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ABSTRACT

The main objective of this study was the removal of an anionic bisazo dye from synthetic wastewater
using electrocoagulation (EC) process. An electrochemical reactor was used with commercially available
scrap aluminium sheets as electrodes (composition in weight %: aluminium, 48.71; carbon, 24.74; oxygen,
26.55). Literature suggests that most influencing factors of the process were identified as initial concen-
tration, reaction time, initial pH, current density (CD), rotational speed and interelectrode distance. The
pollutant removal performance was investigated over a wide range of initial concentration (10-100 ppm),
reaction time (0-120 min), pH (3-11), CD (0-350 mA cm™), rotational speed (200-1,000 rpm) and of
interelectrode distance (1-6 cm). The results showed that the removal efficiency of pollutants increases
with increasing both EC residence time and direct current (DC) density. Higher removal efficiency
was found at neutral to alkaline region pH of 7-9, interelectrode distance and speed of agitation has
an inverse relationship to the response. Over 93% of removal efficiently was observed by conducting
the EC treatment at a CD of 200 mA cm™?, pH of 8, EC time of 60 min, interelectrode distance of 3.5 cm
and agitation speed of 200 rpm. Moreover, the kinetic study demonstrated that the removal of such an
azo dye follows the pseudo-second-order model with current-dependent parameters. The electrically
formed by-products were analyzed by Fourier-transform infrared spectroscopy and scanning electron
microscopy. The obtained results were compared with the raw dye used for the preparation of synthetic
wastewater and confirmed that these are removed along with the aluminium hydroxides [1].
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1. Introduction

Water dearth is one of the paramount current and
future challenges faced by the humankind as the world
population and water consumption rate is continuously
increasing [2]. In view of this increasing need of water and
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stringent environmental policy adopted by industrialized
countries demands efficient and eco-friendly method of
water treatment [3,4]. Industries such as textiles, printing,
paint, paper and pulp are the most polluting source of water
bodies [5,6]. Industries of these kind and many more utilize
dyes in order to colour their products and consume a large
amount of water in processing and finishing stage. They are
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often rich in colour, contains residue of reactive dyes and
many toxic chemicals. A proper attention should be given
before releasing these to the environment. In the present sce-
nario, textile industries are the main consumers of dyes, and
they produce a wide variety of dye effluents. Among differ-
ent types of commercial dyes, azo dyes show very crucial and
long-term impact on the environment [2,3,7,8].

When dyes react with water due to their complex structure
that leads to certain serious impact such as chronic toxicity
often leads to mutagenic and carcinogenic effects. More than
50% of the commercially available dyes can be classified into
an azo group. These groups of compounds show complex
chemical formula, toxic and poor biodegradability due to the
presence of benzidine, naphthalene and other aromatic com-
pounds [9].

To avoid the dangerous accumulation of these dyes
they should be treated by proper methods before disposal.
Conventionally the effluents were treated by chemical,
physical and biological methods. Extensively used methods
include adsorption, precipitation, chemical degradation,
photodegradation, biodegradation, chemical coagulation
and membrane processes. Due to the complex chemical and
aromatic molecular structure and stability towards light
the removal efficiency is limited. All these methods are not
cost-effective and environment-friendly. As a result, an envi-
ronment-friendly and cost-effective method has to be pro-
posed for the efficient removal of dyes [4]. Recent researchers
have demonstrated that electrochemistry offers an attractive
alternative to overcome these problems [10]. These include
the processes like electrocoagulation (EC); electrooxidation is
very attractive for the decontamination of wastewater with-
out the addition of any toxic chemicals. The electrochemical
technique shows some promising approaches such as (i) pre-
vention of pollution, (ii) versatility, (iii) environmental com-
patibility and (iv) cost-effectiveness [3,11,12].

EC is a process in which the in-situ generation of
coagulants takes place. It accounts for the function and
advantage of conventional coagulation, flotation and
electrochemistry in water and wastewater industry. Al/Fe
plates are normally used for EC process, the dissolution of the
anode take places by applying a potential difference between
the electrodes. When the sacrificial electrodes are immersed
in the pollutant water, they give rise to the corresponding
metal ions as follows [5,6]:

Anode:

Al + 3e > AI* (1)
Cathode:

2H"+ 2¢” - H,+ OH" ()

2H,0 +2¢" —» H,+ OH" 3)
Overall:

AI"" + 30H" — Al(OH), @)

EC has been known for over a century, but was not
found widely due to its high investment and operation
cost. Meanwhile the demand for high-quality water and
eco-friendly treatment methods leads to the application of EC
in the water treatment field. EC equipment is very simple to
operate, as no addition of chemicals, the sludge production is
also very less, operated at short times. All the above are the
main advantages of the process [10,13].

The main reagent involved in the process is ‘electron’
which is a clean reagent so these are much compatible with
the environment. The electrochemically generated ions will
undergo electrolysis near anode and produce active inter-
mediates; they destabilize the colloidal particles which will
aggregate and form flocs [10]. Compared with the traditional
coagulation and flocculation methods, these can be used for
removal of a wide spectrum of pollutants even in the colloi-
dal range of particle size.

The EC process also finds applications for the treatment
of real wastewater such as paper mill wastewater. The efflu-
ent collected from the industry having very high chemical
oxygen demand (COD) value and the presence of lignin
resists the application of biological wastewater, thus this
can be overcome by EC process and found more than 85%
removal efficiency with disc-type anode [11]. Adhoum et al.
[14] investigated the applicability of EC for the treatment of
electroplating wastewater with 94% of copper removal effi-
ciency. Copper, zinc and chromium ions together with high
COD were removed from electroplating industry [14]. From
the industrial wastewater, the removal of copper, chromium
and nickel with high removal efficiency from an electrochem-
ical reactor with plate electrodes was investigated [15]. Rice
mill wastewater treatment [16] and bilge water [11] are also
the examples for real water application of EC.

Congo red dye is a benzene-based anionic diazo dye
widely used in textile industries, and they cause chemico-azo
stress on aquatic organisms even at a very small amount.
Structure and characteristics of Congo red dye are shown in
Table 1 for this work, the aluminium electrodes were used in
the batch system and the removal efficiency was determined
by varying different parameters [17,18].

2. Materials and methods
2.1. Dye solution preparation

This study concentrates on the removal of Congo red dye
(Nice Chemicals, Kochi, Kerala, India, commercial grade with
70% purity) with molecular structure is shown in Fig. 1 and
all other chemicals (with 98%) purity used without further
purification. Required concentrations of dye were prepared
by dissolving an appropriate amount of dye in Millipore
water unit, pure lab option Q ELGA. The pH of the solution
was adjusted using 1IN H,SO, and 1 N NaOH to a desirable
value.

2.2. Electrodes used

Aluminium electrodes were used as both anode and
cathode in the process of Congo red dye removal by EC.
The aluminium electrodes used in this study are highly
cost—effective. The commercial grade aluminium with a
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Table 1
Properties of Congo red dye [8]

CA index name
C.H N NaOS

3277227 76 27672

696.66 g mol™

Molecular formula
Molecular weight

1-Naphthalenesulfonic acid, 3,3,-[[1,1"-biphenyl]-4,4’-diylbis(2,1-diazenediyl)]bis[4 amino-, sodium salt (1:2)]

Physical form Brownish red powder
Molecular surface 55,706 A2
area
Solubility Soluble in water and ethanol; very slightly soluble in acetone; practically insoluble in ether and xylene
Melting point >360°C
pH range 3.0-5.0
Colour Blue (pH 3.0) to red (pH 5.0)
Absorption 497 nm
wavelength
NH, NH, N
e DO
803N8 SOsNa

Fig. 1. The molecular structure of Congo red dye.

composition in wt% of aluminium: 48.71, carbon: 24.74,
oxygen: 26.55. These attributes are not in the case of other
studies which used aluminium as electrodes.

2.3. Experimental setup and procedure

EC involves many chemical and physical steps that use
sacrificial electrodes to liberate the ions which act as the coag-
ulants for the removal of pollutants [3]. Fig. 2 represents the
experimental setup of the EC process. The EC setup consists
of an electrochemical reactor (1,000 mL glass beaker), direct
current power supply from which the connections to the
electrodes are given and the electrodes were immersed in
the solution which is to be treated. A good mass transfer was
obtained by giving constant agitation by means of a magnetic
stirrer. A suitable choice of electrode material was selected
(aluminium) which in turn affects the cell voltage and lib-
erates the coagulants. The electrode plates of dimensions
5 x 5 x 1 cm were hanged with an interelectrode distance
of 3 cm. The passivation of electrodes takes place during
the EC process so it is necessary to clean the electrodes. All
experiments were carried out at room temperature.

The experiments were conducted using aluminium strips
as electrode materials to remove the Congo red dye from
simulated wastewater. Various operational parameters such
as reaction/removal time, the initial concentration of dye, pH
for the removal, the effect of current density (CD) and the
rotational speed, interelectrode distance on the removal of
Congo red were determined. After the EC process, the flocs
formed were separated by letting the solution to settle. The
supernatant collected was used to find out residual Congo
red present in the solution. After each set of experiments, the
electrodes were cleaned by scrubbing the surface and washed
with dilute acid or alkali [19].

+o="]

| =

CURRENT | VOLTAGE

<

Fig. 2. Experimental setup of electrocoagulation.
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2.4. Analytical procedure

Once the EC experiment is completed the pollutant
from effluent was separated into two phases, pollutant-rich
phase along with aluminium hydroxide coagulant and clear
liquid. The clear liquid was analyzed with the help of double
beam UV-visible spectrophotometer (Perkin Elmer Lambda
650, USA) at 497 nm (wavelength) [18]. The dye removal
percentage was obtained as follows:

C.-C
% Removal =| — |x100
C ()

i

where C, is the initial dye concentration and C, is the final
dye concentration of Congo red dye (mg L™).

The characterization studies of the pollutant-rich phase
were conducted to obtain the surface morphology by
means of scanning electron microscopy (SEM; JEOL Model
JSM - 6390LV), Fourier-transform infrared spectroscopy
(FTIR) (Thermospecific Agilent Cary 630 FTIR Spectrometry,
India) helped to find out the involvement of functional
groups in the flocs. Floc spectra were collected in the wave-
length range of 500-4,000 cm™. And from the XRD patterns
of the electrolysis by-products were compared with the dye
before EC.
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2.5. Kinetic, isotherms and thermodynamic modelling
2.5.1. Kinetic models

Kinetic studies have a very important role in determining
the rate of reaction and order of the reaction, which further
helps in the reactor design. Rate and order of reaction describes
the rate of change in concentration of reactant per unit time
[20-22]. The effects of CD, reaction time, initial dye concen-
tration, initial pH, agitation speed and interelectrode distance
on the removal efficiency were studied. The sample solution
was withdrawn at particular time intervals and analyzed the
residual dye content in the treated sample by UV-visible spec-
trophotometer. The electrode consumption was estimated
according to Faraday’s law and the amount of flocs generated
was estimated stoichiometrically. The pollutants present in the
solution were adsorbed into the flocs, so the pollutant removal
can be modelled by the amount of dye coagulated at equilib-
rium Q mg g™ has been found by the following equation:

_(C-C)yv

Qt M

(6)

where V is the solution volume (L), M is the weight of
anode dissolved (g); C, and C, are the initial and equilibrium
concentrations of Congo red dye (mg L), respectively [10].

2.5.1.1. Pseudo-first-order kinetic model A simple kinetic
analysis of the process under the pseudo-first-order assump-
tion is given by the following equation:

4Q _ _
7 - KQ-Q) )

where Q and Q, are the dye concentrations (mg g™) at equi-
librium and at time ¢ (min), respectively, k, is the adsorption
rate constant (min™) and ¢ is the contact time (min).

2.5.1.2. Pseudo-second-order kinetic model A
pseudo-second-order kinetic model is based on equilibrium
adsorption and it is expressed in Eq. (7).

2.5.2. Isotherm models

The equilibrium data from this study were described
with different adsorption isotherm models, that is, Langmuir
(1918), Freundlich (1906), Temkin and Dubinin—-Radushkevich
(1947) [13,18,23]. The acceptability and suitability of the iso-
therm equation to the equilibrium data were based on the
values of the coefficient of determination R* estimated from
linear regression of the least square fit.

2.5.2.1. Langmuir isotherm Langmuir isotherm equation
is based on the following assumptions: (1) the entire surface
for the adsorption has the same activity for adsorption, (2)
there is no interaction between adsorbed molecules and (3)
all the adsorption occurs by the same mechanism and the
extent of adsorption is less than one complete monomolecular
layer on the surface. Langmuir equation is given by Eq. (8)
(Langmuir 1918):

_ QOKLCU
“1+K.C, ®)

where Q,is the maximum amount of the dye molecule per
unit weight of the coagulant to form a complete monolayer
on the surface, C, (mg g™') is the concentration of the dye
remaining in solution at equilibrium and b is equilibrium
constant (dm’® mg™). The shape of Langmuir isotherm can be
used to predict whether a process is favourable or unfavour-
able in a batch adsorption process. The essential features of
Langmuir isotherm can be expressed in terms of a dimen-
sionless constant separation factor (R,).

1
R =
FO1+K ©)

where C; is the initial concentration (mg L) and K| is the
Langmuir equilibrium constant (L mg™).

2.5.2.2. Freundlich isotherm The Freundlich isotherm is
an empirical equation based on sorption on a heterogeneous
surface. It is assumed as stronger binding sites are occupied
first and that the binding sites strength decreases as the rate
at which the sites are occupied increases. It is commonly pre-
sented as follows:

Q. =K, (10)

where K, and n are the Freundlich constants related to the
adsorption capacity and intensity of the sorbent, respectively.

2.5.3. Thermodynamic studies

The type of energy changes occurred in the adsorption
process was explained by the thermodynamic parameters.
In order to evaluate the adsorption process thermodynamic
parameters such as change in standard enthalpy (AH°),
change in standard entropy (AS°) and change in standard
free energy (AG®°) were evaluated [18,21].

These values can be calculated using the following
equation:

A AH
and:i——0

R RT (1)
where K, is the equilibrium constant obtained as
K,=Q/C, calculated at different temperatures. A linear plot
of In K, vs. 1/T is obtained from which AS° and AH® can be
calculated.

The positive values for standard enthalpy change indicate
that the adsorption process is endothermic in nature and for
negative values the process is in exothermic in nature. The
positive values for entropy change indicate the increment
in the randomness at solid solution interface. AG® can be
calculated using Eq. (12). The negative values for AG® show
the process is spontaneous [24].

AG°= —RT In K, (12)
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The activation energy is obtained from the plot of In K,

against (%) gives slope as (ﬁ).

The nature of adsorption process can be determined
by the magnitude of activation energy E, by using the
Arrhenius equation it can be determined either the pro-
cess is physical or chemical. Physisorption process has
the activation energy ranging from 5 to 40 k] mol™. For
chemisorption process, the activation energy is higher and
ranging from 40 to 800 k] mol™ [13,18]. As shown in the fol-
lowing relationship, Arrhenius equation can be represented
as follows:

E
InK,=InA-—*
RT

(13)

where K, is the rate constant obtained from the
pseudo-second-order kinetic model (g mg? h); A, the
Arrhenius factor; E, the Arrhenius activation energy
of adsorption (k] mol™); R, the universal gas constant
(8.314 ] mol™! K™); T, the absolute temperature (K).Therefore,
a plot of In K, against 1/T will yield the values of activation

(E,) from the slope of the graph, 7?1511.

3. Result and discussion

EC involves many chemical and physical steps and this
depends on material properties as well as various opera-
tional parameters. Here the subjected work deals with the
optimization of parameters, characterization of by-prod-
ucts then kinetic, isothermal and thermodynamic studies.
All the experiments were triplicated, and the percentage
error was obtained on an average as 5 and error bars were
plotted.

3.1. Optimization of operating parameters
3.1.1. Effect of initial concentration

Concentration of dye present in the effluent stream
is in wide-range compositions. Fig. 3 shows the effect of
concentration on removal efficiency, and it was studied by
varying concentration from 1 to 100 ppm. Fig. 3 depicts as
the concentration increases the removal efficiency decreases
up to 20 ppm. This is most probably due to the amount of
aluminum hydroxides formed will be insufficient, as the
concentartion increases at constant CD.(decolrization of
reactive blue). A very interesting phenomenon observed
after 20 ppm was that the removal efficiency started
increasing, this is due to a crucial role played by conductiv-
ity. As the concentration of dye increases the conductivity
also increases. Conductivity is the main parameter which
determines the efficiency of EC process. The reaction con-
ditions were kept constant at a time of 120 min, of 7 pH, CD
200 mA cm, agitation speed of 200 rpm and interelectrode
distance of 3 cm. The plots are single, smooth and continous
leading to saturation suggesting the possible monolayer cov-
erage. Similar results were dissucced by Vasudevan et al.
[10], Adeogun and Balakrishnan [8], Manoj Babu and Goel
[25], and Daneshvar et al. [26].

3.1.2. Effect of reaction time

Another most influencing factor on the process of EC is
reaction time. Fig. 4 shows that the effect of reaction time on
the removal efficiency was studied from 15 to 120 min at an
initial concentration of 40 ppm, pH 7 and CD of 200 mA cm™?,
interelectrode distance of 3.5 cm, rotational speed at 200 rpm
and time of 60 min were obtained as optimum values.

Dye removal efficiency reached from 40% to 98% at a time
of 15-120 min. As the reaction time increases the time of mix-
ing and the reaction increased, after 60 min the removal effi-
ciency was found as constant [3,16]. Rest of the experiments
were conducted on the optimized time (60 min).

3.1.3. Effect of pH

pH is the key parameter in the EC process. The freshly
formed cation hydroxides will destabilize the colloidal
particles in the solution. When pH is between 4 and 9 AI*,
OH- ions generated by the electrodes react to form various
monomeric and polymeric species such as AI(OH)*,, AI(OH)-,
and Alé(OH)153*, Al(OH),,* etc, and the species transform

into insoluble amorphous Al(OH), solids through complex
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Fig. 3. Effect of concentration on removal efficiency.
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kinetic precipitation or polymerization [3,9,11]. The effective
coagulant species formation was observed at neutral to the
slightly acidic region. In the highly basic regions (AIOH)*
is formed and it shows very poor coagulating performance
towards the anionic pollutant species [11]. To evaluate the
effect of pH on the removal efficiency the experiments were
performed using 40 ppm solutions with initial pH varying
from 3 to 12 and optimum was found at 8. All other conditions
were kept at 60 min time, the CD of 200 mA c¢cm™, interelec-
trode distance of 3.5 cm and rotational speed as 200 rpm. The
results were shown in Fig. 5. In this study, the results agree
well with the results present in the literature and maximum
removal was found at neutral to alkaline region [4,10,11].

3.1.4. Effect of CD

It has been established that the applied CD has
considerable effect on the performance of an EC reactor
[11]. The current applied per unit area determines the elec-
tro coagulant dosage rate, which indicates that the efficiency
of removal depends on the availability of binding sites. In
Fig. 6 it depicts that as the CD is increased more Al dissolves
from anode into solution and also small bubbles of H gener-
ated according to Faraday’s law which overall results in the
availability of AI(OH) hydroxyl polymers for the adsorption
of dye molecules, thus the removal efficiency also increases
[3,19,27,28]. It was observed that as the CD varied from 70 to
335 mA cm, the removal efficiency was also increased from
47% to 96%. The experiments were carried out under the fol-
lowing conditions reaction time of 60 min, pH of 8, an inte-
relectrode distance of 3.5 cm and Al as an electrode.

As the EC process proceeds, the solution becomes more
turbid and, as a final result, the removal efficiency and conse-
quently the flocculation rates also increase [1].

3.1.5. Effect of rotational speed

The effect of rotational speed on the removal efficiency
was investigated from 200 to 1,200 rpm, and the results are
depicted in Fig. 7. As the stirring speed increases the removal
efficiency decreased. In the EC process metal hydroxides sta-
bilize the dispersed particles. Thus the electrostatic repulsion
between the particles will reduce. Agitation plays a crucial
role in bringing the particles together to a point where Van

105+

100 /\.
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95 - i _/%
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Fig. 5. Effect of pH on removal efficiency.
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der Waals force of attraction becomes predominant and pro-
vides uniform bulk distribution of generated ions [29,30]. The
experiments were conducted at 40 ppm initial concentration,
initial pH of 8, the CD of 200 mA cm™ and electrode spac-
ing of 3.5 cm, the maximum removal was found at 200 rpm.
The removal efficiency of 98% at 200 rpm was decreased to
40% at 1,200 rpm due to the degradation of floc by collisions
between them at higher agitation speed.

3.1.6. Effect of interelectrode distance

The effect of interelectrode distance was investigated
with the aim of determining the removal efficiency of
pollutant present. The electrode spacing increases as the
percent removal was found to be decreased. A similar
behavior was already observed by Aswathy et al. [11] during
the treatment of Bling water by EC. As the interelectrode
spacing is increased the resistance between the electrodes
also increases, so more initial voltage is needed to reach the
same CD and coagulant dosage [3,28].

100+
90+
80+
701

60+ /
s0| /

40 . ‘ . . .
50 100 150 200 250 300

Applied Current Density(mAfcm")
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350
Fig. 6. Effect of CD on removal efficiency.
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Fig. 7. Effect of rotational speed on removal efficiency.
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As the electrode spacing increased from 2 to 6 the
removal efficiency was found to be decreased from 99% to
65%, at 90 min electrolysis time, of CD 200 mA cm™ and of 8
pH is shown in Fig. 8. The electrical conductivity was directly
proportional to the distance between the two electrodes, the
electrode spacing increased the resistance between the elec-
trodes as well as the power consumption for the removal also
increases.

3.2. Material characterization
3.2.1. Scanning electron microscopy

3.2.1.1. SEM/EDAX of electrodes SEM images of commer-
cial grade aluminium electrodes before and after EC process
of Congo red dye electrolytes were obtained to analyze the
surface texture. Fig. 9(a) shows the fresh aluminium electrode
prior to the EC process; the surface was found to be uniform.

Fig. 9(b) shows SEM image of anode after several cycles
of EC experiments. The electrode surface is now found to be
rough with a number of dents and pores. These dents are
formed around the active sites with the dissolution of alu-
minium electrodes which are then formed into the alumin-
ium hydroxides. The formation of large number of pores
attributed to the result of the anode material consumption
and the oxygen formation [1,6,28]. Similar behaviours were
obtained by the Elabbas et al. [28] and Hu et al. [6] for the
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Fig. 8. Effect of interelectrode distance on removal efficiency.
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removal of tannery wastewater and Humic Acid removal
respectively.

The energy dispersive analysis of X-ray was used to ana-
lyze the elemental constitution of electrode before and after
the EC experiments were studied. Figs. 10(a) and (b) show the
energy dispersive x-ray spectroscopy images of anode before
and after EC process, respectively. The results were observed
as the aluminium composition is steeply decreased from
48.71 wt% to 27.51 wt% and the carbon wt% was increased
from 24.74 wt% to 43.72 wt%. The above mentioned results
show the dissolution of anode materials and they are con-
verted into coagulant forms.

3.2.1.2. SEM of Congo red dye before and after (dye loaded
with flocs) EC process  Fig. 11 illustrates the SEM analysis of
Congo red dye before and after EC process. Fig. 11(a) shows
the surface morphology of dye before treatment, fine and
less dense-powdered particles [29,31]. Fig. 11(b) shows the
dye-loaded flocs, small flakes over the surface which are
the characteristic images for aluminium hydroxides. Small
flakes along with the dye after EC process images are shown
in Fig. 11. It is concluded that the dyes are getting removed
from the solution with aluminium hydroxide particles which
are generated in situ by passing electricity.

The surface of the flocs has many pores which are covered
with aluminium hydroxide particles which are visible in the
form of small flakes on the surface.

3.2.2. Fourier-transform infrared spectroscopy

FTIR was used to determine the chemical functionalities
of a material by passing an Infrared beam through which
an absorption spectrum of defined wavenumber and finger-
print of the sample showing stretching, contraction and the
bending of chemical bonds is obtained. It depends on the
interaction of infrared radiations with chemical functional-
ities of a sample. It is easy to perceive the alterations in peaks
before and after the experiments [31,32]. FTIR spectrum of dye
and dye aluminium electrode by-product is shown in Fig. 12,
which is measured in the frequency range of 1,500-2,000 cm™.

The characteristic peaks of Congo red dye with
functional groups and vibrational frequency are assigned
as follows: 1,259, 1,068 and 1,016 for SO,H; 1,500-2,000 cm™

> :“A..f
X1,500 10pm 0000 1253 SEI

15kV

Fig. 9. SEM image of anode (a) before and (b) after electrocoagulation.
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corresponding to N=N; and 1,445 for an aromatic ring [16].

From aluminium electrode by-product OH stretching, focs
hydroxyl bending and AI-OH bending are observed at 3,452, 90
1,638 and 400-500 cm™, respectively. A strong S=O stretching =
at 1,068 cm™ and aromatic in plane stretching at 1,445 cm™ g .
are also found in the by-products of EC [11]. % 1
In the absorption peak the strong sulfonic acid group, azo o Dye loaded floc
group, and characteristic AI-OH are observed. The analysis Ly —r
of the by-products indicated that the chromophoric groups 40+
were destructed and the dye molecules were broken down 0 L : ; : : : .
into small particles and were removed along aluminium e s s

‘Wavenumber (cm™)

hydroxide particles. These results indicated the degradabil-
ity of dyes [10]. The broadening of peaks is attributed to the

Fig. 12. FTIR of C d dye before EC and after EC.
dye molecules conjugation with the aluminium particles [24]. '8 o -ongo red dye betore BL- and atter

Standardless GCluantitative Data %]
Element Tt S LI
(a) CE 24 .74 37.28
oK 26 .55 30.04
ALK 48 .71 32 68

0
C
| ;I_I
Standardless Quantitative Data - x|
[Elenent Wtk  Atx =
CK 43.72 56.41
(b) 0K 28 .57 27.68
ALK 27.71 15,32
C
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0
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Fig. 10 The energy dispersive analysis of aluminium electrode (anode) (a) before and (b) after EC process.
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Fig. 11. Congo red dye (a) before EC and (b) dye-loaded floc.
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3.3. Kinetic, isothermal and thermodynamic modelling
3.3.1. Kinetic models

Kineticbehavior of the process hasbeen studied to attempt
to learn about the adsorption kinetics and the rate-controlling
steps including mass transfer and chemical reaction steps.
The plots of two distinct kinetic models used to explain the
kinetic behavior of the process are pseudo-first-order kinetic
model and pseudo-second-order kinetic model.

3.3.1.1. Pseudo-first-order kinetic model Pseudo-first-order
kinetic model kinetic data were analyzed by Lagergran rate
equation. The linearized form of the pseudo-first-order rate
equation was given as follows [18]:

Kt
2.303

In(Q,-Q,)=InQ, - (14)

where Q and Q, are the amount of Congo red dye adsorbed
on the EC products at equilibrium (mg g™) and at time ¢,
respectively, and K, (min) is the calculated rate constant of
adsorption. The experimental data were analyzed with the
pseudo-first-order model as shown in Fig. 13(a) and Table 2.
From the plot of In(Q, — Q,) versus the values of K, and Q, can
be determined as the slope and intercept of the plot respec-
tively. Results show that experimental data did not com-
pletely follow a liner plot, the correlation coefficient was low

(a)

[
6
Ny = 100 ppm
= \\\ @ 80 ppm
51 FH \\\ 4 80 ppm
n ¥ 40 ppm
4 *;-\ \.\ + 20 ppm

In(Qe-Qt) (mg/g)
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and the calculated as well as the experimental values of Q,
are not matching each other. Hence, the reaction could not be
categorized as the pseudo-first-order kinetic model [21].

3.3.1.2. Pseudo-second-order kinetic model The linearized
form of the pseudo-second-order equation was represented
as follows [11,24]:

t 1 t

- = 4+ —
Q KQ. Q

e

(15)

where K, is the second-order adsorption rate constant
(min™) and Q, is the adsorption capacity calculated by
the pseudo-second-order kinetic model (ug g). Rate
constant parameters and Q, values for different initial dye
concentration is shown in Fig. 13(a) and Table 2. The Q, and
K, can be calculated from the slope and intercept of plot of
t/Q, vs. t. From Fig. 13(b) and Table 2, the plots were found
to be linear with extremely high correlation coefficients.
Besides, the theoretical values Q, . were in good agreement
with the experimental values Q . at all initial concentrations
studied. It suggested that the pseudo-second-order model
could be applied suitably to explain the adsorption of Congo
red dye in EC process.

A similar kind of studies was reported by Song et al. [13]
and Vasudevan et al. [22]; they also observed the reaction
kinetics to be second order.

(b)
24
/"/’/i
" 20 A
* 40 e o
4 60 o
v &0 v A
+ 100 e ¢

¥Qt (min/mg}
L

Fig. 13. Kinetics of electrocoagulation removal of Congo red dye: (a) pseudo first order and (b) pseudo second order.

;l:\)blljiezudo-first-order and (b) pseudo-second order rate constant parameters and Q, values for different initial dye concentration
G K, Qg Q ca R? Qe Q ca K, R?
100 -0.124 609.341 384.710 0.929 61.518 64.1025641 0.0020 0.986
80 -0.087 117.887 50.857 0.889 75.189 78.125 0.0022 0.995
60 —-0.090 158.155 67.139 0.892 117.887 120.481 0.0028 0.998
40 —0.08369 75.189 48.374 0.942 158.155 161.290 0.0024 0.998
20 —0.07858 61.518 46.712 0.886 609.341 625 0.0005 0.998
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3.3.2. Isothermal model

3.3.2.1. Adsorption isotherms To perform the adsorption
isotherms studies the equilibrium data were fitted to the
Langmuir and Freundlich models. The Langmuir isotherm
model assumed monolayer deposition of adsorbate on
homogenous adsorbent surface.

The linearized form of Langmuir isotherm model was
given as follows:

C 1 C

=t 16
Q. 4K, 4 {16

where C, (mg L") is the equilibrium concentration of
Congo red dye; Q, (mg g) is the amount of dye adsorbed
at equilibrium; K, (L mg™) is the equilibrium adsorption
constant which is associated to the affinity of the binding
sites;and Q__ (mg g™) is the Langmuir constant representing
maximum monolayer adsorption capacity. The prominent
feature of the Langmuir isotherm could be expressed by
means of a separation factor or equilibrium parameter R,
which was calculated by the following equation [13]:

1

RS w”

where K, (L mg™) is the Langmuir constant and C, (mg L™) is
the maximum solute concentration. R, values between 0 and
1 indicate that the adsorption process was favourable.

Experimental data were plotted as C /Q, vs. C,and shown
in Fig. 14(a), and the values of Q__, R, K, and R? are listed
in Table 3(a).

max’

(a) .
0.15 4 S
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e
e
= 010 e
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3.3.2.2. Freundlich isotherm model To account the surface
heterogeneity and distribution of the active adsorption
sites lead to the possibility of multilayer formation, the
mathematical expression of the Freundlich model was given
by the following equation:

ane:Ian+nlnCE (18)

where K, (mg g™) and n are the constants that account for
adsorption capacity of the adsorbent and the adsorption

intensity. From Fig. 14(b) the K and % values were found.

The pertinent of the two isotherm equations was com-
pared by the correlation coefficient (R?). From Table 3,
the values of correlation coefficient (R?) of the Langmuir
model were found higher than that of the Freundlich
model. Thus the Langmuir model provided a better fit than
Freundlich model in the considered temperature range.
Results indicated that Langmuir model could well describe
the equilibrium isotherms. It could be concluded that the
adsorption of Congo red dye in EC process serves mono-
layer adsorption [24].

3.3.3. Thermodynamic modelling

3.3.3.1. Adsorption thermodynamics studies The thermo-
dynamic parameters (AG°, AH®, AS°) were calculated from
the following equations:

AS°  AH°
InK, = -
¢ R RT (19)
65-]
(b)
™
60| S
-
a 5.5+ \\\
S e
E ™
& 50+ =~ "
£ " \
45 ~
i \\\\\\‘
0 5
12 1,‘4 1?5 1IE 2?(] 2‘2 2?4
In Ce (mg/L)

Fig. 14. Isothermal fits for electrocoagulation removal of Congo red dye: (a) Langmuir and (b) Freundlich.

Table 3

(a) Langmuir and (b) Freundlich isotherms for the removal of bromophenol Congo red dye
Langmuir Freundlich
Q K, R, R? K, 1/n R?
39.68253968 -0.0024 1.009320458 0.9661 9542.39 -0.465 0.7686
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where AG® (k] mol™) is the standard free energy change, K,
is the distribution coefficient, R is the universal gas constant
(8.314 ] (mol'K)™ and T is the temperature (K). The enthalpy
change (AH®) and entropy (AS°) were calculated from the slope
and intercept of the plot of In K, vs. 1/T as shown in Fig. 15.
The thermodynamics constants obtained from the plot were
given in Table 4. As shown in Table 4, the values of AG® were
negative, indicating that the removal of Congo red dye by EC
process was spontaneous and thermodynamically favour-
able. The positive values of AH® implied that the adsorption
process was endothermic in nature. The positive values of AS°®

12
L}
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~
1.0 4 o
-
// -

0.8 - o
2 P
= e

064 7

e
///
-
044 e L]
- ///
-
0z T T T T T T
00028 000286 00030 00031 00032  0.0033
1T (1/K)

Fig. 15. Plot of In K, vs. 1/T for estimation of thermodynamic
parameters for the electrocoagulation removal of Congo red dye.
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confirmed the increased randomness of the solution interface
during the adsorption Congo red dye [17,24].

Furthermore, because the values of E, obtained from the
Fig. 16 of In K, vs. 1/T is 64.9215 k] mol™, which fall in the
energy range of 80 to 800 k] mol™, it confirms that the adsorp-
tion process was chemisorption.

4. Conclusion

EC is an effective option that can be chosen to treat toxic
effluent than conventional chemical coagulation method.
This study revealed the feasibility of the same in the removal
of Congo red dye using a scrap aluminium sheet as the
electrode. The process water was found to be dependent
on the factors such as reaction time, pH, CD and rotational
speed. The removal efficiency of 93% was observed at
optimum conditions of 60 min of reaction time, pH of 8, the
CD of 200 mA cm™ and a rotational speed of 200 rpm.

Theby-products of EC product were analyzed using SEM,
FTIR which confirmed the removal of Congo red dye along
with the freshly produced aluminium hydroxide coagulant.
The reaction kinetics was studied by two different mod-
els and best fitted with pseudo-second-order kinetics. The
adsorption isotherm was best fitted with Langmuir isotherm
models, and the thermodynamic aspects of the process can
be conclude as they are in spontaneous in nature (AG°is neg-
ative), endothermic (AH®) as well as it shows an increment in
the randomness at solid solution interface (AS°).

Symbols

C

e

Noup!

Equilibrium concentration of Congo red dye,
mg L™

Final concentration of Congo red dye, mg L™
Initial concentration of Congo red dye, mg L™

Table 4
Thermodynamic parameters for the removal of dye
Temperature InK, AH AS AG R?
(°K)
293 1154 1,777.7 -4.7927 -1,726.010 0.9628
303 0.842 -2,907.504
313 0.420 -2,191.694
333 0.332 -1,164.397
-5.80 -
-5.85 | =
-5.90 |
s
\‘\
-5.95 - L
.‘é‘ ™
€ 6004 u \\
2 -
B 605 s
%N .\\\\
~ 610 b
-6.15 | \\\\\
620 -
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17¢C)

Fig. 16. Plot of In K, vs. 1/T for estimation of thermodynamic
parameters for the electrocoagulation removal of Congo red dye.

F — Faraday’s constant, C mol™

1 — Current, A

K — Kinetic reaction rate constant

K, —  Distribution coefficient

K, —  Freundlich constant

K, —  Langmuir equilibrium constant, L mg™

M —  Molecular weight of anode

Q, —  Amountof dye coagulated at equilibrium, mg g™

R —  Universal gas constant, 8.314 ] (mol-K)™

R? —  Root mean square value

R, —  Separation factor

t — Time, s

1% —  Volume of Congo red dye solution, mL

W  —  Weight of anode dissolved during the process, g

Z —  Number of electrons involved in the redox
reactions

AG® —  Standard free energy change, k] mol™

AH® —  Standard enthalpy change, k] mol™

AS° —  Standard entropy change, k] mol™
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