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A B S T R AC T

Using alternating current in an electrocoagulation process off ers an alternative to conventional 
electrocoagulation processes, where the direct current is used. The main objective of the pres-
ent investigation is to study the eff ects of alternating current (AC) and direct current (DC) on 
the removal effi  ciency of arsenate by electrocoagulation using magnesium as anode and cath-
ode. The eff ect of current density, solution pH, temperature, co-existing ions, adsorption iso-
therm and kinetics has been studied. The optimum removal effi  ciency of 98.3% and 97.9% was 
achieved with the energy consumption of 0.724 and 1.035 kWh/m3 at a current density of 0.2 A/
dm2, at pH of 7.0 for AC and DC, respectively. The adsorption of arsenate preferably fi tt ing the 
Langmuir adsorption isotherm suggests monolayer coverage of adsorbed molecules for both 
AC and DC. The adsorption process follows second-order kinetics model with good correlation 
coeffi  cient. Temperature studies showed that adsorption was endothermic and spontaneous in 
nature.

Keywords:  Electrocoagulation; Alternating/direct current; Arsenate; Adsorption; Kinetics; 
Thermodynamics

1. Introduction

Arsenic, which is toxic to man and other living 
organisms, presents potentially serious environmental 
problems throughout the world. Unfortunately, there 
is no known cure for arsenic poisoning and therefore 
providing arsenic-free drinking water is the only way 
to diminish the adverse health eff ects of arsenic. Arse-
nic is an environmental health concern, because long-
term epidemiological studies demonstrate that it is toxic 
to humans and other living organisms. Arsenic from 
natural and anthropic sources has gott en into many 
water sources, especially groundwater sources. These 

anthropic sources of arsenic are metallurgical indus-
tries, glassware and ceramic production, tannery opera-
tion, dyestuff , pesticide industries, some organic and 
inorganic chemical manufacturing, petroleum refi ning 
and rare earth metals. As a result both the inorganic and 
organic arsenic compounds can be found in soil, plants, 
animals and humans [1].

Arsenic in natural waters is a worldwide problem. 
Arsenic pollution has been reported recently in USA, 
China, Chile, Bangladesh, Taiwan, Mexico, Argentina, 
Poland, Canada, Hungary, New Zealand, Japan and 
India [2]. Inorganic arsenic is predominantly present in 
natural waters. Arsenate [As(V)] and arsenite [As(III)] 
are primary forms of arsenic in soils and natural waters. 
As(III) is more mobile in groundwater and 25–60 times *Corresponding author.
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more toxic than As(V) [2]. The concentration of arsenic 
species is mainly dependent on redox potentials and 
pH. Under low pH and mildly reducing conditions, 
As(III) is thermodynamically stable and exists as arse-
nious acid (H3AsO3, 2 3H AsO− , 2

3HAsO − , 3
3AsO − ) [3]. 

Under oxidizing conditions, the predominant species is 
As(V) which exists as arsenic acid (H3AsO4, 2 4H AsO− , 

2
4HAsO − , 3

4AsO ) as stable species in the pH interval 
3–6, 7–11, and 12–14, respectively [4,5]. Pollution-based 
studies have shown that arsenate may adversely aff ect 
several organs in the human body including cancer of 
the skin, lung and urinary bladder. United States Envi-
ronmental Production Agency (USEPA) lowered the 
maximum concentration level of arsenic in water system 
to 20 ppb [6]. Consequently, the removal of arsenic from 
water system becomes urgent in order to comply with 
the legislation [7].

Conventional methods for removing heavy metal 
ions from aqueous solution include chemical precipi-
tation, chemical oxidation or reduction, fi ltration, ion 
exchange, application of membrane technology, and 
electro dialysis (ED) [8–14]. However, these processes 
have considerable disadvantages including incomplete 
metal removal, requirements for expensive equip-
ment and monitoring system, high reagent and energy 
requirements or generation of toxic sludge or other 
waste products that require disposal. During the last 
few decades electrochemical water treatment technolo-
gies have undergone rapid growth and development. 
One of these technologies is the electrochemically 
assisted coagulation that can compete with the conven-
tional chemical coagulation process. Electrocoagulation 
is an emerging water treatment technology that has been 
applied successfully to treat various wastewaters [15]. It 
has been applied for treatment of potable water. Further, 
electrocoagulation off ers possibility of anodic oxidation 
and in situ generation of adsorbents. The electrochemi-
cal production of destabilization agents that brings 
charge neutralization from pollutant and it has been 
used for water or wastewater treatment. It has been suc-
cessfully used to treat oil wastes, with high removal effi  -
ciencies as high as 99% [16]. Usually iron and aluminum 
plates are used as electrodes in the electrocoagulation 
followed by electrosorption process. The advantages of 
electrocoagulation include high particulate removal effi  -
ciency, a compact treatment facility, relatively low cost, 
and the possibility of complete automation [20–25]. This 
technique does not require supplementary addition of 
chemicals and reduces the volume of produced sludge. 
The electrochemical reactions with metal M as anode 
may be summarized as follows,

At anode:

–
s aq( ) ( )M M  en n+ +→   (1)

2 (l) (aq) 2(g)2H O 4H O + 4e+ + −→ +   (1a)

At cathode:

( )
–

aq )s(M  e Mn n+ →+  (2)

2 (l) 2(g)2H O 2e H + 2OH− −+ →   (2a)

If Fe or Al electrodes are used, the generated )
3
(aqFe +  

or )
3
(aqAl +  ions will immediately undergo further spon-

taneous reactions to produce corresponding hydroxides 
and/or polyhydroxides. These hydroxides/polyhydrox-
ides/polyhydroxy metallic compounds have a strong 
affi  nity with dispersed/dissolved ions as well as the 
counter ions to cause coagulation/adsorption. This 
method is characterized by reduced sludge production, 
a minimum requirement of chemicals, and ease of oper-
ation [17–19].

Usually direct current (DC) is used in an electroco-
agulation processes. In this case, an impermeable oxide 
layer may form on the cathode as well as corrosion for-
mation on the anode due to oxidation. These prevent 
the eff ective current transport between the anode and 
cathode, so the effi  ciency of electrocoagulation pro-
cesses declines. These disadvantages of using DC have 
been overcome by adopting alternating current (AC) in 
electrocoagulation processes. The main objective of this 
study is to investigate the eff ect of AC on the removal 
effi  ciency of arsenate using magnesium as anode and 
cathode. The eff ect of the initial concentration of arse-
nate ion, pH, temperature, current density and coexist-
ing ions were investigated. The adsorption kinetics of 
arsenate ions on magnesium hydroxide is also studied. 
For this, equilibrium adsorption behavior is analyzed 
by fi tt ing the Langmuir and Freundlich isotherm mod-
els. The adsorption kinetics of electrocoagulation was 
analyzed using fi rst- and second-order kinetic mod-
els. Finally, the eff ects of temperature were studied to 
determine the nature of adsorption. Although, there 
are numerous reports related with electrochemical 
coagulation as a means of removal of many pollutants 
from water and wastewater, but there are limited work 
on arsenic removal by electrochemical method and its 
adsorption and kinetics studies.

2. Experimental

2.1. Cell construction and electrolysis

The electrolytic cell consists of a 1.0-L Plexiglas ves-
sel that was fi tt ed with a polycarbonate cell cover with 
slots to introduce the anode, cathode, pH sensor, a ther-
mometer and electrolytes. Magnesium with surface area 
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3. Result and discussion

3.1. Eff ect of current density

Among the various operating variables, current den-
sity is an important factor which strongly infl uences the 
performance of electrocoagulation. The eff ect of current 
density on the removal effi  ciency of As(V) ions was stud-
ied at 0.05, 0.1, 0.2, 0.3, 0.4 A/dm2 at an initial concen-
tration of 0.5 mg/L of arsenate at pH 7.0 using both AC 
and DC source. The results showed that the optimum 
removal effi  ciency of 98.3% and 97.9% with the energy 
consumption of 0.724 and 1.035 kWh/m3 was achieved 
at a current density of 0.2 A/dm2, at pH of 7.0 using AC 
and DC, respectively. Table 1 show that the removal 
effi  ciency of As(V) was higher and energy consumption 
was lower in the case of AC than DC. This may be due to 
the uniform dissolution of anode during electrocoagula-
tion in the case of AC. This is due to suffi  cient current 
through the solution; the metal ions generated by the dis-
solution of the sacrifi cial electrode were hydrolyzed to 
form a series of metallic hydroxide species. The amount 
of solubilized magnesium hydroxide increases linearly 
with the current density according to the Faraday law 
[26]. As expected, the amount of arsenate adsorption 
increases with the increase in adsorbent concentration, 
which indicates that the adsorption depends upon the 
availability of binding sites for arsenate.

3.2. Eff ect of pH

It has been established that the infl uent pH is an 
important operating factor infl uencing the performance 
of electrochemical processes. In order to examine the 
eff ect of the initial pH for AC and DC source, experi-
ments were carried out in acidic (pH 2.0), slightly acidic 
(pH 5), neutral (pH 7.0), and alkaline (pH 10.0) media 
having 0.5 mg/L of arsenate containing solutions. The 
percentage of arsenate adsorption was maximum at 

0.2 dm2 acted as the anode and cathode of same size 
were placed at an inter-electrode distance of 0.005 m. 
Thermodynamic studies were carried out at 313–343 K. 
The temperature of the electrolyte has been controlled 
to the desired value with a variation of ±2 K by adjust-
ing the rate of fl ow of thermostatically controlled water 
through an external glass-cooling spiral. A regulated 
direct current (DC) was supplied from a rectifi er (10 A, 
0–25 V; Aplab model) and regulated alternating current 
(AC) was supplied from a source (0–5 A, 0–270 V, 50 Hz; 
AMETEK Model: EC1000S).

Sodium arsenate (Na2HAsO4·7H2O) (Analar Reagent, 
Merck, Germany) was dissolved in deionized water for 
the required concentration (0.5–1.5 mg/L). The solution 
of 0.90 L was used for each experiment as the electrolyte. 
The pH of the electrolyte was adjusted, if required, with 
HCl or NaOH solutions (AR Grade, Merck, Germany) 
before electrolysis starts. To study the eff ect of co-exist-
ing ions in the removal of As(V), sodium salts (Analar 
Grade) of phosphate (0–50 mg/L), silicate (0–15 mg/L), 
carbonate (0–250 mg/L) and fl uoride (0–5 mg/L) were 
added to the electrolyte.

2.2. Analytical method

Ion Chromatography (Metrohm AG, Switz erland) 
was used to determine the concentration of arsenate. 
The SEM and EDAX of magnesium hydroxide were ana-
lyzed with a Scanning Electron Microscope (SEM) made 
by Hitachi (model s-3000h). The XRD of electrocoag-
ulatioan-by products were analyzed by a JEOL X-ray 
diff ractometer (Type – JEOL, Japan). The Fourier trans-
form infrared spectrum of magnesium hydroxide was 
obtained using Nexus 670 FTIR spectrometer (Thermo 
Electron Corporation, USA). The concentration of car-
bonate, fl uoride, silicate and phosphate were deter-
mined using UV–Visible Spectrophotometer (MERCK, 
Pharo 300, Germany).

Table 1
Eff ect of current density on the removal effi  ciency of arsenate from drinking water at temperature 305 K and pH 7

Current density (A/dm2) AC  DC

 Removal  Energy consumption Removal Energy consumption
 effi  ciency (%)  (kWh/kL) effi  ciency (%) (kWh/kL)

0.05 92 0.441 90 0.667

0.1 94.5 0.623 92.6 0.864

0.2 98.3 0.724 97.9 1.035

0.3 98.6 0.995 98 1.246

0.4 98.8 1.122 98.2 1.331
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pH 7, a decreasing trend in adsorption was observed 
when below and above pH 7 for both AC and DC 
source. At an initial concentration of 0.5 mg/L, maxi-
mum adsorption of 98.3% and 97.9% at pH 7 for AC and 
DC source, respectively, was observed (Fig. 1). It can 
be seen from Fig. 1 that arsenate removal effi  ciencies 
increased with increasing pH and highest removal effi  -
ciencies were obtained at pH 7.0. The high effi  ciency of 
arsenate removal at neutral pH might be ascribed to the 
precipitation of their hydroxides at the cathode.

3.3. Eff ect of initial arsenate concentration

In order to evaluate the eff ect of initial arsenate 
concentration, experiments were conducted at vary-
ing initial concentration from 0.5 to 1.5 mg/L using 
AC and DC. Fig. 2 shows that the uptake of arsenate 
(mg/g) increased with increase in arsenate concentra-
tion per gram of Mg(OH)2 and remained nearly con-
stant after equilibrium time. The equilibrium time 
was found to be 10 min for all concentration studied. 
The amount of arsenate adsorbed (qe) increased from 
0.403 to 1.326 mgAs/g as the concentration increased 
from 0.5 to 1.5 mg/L for the AC source. The amount of 
adsorbed qe increases with the increasing concentra-
tion of arsenate and reaches a saturation point when 
the active sites are fully covered with the adsorbate 
species [27]. The plots are single, smooth and continu-
ous curves leading to saturation, suggesting the pos-
sible monolayer coverage to arsenate on the surface of 
the adsorbent. In the case of DC the equilibrium time 
was found to be 25 min for all concentration studied 
(fi gure not shown).

3.4. Adsorption kinetics

In order to establish kinetic of arsenate adsorption, 
adsorption kinetics of magnesium anode was inves-
tigated by using fi rst-order and second-order kinetic 
models with AC and DC.

3.4.1. First-order Lagergren model

The fi rst order Lagergren model is generally expressed 
as follows [28,29]:

1 e/ ( )t tdq dt k q q= −  (3)

where, qt is the amount of arsenate adsorbed on the 
adsorbent at time t (min) and k1 (min–1) is the rate con-
stant of fi rst-order adsorption. The integrated form of 
the above equation with the boundary conditions t = 0 
to t > 0 (q = 0 to q > 0) and then rearranged to obtain the 
following time dependence function:

e e 1log( ) log( ) / 2.303tq q q k t− = −  (4)

where qe is the amount of arsenate adsorbed at equilib-
rium. The values of log(qe – qt) were linearly correlated 
with t. The plot of log (qe – qt) vs t (fi gure not shown) 
should give the linear relationship from which k1 and 
qe can be determined by the slope and intercept, respec-
tively. Table 2 shows the computed results of fi rst-order 
kinetics. A large diff erence of qe between the experimen-
tal and calculated values and low correlation coeffi  cient 
values indicates a poor fi rst-order fi t for the adsorption 
kinetics.

Fig. 1. Eff ect of pH on the removal effi  ciency of arsenate for 
AC and DC. Concentration of arsenate is 0.5 mg/L and elec-
trolyte temperature is 303 K.
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Fig. 2. Eff ect of electrolysis time and amount of arsenate 
adsorbed. Current density is 0.2 A/dm2, pH is 7.0 and elec-
trolyte temperature is 303 K.
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3.4.2. Second-order Lagergren model

The second-order kinetic model is expressed as [30–33]
2

2 e/ ( )t tdq dt k q q= −  (5)

where k2 is the rate constant of second order adsorption. 
The integrated form of Eq. (5) with the boundary condi-
tion t = 0 to >0 (q = 0 to >0) is

e e 21/ ( ) 1/tq q q k t− = +  (6)

Eq. (6) can be rearranged and linearized as
2

2 e e/ 1/ /tt q k q t q= +  (7)

The plot of t/qt and time (t) (Fig. 3) gave a linear rela-
tionship from which qe and k2 can be determined from 
the slope and intercept of the plot with high regression 
co-effi  cient (Table 2).

Table 2 depicts the computed results obtained from 
fi rst- and second-order kinetic models for AC and DC 
source. The calculated qe values well agree with the 
experimental qe values for second-order kinetics model 
bett er than the fi rst-order kinetics model for both AC 
and DC. These results indicate that the adsorption sys-
tem belongs to the second-order kinetic model with high 
correlation coeffi  cient values.

3.5. Adsorption isotherm

The adsorption capacity of the magnesium hydrox-
ide has been tested using Freundlich, Langmuir and 

Dubinin–Radushkevich isotherms. To determine the 
isotherms, the initial pH was kept at 7 and the concen-
tration of arsenate used was in the range of 0.5–1.5 mg/L 
using AC and DC sources.

3.5.1. Freundlich isotherm

The general form of Freundlich adsorption isotherm 
is represented by [34]

e e
nq KC=  (8)

Table 2
Comparison between the experimental and calculated qe values for diff erent initialarsenate concentrations in fi rst order 
adsorption kinetics at temperature 305 K and pH 7

Current Concentration qe (exp) First-order adsorption  Second-order adsorption
source (mg/L)  qe (cal) K1 × 103 (min/mg) R2 qe (cal) K2 × 103 (min/mg) R2

AC 0.5 0.441 0.662 0.147 0.7942 0.437 0.1357 0.9998

 0.75 0.686 0.799 0.139 0.7465 0.679 0.1942 0.9989

 1.0 0.935 0.843 0.094 0.7689 0.931 0.2468 0.9993

 1.25 1.179 0.934 0.066 0.7566 1.165 0.3657 0.9956

 1.5 1.476 0.986 0.057 0.7984 1.460 0.5465 0.9996

DC 0.5 0.436 0.642 0.133 0.7651 0.430 0.1243 0.9999

 0.75 0.679 0.781 0.127 0.7825 0.666 0.1441 0.9845

 1.0 0.928 0.839 0.101 0.7733 0.926 0.1987 0.9925

 1.25 1.171 0.926 0.083 0.7891 1.166 0.2493 0.9999

 1.5 1.464 0.971 0.064 0.8021 1.472 0.2866 0.9998

Fig. 3. Second-order kinetic model plot of diff erent concen-
trations of arsenate. Current density is 0.2 A/dm2, electrolyte 
temperature is 303 K and pH is 7.0.
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Eq. (8) can be linearized in logarithmic form and the 
Freundlich constants can be determined as follows:

e f elog log log nq k n C= +  (9)

where kf is the Freundlich constant related to adsorption 
capacity, ‘n’ is the energy or intensity of adsorption and ‘Ce’ 
is the equilibrium concentration of arsenate (mg/L). The 
values of kf and ‘n’ can be obtained by plott ing logarithms 
of adsorption capacity against equilibrium concentrations. 
To determine the isotherms, the arsenate concentration 
used was 0.5–1.5 mg/L and at an initial pH 7. From the 
analysis of the results it is found that the Freundlich plots 
fi t satisfactorily with the experimental data obtained in the 
present study (Table 3). This is well agreed with the results 
presented in the literature for adsorption of arsenate [8,35].

3.5.2. Langmuir isotherm

The linearized form of Langmuir adsorption iso-
therm model is [36].

e e 0 e e/ 1/ /C q q b C q= +  (10)

where ‘Ce’ is the concentration of the arsenate solu-
tion (mg/L) at equilibrium, qe the amount of arsenate 
adsorbed at equilibrium (mg/g), q0 is the adsorption 
capacity (Langmuir constant) and ‘b’ is the energy 
of adsorption. Fig. 4 shows the Langmuir plot with 
experimental data. The value of the adsorption capac-
ity ‘qm’ as found to be 28.654 mg/g and 25.387 mg/g for 
AC and DC.

The essential characteristics of the Langmuir iso-
therm can be expressed as the dimensionless constant RL

L 0 1/ ( )1R bC= +  (11)

where RL is the equilibrium constant indicating the type 
of adsorption, b and C0 are the Langmuir constant and 
initial arsenate concentration, respectively. The RL values 
between 0 and 1 indicate the favorable adsorption. The 
RL values were found to be between 0 and 1 for all the 
concentration of arsenate studied. The results are pre-
sented in Table 3.

Fig. 4. Langmuir plot for adsorption of arsenate. pH is 7.0, 
Current density is 0.2 A/dm2, electrolyte temperature is 303 
K and concentration is 0.5–1.5 mg/L for AC and DC.
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Table 3
Constant parameters and correlation coeffi  cient calculated for diff erent adsorption isotherm models for arsenate adsorption 
at 0.5 mg/L at 305 K

Isotherm  Constants

  qm (mg/g) b (L/mg) RL R2

Langmuir AC 28.654 0.0791 0.8561 0.9991

 DC 25.387 0.0766 0.8555 0.9995

  Kf (mg/g) n (L/mg) R2

Freundlich AC 1.431 1.109 0.9881

 DC 1.366 1.044 0.9896

  Qs (x103 mol/g) B (x103 mol2/kJ2) E (kJ/mol) R2

D–R AC 0.761 0.2882 18.28 0.8336

 DC 0.661  0.2167 15.13 0.8456
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3.5.3. Dubinin–Radushkevich (D–R) isotherm

This model is represented by [38]

2
e s exp( )q q Bε= −  (12)

where ε = RT ln [1+1/Ce], B is related to the free energy of 
sorption per mole of the adsorbate as it migrates to the 
surface of the electrocoagulant (Mg(OH)2) from infi nite 
distance in the solution and qs is the Dubinin–Radush-
kevich (D–R) isotherm constant related to the degree of 
adsorbate adsorption by the adsorbent surface. The lin-
earized form of Eq. (12)

e s eln ln 2 ln[1 1/ ]q q B RT C= − ⋅ ⋅ +  (13)

The isotherm constants of qs and ‘B’ are obtained 
from the intercept and slope of the plot of ln qe versus ε2, 
respectively [39]. The constant ‘B’ gives the mean free 
energy ‘E’, of adsorption per molecule of the adsorbate 
when it is transferred to the surface of the solid

[1/ 2 ]E B=  (14)

The magnitude of E is useful for estimating the type 
of adsorption process. It was found to be 18.28 kJ/mol 

and 15.13 kJ/mol for AC and DC source, which is bigger 
than the energy range of adsorption reaction, 8–16 kJ/
mol [40]. So the type of adsorption of arsenate on mag-
nesium was defi ned as chemical adsorption.

The correlation coeffi  cient values of diff erent iso-
therm models are listed in Table 3. The Langmuir iso-
therm model has higher regression co-effi  cient (R2 = 
0.999) when compared to the other models for both AC 
and DC. The adsorption data show good fi t to the Lang-
muir than Freundlich as depicted by the regression coef-
fi cient for these systems for both AC and DC. RL values 
between 0 and 1.0 further indicate a favorable adsorp-
tion of arsenate.

3.6. Eff ect of temperature

The amount of arsenate adsorbed on the adsorbent 
(Mg(OH)2) increases by increasing the temperature indi-
cating the process to be endothermic. The diff usion coef-
fi cient (D) for intraparticle transport of arsenate species 
into the adsorbent particles has been calculated at diff er-
ent temperature by

2
1/2 00.03 /t Xr D=  (15)

where t1/2 is the time of half adsorption (s), r0 is the radius 
of the adsorbent particle (cm), D is the diff usion co-effi  -
cient in cm2/s. For all chemisorption system the diff u-
sivity co-effi  cient should be 10–5 to 10–13 cm2/s [41,42]. In 

the present work, D is found to be in the range of 10–10 
cm2/s. The pore diff usion coeffi  cient (D) values for vari-
ous temperatures and diff erent initial concentrations of 
arsenate are presented in Table 4.

To fi nd out the energy of activation for adsorption of 
arsenate, the second-order rate constant is expressed in 
Arhenius form [43]

2 0ln ln /k k E RT= −  (16)

where k0 is the constant of the equation (g/mg/min), 
E is the energy of activation (J/mol), R is the gas con-
stant (8.314 J/mol/K) and T is the temperature in K. 
Table 5 shows that the rate constants vary with tem-
perature according to Eq. (16). The activation energy 
(16.45 kJ/mol and 12.36 kJ/mol for AC and DC) is cal-
culated from slope of log k2 vs 1/T (fi gure not shown). 
The free energy change is obtained using the follow-
ing relationship:

ln cG RT KΔ = −  (17)

where ∆G is the free energy (kJ/mol), Kc is the equi-
librium constant, R is the gas constant and T is the 
temperature in K. The Kc and ∆G values are presented 
in Table 5. From the table it is found that the nega-
tive value of ∆G indicates the spontaneous nature of 
adsorption.

Other thermodynamic parameters such as entropy 
change (∆S) and enthalpy change (∆H) were determined 
using van’t Hoff  equation

Table 4
Pore diff usion coeffi  cients for the adsorption of arsenate 
at various concentration and temperature

Concentration (mg/L) Pore diff usion coeffi  cient 
 D × 10–9 (cm2/s)

0.5 1.281

0.75 1.199

1.0 0.996

1.25 0.881

1.5 0.769

Temperature (K)

313 1.596

323 1.429

333 1.125

343 0.899
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ln c
S HK
R RT

Δ Δ= −  (18)

The enthalpy change and entropy change were 
obtained from the slope and intercept of the van’t Hoff  
linear plots of ln Kc versus 1/T, respectively (Fig. 5). A 
positive value of enthalpy change (∆H) indicates that 
the adsorption process is endothermic in nature, and 
the negative value of change in internal energy (∆G) 
show the spontaneous adsorption of arsenate on the 
adsorbent. Positive values of entropy change show the 
increased randomness of the solution interface during 
the adsorption of arsenate on the adsorbent shown in 
Table 6. Enhancement of adsorption capacity of electroco-
agulant (magnesium hydroxide) at higher temperatures 
may be att ributed to the enlargement of pore size and 

or activation of the adsorbent surface. Using Lagergren 
rate equation, fi rst-order rate constants and correlation 
co-effi  cient were calculated for diff erent temperatures 
(305–343 K). The calculated ‘qe’ values obtained from the 
second-order kinetics agrees with the experimental ‘qe’ 
values bett er than the fi rst-order kinetics model. Table 
6 depicts the computed results obtained from fi rst- and 
second-order kinetic models. These results indicate that 
the adsorption follows second-order kinetic model at 
diff erent temperatures used in this study.

3.7. Eff ect of coexisting ions

To study the eff ect of co-existing ions, in the removal 
of arsenate, sodium salts of carbonate (0–250 mg/L), 
phosphate (0–50 mg/L), silicate (0–15 mg/L), and fl uo-
ride (0–5.0 mg/L) were added to the electrolyte and elec-
trolysis was carried out using AC.

3.7.1. Carbonate

Eff ect of carbonate on arsenate removal was evalu-
ated by increasing the carbonate concentration from 
0 to 250 mg/L in the electrolyte. The arsenate removal 
effi  ciencies are 98.3%, 98.1%, 97.6%, 67.0%, 63.4%, 46.0% 
and 21% for the carbonate ion concentration of 0, 2, 4, 
5, 65, 150 and 250 mg/L, respectively. The results are 
presented in Table 7. From the removal effi  ciency of 
arsenate, it is found that the removal effi  ciency of the 
arsenate is not aff ected by the presence of carbonate 
below 5 mg/L. Signifi cant reduction in removal effi  -
ciency was observed at and above 5 mg/L of carbonate 
concentration is due to the passivation of anode (hinder-
ing the dissolution process).

3.7.2. Phosphate

The concentration of phosphate ion was increased 
from 0 to 50 mg/L, the contaminant range of phosphate 
in the groundwater. The removal effi  ciency for arse-
nate was 98.3%, 89.4%, 81.7%, 62%, 47% and 32% for 0, 

Fig. 5. Plot of ln kc and 1/T. pH is 7.0, Current density is 0.2 
A/dm2, electrolyte temperature is 303 K and concentration is 
0.5–1.5 mg/L for AC and DC.
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Table 6
Comparison between the experimental and calculated qe values at an initial arsenate concentrations of 0.5 mg/L in fi rst- and 
second-order adsorption isotherms at various temperatures

Temperature qe (exp) First-order adsorption  Second-order adsorption

  qe (cal) K1 (min/mg) R2 qe (cal) K2 (min/mg) R2

313 0.438 0.659 –0.0035 0.8012 0.421 0.1356 0.9999

323 0.441 0.996 –0.0025 0.8124 0.428 0.1989 0.9986

333 0.446 1.214 –0.0021 0.8324 0.435 0.2156 0.9965

343 0.451 1.326 –0.0014 0.8656 0.464 0.3197 0.9978
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2, 4, 5, 25 and 50 mg/L of phosphate ion respectively. 
The results are presented in Table 7. There is a marginal 
change in removal effi  ciency of arsenate below 5 mg L–1 
of phosphate in the water. At higher concentrations (at 
and above 5 mg/L) of phosphate, the removal effi  ciency 
decreases to 45%. This is due to the preferential adsorp-
tion of phosphate over arsenate as the concentration of 
phosphate increase.

3.7.3. Silicate

Eff ect of silicate on arsenate removal was evaluated 
by increasing the silicate concentration from 0 to 15 
mg/L in the electrolyte. The respective effi  ciencies for 
0, 5, 10 and 15 mg/L of silicate are 98.3%, 59.0%, 44.2% 
and 18.6%. The removal of arsenate decreased with 
increasing silicate concentration from 0 to 15 mg/L. The 
results are presented in Table 7. In addition to prefer-
ential adsorption, it is observed that the silicate can 
interact with magnesium hydroxide to form soluble 
and highly dispersed colloids that are not removed by 
normal fi ltration.

3.7.4. Fluoride

From the results it is found that the effi  ciency 
decreased from 98.3%, 76%, 59%, 48% and 23.5% by 
increasing the concentration of fl uoride from 0, 0.2, 0.5, 
2.0 and 5.0 mg/L. The results are presented in Table 
7. Like phosphate ion, this is due to the preferential 
adsorption of fl uoride over arsenate as the concentration 
of fl uoride increases. So, when fl uoride ions are present 
in the water to be treated they compete greatly with 
arsenate ions for the binding sites.

3.8. A bench scale study

A bench scale capacity cell was designed, fabricated 
and operated for the removal of arsenate from water. 
The system consists of AC/DC power supply, an electro-
chemical reactor, a water tank, a feed pump, a fl ow con-
trol valve, a fl ow measuring unit, a circulation pump, 
sett ling tank, sludge collection tank, fi ltration unit pro-
visions for gas outlet and treated water outlet. The reac-
tor is made of PVC with an active volume of 2000 L. The 
magnesium electrodes (anode and cathode) each con-
sists of fi ve pieces situated approximately 5 mm apart 
from each other and submerged in the solution. The 
total electrode surface area is 1500 cm2 for both cathode 
and anode. The cell was operated at a current density 
of 0.2 A/dm2 and the electrolyte pH of 7.0. The results 
show that the removal effi  ciency of 98.3% and 97.9% 
was achieved with the energy consumption of 0.724 and 
1.035 kWh/m3 at a current density of 0.2 A/dm2, at pH of 
7.0 for AC and DC, respectively. The results were consis-
tent with the results obtained from the laboratory scale, 
showing that the process was technologically feasible.

3.9. Coagulant characterization

3.9.1. SEM and EDAX studies

In order to gain more insight into the eff ect of alter-
nating current, the morphology of the electrode sur-
face after two kinds of electrolysis (AC and DC) was 

Table 7
Eff ect of addition of carbonate, phosphate, silicate and 
fl uoride in the electrolyte for the removal of arsenate from 
water

Concentration  Removal effi  ciency of arsenate
(mg/L)  (%)

Carbonate

0 98.3

2.0 98.1

4.0 97.6

5.0 67.0

65.0 63.4

150.0 46.0

250.0 21.0

Phosphate

0 98.3

2.0 89.4

4.0 81.7

5.0 62.0

25.0 47.0

50.0 32.0

Silicate 

0 98.3

5.0 59.0

10.0 44.2

15.0 18.6

Fluoride 

0 98.3

0.2 76.0

0.5 59.0

2.0 48.0

5.0 23.5
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characterized by SEM as shown in Fig. 6(a) and (b). It 
can be observed that when the AC was fed, less dis-
ordered pores formed and a smooth microstructure 
of magnesium suggesting the magnesium electrodes 
were dissolved uniformly during the electrolysis. 
While for the electrodes fed with DC, the electrode 
surface is found to be rough, with a number of dents. 
These dents are formed around the nucleus of the 
active sites where the electrode dissolution results in 
the production of magnesium hydroxides. The forma-
tion of a large number of dents may be att ributed to 
the anode material consumption at active sites due to 
the generation of oxygen at its surface.

Energy-dispersive analysis of X-rays (EDAX) was 
used to analyze the elemental constituents of arsenate-
adsorbed magnesium hydroxide (Fig. 7). It shows that 
the presence of arsenate, Mg and O appears in the spec-
trum. EDAX analysis provides direct evidence that arse-
nate is adsorbed on magnesium hydroxide.

3.9.2. FTIR and XRD studies

Fig. 8 presents the FTIR spectrum of arsenate–mag-
nesium hydroxide. A broad adsorption band at 3452.84 
cm–1 implies the transformation from free protons into 

Fig. 6. SEM images of the anode after electrocoagulation by 
(a) AC and (b) DC.

Fig. 7. EDAX spectrum of arsenate-adsorbed magnesium 
hydroxide.

Fig. 9. XRD spectrum for arsenate-adsorbed magnesium 
hydroxide.
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Fig. 8. FT-IR spectrum for arsenate-adsorbed magnesium 
hydroxide.
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a proton-conductive state in brucite. The 1628.43 cm–1 
peak indicates the bent vibration of H–O–H. The band 
at 629.93 cm-1 corresponds to Mg–O stretching vibration. 
Electrocoagulation by-product showed the well crystal-
line phase of magnesium hydroxide (Fig. 9).

4. Conclusions

The results showed that the optimized removal 
effi  ciency of 98.3% and 97.9% was achieved for AC 
and DC source at a current density of 0.2 A/dm2 and 
pH of 7.0 using magnesium electrodes. The magne-
sium hydroxide generated in the cell remove the arse-
nate present in the water and to reduce the arsenate 
concentration to less than 0.005 mg/L, and made it 
for drinking. The bench scale results showed that the 
process was technologically feasible. For both AC and 
DC electrolysis the adsorption of arsenate preferably 
fi tt ing Langmuir adsorption isotherm. The adsorption 
process follows second-order kinetics. Temperature 
studies showed that adsorption was endothermic and 
spontaneous in nature. From the surface character-
ization studies, it is confi rmed that the magnesium 
hydroxide generated in the cell adsorbed arsenate 
present in the water.
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