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ABSTRACT

Electrocoagulation (EC) process has been used for uptake of acid blue 113 (AB113) dye as a hazardous
pollutant. The operating parameters of EC process by application of iron(anode)/aluminum (cath-
ode) as the electrodes were optimized by considering the effect of initial dye concentration, initial
pH, current density,electrolyte concentration, water reclamation yield, type of current (direct current
(DC) and square pulse current (SPC)), electrical energy and specific electrical energy consumption
(SEEC). The results indicated that SPC was found distinctive to DC for the AB113 dye removal by
EC based on significantly high values of dye uptake (%), water reclamation yield and energy econo-
mization. The dried sludge/floc was characterized by scanning electron microscopy (SEM), energy
dispersive analysis of X-ray (EDAX), X-ray diffraction (XRD) and Fourier transform infrared spec-
troscopy (FTIR). The dried sludge/floc was in the form of nano pseudo sphere of iron and aluminum
hydroxide particles. The dye adsorption results were treated by several adsorption isotherms equa-
tions and it was found that the Sips isotherm equation indicated the best fit to the obtained results.
Also among the rate equations, it was found that the pseudo-second-order rate equation properly

expressed the rate of the dye adsorption.
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1. Introduction

The discharges of many industries such as textile, plastic
and cosmetics are highly polluted and colored due to presence
of toxic dyestuff [1-4]. The water soluble acid blue 113 dye as
used or produced in various industries can be classified as an
anionic types of dye which has di-azo chromophore groups
linked to aromatic rings [5]. Because of a large volume of
the industrial dye effluents, such as acid bluell3 dye, their
removal from environment is one of the basic problems [6].
The electrocoagulation (EC) process is an efficient method
for removal of pollutants and hazardous materials [7-17]. In
the EC operation various chemical conversions and physical
operations are performed, namely during electrolysis,

*Corresponding author.

metallic electrodes such as Fe (anode)/Al (cathode) are
dissolved in the electrolyte solutions and based on pH many
ionic species of a metal (M) such as M(OH)**, M(OH),* and
insoluble precipitates such as M(OH), are formed; which
can coagulate and adsorbed dye to become a floated floc
or a sediment of precipitant [4,17]. The principal reactions
occurring at the anode are water electrolysis and oxidation
or dissolution of the electrode whereas at the cathode the
reduction reaction occurs. The hydroxide ions can enhance
the pH of the aqueous electrolyte solution and the amorphous
and gelatinous solid, M(OH), which appears as sweep floc
has a significant surface area and can be utilized as a good
adsorbent for adsorption of dissolved organic molecules [8].
Subsequently these sticky and gelatinous coagulums are
effective for trapping the pollutants such as dye particles
and are readily separated from the aqueous solution by
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precipitation or floating on the solution surface [18]. Based
on the Faraday’s law,the theoretical amounts of electrode
metal dissolution () (and also hydroxide ions) produced at
a particular time in the EC reactor can be calculated by using
the following equation [9,19-21]:

ItM
" zF @
where m (g) is the mass loss of the anode at the end of EC
operation time, M (g/g mole) is the molecular weight of
metal or hydroxide ion (55.85 for iron, 26.98 for Aluminium
and 17 for hydroxide), I electric current (amper), F is the
Faraday’s constant 96486 C/mol and z is the number
of transferred electrons in the reaction (2 for iron, 3 for
Aluminium and 1 for hydroxide). At very high dosages of
hydroxide coagulation the precipitation of coagulants may
occur [22].

In this research the important operating conditions
such as initial pH, initial dye concentration, current density
and dose of electrolyte for the removal of AB113 dye were
optimized by imposing direct and in square pulse currents.
Also for improvement of the dye removal efficiency,the
energy economization, economic analysis and also the
enhancement of water reclamation yield were investigated.
The electrocoagulated sludge/floc was characterized by
SEM, FTIR, XRD and EDAX analysis. The adsorption results
were treated by using the adsorption isotherm equations
and adsorption rate equation.

2. Experimental
2.1. Material

Acid bluelld dye (C,H,N.NaOS, MW 681.65
g/gmol, with a maximum absorbance wavelength at 566
nm) was supplied by Alvan-sabet rang company (Iran) and
used without further purification. The molecular structure
of the acid blue 113 dye (AB113) is shown in Fig. 1. All other
reagents such as HCl, NaOH and NaCl were of analytical

grade and were obtained from Sigma-Aldrich (Germany).

2.2. Experimental setup

Batch electrochemical experiments were done in a one
liter Plexiglas electrochemical cell equipped with Fe (anode)
and Al (cathode) electrodes. The electrode plates were
provided by Nano-Pushesh Felez Company (Iran), with the
submerged surface area of 49 cm? (7 cm x 7 cm) and 2 mm

SO;Na

@ \ O N
N Q NHCH;
L T som

Fig. 1. Molecular structure of acid blue 113 (AB113).

thickness. The electrodes distance was fixed at 2.5 cm. The
initial working volume of the AB113 dye aqueous solution
was 700 mL. Direct and square pulse power supply, and
the device for measuring and regulating the reactor voltage
(220 V input/0-30 V output) and amperage (0—4 A) were
obtained from Nano-Pushesh Felez Company (Iran). The
applied amperage in all experiments at) was 0.68 A. Mother
dye aqueous solution (1000 mg/L) was prepared by adding
an appropriate amount of AB113 dye in a certain volume of
de-ionized water. The adsorption isotherms were studied
for the initial dye concentrations varying from 20 to 500
mg/L. But the adsorption rates were evaluated by using
500 mg/L as the initial dye concentration. NaCl was used
as a supporting electrolyte and the conductivity of the dye
solution was adjusted at 1.7 mS/cm. The initial pH of the
dye solution was varied by adding NaOH (0.1 M) and
HCI (0.1 M) solutions. The stirring speed of solution was
set at 100 rpm. The supernatant was analyzed every 1 min.
Schematic diagram of electrocoagulation reactor is shown
in Fig. 2. The sludge/floc sample was separately filtered
from supernatant and was set to dry for 72 h at 65 in an
oven before characterization by SEM, EDAX and FTIR. Each
experiment was repeated twice and the results showed that
the reproducibility of the obtained results was less than 4%.

2.3. Method

During the EC process the conductivity was
measured based on the 2510-B method [23] by making
use of a conductometer (Hach-Longe, model: HQ30D,
Germany), and the pH was measured with a Metrohm
pH meter (model 827, Switzerland). The turbidity of the
solution before and after EC process was determined
based on the 2130-B [23] (nephelometric method) by
using the turbiditymeter (Hach-Longe, model: 2100N,
Germany).The scanning electron microscopy (SEM) was
carried out on model EM3200, KYKY Canada. The FTIR
absorption spectrum was performed by applying KBr
discs on a Perkin-Elmer/USA spectrometer in the range
4000-4500 cm™'. The color and chemical oxygen demand
(COD)measurements [24] of the samples were based
on the standard method [23], by using a double beam
and auto scan UV-Vis spectrophotometer (Hach-Longe,
model: DR2800, Germany). A calibration curve was
prepared by plotting the variation of dye absorbance (at
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Fig. 2. Schematic diagram of electrocoagulation (EC) apparatus,
DC: direct current; SPC: square pulse current.
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maximum wavelength of 566 nm) vs dye concentration.
The dye removal efficiency or uptake percentage was
calculated by the following equation:

Uptake% =100 x (1 - %J )

0

where C; and C, (mg/L) are the initial and final dye
concentration in the EC process respectively.

The electrical energy was calculated by using the
following equation [7]:

®)

where E (kWh/ m’) is the electrical energy for treatment
of 1 m® of the AB113 dye, (volt) is the voltage, i (A) is the
current, ¢ (h) is the equilibrium EC time and V (m°) is the
initial volume of AB113 dye aqueous solution.

The water reclamation yield (WRY) is expressed as:

water reclamation yield (WRY)
_ volume of clear supernatant after the dye removal (4)
volume of the solution before the dye removal

where the “water reclamation yield” is expressed in m? of
clear supernatant after removal/m?® of the solution before removal
if the turbidity of clear supernatant after the dye removal
was 4NTU [23]. As it is shown in Fig. 2 after EC process,
a dewatered sludge and also densely lighted flocs based
on their densities are formed at the bottom and top of the
surface of the reactor, respectively [7].

3. Results and discussion
3.1. Influence of initial pH

The EC process is effectively dependent on the pH of the
aqueous dye solution [25]. It is reported that when the initial
pH is in the range of 4 to 8 all the metal (M) cations at the
anode, form polymericmoieties M ,O, (OH),,”* and precipitate
as M(OH), which can effectively destroy the pollutants [1,19].
In Fig. 3 the effect of initial pH on the AB113 dye uptake %
is demonstrated and it is seen that for the initial pH increase
from 1 to 5, the final pH increases from 2.5 to 7, and the dye
uptake % approaches a maximum value of 99%. By increasing
the initial pH from 5 to 9 the dye uptake % decreases from
99% to 78% where the final pH is more than 11.

The decreases of uptake % at a pH less than 5 and higher
than 7, has been reported by researchers and has been
ascribed to ionic presence of species or it might be due to
presence of other soluble species at low and high pH [1,20].
The high uptake % of AB113 dye at pH 5 can be attributed to
the production of insoluble metal hydroxides in the solution.
Fig. 3 represents that the AB113 dye removal process is more
efficient at the initial pH 5. A similar trend for pH variation
demonstrated by other researcher for Fe/ Al electrodes [26].

3.2. Influence of current density

The current density (CD) is the determining factor in
controlling the rate of EC operation because it regulates the

R. Akhbarati et al. / Desalination and Water Treatment 87 (2017) 314-325

12 120
pH final

g —+—TUptake %
E =
= - - [i] -ﬁ
o R
. 5

3 -

[i] T T T T 40

1 k] 5 7 9
PH initial

Fig. 3. Effect of initial and final pH on the AB113 uptake % (at the
optimum condition; initial dye concentration 500 mg/L, CD 70
A/m?, conductivity 1.7 mS/cm, equilibrium time 12 min).

amount of coagulant, the rate and also the size of bubble
production [19]. The bubble size decreases by increasing
CD, and this phenomenon is very helpful in the separation
stage [21]. Based on Faraday’s law [Eq. (1)] the amounts of
metal hydroxide ions produced at a certain time during EC
process is related to the current density (CD) according to
the following equation [7]:
I

D= ®)

where I (A) is current or amperage and A (m?) is the surface
area of the electrode. To study the effect of CD in the
variation range of 20-120 (A/m?) on the uptake % of the
dye, a series of experiments were performed at constant
initial dye concentrations (for example 500 mg/L), to obtain
the optimum current required to accomplish a low cost and
successful dye removal. Fig. 4 demonstrates the variation
of uptake % vs. CD. As illustrated in this figure, for an
initial dye concentration of 500 mg/L, the CD is 70 A/m?
and after 12 min of electrolysis and at the initial pH 5, the
uptake % of the dye reaches a value of 99%. However by
increasing the CD up to 120 A/m? the uptake % remained
constant. Furthermore, it can be shown that the uptake %
of the dye decreases significantly upon the CD decrease.
These results represent an enhancement compared with
previously reported results [16,27]. It should be noted that
most researchers introduced an optimum CD greater than
100 or 200A /m?for the hybrid Fe/ Al electrode or other kind
of electrodes. But in this research optimum CD was 70 A/
m?for an uptake % of 99% [27,28].

3.3. Effect of electrolytes dose

The supporting electrolyte concentration is a
predominant factor on the dye treatment process by
EC. The solution conductivity increases by the addition
of NaCl. Also NaCl hinders the polarization or anode
passivity (IR-drop) and the chloride ion has catalytic
role on dissolution of the electrodes [29]. For iron as the
anode, the presence of chloride ion causes the following
reaction to occur in the solution bulk [Egs. (6)-(9)] and in
the anode [Egs. (10)—-(12)] [30]:
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Fig. 4. Effect of current density on the uptake % of ABI113 dye
(at the optimum condition; initial dye concentration 500 mg/L,
initial pH 5, conductivity 1.7 mS/cm, equilibrium time 12 min).

H,0(1) - H" (aq)+ OH (aq) (6)
NaCl(s) — Na*(aq) + Cl"(aq) @)
Fe* (aq) +2CI° (aq) — Fe(Cl, (aq) 8)

and then for formation of Fe(OH), flocs at 6 < pH <9 [31-33]:

FeCl, (aq) + 30H" (aq) — Fe(OH), (s) + 2C1" (aq) ©)
Fe(s) — Fe*"(aq) + 2e (10)
2C1" (aq) > Cl,(g) +2e (11)
2H,0(1) - 4H" (aq)+ O,(g) + 4e (12)

The generated due to dismutation reaction at pH > 4
[Egs. (13), (14)] [12,15]:

Cl, +H,0 > HCIO+H' +CI 13)

HCIO - CIO™ +H" (14)

The produced O,, ClIO™ and Cl, can act as oxidizing
reagents for enhancing the dye removal [12]. Based on the
solution pH, the gelatinous suspension include monomeric
or polymeric complexes of iron hydroxide (such as:
Fe(OH),, Fe(OH),, Fe(H,0),(OH), Fe,(H,0),(OH),*)
which remain in the aqueous solution to remove the dye
molecules by electrostatic attraction, coagulation and then
settling [32-34].

However the cathodic reaction is:

2H,0+2e” — H,(g)+20H" (15)
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Fig. 5. Effect of electrolyte (NaCl) concentration on the uptake
percentage of AB113 dye (at the optimum condition; initial dye
concentration 500 mg/L, initial pH 5, current density 70 A/m?,
equilibrium time 12 min).

For different concentrations of NaCl, at the initial AB113
dye concentration of 500 mg/L and pH 5 after 12 min of
EC operation the values of uptake (%) are presented in
Fig. 5. As expected at low chloride ions concentration, the
uptake (%) is less than 60% which is due to the partial Fe
anode polarization or passivity, which prevents Fe? and
production. Therefore the coagulation and AB113 dye
removal is hindered. As shown in Fig. 5 by addition of
chloride ions up to 0.6 g/L the uptake (%) increases to 99%,
then remains constant. These results are in agreement with
the previous studies [12,14].

3.4. Effect of initial dye concentration on the EC time

The AB113 dye solutions with different initial
concentrations for 20-500 mg/L were treated by EC
process at optimum condition of, pH =5, CD = 70 A/m?
and 12 min equilibrium time. Variations of AB113 uptake
(%) vs. EC time at different initial dye concentrations are
represented in Fig. 6. As the results in Fig. 6, indicate,at
the beginning the uptake (%) sharply increases, then
approaches to a limit and remains constant. It can be seen
that the most of initial dye is removed within the first 7
min of EC time and then uptake (%) is neglect after 12
min. Also Fig. 6 indicates that the uptake (%) decreased
with increasing in the initial dye concentration. This
can be interpreted by considering the fact that at this
fixed experimental conditions the amount of coagulant
production is also fixed. Therefore, the ratio of coagulant
to the initial dye concentration or uptake (%) indicates a
decreasing trend with increasing. A similar pattern has
been reported by other researchers [25,27].

3.5. Type of current pattern, direct current (DC) and square
pulse current (SPC)

In this investigation the effect of two different types
of circuit in the EC process have been investigated to
obtain a specific and economical AB113 dye removal
conditions. In the EC process at first some coagulants,
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flocs and gelatinous metal oxides are formed around
the electrodes due to oxidation of sacrificial anode (Fe)
and then afterward the undesired polarization and
passivity phenomena occurs [35,36]. In order to prevent
the polarization, square pulse current (SPC) was applied
[16,37]. Fig. 7 shows that the SPC pattern as compared
with direct current (DC). In the DC pattern the electrodes

100

75
&

50
5
=)

25

ﬂ T T T
0 5 10 15 20
tite (i)

Fig. 6. Influence of initial AB113 dye concentration on its uptake
% (at the optimum condition; CD 70 A/m?, initial pH 5, conduc-
tivity 1.7 mS/cm, equilibrium time 12 min).
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Fig. 7. Schematic pattern for (a): direct current (DC), the elec-
trodes (Fe and Al) are operating continuously for 12 min at
maximum voltage afterward the voltage is decayed to zero at
the end of EC process, and (b): square pulse current (SPC), the
electrodes (Fe and Al) are operating for 3 min at maximum volt-
age afterward the voltage is decayed to zero for 3 min and these
intervals are repeated in the course of EC process.

(Fe and Al) are working at the maximum applied voltage
continuously for 12 min (equilibrium EC time). Then the
voltage is decayed to zero at the end of EC process whereas
in SPC two electrodes are working for 3 min of the pulse
duration, at the maximum applied voltage (12-20 V) and
then the voltage is decayed to zero for 3 min and this
intervals is repeated in the course of EC process. Actually
the occurrence of this on/off of the applied voltage,in the
course of EC process, not only can eliminate the fouling of
sludge around the electrodes, it would help economization
of electrical energy [Eq. (3)]. Table 1 reports the effect of
the successive pulse duration time length for SPC (3 min
on/3 min off).Also in this Table the uptake %, electrical
energy and water reclamation yield as calculated by Eq.
(4), are compared with the results obtained by DC pattern.
Based on these results the dye removal efficiency or
uptake % and water reclamation yield are higher in using
SPC pattern (0.95 m?® of clear supernatant after removal/
m?® of the solution before removal) than DC (0.7 m? of
clear supernatant after removal/m?® of the solution before
removal) also electrical energy in SPC 1.2 kWh/m?® of the
solution before removal is lower than DC (3.7 kWh/m? of
the solution before removal). In Table 1 electrical energy
is calculated and represented for different types of SPC
current as well as DC current, the results represented
that the electricity cost of 0.044 € /m? (at 98% uptake and
WRY 0.7 m*/m?®) was reduced to 0.014 € /m? (at 99.66%
uptake and WRY 0.95 m*/m?®) with the changing current
mode from DC to SPC based on the electricity cost (see
Table 2) of 0.012 € /kWh (Iranian marketing price at Jun.
2017). Phalakornkule et al. [2] found that the electrical
energy of the EC process for removal of Reactive Blue
140 and Direct Red 23 dye solutions were 1.42 and 0.69
kWh/m?, respectively. Therefore as expected the results
of COD measurements [24] in SPC electro coagulation for
AB113 dye indicated that % COD removal efficiency in
the optimized condition is significant (as much as 94%).

3.5.1. Economic analysis

In any electrocoagulation process the total cost
estimation is investigated due to electrical energy
requisition, operating cost and fixed cost. The total cost is
expressed as Eq. (16):

= Electricity __ + Purchased
cost cost cost

+ Sludge disposal _+ Fixed

Total

cost
cost (16)
where the operating cost includes cost of electrode sheet
and chemical reagent (purchased cost), sludge discarding
and also worker or labor as well as the fixed cost, such as
cost of EC tank reactor, power supply and also the cost of
maintenance and repair services. In Table 2 the prices of
each term and item in Eq. (16) in the Iranian market given
for Jun 2017 were represented.

The current efficiency, A (%), or Faradic yield percent
which can be a pitting corrosion criteria [38—40] is defined
as Eq. (17) [4,41]:

Electrode weight loss,,

A(%)

_ x 100
Electrode weight lossy,, @)
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Comparison the effect of square pulse current (SPC) and direct current (DC) on uptake % of AB113 dye by EC process (at the
optimum condition; initial pH 5, initial dye concentration 500 mg/L, conductivity 1.7 mS/cm, I 0.68 A, CD 70 A/m?, volume of

wastewater 700 mL)

Typeof  Time Time Dye residual Uptake Electrical energy Electricity SEEC Water
current off on concentration Eq. (2) Eq. (3) cost Eq. (18) reclamation
yield, Eq. (4)
SPC (min) (min) (mg/L) (%) (kWh/m? of the e/m? kWh/(kg (m®/m?®of the
1 1 5 99.00 solution) 0.021 Fe) solution)
2 2 5 99.00 18 0.016 0.16 0.80
1 2 4 99.20 14 0.024 012 090
*3 3 1.67 99.66 2.0 0.014 015 0.85
12 0.10 095
*DC - 12 5 98.0 3.7 0.044 0.18 0.7

*#%: Optimum condition for SPC, **: Optimum condition for DC.

Table 2
Economic cost estimation used in the total cost calculation for
electrocoagulation process

Item description Cost quote Cost, €

unit (Jun., 2017)°
Electricity cost (Eq. (3)) kWh 0.012
Purchased cost
Sheet metals for electrode (Fe) Kg 0.04
Sheet metals for electrode (Al) Kg 0.32
Chemical reagent
Sodium chloride as electrolyte Kg 0.4
Hydrochloric acid for pH adjustment Lit 0.6
Sodium hydroxide for pH adjustment Lit 0.7
Labour cost m? 01
Sludge disposal cost Kg 0.01
Fixed cost (equipment, installation & maintenance)
Electrocoagulation tank reactor (5 m®) #° 200
Electrical DC power supply #° 300
Maintenance and accessories - 0.005

a: Iranian Marketing Reporter; b: for a unit; c: not predictable.

A (%), was calculated separately for anode (Fe) and
cathode (Al) electrodes. For experimental electrode
weight loss, each electrode weighted before and after the
electrocoagulation process so the amount of experimental
electrode weight loss was reported, as an example for the
optimum SPC current conditions represented in Table 1
(SPC (On -3 min), (Off -3 min),I1=0.68 A, EC time = 6 min),
the real anode and cathode weight loss are 0.11 kg/m?and
0.035 kg/m?® respectively. However the theoretical anode
and cathode weight loss using Eq. (1) at the considered
optimum conditions were calculated 0.10 kg/m?®and 0.03
kg/m?, respectively (A(%),, = 110%, A(%),,= 116%). Kobya
et al. [38] found that the Faradic yield percent A (%) for
their electrodes were varied 106-116%. Cost due to real
electrode consumption (anode dissolution as well as anode
and cathode pitting corrosion) in the optimum condition is

calculated based on the given electrode consumption and
reported electrode prices in Table 2, 0.004 € /m® and 0.011
€ /m? for anode and cathode, respectively. Therefore the
operating cost is about 0.029 € /m® At the present Iran
wastewater company (IWWC) produced fresh water at the
price of 0.28 € /m® Phalakornkule et al. [2] reported that
the operating cost of the dye removal using EC process
was lower than 0.12 € /m?.

The specific electrical energy consumption (SEEC)
can be expressed as a function of electrodes weight loss
throughout EC process in kWh/ (kg Fe or Al electrodes) [4,
41]:

zxFxe

XTXE (18)
3600 x M x A

SEEC =

where z, F, M and & were identified in Egs. (1) and (3),
respectively. Also A, current efficiency or Faradic yield, was
calculated by Eq. (17). In Table 1, SEEC was calculated for
four conditions of SPC electrocoagulation and compared
with optimum condition of DC electrocoagulation of AB113
dye removal. The results show that SPC electrocoagulation
can effectively reduce SEEC than DC electrocoagulation
to a very low level. The results are in agreement with the
subsequent research [41].

3.6. Characterization of dried sludge and floated flocs powder
3.6.1. FTIR analysis

Fig. 8 shows the FTIR spectrum of the dried sludge/
floc obtained in the AB113 dye removal by EC process.
A strong and intense band at 3424.73 cm™ can be assign
to OH-stretching vibration of hydroxyl group of iron
hydroxide/oxy-hydroxide [5]. The sharp peak at
2923.35 cm™ is due to C-H stretching mode of saturated
hydrocarbons (C—C band) connected to aromatic cleavage in
the dried sludge/floc residue [42]. A sharp and broad peak
at 1630.81 cm™ can be assign OH-bending and confirms the
presence of iron oxy-hydroxide [5,43]. In the wavelengths of
1385.48 and 1171.5 cm™ appearance of two weak peaks are
due to respectively, S-O stretching vibration of SO, group
and aromatic ring stretching of AB113 dye molecule [5,44].
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Fig. 8. FTIR spectrum of the dried sludge/floc produced from
ABI113 dye removal by the EC process (square pulse current
type (SPQ)).

Also other weak peaks at 1034.33 and 1400 cm™ are due to
OH-bending for AlI-OH vibrations [18,45-46]. A broad and
weak band with low intensity at 596 cm™ is due to Fe-O/
Fe,O, in amorphous ferrihydrite [47-50]. It is interesting to
note that the peaks (at 1596 and 1106 cm™) which are due to
azo band are absent in the dye FTIR spectrum [5].

3.6.2. Scanning electron microscopy (SEM)

The morphology image of dried sludge and floated
flocs formed during the removal of AB113 dye by
electrocoagulation is shown in Fig. 9. In this SEM image,
the presence of pseudo sphere nanoparticles within the size
of 70-100 nm is observed.

3.6.3. Energy dispersive analysis by X-rays (EDAX)

In order to know the constituents of the dried sludge/
floc produced in AB113 dye removal by EC process,
elemental analysis was performed with the EDAX. The
presence of Fe,O, Na, Cl, Al, Mg, Cr and S in the spectrum
are shown in Fig. 10, respectively at 7.0, 22.0, 41, 25.0,2.0,0.2,
0.4 and 2.4 (atomic%). Two main EDAX peaks are attributed
to the NaCl supporting electrolyte. Due to the presence of
hydroxyl ions, the cathodic (Al) dissolution occurs because
the generated by the water reduction can attack and destroy
the Al electrode and consequently aluminum peak appears
in EDAX pattern. Similar results are reported by other
researchers [43,51]. The presence of Mg and Cr atoms are
due to iron or aluminum electrodes impurities (Fe/ Al alloy,
electrodes) and the S atom is from of AB113 dye molecule
constituents. However the negligible residual concentration
of soluble metals (Fe, Al, Mg and Cr) in the EC supernatant
sample are measured and analyzed by atomic absorption.

3.6.4 XRD analysis

In this investigation the obtained dried sludge
and floated flocs powder after AB113 dye removal
electrocoagulation was characterized by XRD (Philips/
PW1800-Netherland). XRD spectrum was performed using
Cu-Ko radiation, voltage of 40 kV and amperage 30 mA,
step scanning 26 = 2-90° and A = 0.1542 nm [24] represented
in Fig. 11. It is evident that there are 2 main shallow peaks
centered at 28° and 64.1° of 20, indicating amorphous or

- £
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20.0 KX 1um SN:0692
Fig. 9. SEM image of dried sludge/floc formation during the re-
moval of AB113 dye by EC process (square pulse current type

(SPQ)).

Cr

T T T == T
4 & g ke

Cursor=
Vert=1000

Window 0.005 - 40.855= 14,583 cnt

Fig. 10. EDAX spectrum of the dried sludge/floc produced on
ABI113 dye removal in the electrocoagulation process (at the
optimum condition; initial AB113 dye concentration 500 mg/L,
CD 70A/m?, initial pH 5, conductivity 1.7 mS/cm, (square pulse
current type (SPC)).
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Fig. 11. XRD spectrum of the dried sludge and floated flocs
(sludge/floc) powder produced on AB113 dye removal in the
electrocoagulation process (at the optimum condition; initial
ABI113 dye concentration 500 mg/L, CD 70A/m?, initial pH 5,
conductivity 1.7 mS/cm, square pulse current type (SPC)).



R. Akhbarati et al. / Desalination and Water Treatment 87 (2017) 314-325 321

poorly crystalline phase 2-line ferrihydrite (PDF 29-0712
data base) [49,51-55]. In the literature some researchers
predicted that Ferrihydrite as Fe(OH), [55,56]. The peaks
at 20 = 11.55, 38.55 and 45.44° which are interpreted as Al
(OH), [56-58] whereas, the peaks at 20 = 31.68 and 38.55°
are due to the ALO, [56] also the presence of crystalline
Hallite (NaCl) was identified [59].

The SEM, FTIR, EDAX and XRD results confirms the
precipitation of nono particles of iron and aluminum
hydroxid /oxy-hydroxid (Fe (OH),, AI(OH),) [50,54-58].

3.7. Kinetics of electrocoagulation

In the dye removal by the EC process the dissolved
dye is practically adsorbed on the surface of the produced
sludge/floc [5]: at the first stage, flocs of the metalic
fine particles are produced during the oxidation at the
anode, by electrode dissolving, and then hydrolysis to
form flocs of metallic hydroxide. In the second stages the
adsorption and coagulation between dye molecule and
metallic hydroxides occur by electrostatic attraction or
physico/chemical complexation [6]. Finally the generated
insoluble sludge/ floc are precipitated or floated (Fig. 2).
However the weight loss of electrodes can be obtained
either by using Faraday’s law (Eq. (1)) or by weighting the
electrodes before and after each EC batch. In this study
according to the SEM image (Fig. 9), the fundamental
role of the adsorption phenomenon in the EC process is
indicated by presence of nanoparticles sludge/floc as
an efficient adsorbents. Therefore the dye removal can
be represented by considering the adsorption results [6]
such as evaluating the experimental adsorption capacity,
Q,,, (mg /g) (or the amount of dye adsorbed per mass of
adsorbent) Q. can be evaluated by using the following
material balance equation:

C,-C

" ey (19)

Q,exp =

where C and C,(mg/L) are the dye concentrations at initial
and at equilibrium time t, respectively, V is the initial
volume of the dye solution (L), M is the adsorbent mass
(g) in electrocoagulation process and M can be interpreted
as weight loss (g) of the electrode by electrode dissolution.

For studying the rate of dye adsorption by insoluble
iron and aluminum hydroxide nanosludge/floc in the EC
process, two of fundamental and well known rate equations
namely pseudo-first-order and pseudo-second-order rate
equations were examined. The pseudo-first-order rate
equation can be represented as [61]:
Q =Q.(1-exp™) (20)
where K, (1/min) is the adsorption rate constant for pseudo-
first-order rate equation, Q, (mg/g) and Q, (mg/g) are
the adsorption capacity at time ¢ and at equilibrium time,
respectively.

The pseudo-second-order rate equation is given as [62]:

KQ:t

Q=Trkai

21

where (g/(mg:min)) is the adsorption rate constant for
pseudo-second-order rate equation.

The non-linear regression has been considered as a
suitable criterion for investigating the correspondence of
curve fitting between experimental and calculated results.
Therefore in order to judge the acceptability of the rate
equations to treat the experimental results, the average
relative error percent (A.R. Error %) was evaluated by using
the following equation:

QI Nlexp  =,Cal _Q,Cal
Q/exp

where Q. , and Q, (mg/g) are the experimental and
calculated (by applying the rate equation) adsorption
capacities, respectively. The smaller value of A.R. Error
% indicates a proper curve fitting and acceptability of the
corresponding equation [63].

Also the non-linear chi-square test x> is defined as [64]:

o (QepQa)
Lo

which can be used for the curve fitting tests. This test is
necessary for evaluating the best curve fit to the adsorption
data. When the calculated and experimental adsorption
capacities are similar, the small value represents the
correlation between experimental and calculated data.
However a large value of indicates a difference and no
correlation.

The adsorption curves treated by Egs. (20) and (21) are
depicted in Fig. 12. The rate parameters are represented in
Table 2. According to the results in Fig. 12 and Table 3, it can be
seen that the adsorption rates of AB113 dye in the EC process
is well described by the pseudo-second- order adsorption rate
equation (with lower A.R. Error % (2.2) and lower value of
14.6. Other researchers are obtained similar results [6].

AR Error % =20 21 ) (22)

(23)

3.8. Adsorption isotherm study

In this section we examine which adsorption isotherm
equation is more appropriate to treat the experimental
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Fig. 12. Rate of adsorption of the AB113 dye in the EC process (at
the optimum condition; AB113 dye concentration of 500 mg/L,
CD 70A/m? initial pH 5, conductivity 1.7 mS/cm).
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Table 3
Kinetic parameters for the removal of AB113 (500 mg/L) during

EC process, QQEXP =1636 (mg/L)

Rate equation Parameters Value AR. Error %
Pseudo-first- K, (1/min) 0.405 1471 9.8

order Q,(mg/L) 1800.0

Pseudo- K,(g/(mgmin)) 0.00057 14.6 2.2
second-order Q (mg/L) 1696

data, as obtained in this work for the dye removal by the
electrocoagulation. The common adsorption isotherm
equations are those of Langmuir, Freundlich, Sips and
Temkin [65-73]:

The Langmuir isotherm equation is in the following
form [66-68]:

_ Q(]bce

Q_1+bCe

(24)

where b (L/mg) is the Langmuir adsorption binding
constant and Q, (mg/g) is the maximum adsorption
capacity. The adsorption capacity Q (mg/g) is calculated by
using the measured residual dye concentration C, (mg/g)
at equilibrium.

The Freundlich adsorption isotherm is [69]:
Q=K,C!" 5)
where K, ((mg/g) (mg/L)*/") is the Freundlich constant
and n refers to the adsorption intensity. If 1 <7 < 10 the

adsorption would be considered is favorable [69].
The Sips isotherm equation is represented as [70];

K,CPs
1+a,C (26)

Sips isotherm is generally used for treating the
heterogeneous adsorption. There are two limiting states
for application of the Sips isotherm; at low concentrations
of the adsorbate the sips model restricts to the Freundlich
model; whereas at high concentrations it breaks to the
Langmuir model. In this three parameters equation the
important experimental conditions (such as pH, initial dye
concentration and temperature) effects on the values of
operating parameters [71].

In Eq. (26) the exponent, BS, is the dimensionless
dissociation parameter (for 3, = 1 the sips isotherm breaks to
the Langmuir isotherm), K, (L* mg'#°/g) is the maximum
adsorption capacity and a, (L*/mg®) is the adsorption
constant.

The tempkin isotherm equation is in the following form
[72-73]:

Q=B;InA; +B;InC, (27)
where B (mg/g) is a function of heat of adsorption and (L/
mg) is related to adsorbent-adsorbate interactions.

The adsorption data were treated by the Langmuir,
Freundlich, Sips and Temkin isotherm equations [Eqgs. (24)—
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Fig. 13. The AB113 dye removal results treated by various ad-
sorption isotherm equations (at the optimum condition; initial
ABI113 dye concentration 500 mg/L, CD 70A/m?, initial pH 5,
conductivity 1.7 mS/cm, equilibrium time 12 min, DC current).

Table 4
Isotherm parameters of ABI113 adsorption by sludge/floc
nanoparticles produced during EC process

Isotherm  Parameters Value AR.

models Error %

Sips K, (L mg'F/g) 328.1 037 1.0
ag (LF /mgP) 0.08
B 098

Langmuir b (L/mg) 0.096 087 16
Q, (mg/L) 3500

Freundlich K, ((mg/g) (mg/L)"") 270.4 1743 8.0
n 1.19

Temkin A, (L /mg) 7.55 632 23
B, (mg/g) 160.0

(27)]. The results are represented in Fig. 13 and Table 4. The
results indicate that the Sips isotherm effectively fits the data
as obtained for adsorption of the dye onto the nanoparticles
of sludge/floc produced in the EC process. The isotherm
constants parameters are reported in Table 4. The low value
of A.R. Error % =1 and low value of non-linear chi-square
test parameter x> = 0.37 for the Sips equation indicates
that the Sips isotherm equation can properly describe the
adsorption results. Unfortunately, no reports were found
for treating the dye electrocoagulation results by isotherm
adsorption models to make a significant comparison.

4. Conclusion

Electrocoagulation (EC) process as an efficient method
has been used for uptake of acid blue 113 (AB113) dye as
a hazardous pollutant effluent of the dye industries. The
operating parameters of EC process by application of
iron(anode)/aluminum (cathode) as the electrodes were
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optimized by considering the effect of their variation such
that; the initial dye concentration (20-500 mg/L), initial pH
(1-9) and current density (20-120 Am™). The other effective
parameters which were examined to investigate their effect
on the dye removal included the electrolyte concentration
(0.2-1 g/L), water reclamation yield, type of current (direct
and square pulse), electrical energy and specific electrical
energy consumption (SEEC). The optimum condition for
SPCelectrocoagulation: initial pH 5, initial dye concentration
500 mg/L, volume of wastewater 700 mL, current density
(CD) 70 A/m? conductivity 1.7 mS/cm, electrolyte
concentration 0.6 g/L, electrical energy 1.2 kWh/m?® of the
solution, SEEC 0.1 kWh/kg Fe, and maximum dye uptake
(%) 99.66%, maximum COD removal (%) 94%, maximum
water reclamation yield (0.95 m® of clear supernatant after
removal/m?® of the solution before removal, square pulse
current (3 min off / 3 min on) and as a result the equilibrium
time reduces from 12 min (in DC electrocoagulation) to
6 min which indicates less energy consumption. SEEC in
optimized SPC electrocoagulation is significantly lower
than optimized DC electrocoagulation. The dried sludge/
floc was characterized by SEM, EDAX, XRD, and FTIR.
Characterization analyses were demonstrated that the
sludge/floc is in the form of ferrihydrite (~Fe (OH),)
and Al(OH),), as a superior adsorbents enhanced the
adsorption of AB113 dye molecule in the electrocoagulation
process. The dye adsorption results were treated by several
adsorption isotherms equations and it was found that the
Sips isotherm equation indicated the best fit to the obtained
results. Also among the rate equations, it was found that the
pseudo-second-order rate equation properly expressed the
rate of the dye adsorption. The results demonstrated that by
imposing the square pulse current EC; the water reclamation
yield and energy economization were enhanced more than
by the direct current EC. The SEM analysis showed that
the obtained sludge/floc were in the form of nano-pseudo
sphere particles.
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