of these types of pollutants, such as photocat-
alytic process [3], adsorption [4,5], sedimentation [6], mem-
brane processes [7–9], biological treatment [10], and oxidation 
[11–13]. Furthermore, chemical coagulation, precipitation, 
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electroflotation, ion exchange through a liquid-liquid mem-
brane, membrane bioreactors, and ultrafiltration have been 
used also for this purpose [14]. Nevertheless, the aforemen-
tioned techniques are suffering from numerous operative 
drawbacks [15]. Consequently, electrochemical techniques 
have emerged as a solution to these problems [16].

The removal of dyes was investigated by many research-
ers using different techniques, which were effective to a 
large extent. On the other hand, these techniques were suf-
fering from several limitations such as the high cost, the 
long operating time, especially for microbiological methods, 
and adding secondary pollution such as chemical coagula-
tion methods [17]. The electrocoagulation (EC) technique is 
characterized by its simplicity, it is an economical process, 
and also it is favorable in most industries as a method for 
the treatment of its wastewater because it does not need the 
addition of harmful chemicals and consequently, no second-
ary pollution is taking place. Another important advantage 
is the use of low-intensity electrical current for the operation 
which can be obtained by solar cells, windmills, and fuel 
cells [16,18]. On the other hand, the EC technique suffers  
from some limitations such as electrode passivation, elec-
trodes consumption, and consequently need frequent replac-
ing, presence of metal hydroxide precipitates in the treated 
effluents need post-treatment. EC technique can be used 
as a treatment method for a variety of industrial wastewa-
ter, such as phosphates [19,20], ammonia [20], nitrates [21], 
organic dye molecules [22,23], arsenic [24], chromium(VI) 
[25], copper [26], fluoride [27,28], heavy metal ions [29], paper 
industry wastewater [30], and pharmaceutical wastewater 
[31]. Recently, EC has been investigated in the decontamina-
tion of waster as a successful method of disinfection [32].

EC technique proceeds in a three-step process as follows: 
firstly, oxidation reaction at the anode and reduction reac-
tion at the cathode, secondly, formation of flocs of metal 
hydroxide in the bulk of the solution, and finally, adsorption 
of the pollutants’ molecules on the surfaces of these flocs 
followed by aggregation of these flocs and consequently, 
removal of these flocs through their sedimentation or 
floatation according to their size and weight [33,34].

The reactions taking place at the iron anode through the 
EC procedure are [35]:

Fe Fe es aq( ) ( )� �� �2 2  (1)

The reactions for acidic and alkaline mediums are:
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Water reduction is taking place at the cathode and 
hydrogen gas is evolved:
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Among the removal mechanisms of the EC technique 
is the neutralization between metallic hydroxides and the 

pollutants which encourage their agglomeration and ease 
of removal [35].

The present study aimed to investigate the removal of 
Reactive Red 35 (RR35) and Disperse Yellow 56 (DY56) 
dyes from synthetic wastewater using commercial-grade 
iron electrodes. The literature has a little number of studies 
about the removal of these types of dyes particularly and 
using this technique specifically, that was the reason for 
this study. The novelty of the present work was condensed 
on the instrumental analyses as a professional method 
for the description of the removal mechanism of the dyes, 
which indicated the adsorption of the dyes onto the flocs. 
Also using different statistical analysis programs such as 
regression analysis and error function to ensure the results. 
Numerous operating factors were investigated for their 
effect on the percent removal of the dyes.

2. Materials and methods

2.1. Synthetic wastewater

The studied dyes named Reactive Red 35 (RR35, 
C12H18N3Na3O14S4) and Disperse Yellow 56 (DY56, C21H15N5O2) 
were acquired from Sigma-Aldrich, Germany (80% purity). 
Sodium sulfate (Na2SO4), hydrochloric acid (HCl), sodium 
carbonate (Na2CO3), sodium chloride (NaCl), sodium sulfite 
(Na2SO3), sodium acetate (CH3COONa), and sodium hydrox-
ide (NaOH) were obtained from Merck. All the solutions 
were prepared using distillate water. Iron(Fe) plates (purity: 
95%, product of Egyptian Copper Company, Alexandria, 
Egypt) functioned as sacrificial electrodes in the EC reactor.

2.2. Instrumentations

During experimentation, the dye concentrations were 
analyzed using T80 UV/Vis spectrophotometer at 511 and 
442 nm for RR35 and DY56, respectively. The pH meter 
(model AD 1030) was used for pH determination. The func-
tional groups of the flocs were estimated by PLATINUM 
Diamond ATR accessory and VERTEX 70 FTIR-Bruker 
spectrometer. The surface characteristics and the elemen-
tal composition of the surface of electrodes and flocs before 
and after the removal of the dyes was estimated by ener-
gy-dispersive X-ray analysis (EDAX). The instrument was 
operated under a low vacuum at an accelerating voltage to 
achieve an adequate image of the sample.

2.3. Set-up

The dimensions and construction of the EC cell are given 
in Table 1. The solutions of the dyes were transferred in the 
reactor, a preliminary sample was taken, the anode and 
cathode were connected to the direct current (DC) power 
supply. To regulate the current and the potential of the pro-
cess, an ammeter and a voltmeter (Sunwa, China) were con-
nected to the electrodes. To achieve a homogeneous solution 
all along with the experiments, a magnetic stirrer was used.

The optimum conditions of the EC process are given as 
described in previous work [36]. The best percent removal 
was obtained using 9 electrodes and 0.5 g NaCl as support-
ing electrolytes, 2 cm as electrode’s distance was optimum 
at all conditions and 750 rpm was optimum all over the 
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experiments. The optimum solution temperature was eval-
uated for all systems.

2.4. Analytical method

The dye adsorption capacity (Qe, mg g–1) was calculated 
using Eq. (5):

Q
C C V

We
o e�
�� ��

 (5)

� �
MIt
nF

 (6)

The % dye removal was determined using Eq. (7):
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3. Results and discussion

3.1. Effect of initial pH

The solution pH is among the most significant factors 
that control the performance of the EC technique. The pH 
can control the rate of anode dissolution, the state of dif-
ferent ions in the solution, and the speciation of coagulants 
[37,38]. It is also known that the acidity of the solution 
leads to a decline in the oxidation of Fe+2 to Fe+3 [39]. On 
the other hand, in the alkaline solution Fe(OH)4 dominate 
which leads to poor coagulation [40]. Accordingly, with 
the presence of Fe(OH)3 species, neutral and slightly alka-
line mediums are preferred [41,42]. A series of experiments 
was performed with RR35 and DY56 aqueous solutions at 
various pH (2–11). As inspected in Fig. 1, the best percent 
removal of RR35 and DY56 was 96.89% and 91% respectively  
at pH 6.

This optimum pH showed that the mechanism of dyes 
removal by the EC process was by charging neutralization 
between the anionic dyes and the metallic hydroxide ions. 
Among the most important mechanisms of the organic pol-
lutant removal, is the charge neutralization in which the 
formed flocs act as charge covering, thus, the double layer 
of organic pollutant is condensed then preferring the for-
mation of coagulants leading to the precipitation [41].

3.2. Effect electrolyte type

The role of supporting electrolyte in the electrocoagu-
lation technique is to maintain the desired conductivity of 
the solution, which consequently reduce the ohmic resis-
tance of the solution. According to this reduction in the 
resistance, the energy consumption can be minimized [37].  
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Fig. 1. Effect of pH on %Re of 50 mg L–1 RR35 and 40 mg L–1 DY56 at different initial pH values; (current density = 43.4 A m–2, 
0.5 g NaCl as supporting electrolyte, speed of stirring = 750 rpm, and temp. = 25°C).

Table 1
Characteristics of EC reactor

Electrodes

Material (anode and cathode) Iron
Shape Rectangular plate
Size (mm) 160 × 77
Number 9
Thickness(mm) 3
Plate arrangement Parallel
Connection mode Bipolar
Effective electrode surface area (cm2) 123.2

Reactor characteristics
Material Perspex
Reactor mode Batch
Dimensions (mm) 200 × 100 × 80
Volume (L) 1.5
Used dye volume (L) 1
Electrode gap (mm) 10

Power supply

Voltage range (V) 0–12
Current range (A) 0–12.5
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Fig. 2 shows the usage of 0.5 g of different supporting elec-
trolytes NaCl, CH3COONa, Na2CO3, Na2SO4, and Na2SO3 
for RR35 and DY56. It is clear that using NaCl as a sup-
porting electrolyte gave the best percent removal for both 
dyes, and that Na2SO4 had the worst performance. The 
main reason for this dramatic diminution of the %Re for 
RR35 and DY56 with using Na2SO4 may be ascribed to the 
passivation effect of sulphate ions that retards the anode 
dissolution [43]. It was decided to use NaCl as a support-
ing electrolyte for several reasons. It is a good conduc-
tor, has a small size, is easy to ionize in the solution and 
it is commonly used in the textile industry for helping 
the absorption of the dye molecules in the fibers [44].

3.3. Thermodynamic parameters

For the investigation of the effect of temperature on the 
adsorption of RR35 and DY56 dye using EC processes, ther-
modynamic parameters named standard enthalpy change 
(ΔH°), standard entropy change (ΔS°), and standard Gibbs 
free energy change (ΔG°) are calculated [45,46].

Van’t Hoff plot (lnkd against 1/T) was used for the deter-
mination of the values of the thermodynamic parame-
ters using the intercept and slope (Table 2). When Table 2  
is analyzed, it is seen that ΔG° has a negative indicating 
that the process is spontaneous and ΔH° has a positive 
value signifying the endothermic nature of the process 
[47]. Also, as the temperature increases, the ΔG° increases, 
indicating the ease of adsorption at 298 and 303 K for 
RR35 and DY56 respectively. Moreover, the calculated 
values of ΔG° (20 < ΔG° < 0 kJ mol–1) reveal that the dom-
inant mechanism is a physical reaction [48,49]. The stan-
dard entropy change (ΔS°) positive value displayed the 
randomness of the adsorption process [50,51].

3.4. Electrical energy consumption

Specific energy consumption values were calculated 
using Eq. (8) [52,53] with the two current densities used 
along with the study, which was 43.4 and 104.2 A m–2.

Electrical Energy Consumption EEC� � � � �
�� ��
I v t

C C Vo t

 (8)

Fig. 3a and b illustrate that, with the current density of 
104.2 A m–2, the energy consumption was much higher for 
both dyes. Inspecting Fig. 3c and d it can be concluded that 
the percent removal did not affect by the increase in cur-
rent density to a great extent. Accordingly, for power sav-
ing’s sake, the use of power supply 43.4 A m–2 was the right 
decision.

3.5. Operating cost

In the present study, the total operating cost (TOC) was 
calculated according to Eqs. (9) and (10) which include 
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Fig. 2. The %R of RR35 and DY56 at different supporting electrolyte (0.5 g); (current density = 43.4 A m–2, speed of stirring = 750 rpm, 
pH = 6, temp. = 25°C and initial concentration = 50 and 40 mg L–1 respectively).

Table 2
Thermodynamic parameters of the RR35 and DY56 removal by 
EC technique

Thermodynamic 
parameters

Temperature (K) RR35 DY56

ΔG° (kJ mol–1) 298 –7.237 –2.095
303 –5.844 –2.968
323 –4.732 –1.072
343 –4.417 –0.379

ΔH° (kJ mol–1) 0.351 0.274
ΔS° (J mol–1) 9.195 1.912
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specific energy consumption (E) and cost of iron electrodes 
(EIC) for the evaluation of the TOC (US$/m3) for real efflu-
ent [54,55]:

EIC �
� �
� �

I M t
n F V

w  (9)

TOC EIC= +£W ß  (10)

According to the Egyptian market, during the period 
of the present work, June 2019, the electrical energy price 
for industrial sector £ and iron electrodes ß were found to 
be 0.05 US$/1 KWh and 0.50 US$/1 m3, respectively. Using 
Eqs. (9) and (10) for calculations of operating costs led to 
the following results: TOC (US$/m3) for real effluent for 
RR35 was 0.99 US$/m3 and for real effluent for DY56 equal 
was 1.3 US$/m3. For the Turkish market, in 2018 TOC for 
industrial estate wastewater treatment was (3.8 US$/m3)
[56], and in September 2015 TOC for greywater treatment 
was (1.64 US$/m3) [57] for the Indian market, in 2021 TOC 
for rice grain-based distillery BDE was (1.39 US$/m3) [58]. 

On the other hand, the operating cost for the removal of 
Reactive Red 223 (R223) was (4.486 $d/m3) [59]. While in 
2020 the total operating cost for Reactive Red 120 (RR120) 
(0.99 US$/m3) [60]. Accordingly, the EC process is highly 
recommended for industrial wastewater treatment in 
Egypt as it is an economical technique. Table 3 presents a 
comparison between the obtained results from the pres-
ent work with that obtained in the literature dealt with the 
removal of dyes with the EC technique.

3.6. Applied adsorption isotherms for EC process 
of RR35 and DY56 removal

The experimental data were fitted to three isotherm 
models, including Langmuir, Freundlich, and Temkin. The 
calculated parameters are shown in Table 4.

As shown in Table 4, the Langmuir isotherm model 
parameter (RL) is less than unity (0.1 and 0.13) for both RR35 
and DY56 respectively, confirming the favorability of the 
adsorption process [65,66].

As shown in Table 4, the Freundlich isotherm model 
parameter (nf) is in the range of 0–10 (2.01 and 0.52 for RR35 

 

0

10

20

30

40

50

60

5 10 15 20 30 40 50

)g
K/h

w
K( noitp

musnoc ygrenE

Time (min)

Energy (43.4 A/m²) Energy (104.2 A/m²)

0

10

20

30

40

50

60

70

5 10 15 20 30 40 50

En
er

gy
 co

ns
um

pt
io

n 
(K

w
h/

K
g)

Time (min)

Energy (43.4 A/m²) Energy (104.2 A/m²)

(b)

0.000

20.000

40.000

60.000

80.000

100.000

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0

0

1
5

0

%
 R

e

Initial Concentration (mg/L)

%Re (43.4 A/m²) %Re (104.2 A/m²)

0.000

10.000

20.000

30.000

40.000

50.000

60.000

70.000

80.000

90.000

20 30 40 50 60 70 80 90 10
0

15
0

%
 R

e

Initial Concentration (mg/L)

%Re (43.4 A/m²) %Re (104.2 A/m²)

(a) 

(c) (d) 

Fig. 3. Effect of different current density of 43.4 and 104.2 A m–2 on specific energy consumption of (a) RR35, (b) DY56 & 
The %Re at different current density of 43.4 and 104.2 A m–2 of (c) RR35, (d) DY56.



305A.A. Moneer et al. / Desalination and Water Treatment 256 (2022) 300–313

and DY56, respectively) revealing the favorable adsorption 
[67,68].

Temkin isotherm model parameters (AT and bT) are ver-
ified in Table 4. The value of the bonding factor, bT points 
to the physical nature of the adsorption [48,69].

According to Table 4, the values of Dubinin–Radushkevich 
isotherm model parameter (E) within the range (1–8 kJ mol–1) 
for both dyes. So, from this result, it may be concluded 
that adsorption can be physical adsorption of RR35 and 
DY56 onto the formed flocs [70].

Accordingly, the studied isotherm models can be 
arranged descendingly based on correlation coefficient 
(R2) as follows: Langmuir > Temkin > Freundlich > Dubin
in–Radushkevich and Langmuir > Freundlich > Temkin 
> Dubinin–Radushkevich for RR35 and DY56, respectively.

3.7. Error functions

In this study, five error functions named, root-mean-
square error (RMSE), the sum of the squares of the errors 
(ERRSQ), mean absolute percentage error (MAPE), 
Marquardt’s percent standard deviation (MPSD), and Chi-
square analysis (χ2) (Table 5) were applied to estimate the 
fit of the adsorption isotherm. The favored predictive model 
is that with the lower error value [71]. Table 6 illustrates 
the data obtained from the different models. Inspecting 
the table, it can be concluded that the Langmuir isotherm 
model best fits both studied dyes.

3.8. Kinetic studies

The adsorption mechanism was investigated using the 
pseudo-first-order and pseudo-second-order models [72]. 
Among these models, the suitable fit was selected based 
on statistical parameters.

The obtained results indicated that the pseudo-first- 
order kinetic model described accurately the adsorption 
process of the dyes molecules on the surface of the formed 
flocs with good correlation coefficients (>0.98) for both 
RR35 and DY56, Table 7.

3.9. Instrumental analyses of the flocs and electrodes

To prove the mechanism of the removal of the dye and 
whether the deposition on the electrodes or the adsorption 
on the flocs is responsible for the removal, EDAX analy-
ses for the electrodes and the flocs before and after the EC 
process was used.

Fig. 4a and b display the EDAX analyses of the elec-
trodes’ surfaces before and after the EC process which 
confirms that no dyes were deposited on the electrodes’ 
surfaces and confirms the presence of Fe(OH)3 species. 
Accordingly, the direct Fe(OH)3 deposition onto the elec-
trodes has a minor effect on the removal of RR35 and DY56. 
On the other hand, the insoluble Fe(OH)3 that form flocs 
can remove RR35 and DY56 molecules (Fig. 5a and b). This 
proves that the removal of the dyes depends on surface 
complexation between dyes and a hydrous iron moiety [73].

The Fourier-transform infrared spectroscopy (FTIR) 
data for the pure Fe(OH)3, the flocs after RR35 and DY56 dyes 

Table 3
Comparison of optimized results with previous studies

Dye Optimized conditions Anode–cathode Removal efficiency (%) Reference

Reactive Red 35 pH = 8, 43.4 A m–2, C0 = 70 mg L–1 Al–Al 95.7 [36]
Disperse Yellow 56 pH = 8, 43.4 A m–2, C0 = 50 mg L–1 Al–Al 96.8 [36]
Reactive Red 231 pH = 8, 4 A m–2, C0 = 10 mg L–1 Al–Al 96.5 [61]
Methyl Orange pH = 6, 10 A m–2, C0 = 100 mg L–1 Fe–Fe 92.5 [62]
Orange II pH = 5, 2.5 A m–2, C0 = 21 mg L–1 Al–Al 98 [63]
C.I. Vat Blue 1 pH = 7.5, 47 A m–2, C0 = 60 mg L–1 Fe–Fe 94 [64]
Reactive Red 35 pH = 6, 43.4 A m–2, C0 = 50 mg L–1 Fe–Fe 96.9 This study
Disperse Yellow 56 pH = 6, 43.4 A m–2, C0 = 40 mg L–1 Fe–Fe 94.7 This study

Table 4
The calculated parameters of the used adsorption isotherm 
models for RR35 and DY56 removal by EC technique

Isotherm RR35 DY56

Langmuir

qm (mg g–1) 32.26 17.39
Ka (L mg–1) 0.10 0.13
RL 0.001 0.001
R2 0.98 0.99

Freundlich

Kf (mg g–1)(L mg–1)1/n 1.93 1.12
nf 2.01 0.52
R2 0.92 0.99

Dubinin–Radushkevich

qm (mol g–1) 23.76 102
E (kJ mol–1) 0.010 0.010
R2 0.86 0.87

Temkin

bT (mg g–1) 8.35 38.52
KT (L g–1) 1.67 2.27
R2 0.98 0.92
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removal approves the adsorption of dyes onto the insoluble 
iron hydroxides of the flocs. By inspecting (Fig. 6a–c); 
Fe(OH)3 was identified by FTIR spectroscopy in the range 
3,399.22–899.62 cm–1 for RR35 and 3,377.13–839.28 cm–1 

for DY56, that was comparatively similar to the spec-
trum of a pure Fe(OH)3– 3,400–886 cm–1 [74]. The overlap-
ping of bands of Fe(OH)3 led to the shift of the absorption 
bands of the RR35 and DY56 spectrum from their original 

Table 5
The symbols, equations and parameters of the used error functions

Error functions Symbol Equation Parameters

Sum of the squares of the errors ERRSQ q qe ii

p
cal �� ��� 2

1
qcal and qe are the calculated and 
experimental values for q (mg g–1)

Hybrid fractional error function HYBRID
100

2

1p n
q q
q

e

e
i

i

p

�

�� ��

�

�
�

�

�

�
��

� cal p number of data points

Marquardt’s percent standard deviation MPSD 100 1
2

1p n
q q
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e

e
i

i

p

�
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�
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�
�
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�
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��

� cal n number of parameters of the 
isotherm equation

Average relative error ARE
100

1p
q q
q

e

e ii

p
cal �

�
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Sum of the absolute errors EABS q qe i
i

p

cal �
�
�

1

Table 6
Error function of adsorption models for the RR35 and DY56 removal by EC technique

RR35 Error function value DY56 Error function value

Langmuir Langmuir

RMSE 0.046 RMSE 0.262
ERRSQ 0.78 ERRSQ 42.13
MAPE 3.6 MAPE 10.65
MPSD 16.58 MPSD 20.8
χ2 0.18 χ2 2.73

Freundlich Freundlich

RMSE 0.11 RMSE 0.53
ERRSQ 4.9 ERRSQ 63.7
MAPE 27.47 MAPE 17.28
MPSD 34.86 MPSD 29.52
χ2 0.38 χ2 4.67

Temkin Temkin

RMSE 0.47 RMSE 1.64
ERRSQ 24.3 ERRSQ 142.11
MAPE 9.47 MAPE 32.91
MPSD 20.9 MPSD 69.9
χ2 1.14 χ2 6.61

Dubinin–Radushkevich Dubinin–Radushkevich

RMSE 13.36 RMSE 3.82
ERRSQ 59.37 ERRSQ 311.28
MAPE 38.31 MAPE 175.41
MPSD 55.92 MPSD 133.63
χ2 5.01 χ2 16.71
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Table 7
The parameters of the used kinetic models for the RR35 and DY56 removal by EC technique

Pseudo-first-order log logq q q k te t e�� � � � 1

k1 (min–1) = 0.053 k1 (min–1) = 0.097
R2 = 0.982 R2 = 0.99

Pseudo-second-order t
q k q

t
qt e e

� �
1

2
2

k2 (g mg–1 min–1) = 0.015 k2 (g mg–1 min–1) = 0.015
R2 = 0.954 R2 = 0.953

 

 

 

 

 

  

 

 

 

 

 

   

   

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. EDAX of Fe electrodes’ surface: (a) before and (b) after dyes removal by EC technique.



A.A. Moneer et al. / Desalination and Water Treatment 256 (2022) 300–313308
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)

Fig. 5. EDAX of the formed flocs after (a) RR35 and (b) DY56 removal by EC technique using Fe electrode.
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(b) 

(c) 

(a) 

Fig. 6. FTIR of the formed flocs of (a) pure ferric hydroxide, (b) flocs formed of RR35 removal and (c) flocs formed of DY56 removal 
by EC technique using Fe electrodes.
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positions for the pure composition [75]. However, N–H 
stretching vibrations were assigned by bands at 3,399.22 
and 3,377.17 cm–1 for RR35 and DY56 respectively. The ben-
zene rings were found at peaks 1,594.82 and 1,465.02 cm–1 

for RR35 and DY56 respectively. For the C=C stretching, 
peaks at 1,501.81 and 1,508.25 cm–1 for N=N stretching [76]. 
The peaks at 1,099.96 and 1,037.93 cm–1 referred to C–OH 
bending vibrations and a peak at 609.22 and 611.08 cm–1 cor-
responds to the C–Cl stretching vibrations. There has been 

more than one peak found in the area of the C–H bend-
ing vibrations (985.48–420.52 cm–1) that could support the 
presence of an aromatic structure.

3.10. Absorption spectra analysis

To discuss the mechanism of dye removal, the UV-VIS 
spectra of the dye solutions collected at 0–60 min of the 
EC process were investigated (Fig. 7a and b). It was shown 
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Fig. 7. Absorption spectra for (a) RR35 and (b) DY56 using Fe electrodes of electrocoagulation.
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that before treatment the dyes RR35 and DY56 were 
described by one principal band in the visible area with 
a peak of 500 and 450 nm, respectively. Another band in 
the ultraviolet region with a peak at 300 nm for RR35 and 
350 nm for DY56. The bands in the visible region from 
400 nm to around 500 nm and the bands in the ultravio-
let region around 300–390 could be assigned to the n–π* 
transition of the (N=N) group and the π–π* transition 
related to the aromatic ring attached to the (N=N) group in 
the dye molecule, respectively [77].

Inspecting Fig. 7a and b, it is clear that complete removal 
of the dyes using EC technique was taking place, and no 
dissociation of the dyes molecules and no intermediates 
were formed during the process which may cause secondary 
pollution.

3.11. Multiple regression analyses

IBM SPSS STATISTICA 22 was used to conduct the mul-
tiple regression analyses. Multiple regression hypotheti-
cal equations were formulated using dependent variables 
of the percent removal of the dyes; under independent 
variables of pH, electrolysis time (min), initial concentra-
tion (mg L–1), concentrations at time t (Ct), electrodes con-
sumption (g) at constant temperature (25°C ± 2°C). The 
resultant multiple regression report concerning the high 
significant predicted equation (R = 0.91 and 0.95 for DY65 
and RR35, respectively). The hypothetical equation can be 
illustrated as follows:

Re% contact time
Fe coagulat

� � �
� �
106 97 0 267 0 469
0 76 0 267

0. . .
. .

C
Ct ee pH

for DY65
�

� �� �
0 32

0 91 0 000
.

. , .R P  (11)

and

Re%
Fe coagulate pH

= − + −
+ +

=

29 579 0 084 0 353
0 534 0 329

0 95

0. . .
. .

.

C C

R

t

,, .P <( )0 000 35for RR  (12)

3.12. Mechanism of dyes removal

The adsorption of the dye molecules on the produced 
flocs of iron hydroxide gelatinous suspension by charge 
neutralization between iron hydroxide and the functional 
groups of the dye molecules is seen in Fig. 8; according to 
Eq. (13).

Dye H OH OM Dye OM H Oaq s s 2 l� � � � � � �� � � � � � � �  (13)

Furthermore, by examining the various adsorption 
isotherms, it was shown that the monolayer adsorption 
model (the Langmuir adsorption isotherm model) better 
explained both RR35 and DY56 adsorption.

4. Conclusions

Numerous operation parameters were studied for a 
comparison between the behavior of RR35 and DY56 dyes 

in the treatment by Fe electrocoagulation technique in a 
step forward for the recommendation of this technique to 
the industrial wastewater treatment. These parameters 
were pH, type of supporting electrolyte. It was concluded 
that removal of RR35 dye was under optimum conditions 
of 50 mg L–1 initial concentration, 43.4 A m–2 current den-
sity was an ideal and economic choice that gave best per-
cent removal with maximum power saving. A pH of 6, 0.5 g 
NaCl as supporting electrolyte. On the other hand, for the 
removal of DY56, the optimum conditions which result in 
the best percent removal were the same as for RR35 except 
for the initial dye concentration was 40 mg L–1. Different 
instrumental analyses (EDAX and FTIR) were performed 
to explain the behavior of dyes removal, they significantly 
proved the removal of RR35 and DY56 from the bulk solu-
tion by its adsorption on the insoluble iron hydroxides of 
the flocs in a short time. Both RR35 and DY56 adsorption 
were best fitted by the monolayer adsorption model (the 
Langmuir adsorption isotherm). The kinetic study indicated 
that the dyes were adsorbed on iron hydroxide flocs was 
best described using the pseudo-first-order kinetic model. 
The absorption spectra analysis of the two dyes indicated 
that dyes degradation is not taking place during the EC 
process. STATISTICA 6.0. was employed for the correlation 
matrix and multiple regression analyses for different vari-
ables including, initial pH, contact time, initial and interval 
concentrations, %Re, and mass of Fe coagulant.
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