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Abstract
Purpose and aim The present study provides an optimization
of electrocoagulation process for the simultaneous removal of
heavy metals such as mercury, lead, and nickel from water. In
doing so, the thermodynamic, adsorption isotherm and kinetic
studies were also carried out.
Materials and methods Magnesium alloy, magnesium, alu-
minum, and mild steel sheet of size 2 dm2 were used as anode
and galvanized iron as cathode. To optimize the maximum
removal efficiency, different parameters like effect of initial
concentration, effect of temperature, pH, and effect of current
density were studied. Mercury-, lead-, and nickel-adsorbed
magnesium hydroxide coagulant was characterized by SEM
and EDAX.
Results The results showed that the maximum removal effi-
ciency was achieved for mercury, lead, and nickel with mag-
nesium alloy as anode and galvanized iron as cathode at a
current density of 0.15 Å/dm2 and pH of 7.0. The
adsorption of mercury, lead, and nickel are preferably
fitting the Langmuir adsorption isotherm suggests monolayer
coverage of adsorbed molecules. The adsorption process
follows second-order kinetics. Temperature studies showed
that adsorption was endothermic and spontaneous in nature.
Conclusions The magnesium hydroxide generated in the
cell removes the heavy metals present in the water and
reduces to a permissible level, making it drinkable.

Keywords Electrocoagulation . Heavymetal . Adsorption .

Kinetics . Thermodynamics

1 Introduction

It is well known that heavy metals constitute a serious threat
for the environment and human health because they are not
biodegradable. These heavy metals, known as powerful
toxic agents, are teratogenic and carcinogenic (Collado-
Sanchez et al. 1996; Carrington et al. 2004; Zhu and
Alexandratos 2006; Kurniawan et al. 2006). Mercury,
lead, and nickel are the most toxic non-essential heavy metals
present in the environment. Elevated level of mercury, lead,
and nickel ions arise from a variety of sources, such as
batteries, accumulators made up of mercury (II) oxide, paints
containing mercury (II) sulfate, pharmaceutical products like
mercurochrome (antiseptic) and clinical thermometers, plating
industries (Zhu and Alexandratos 2006). Mercury poisoning
can affect the nervous system and cause neurological and
renal disorders which are sometimes irreversible. Lead can
cause central nervous system damage. Lead can also damage
the kidney, liver and reproductive system, basic cellular
processes, and brain functions. The toxic symptoms are
anemia, insomnia, headache, dizziness, irritability, weakness of
muscles, hallucination and renal damages. Nickel exceeding its
critical level might bring about serious lung and kidney
problems aside from gastrointestinal distress, pulmonary
fibrosis and skin dermatitis. And it is known that nickel
is human carcinogen (Carrington et al. 2004; Ullruich et al.
2001; Fitzgerald and Lamborg 2004). The drinking water
guideline value for mercury, lead, and nickel recommended
by World Health Organization (WHO) are 0.001, 0.025, and
0.020 mg/L, respectively (WHO 1993).

Conventional methods for removing heavy metals and its
derivatives fromwater include ion exchange, reverse osmosis,
co-precipitation, coagulation, complexation, solvent extrac-
tion, and adsorption. Physical methods like ion exchange,
reverse osmosis and electrodialysis have proven to be either
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too expensive or inefficient to remove mercury, lead, and
nickel from water. At present, chemical treatments are not
used due to disadvantages like high costs of maintenance,
problems of sludge handling and its disposal, and neu-
tralization of the effluent. The mercury, lead, and nickel
removal from water by adsorption using different mate-
rials has also been explored. The major disadvantages of
this studied adsorbent are low efficiency and high cost
(Chen 2004; Alinsafi et al. 2005; Casqueira et al. 2006;
Mercier and Pinnavaia 1998; Walcarius et al. 2003; Tonle et
al. 2004; Tchinda et al. 2006).

Recent research has demonstrated that electrocoagulation
offers an attractive alternative to above-mentioned tradition-
al methods for treating water. In this process, anodic disso-
lution of metal electrode takes place with the evolution of
hydrogen gas at the cathode. Electrochemically generated
metallic ions from the anode can undergo hydrolysis to
produce a series of activated intermediates that are able to
adsorb (Gupta et al. 2006a, b; Gupta et al. 1997a, b; Gupta et
al. 2003a, b; Gupta and Rastogi 2008a, b; Gupta and
Rastogi 2009; Gupta et al. 2007a, b; Gupta et al. 1998;
Gupta 1998; Gupta et al. 1999; Gupta and Ali 2000;
Gupta et al. 2001; Gupta and Sharma 2002; Gupta and Sharma
2003; Mittal et al. 2010; Mohan et al. 2001; Srivastava et al.
1996; Srivastava et al. 1997) the contaminant present in the
water to be treated alternatively or otherwise destabilize
the finely dispersed particles present in the water. The
advantages of electrocoagulation include high particulate
removal efficiency, compact treatment facility, and possibil-
ity of complete automation (Vasudevan et al. 2008; Vasudevan
et al. 2009; Vasudevan et al. 2010; Vasudevan and Lakshmi
2011). A literature survey shows that, in most of the studies,
aluminum is used as anode material for the removal of
contaminants from water using electrocoagulation. The
main disadvantage in case of aluminum electrode is the
residual aluminum (the USEPA guidelines suggest max-
imum contamination is 0.05–0.2 mg/L) present in the
treated water due to cathodic dissolution. This will
create health problems like cancer. In the case of mag-
nesium electrodes, there is no such disadvantage like alu-
minum electrodes. Because the USEPA guidelines suggest
maximum guidelines value of magnesium in water is 30 mg/
L. Apart from the above, a literature survey does not show any
study on the decontamination of mercury, lead, and nickel or
its derivatives by electrocoagulation.

This article presents the results of the studies undertaken
on the electrochemical removal of mercury, lead, and nickel
using magnesium alloy, magnesium, aluminum, and mild
steel as anodes and galvanized iron as cathode. To optimize the
maximum removal efficiency of mercury, lead, and nickel,
different parameters like effect of anode materials, initial
mercury, lead, and nickel concentration, temperature, pH
and current density were studied. The equilibrium adsorption

behavior is analyzed by fitting models of Langmuir and
Freundlich isotherms. Adsorption kinetics of electro
coagulants is analyzed using first- and second-order kinetic
models. Activation energy was evaluated to study the nature
of adsorption.

2 Materials and methods

2.1 Experimental apparatus and procedures

The electrolytic cell (Fig. 1) consisted of a 1.0-L Plexiglas
vessel that was fitted with a poly(vinyl chloride) cell cover
with slots to introduce the electrodes, pH sensor, a thermometer
and the electrolytes. Magnesium alloy (Magnesium Elektron
Ltd; AZ31 consisting of 3.0 wt.% Al and 1.0 wt.% Zn),
magnesium (commercial grade, India), aluminum (commercial
grade, India), and mild steel (commercial grade, India) of
surface area (0.02 m2) acted as the anode. The cathodes were
galvanized iron (commercial grade) sheets of the same size as
the anode. The temperature of the electrolyte was controlled to
the desired value with a variation of ±2 K by adjusting the rate
of flow of thermostatically controlled water through an external
glass-cooling spiral. A regulated direct current was supplied
from a rectifier (10 Å, 0–25 V; Aplab model).

Mercury as Hg(NO3)2, lead as Pb(NO3)2, and nickel as
Ni(NO3)2 (Merck, Germany; Analar Reagent) was dissolved
in drinking water for the required concentration (0.1–
0.5 mg/L). 0.90 L of solution was used for each experiment,
which was used as the electrolyte. The pH of the electrolyte
was adjusted, if required, with HCl or NaOH solutions
before experiments.
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Fig. 1 Effect of pH of the electrolyte on the removal of mercury,
nickel, and lead conditions, concentration of mercury, lead, and nickel,
0.1 mg/l; solution temperature, 305 K; anode, magnesium alloy; cathode,
galvanized iron; current density, 0.15 Ådm−2; duration, 30 min
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2.2 Analytical procedure

The analysis of mercury, lead, nickel, magnesium, aluminum,
and zinc were characterized UV–Visible spectrophotometer
(MERCK, Pharo 300). The scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDAX)
images of magnesium hydroxide were analyzed with a SEM
made by Hitachi (model s-3000h). The Fourier transform
infrared spectrum of magnesium hydroxide was obtained
using Nexus 670 FTIR spectrometer made by Thermo Elec-
tron Corporation, USA.

3 Theory

3.1 Kinetic modeling

The magnesium hydroxide complexes formed during
electrocoagulation remain in the aqueous stream as metal
hydroxides. These metal hydroxides, charged hydroxyl-
cationic complexes, can effectively remove pollutants by
adsorption and produce charge neutralization by com-
plexation, electrostatic attraction, and enmeshment in a
precipitate. The electrode consumption can be estimated
according to Faraday's law, and the amount of generated
metal hydroxides can be stoichiometrically determined.
Since the amount of coagulant can be estimated for a
given time, the pollutant removal can be modeled using an
adsorption phenomenon (Veli and Ozturk 2005). In order to
investigate the mechanisms of the mercury, lead, and nickel
adsorption process, two different kinetic models (Gupta et al.
2003a, b), the pseudo-first-order model and pseudo-second-
order model, were applied to describe the kinetics of the
mercury, lead, and nickel adsorption onto magnesium
hydroxides.

3.1.1 First-order Lagergren model

The first-order rate equation of the Lagergren model is
one of the most widely used expressions describing the
adsorption of solute from a solution. The first-order
Lagergren model is generally expressed as follows
(Sharma and Bhattacharyya 2004),

dqt=dt ¼ k1 qe � qtð Þ ð1Þ
where qe and qt are the adsorption capacities at equilibrium
and at time t (min) respectively, and k1 (min−1) is a rate
constant of first-order adsorption. The integrated form of the
above equation with the boundary conditions t00 to >0 (q00
to >0) is rearranged to obtain the following time dependence
function,

log qe � qtð Þ ¼ log qeð Þ � k1t=2:303 ð2Þ

3.1.2 Second-order Lagergren model

The Lagergren second-order kinetic model is expressed as
(Ho and McKay 1998),

dqt=dt ¼ k2 qe � qtð Þ2 ð3Þ
where k2 is the rate constant of second-order adsorption.
The integrated form of Eq. 3 with the boundary condition t00
to >0 (q00 to >0) is,

1= qe � qtð Þ ¼ 1=qe þ k2t ð4Þ
Equation 4 can be rearranged and linearized as,

t=qt ¼ 1=k2qe
2 þ t=qe ð5Þ

where, qe and qt are the amount of mercury, lead, and nickel
adsorbed on Mg(OH)2 (mg g−1) at equilibrium and at time t
(min), respectively, and k2 is the rate constant for the second-
order kinetic model.

3.2 Isotherm modeling

The pollutant is generally adsorbed at the surface of the
metal hydroxides generated during the electrocoagulation
process. Thus, the removal of pollutant is similar to
conventional adsorption, except for coagulants generated.
Coagulated particles attract and absorb different ions and
colloidal particles from the water. In order to identify the
mechanism of the adsorption process, it is important to
establish the most appropriate correlation for the equilibrium
curves. In this study, two adsorption isotherms, Langmuir and
Freundlich, were applied to establish the relationship
between the amounts of mercury, lead, and nickel
adsorbed onto the magnesium hydroxides and its equilibrium
concentration in the aqueous solution containing mercury,
lead, and nickel.

3.2.1 Freundlich isotherm

The Freundlich adsorption isotherm typically fits the
experimental data over a wide range of concentrations. This
empirical model includes considerations of surface heteroge-
neity and exponential distribution of the active sites and their
energies. The isotherm is adopted to describe reversible
adsorption and is not restricted to monolayer formation. The
linearized in logarithmic form and the Freundlich constants
can be expressed as (Freundlich 1907),

log qe ¼ log kf þ n logCe ð6Þ
where, kf is the Freundlich constant related to adsorption
capacity, n is the energy or intensity of adsorption, Ce is the
equilibrium concentration of mercury, lead, and nickel
(mg L−1).
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3.2.2 Langmuir isotherm

The Langmuir model was originally developed to represent
chemisorption at a set of well-defined localized adsorption
sites with the same adsorption energy, independent of the
surface coverage, and with no interaction between adsorbed
molecules. This model assumes a monolayer deposition on a
surface with a finite number of identical sites (Mckay et al.
1982). It is well known that the Langmuir equation is valid
for a homogeneous surface. The linearized form of Lang-
muir adsorption isotherm model is,

Ce=qe ¼ 1=qmbþ Ce=qm ð7Þ
where, qe is amount adsorbed at equilibrium concentration
Ce, qm is the Langmuir constant representing maximum
monolayer adsorption capacity and b is the Langmuir con-
stant related to energy of adsorption. The essential charac-
teristics of the Langmuir isotherm can be expressed as the
dimensionless constant RL.

RL ¼ 1= 1þ bCoð Þ ð8Þ
where RL is the equilibrium constant it indicates the type of
adsorption, b, is the Langmuir constant (Langmuir 1918).
Co is various concentrations of mercury, lead, and nickel
solution. The RL values between 0 and 1 indicate the favorable
adsorption.

3.3 Thermodynamic parameters

To understand the effect of temperature on the adsorption
process, thermodynamic parameters should be determined at
various temperatures (Golder et al. 2006). The energy of
activation for adsorption of mercury, lead, and nickel can be
determined by the second-order rate constant is expressed in
Arrhenius form.

ln k2 ¼ ln ko � E=RT ð9Þ
where ko is the constant of the equation (g mg−1 min−1), E is
the energy of activation (J mol−1), R is the gas constant
(8.314 Jmol−1 K−1), and T is the temperature in K. The free
energy change is obtained using the following relationship

ΔG ¼ �RT lnKc ð10Þ
where ΔG is the free energy (kJ mol−1), Kc is the equilibrium
constant, R is the gas constant and T is the temperature in K.
Other thermodynamic parameters such as entropy change
(ΔS) and enthalpy change (ΔH) were determined using van’t
Hoff equation,

lnKc ¼ ΔS

R
� ΔH

RT
ð11Þ

Enhancement of adsorption capacity of electrocoagulant
(magnesium hydroxide) at higher temperatures may be at-
tributed to the enlargement of pore size and or activation of
the adsorbent surface.

4 Results and discussion

4.1 Effect of anode materials

It is well known that water treatment with coagulants such
as aluminum alum, ferric chloridem and ferric sulfate are
effective in removing mercury, lead, and nickel from
drinking water. Contaminants present in the water will
be removed by the adsorption with metal hydroxides
produced from the respective coagulants. The main dis-
advantage for the above process is the presence of
anions like chloride and sulfate will reduce the removal
efficiency and will increase the total dissolved solids in
the treated water. So to overcome the above difficulties,
in the present investigation, magnesium alloy, magne-
sium, aluminum, and mild steel are used as anode
(in situ generation of the coagulants) and galvanized
iron is used as cathode material. The electrochemical
ion generation has several distinct advantages. Coagu-
lants introduced without corresponding sulfate or chlo-
ride ions are more efficient at removing contaminants
from water. By eliminating competing anions and using
a highly pure coagulant source, lower metals residuals
are obtained and less sludge is produced than when
metal salts are utilized. A contaminant-free ion source
allows maximum adsorptive removal of the various dis-
solved forms of metals that could be present and require
treatment. Contaminants present in industrial-grade fer-
rous sulfate and aluminum salts end up in either the
treated effluent or sludge cake. If flow rates or contami-
nant loads fluctuate, chemical treatment systems are diffi-
cult to operate but it is not in the case of electrochemical
process.

During the electrolysis of magnesium alloy, (or) magne-
sium, (or) aluminum, (or) iron, hydroxides of micro-flocs
are formed rapidly by anodic dissolution. After the electrol-
ysis process, the water is gently stirred for few minutes for
agglomeration of micro-flocs into larger easily settleable
flocs. During this flocculation process, all kinds of micro
particles and charged ions are attached to the flocs by
electrostatic attachment. Mercury, lead, and nickel is also
adsorbed onto coagulated flocs. The possible reactions of
magnesium alloy, aluminum, and mild steel for the forma-
tion of hydroxides are as follows:

At the cathode,

2H2Oþ 2e� ! H2 gð Þ þ 2OH� ð12Þ
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At the anode, (when magnesium alloy/magnesium as anode):

Mg ! Mg2
þ þ 2e� ð13Þ

Mg2þ aqð Þ þ 2H2O ! Mg OHð Þ2 þ 2Hþ aqð Þ ð14Þ
(when aluminum as anode)

Al ! Al3þ þ 3e� ð15Þ

Al3þ aqð Þ þ 3H2O ! Al OHð Þ3 þ 3Hþ aqð Þ ð16Þ
(when iron as anode)

4Fe sð Þ ! 4Fe2þ aqð Þ þ 8e� ð17Þ

4Fe sð Þ þ 10H2O lð Þ þ O2 gð Þ ! Fe OHð Þ3 sð Þ þ 4H2 gð Þ ð18Þ
Mercury, lead, and nickel adsorbed on hydroxide flocs

and removed by filtration. From Table 1, it is concluded that
the magnesium alloy electrode is more effective in removing
mercury, lead, and nickel than mild steel and the removal
efficiency is very close to using an aluminum electrode.
Apart from the lower removal efficiency of aluminum elec-
trode, the main disadvantage in case of aluminum electrode is
the residual aluminum (The USEPA guidelines suggest
maximum contamination is 0.05–0.2 mg/L) present in
the treated water due to cathodic dissolution. This will
create health problems like cancer. In the case of mild
steel electrode, the maximum contamination limit is 0.2 mg/L
(USEPA guidelines). In the case of magnesium electrodes,
there is no such disadvantage like aluminum and mild steel
electrodes. Because the USEPA guidelines suggest maximum
guidelines value of magnesium in water is 30 mg/L. To
evaluate the alternative anodes material for mercury, lead,
and nickel removal from water, further studies were carried
out with magnesium alloy as anode material.

4.2 Effect of pH

It is believed that the initial pH is an important operating
factor influencing the performance of electrochemical
process. To explain this effect, a series of experiments were

carried out using 0.1 mg/L mercury, lead, and nickel
containing solutions, by adjusting the initial pH in the
interval from 2 to 10. The removal efficiency of mer-
cury, lead, and nickel was increased with increasing the
pH up to 7 (Fig. 1). When the pH is above 7, removal
efficiency should be decreased. The decrease of removal
efficiency at more acidic and alkaline pH was observed
by many investigators (Vasudevan et al. 2009) and was
attributed to an amphoteric behavior of Al(OH)3 which
leads to soluble Al3+ cations (at acidic pH) and to
monomeric anions Al(OH)4− (at alkaline pH). It is well
known that these soluble species are not useful for
water treatment. When the initial pH was kept in neu-
tral, all the aluminum produced at the anode formed
polymeric species (Al13O4(OH)24

7+) and precipitated Al
(OH)3 leading to more removal efficiency (Vasudevan et
al. 2009). In the present study, the electrolyte pH was
maintained in neutral, so the formation of Mg(OH)2 is
more predominant (like aluminum), leading to greater
removal efficiency.

4.3 Effect of inter-electrode distance

To determine the effect various inter-electrode distances
between anode and cathode, the electrodes were kept at
different spacing viz., 0.003, 0.005, 0.007, 0.009, and
0.011 m. The experiments were conducted with
0.1 mg/L mercury, lead, and nickel each containing
solutions at a current density of 0.15 Ådm−2. The
results of inter-electrode distance on removal efficiency
and energy consumption are presented in Fig. 2. While
decreasing the inter-electrode distance shows decrease
in energy consumption and increase in removal effi-
ciency. Short distance between each electrode requires
lesser electrical energy for motion of ions due to
shorter travel path that reduce the resistance of motion
and the situation is reverse for the case of large dis-
tance between each electrode. But in maintaining the
inter-electrode distance of 0.003 m was practically dif-
ficult. So, the further experiments were carried out at
inter-electrode distance of 0.005 m. Inter-electrode
spacing of 0.005 m had the low energy consumption
and removal efficiency.

Table 1 Effect of different
anodes for the removal of
mercury, lead, and nickel at
0.1 mg/L each. Current
density—0.15 Å/dm2

Anode material Voltage (V) Final concentration (mg/L) Removal efficiency (%)

Mercury Lead Nickel Mercury Lead Nickel

Magnesium alloy 1.5 0.001 0.002 0.001 99 98 99

Magnesium 2.1 0.011 0.009 0.007 89 91 93

Aluminum 2.2 0.023 0.015 0.014 77 85 86

Mild steel 2.1 0.062 0.046 0.042 38 54 58
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4.4 Effect of current density

Operating current density is critical in electrocoagulation, as it
is the only operational parameter that can be controlled directly.
Current density directly determines both coagulant dosage and
bubble generation rates, as well as strongly influencing both
solution mixing and mass transfer at the electrodes. Thus, a set
of experiments were carried out to quantify the impact of
operating current on reactor performance. A serious of experi-
ments were carried out using 0.1 mg/L of mercury, lead, and
nickel containing electrolyte, at pH 7.0, with the current density
being varied from 0.025 to 0.2 Ådm−2. The plot shows that the
uptake of mercury, lead, and nickel (in milligrams per
gram) increased with increase in current density and
remained nearly constant after equilibrium time (figure
not shown). The equilibrium time was found to be
30 min for all concentration studied. After 30 min, the
amount of mercury, lead, and nickel adsorbed (qe) increased
from 0.0744 to 0.0983 mg/g as the current density increased
from 0.025–0.2 mg/L. The plots are single, smooth and
continuous curves leading to saturation, suggesting the
possible monolayer coverage to mercury, lead, and nickel on
the surface of the adsorbent. Further, the amount of heavy
metal in water removal depends upon the quantity of adsor-
bent (magnesium hydroxide) generated, which is related to the
time and current density.

4.5 Kinetic modeling

In the present investigation, two kinetic models, namely, the
first- and second-order models were tested with the mercury,
lead, and nickel concentration of 0.1 mg/L at various current
densities from 0.025–0.2 Å/dm2.

4.5.1 First-order Lagergren model

The experimental data were analyzed initially with first-
order Lagergren model. The plot of log (qe−qt) vs t
should give the linear relationship from which k1 and qe
can be determined by the slope and intercept, respec-
tively (Eq. 2). The computed results are presented in
Table 2. The results show that the theoretical qe(cal)
value does not agree to the experimental qe (exp) values
at all concentrations studied with poor correlation coefficient.
So, further, the experimental data were fitted with second-
order Lagergren model.

4.5.2 Second-order Lagergren model

The kinetic data were fitted to the second-order Lagergren
model (Eq. 5). The equilibrium adsorption capacity, qe(cal)
and k2 were determined from the slope and intercept of plot
of t/qt versus t and are compiled in Table 2. Figure 3 shows
the plot of t/qt versus t for mercury adsorption. The
plots were found to be linear with good correlation
coefficients. The theoretical qe(cal) values agree well
to the experimental qe(exp) values at all current density
studied. This implies that the second-order model is in
good agreement with experimental data and can be used
to favorably explain the mercury, lead, and nickel adsorption
on Mg(OH)2.

Table 2 depicts the computed results obtained from first-
and second-order models. From the tables, it is found that
second-order shows good correlation coefficient than first-
order model. Further, the calculated qe values well agrees
with the experimental qe values for second-order kinetics
model concluding that the second-order kinetics equation is
the best-fitting kinetic model.

4.6 Isotherm modeling

4.6.1 Freundlich isotherm

In testing the isotherm, the mercury, lead, and nickel con-
centration used was 0.1–0.5 mg/L with various current
density from 0.025–0.2 Å/dm2 and at an initial pH of 7.
The adsorption data is plotted as log qe versus log Ce by
Eq. 6 should result in a straight line with slope n and
intercept kf. The intercept and the slope are indicators of
adsorption capacity and adsorption intensity, respectively.
Values of n falling in the range of 1–10 indicate favorable
sorption. kf and n values were listed in Table 3 for each
concentration and current density. It has been reported that
values of n lying between 0 and 10 indicate favorable
adsorption. From the analysis of the results it is found that
the Freundlich plots fit satisfactorily with the experimental
data obtained in the present study.
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Fig. 2 Effect of inter-electrode distance on the removal of mercury,
lead, and nickel. Conditions, solution pH, 7.0; solution temperature,
305 K; anode, magnesium alloy; cathode, galvanized iron; current
density, 0.15 Å/dm2; duration, 30 min

Environ Sci Pollut Res (2012) 19:2734–2744 2739



4.6.2 Langmuir isotherm

Langmuir isotherm was tested from Eq. 7. The plots of 1/qe
as a function of 1/Ce for the adsorption of mercury, lead, and
nickel on Mg(OH)2 are shown in Fig. 4. The plots were
found linear with good correlation coefficients (>0.99) indi-
cating the applicability of Langmuir model in the present
study. The values of monolayer capacity (qm) and Langmuir
constant (b) is given in Table 3. The values of qm calculated
by the Langmuir isotherm were all close to experimental

values at given experimental conditions. These facts suggest
that mercury, lead, and nickel are adsorbed in the form of
monolayer coverage on the surface of the adsorbent. The
sorption isotherms of mercury, lead, and nickel on magne-
sium hydroxide typically follow Langmuirian behavior as
described by previous researchers.

The dimensionless constant RL were calculated from Eq. 8.
The RL values were found to be between 0 and 1 for all the
concentration of mercury, lead, and nickel studied.

The correlation coefficient values of Langmuir and
Freundlich isotherm models are presented in Table 3. The
Langmuir isotherm model has higher regression coefficient
(R200.999) when compared to the other models indicating the
Langmuir model provide a better description of the process.

Table 2 Comparison between the experimental and calculated qe values at different current density in first- and second-order adsorption kinetics
with concentration 0.1 mg/L at room temperature

Contaminant Current density
(Å/dm2)

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

qe(cal) k1×10
4 (min/mg) R2 qe(cal) k2×10

4 (min/mg) R2

Mercury 0.025 0.0062 8.77 −0.0033 0.7655 0.0064 0.0835 0.9998

0.05 0.0071 9.99 −0.0051 0.7881 0.0069 0.0915 0.9964

0.1 0.0072 10.87 −0.0058 0.8135 0.0070 0.0917 0.9991

0.15 0.0073 11.64 −0.0066 0.7864 0.0071 0.0919 0.9996

0.2 0.0075 12.87 −0.0070 0.7866 0.0072 0.0965 0.9957

Lead 0.025 0.0631 9.94 −0.0039 0.7854 0.0628 0.0831 0.9999

0.05 0.0714 10.49 −0.0048 0.7967 0.0701 0.0906 0.9998

0.1 0.0733 10.55 −0.0055 0.8005 0.0715 0.0912 0.9989

0.15 0.0756 10.61 −0.0060 0.7457 0.0744 0.0919 0.9964

0.2 0.0799 10.97 −0.0061 0.7598 0.0745 0.0933 0.9945

Nickel 0.025 0.0665 12.31 −0.0044 0.7655 0.0654 0.0822 0.9999

0.05 0.0771 12.64 −0.0053 0.7881 0.0745 0.0897 0.9997

0.1 0.0784 12.99 −0.0058 0.8135 0.0781 0.0901 0.9996

0.15 0.0866 13.65 −0.0061 0.7864 0.0854 0.0917 0.9983

0.2 0.0891 13.97 −0.0064 0.7866 0.0894 0.0999 0.9981
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Fig. 3 Second-order kinetic model plots for adsorption of mercury at
different current densities. Conditions—concentration, 2 mg/L;
temperature, 305 K; pH of the electrolyte, 7.0

Table 3 Constant parameters and correlation coefficient for different
adsorption isotherm models for mercury, lead, and nickel adsorption at
0.1–0.5 mg/L at a current density of 0.15 Å/dm2

Isotherm Parameters Contaminants

Mercury Lead Nickel

Langmuir qm (mg/g) 1.8471 2.1129 2.4554

b(L/mg) 4.8321 4.9864 5.2565

R2 0.9989 0.9994 0.9997

RL 0.5978 0.6424 0.5564

Freundlich kf (mg/g) 1.6621 1.5959 1.5525

n (L/mg) 1.0363 1.0412 1.0861

R2 0.9823 0.9856 0.9885

2740 Environ Sci Pollut Res (2012) 19:2734–2744



4.7 Thermodynamic parameters

Figure 5 shows that the rate constants vary with temperature
according to Eq. 9 for mercury, lead, and nickel. The acti-
vation energy is calculated from slope of the fitted equation.
The free energy change is obtained from Eq. 11. The Kc and
ΔG values are presented in Table 4. From the table, it is
found that the negative value of ΔG indicates the spontane-
ous nature of adsorption. The enthalpy change and entropy
change were obtained from the slope and intercept of the
van't Hoff linear plots of lnKc versus 1/T (Fig. 6; Eq. 11) for
mercury, lead, and nickel. Positive value of enthalpy change

(ΔH) indicates that the adsorption process is endothermic in
nature, and the negative value of change in internal energy
(ΔG) show the spontaneous adsorption of mercury, lead, and
nickel on the adsorbent. Positive values of entropy change
show the increased randomness of the solution interface
during the adsorption of mercury, lead, and nickel on
the adsorbent (Table 4). Enhancement of adsorption
capacity of electro coagulant (magnesium hydroxide) at
higher temperatures may be attributed to the enlargement of
pore size and or activation of the adsorbent surface. Using
Lagergren rate equation, second-order rate constants and
correlation coefficient were calculated for different temper-
atures (305–343 K). The calculated ‘qe’ values obtained from
the second-order kinetics agrees with the experimental ‘qe’
values better than the first-order kinetics model, indicating
adsorption following second-order kinetics. Table 5 depicts
the computed results obtained from first- and second-order
kinetic models.
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Fig. 4 Langmuir plot (1/qe vs 1/Ce) for adsorption of mercury, lead,
and nickel. Conditions—pH of the electrolyte, 7.0; current density,
0.15 Ådm−2; temperature, 303 K; and concentration, 0.1–0.5 mg/L
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Fig. 5 Plot of log k2 and 1/T. Conditions—pH of 7.0, current density,
0.15 Å/dm2, and concentration, 0.1–0.5 mg/L

Table 4 Thermodynamics parameters for adsorption of mercury, lead,
and nickel

Contaminant Temp (K) Kc ΔG°
(J/mol)

ΔH°
(kJ/mol)

ΔS°
(J/mol/K)

Mercury 323 11.21 −192.31 3.6624 1.2665
333 12.37 −185.34

343 13.09 −159.64

Lead 323 12.33 −201.65 3.4561 1.1165
333 13.41 −196.22

343 13.99 −180.23

Nickel 323 13.62 −237.32 3.0064 0.9467
333 14.31 −215.36

343 15.45 −211.22
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Fig. 6 Plot of lnKc and 1/T. Conditions—pH of the electrolyte, 7.0;
current density, 0.15 Å/dm2, and concentration, 0.1–0.5 mg/L
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4.8 Surface morphology

4.8.1 SEM and EDAX studies

SEM images of magnesium anode, before and after, electro-
coagulation of mercury electrolyte was obtained to compare the
surface texture. Figure 7a shows the original magnesium alloy
plate surface prior to its use in electrocoagulation experiments.
The surface of the electrode is uniform. Figure 7b shows the
SEM of the same electrode after several cycles of use in
electrocoagulation experiments. The electrode surface is now
found to be rough, with a number of dents. These dents are
formed around the nucleus of the active sites where the elec-
trode dissolution results in the production of magnesium
hydroxides. The formation of a large number of dents may be
attributed to the anode material consumption at active sites due
to the generation of oxygen at its surface.

Fig. 7 SEM image of the anode a before, b after treatment
Fig. 8 EDAX spectrum of mercury-, lead-, and nickel-adsorbed mag-
nesium hydroxide

Table 5 Comparison between the experimental and calculated qe values for the mercury, lead, and nickel concentration of 0.1 mg/L at 0.15 Å/dm2

in first- and second-order adsorption kinetics

Contaminant Temp (K) qe (exp) First-order adsorption Second-order adsorption

qe(cal) k1×10
4 (min/mg) R2 qe(cal) k2×10

4 (min/mg) R2

Mercury 323 0.0072 10.87 −0.0054 0.8112 0.0070 0.0901 0.9998

333 0.0071 11.64 −0.0061 0.7866 0.0071 0.0908 0.9999

343 0.0070 12.87 −0.0063 0.7845 0.0072 0.0911 0.9994

Lead 323 0.0781 10.25 −0.0059 0.8005 0.0715 0.0912 0.9989

333 0.0786 10.37 −0.0063 0.7457 0.0744 0.0919 0.9964

343 0.0794 10.65 −0.0065 0.7598 0.0745 0.0933 0.9945

Nickel 323 0.0786 13.01 −0.0064 0.8011 0.0776 0.0971 0.9999

333 0.0799 13.85 −0.0067 0.7964 0.0763 0.0976 0.9988

343 0.0804 14.15 −0.0073 0.7869 0.0794 0.0979 0.9994
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Energy-dispersive analysis of X-rays was used to analyze
the elemental constituents of mercury-, lead-, and nickel-
adsorbed magnesium hydroxide shown in Fig. 8. It shows
that the presence of Hg, Pb and Ni, Mg and O appears in the
spectrum. EDAX analysis provides direct evidence that
mercury, lead, and nickel is adsorbed on magnesium
hydroxide. Other elements detected in the adsorbed magne-
sium hydroxide come from adsorption of the conducting
electrolyte, chemicals used in the experiments, alloying and
the scrap impurities of the anode and cathode.

5 Conclusions

The results showed that the maximum removal efficiency
was achieved at a current density of 0.15 Å/dm2 and pH of
7.0 for mercury, lead, and nickel using magnesium alloy as
anode and galvanized iron as cathode. The anodically dissolved
magnesium hydroxide adsorbs on magnesium and removes the
mercury, lead, and nickel below 0.05 mg/L. From the
Lagergren model of kinetic studies, it is showed the
adsorption is depends on both magnesium hydroxide
and mercury, lead, and nickel concentrations that is
second-order kinetics. The adsorption of mercury, lead,
and nickel preferably fit for Langmuir adsorption isotherm
rather than Freundlich isotherms. The temperature studies
showed that the adsorption process is an endothermic and
spontaneous process.
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