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Abstract
Purpose and aim In general, direct current (DC) is used in
an electrocoagulation processes. In this case, an imperme-
able oxide layer may form on the cathode as well as corro-
sion formation on the anode due to oxidation. This prevents
the effective current transfer between the anode and cathode,
so the efficiency of electrocoagulation processes declines.
These disadvantages of DC have been diminished by adopt-
ing alternating current (AC) in electrocoagulation processes.
The main objective of this study is to investigate the effects
of AC and DC on the removal of copper from water using
magnesium alloy as anode and cathode.
Materials and methods Magnesium alloy of size 2.0 dm2

was used as anode and as cathode. To optimize the maxi-
mum removal efficiency, different parameters like effect of
initial concentration, effect of temperature, pH, and effect of
current density were studied. Copper adsorbed magnesium
hydroxide coagulant was characterized by SEM, EDAX,
XRD, and FTIR.
Results The results showed that the optimum removal effi-
ciency of copper is 97.8 and 97.2 % with an energy con-
sumption of 0.634 and 0.996 kWh/m3 at a current density of
0.025 A/dm2, pH of 7.0 for AC and DC, respectively. The
adsorption of copper is preferably fitting the Langmuir
adsorption isotherm for both AC and DC respectively. The
adsorption process follows the second-order kinetics model
with good correlation. Temperature studies showed that ad-
sorption was endothermic and spontaneous in nature.

Conclusions The magnesium hydroxide generated in the
cell removes the copper present in the water, reducing the
copper concentration to less than 1 mg/L, making it safe for
drinking. The results of the scale-up study show that the
process was technologically feasible.

Keywords Electrocoagulation . Alternating/direct
current . Copper removal . Adsorption kinetics . Isotherms

1 Introduction

The presence of heavy metals in the aquatic environment is
a source of great environmental alarm. Copper is known to
be one of the most toxic heavy metals to living organisms
and it is one of the more widespread heavy metal contam-
inants of the environment (Vinikour et al. 1980; James et al.
2006). Copper, a metal that occurs naturally in rocks, soil,
water, and air throughout the environment, is an essential
element in plants, animals, and humans (Billon et al. 2006).
The adverse health effects caused by copper, mercury, and
arsenic poisoning are far more catastrophic than any other
natural calamity in the world in recent times (Ozer et al.
2004; Onmez and Aksu 1999; Prasad and Freitas 2000). The
potential sources of copper in industrial effluents include
metal cleaning and plating baths, pulp, paper board mills,
wood pulp production, fertilizer industry, paints and pig-
ments, municipal and storm water run-off, etc. (Boujelben et
al. 2009). Common symptoms of copper toxicity are injury
to red blood cells and lungs. It also gives damage to liver
and pancreatic functions. Long-term exposure to copper
may cause irritation to nose, mouth, and eyes; and also
cause headaches, stomachaches, dizziness, vomiting, and
diarrhea (Yu et al. 2000; Ajmal et al. 1998; Ozcan et al.
2005; Gardea-Torresde et al. 1996; Bailey et al. 1999). As
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recommended by the World Health Organization, the drink-
ing water guideline value is 2 mg/L. The United States
Environmental Protection Agency (USEPA) has set the
maximum contaminant level of copper allowed in drinking
water is 1.3 mg/L (CPCB 2002). The conventional methods
for removing copper from water include ion exchange,
reverse osmosis, co-precipitation, coagulation, electrodialy-
sis, and adsorption (Larous et al. 2005; Ozcan et al. 2005;
Papandreou et al. 2007; Villaescesa et al. 2004; Saeed et al.
2005; Fiol et al. 2006; Shukla and Sakhardane 1992; Jain et al.
1997, 1995b; Jain et al. 1995a; Gupta et al. 2002; Gupta and
Rastogi 2008a; Gupta et al. 2009a, b, c, d; Gupta and
Rastogi 2010). The physical methods such as ion exchange,
reverse osmosis and electrodialysis have proven to be either
too expensive or inefficient to remove copper from water.
Nowadays, the chemical treatment methods are not used due
to heavy maintenance costs, problems pertaining to sludge
handling and its disposal, and neutralization of the effluent.

Recent studies have demonstrated that electrocoagulation
method offers an attractive alternative to the traditional
methods for treating water (Vasudevan et al. 2008, 2009,
2010a, b, c, d, e; Vasudevan and Lakshmi 2011; Ali et al.
2011, 2012). In this process, anodic dissolution 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, like chemical
adsorption process (Gupta et al. 2006a, b, c, 1997a, b,
2003a, b, 2007a, b, c, d, e, f, 1998, 1999, 2001, 2002; Gupta
1998; Gupta and Sharma 2002; Gupta and Rastogi 2008a, b,
2009; Gupta and Ali 2000; Mittal et al. 2010; Mohan et al.
2001; Srivastava et al. 1995, 1996a, b, 1997; Ali and Gupta
2007; Ali 2010; Goyal et al. 2005, 2007a, b). The advan-
tages of electrocoagulation are high particulate removal
efficiency, compact treatment facility and the possibility of
complete automation. This method is characterized by
reduced sludge production, a minimum requirement of
chemicals and ease of operation (Chen 2004; Adhoum and
Monser 2004; Mrozowski and Zielinski 1983; Miwa et al.
2006; Onder et al. 2007; Carlesi Jara et al. 2007; Christensen
et al. 2006; Carlos et al. 2006; Bailey et al. 1999). The overall
reactions are as follows,

At anode : Mg2þðaqÞ þ 2H2O ! Mg OHð Þ2 þ 2HþðaqÞ ð1Þ

At cathode : 2H2OðlÞ þ 2e� ! H2ðgÞ þ 2OH� ð2Þ

Besides, 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
lead to health problems like cancer. There is no such health

problem in the case of magnesium electrode, because the
USEPA guidelines suggest that the maximum contamination
level of magnesium in water is 30 mg/L. Although there are
numerous reports dealing with electrochemical coagulation
as a means of removal of many pollutants from water and
wastewater, there are few studies on copper removal by elec-
trocoagulation method.

In general, direct current (DC) is used in an electrocoa-
gulation processes. In this case, an impermeable oxide layer
may form on the cathode as well as corrosion formation on
the anode due to oxidation. These prevent the effective
current transport between the anode and cathode, so the
efficiency of electrocoagulation processes declines. These
disadvantages of DC have been overcome by adopting
alternating current (AC) in electrocoagulation processes.
The main objective of this study is to investigate the effect
of AC/DC on the removal efficiency of copper from water
using magnesium as anode and cathode. To optimize the
maximum removal efficiency of copper, the different param-
eters such as effect of initial concentration, effect of temper-
ature, effect of current density, and pH were studied. In
doing so, the equilibrium adsorption behavior is analyzed
by fitting models of Langmuir, Freundlich, and Dubinin–
Radushkevich (D–R) isotherms. Adsorption kinetics of elec-
trocoagulants is analyzed using first-, second-order, Elovich,
and Intraparticle kinetic models. The activation energy is
evaluated to study the nature of adsorption.

2 Materials and methods

2.1 Experimental apparatus and procedures

The electrochemical cell (Fig. 1) consists of a 1.0 L glass
vessel fitted with a PVC cover having suitable holes to
introduce the electrodes, thermometer, pH sensor and elec-
trolyte. Magnesium alloy (Magnesium Elektron Ltd; AZ31
consisting of 3.0 wt % Al, 1.0 wt % Zn) of size 2 dm2 was
used both as anode and cathode. The inter electrode gap
between anode and cathode was 0.5 cm. The temperature of
the electrolyte was controlled to the desired value with
variation of ±2 K by adjusting the rate of flow of thermo-
statically controlled water through an external glass-cooling
spiral. A regulated DC was supplied from a rectifier (10 Å, 0–
25 V; Aplab model) and regulated AC was supplied from a
source (0–5 A, 0–270 V, 50Hz; AMETEKModel: EC1000S).

Copper nitrate (CuNO3; Analar Reagent, Merck, Germany)
was dissolved in de-ionized water for the required concentra-
tion. The pH of the electrolyte was adjusted, if required, with
1 M HCl or NaOH (Analar Reagent, Merck, Germany) sol-
utions. Temperature studies were carried at varying temper-
atures (313–343 K) to determine the type of reaction. To
examine the effect of co-existing ions, for the removal of
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copper, Analar Grade (Merck, Germany) sodium salts of
carbonate, phosphate, silicate, and fluoride were added to
the electrolyte for required concentrations.

2.2 Analytical procedure

The copper was analyzed using UV–Visible Spectropho-
tometer (MERCK, Spectroquant Pharo 300, Germany) us-
ing MERCK kit. The SEM and EDAX of copper-adsorbed
magnesium hydroxide coagulants were analyzed with a
scanning electron microscope (SEM) made by Hitachi
(model S-3000H). The XRD of electrocoagulation by-
products were analyzed by a JEOL X-ray diffractometer
(type—JEOL, Japan). The Fourier transform infrared spec-
trum of magnesium hydroxide was obtained using Nexus 670
FTIR spectrometer (Thermo Electron Corporation, USA). The
concentration of carbonate, silicate, fluoride, and phosphate
were determined using UV–Visible Spectrophotometer
(MERCK, Pharo 300, Germany) with MERCK kit.

3 Results and discussion

3.1 Effect of pH

It has been established that the initial pH of the electrolyte is
one of the important factor that affecting the performance of
electrochemical processes particularly on the performance

of electrocoagulation. To evaluate its effect, a series of
experiments were performed, using 10 mg/L copper-
containing solutions, with an initial pH varying in the range
of 4–12 using the AC and DC source. From Fig. 2, it can be
seen that the removal efficiency of copper was increased
with increasing the pH and the maximum removal efficiency
of 97.8 and 97.2 % was obtained at pH 7.0 for AC and DC,
respectively. The percentage of copper removal increased
with increasing pH 7, a decreasing trend in adsorption was

Fig. 1 Laboratory scale cell
assembly. (1) DC Power
Supply, (2) pH meter, (3)
electrochemical cell, (4)
cathodes, (5) anode, (6)
electrolyte, (7) outer jacket, (8)
thermostat, (9) inlet for
thermostatic water, (10) outlet
for thermostatic water, (11)
PVC cover, (12) pH sensor and
(13) magnetic stirrer
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Fig. 2 Effect of pH on the removal of copper. Conditions—current
density, 0.025 A/dm2; concentration, 10 mg/L; and temperature, 303 K

Environ Sci Pollut Res (2013) 20:399–412 401



observed when below and above pH 7 for both AC and DC
source. At acidic and alkaline pHs, the oxide surfaces ex-
hibit net positive and negative charges respectively and
would tend to repulse the adsorption of copper and resulting
the maximum adsorption at pH 7.0.

3.2 Effect of initial ion concentration

To study the effect of initial concentration, experiments
were conducted at varying initial concentrations from 2
to 10 mg/L using AC and DC sources, and the results
are illustrated in Fig. 3. From the results, it can be seen
that the adsorption of copper is increased with an in-
crease in copper concentration and it remains constant
after equilibrium time. The equilibrium time was 10 min
for all of the concentrations studied (2–10 mg/L) for the
AC source. The amount of copper adsorption (qe) in-
creased from 1.77 to 8.92 mg/g when the concentration
was increased from 2 to 10 mg/L for AC source. The
figure also shows that the adsorption was rapid in the
initial stages and gradually decreased with progress of
adsorption. The plots are single, smooth and continuous
curves leading to saturation, suggesting the possible
monolayer coverage to copper on the surface of the
adsorbent. In the case of DC the equilibrium time was
found to be 45 min for all concentration studied (figure
not shown).

3.3 Effect of current density

It is well known that the current density is the very
important factor for elecrocoagulation process. The
amount of copper removal and removal rate has increased

by increasing current density. Further, the amount of copper
removal depends upon the quantity of adsorbent (magnesium
hydroxide) generated, which is related to the time and current
density. To investigate the effect of current density on the
copper removal, a series of experiments were carried out by
solutions containing constant copper loading of 10 mg/L, at a
pH 7.0, with current density being varied from 0.01 to 0.1
A/dm2 using both AC and DC current source. The results
showed that the optimum removal efficiency of 97.8 and
97.2 % with the energy consumption of 0.634 and
0.996 kWh/kL was achieved at a current density of 0.025
A/dm2, at pH of 7.0 using AC and DC, respectively. The
results are presented in Table 1. The results show that the
removal efficiency of copper was higher and energy consump-
tion was lower in the case of AC than DC. This may be due to
the uniform dissolution of anode and cathode during electro-
coagulation in the case of AC. The removal efficiency was
found showing the amount of copper adsorption increases
with the increase in adsorbent concentration, which indicates
that the adsorption depends up on the availability of binding
sites for copper. Hence, further studies were carried out at
0.025 A/dm2

3.4 Effect of co-existing ions

To study the effect of co-existing ions, in the removal of
copper, sodium salts of carbonate (0–250 mg/L), phosphate
(0–50 mg/L), silicate (0–15 mg/L), and arsenate (0 5.0 mg/L)
was added to the electrolyte and electrolysis was carried out
using AC.

The effect of carbonate on copper removal was evaluated
by increasing the carbonate concentration from 0 to 250 mg/L
in the electrolyte. The removal efficiencies are 97.8, 97,
79, 67.2, 33, and 24.5 % for the carbonate ion concentration
of 0, 2, 5, 65, 150, and 250mg/L respectively. From the results
it is found that the removal efficiency of the copper is not
affected by the presence of carbonate below 5 mg/L. A sig-
nificant reduction in removal efficiency was observed, above
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Fig. 3 Effect of electrolysis time and amount of copper adsorbed. Con-
ditions—current density, 0.025 A/dm2; pH, 7.0; and temperature, 303 K

Table 1 Effect of current density on the removal efficiency of copper
using AC and DC with initial copper concentration 10 mg/L

Current
density
(A/dm2)

AC DC

Removal
efficiency
(%)

Energy
consumption
(kWh/kL)

Removal
efficiency
(%)

Energy
consumption
(kWh/kL)

0.01 95.0 0.367 94.1 0.664

0.025 97.8 0.634 97.2 0.996

0.05 98.1 0.742 97.8 1.327

0.075 98.3 0.993 98.1 1.554

0.1 98.7 1.002 98.4 1.658
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5 mg/L of carbonate concentration is due to the passiv-
ation of anode resulting, the hindering of the dissolution
process of anode.

The concentration of phosphate ion was increased from 0
to 50 mg/L at the contaminant range of phosphate in the
ground water. The removal efficiency for copper was 97.8,
96.9, 77.3, 55.1, and 50 % for 0, 2, 5, 25, and 50 mg/L of
phosphate ion, respectively. There is no change in removal
efficiency of copper below 5 mg/L of phosphate in the water.
At higher concentrations (at and above 5 mg/L) of phosphate,
the removal efficiency of copper decreased to 50 %. This is
due to the preferential adsorption of phosphate rather than
copper as the concentration of phosphate increase.

The effect of silicate on the removal efficiency of copper
was investigated. The respective efficiencies for 0, 5, 10, and
15 mg/L of silicate are 97.8, 65, 60.2, and 53 %. The removal
of copper decreased with increasing silicate concentration
from 0 to 15 mg/L. In addition to preferential adsorption,
silicate can interact with magnesium hydroxide to form solu-
ble and highly dispersed colloids that are not removed by
normal filtration.

From the results it is found that the efficiency decreased
from 97.8, 88.1, 71.5, 52, and 26.7 % by increasing the
concentration of fluoride from 0, 0.2, 0.5, 2, and 5 mg/L.
This is due to the preferential adsorption of fluoride over
copper as the concentration of fluoride increases. So, when
fluoride ions are present in the water to be treated, fluoride
ions compete greatly with copper ions for the binding sites.

3.5 Kinetic modeling

The dynamics of the adsorption process in terms of the order
and the rate constant can be evaluated using the kinetic
adsorption data. The process of copper removal from an
aqueous phase by any adsorbent can be explained by using
kinetic models.

3.5.1 First-order Lagergren model

The variation of the adsorbed copper with time was kinetically
characterized using the First and second-order rate equation
proposed by Lagergren. The first-order Lagergren model as
(Wan Ngah and Hanafiah 2008; Ho and McKay 1998),

dq=dt ¼ k1 qe � qtð Þ ð3Þ
where, qt is the amount of copper adsorbed on the adsorbent at
time t (in minutes) and k1 (in per minute) is the rate constant of
first-order adsorption. The integrated form of the above equation
with the boundary conditions t00 to t>0 (q00 to q>0) and then
rearranged to obtain the following time dependence function,

log qe � qtð Þ ¼ log qeð Þ � k1t=2:303 ð4Þ

where qe is the amount of copper adsorbed at equilibrium. The
qe and rate constant k1 were calculated from the slope of the
plots of log (qe − qt) versus time (t).

3.5.2 Second-order Lagergren model

The second-order kinetic model is expressed as (Benaissa
and Elouchd 2007; Wu et al. 2005),

dq=dt ¼ k2 qe � qtð Þ2 ð5Þ
Equation (5) can be rearranged and linearized as,

t=qt ¼ 1=k2qe
2 þ t=qe ð6Þ

where qe and qt are the amount of copper adsorbed on Mg
(OH)2 (in milligrams per gram) at equilibrium and at time t (in
minutes), respectively, and k2 is the rate constant for the
second-order kinetic model. The equilibrium adsorption ca-
pacity, qe (in calories) and k2 were determined from the slope
and intercept of plot of t/qt versus t (Fig. 4). Table 2 depicts the
computed results obtained from first- and second-order kinetic
model for AC and DC source. The calculated qe values well
agree with the experimental qe values for second-order kinet-
ics model better than the first-order kinetics model for both
AC and DC. This implies that the second-order model is in
good agreement with experimental data and can be used to
favorably explain the copper adsorption on Mg(OH)2.

3.5.3 Elovich model

The simplified form of Elovich model is (Oke et al. 2008),

qt ¼ 1=b log e abð Þ þ 1=blog e tð Þ ð7Þ
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where α is the initial adsorption rate (in milligrams per gram
per hour) and, β is the desorption constant (in grams per
milligram). If copper adsorption fits the Elovich model, a plot
of qt versus loge(t) should yield a linear relationship with the
slope of (1/β) and an intercept of 1/β loge (α β). Table 3
depicts the results obtained from the Elovich equation. Lower
regression value shows the inapplicability of this model.

3.5.4 Intraparticle diffusion model

Intraparticle diffusion is expressed as (Weber and Morris
1963; Allen et al. 1989),

R ¼ kidðtÞaz ð8Þ
A linearized form of Eq. (8) is followed by

logR ¼ log kid þ a logðtÞ ð9Þ
in which a depicts the adsorption mechanism and kid may be

taken as the rate factor (percent of copper adsorbed per unit
time). Lower and higher value of kid illustrates an enhance-
ment in the rate of adsorption and better adsorption with
improved bonding.

Tables 2 and 3 depict the computed results obtained from
first-order, second-order, Elovich, and Intraparticle diffusion
models for AC and DC, respectively. The correlation coef-
ficient values decreases from second-order, first-order, and
Intraparticle diffusion to Elovich model. This indicates that
the adsorption follows the second-order than the other mod-
els for both AC and DC. 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.

3.6 Isotherm modeling

The adsorption capacity of the adsorbent has been tested using
Freundlich, Langmuir and Dubinin–Redushkevich isotherms.

Table 2 Comparison between the experimental and calculated qe values for different initial copper concentration in first- and second-order
adsorption kinetics at room temperature

Current Concentration
(mg/L)

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

source qe (Cal) k1×10
3 (min/mg) R2 qe (Cal) k2×10

3 (min/mg) R2

DC 2 1.79 1.454 −0.0556 0.8996 1.671 0.6655 0.9984

4 3.61 3.253 −0.0124 0.9154 3.701 0.3361 0.9963

6 5.44 5.112 −0.1102 0.8654 5.554 0.2995 0.9985

8 6.67 6.454 −0.1243 0.8814 6.612 0.1559 0.9966

10 9.01 8.221 −0.1332 0.8572 8.993 0.0999 0.9993

AC 2 1.77 1.5512 −0.0612 0.8431 1.7219 0.6789 0.9995

4 3.56 3.1422 −0.0232 0.9629 3.6029 0.3591 0.9999

6 5.38 5.0127 −0.1486 0.7818 5.4737 0.3005 0.9998

8 6.51 6.2023 −0.0596 0.9334 6.5932 0.0541 0.9985

10 8.92 8.0061 −0.0514 0.9428 8.2718 0.0971 0.9994

Table 3 Elovich model and
Intraparticle diffusion for differ-
ent initial copper concentrations
at temperature 305 K and pH 7

Current source Concentration
(mg/L)

Elovich model Intraparticle diffusion

Α (mg/g/h) Β (g/mg) 12 kid (l/h) A (%/h) R2

DC 2 9.08 39.22 0.6941 30.11 0.225 0.6621

4 4.63 31.45 0.8355 26.21 0.166 0.7026

6 3.91 27.66 0.6665 20.36 0.092 0.7754

8 1.09 20.31 0.7021 16.93 0.066 0.6452

10 0.93 9.631 0.6654 15.22 0.056 0.5521

AC 2 10.13 51.42 0.7341 29.84 0.205 0.7143

4 5.02 39.56 0.8434 25.46 0.188 0.6621

6 3.43 24.33 0.6864 21.64 0.106 0.7045

8 0.75 19.12 0.7146 18.02 0.091 0.8162

10 0.41 10.24 0.6021 16.32 0.084 0.5561
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These models have been widely used to describe the behavior
of adsorbent–adsorbate couples. To determine the isotherms,
the initial pH was kept at 7 and the concentration of copper
used was in the range of 2–10 mg/L using AC and DC.

3.6.1 Freundlich isotherm

The Freundlich isotherm is an empirical model relates the
adsorption intensity of the sorbent towards adsorbent. The
isotherm is adopted to describe reversible adsorption and
not restricted to monolayer formation. The mathematical
expression of the Freundlich model can be written as (Leea
et al. 2004; Prasanna Kumar et al. 2006),

qe ¼ KC n ð10Þ
According to Freundlich isotherm model, initially

amount of adsorbed compounds increases rapidly, this in-
crease slow down with the increasing surface coverage.
Equation (10) can be linearized in logarithmic form and

the Freundlich constants can be determined as follows,

log qe ¼ log kf þ n logCe ð11Þ
where, kf is the Freundlich constant related to adsorp-
tion capacity, n is the energy or intensity of adsorption;
Ce is the equilibrium concentration of copper (in milli-
grams per liter). In testing the isotherm, the copper
concentration used was 2–10 mg/L and at an initial
pH 7, the adsorption data is plotted as logqe versus logCe

and 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, respective-
ly. The value of n falling in the range of 1–10 indicates
favorable sorption. The Freundlich constants kf and n
values were shown in Table 4 for AC and DC sources.
From the analysis of the results, it is found that the
Freundlich plots fit satisfactorily with the experimental data
obtained in the present study.

Table 4 Constant parameters and correlation coefficient calculated for
different adsorption isotherm models at different temperatures for
copper adsorption on magnesium hydroxide

Isotherm Constants

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

AC 277.12 0.0016 0.8894 0.9991

DC 264.55 0.00125 0.9621 0.9999

Freundlich kf (mg/g) n (L/mg) R2

AC 0.9327 1.0166 0.9899

DC 0.9025 1.0192 0.9876

D–R Qs

(×103 mol/g)B (×103 mol2/kJ2)E (kJ/mol)
R2AC0.9921.66410.210.9454DC1.8562.13412.360.9321
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Fig. 5 Langmuir plot for adsorption of copper. Conditions—pH, 7.0;
current density, 0.025 A/dm2; and temperature, 303 K

Table 5 Pore diffusion
coefficients for the
adsorption of copper at
various concentrations
and temperature

Pore diffusion constant D ×10−9

(cm2/s)

Concentration (mg/L)

2 1.112

4 1.006

6 0.965

8 0.883

10 0.767

Temperature (K)

313 1.117

323 1.091

333 0.864

343 0.773
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Fig. 6 Plot of log k2 and 1/T. Conditions—pH, 7.0; current density,
0.025 A/dm2
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3.6.2 Langmuir isotherm

The linearized form of Langmuir adsorption isotherm model
is (Bouzid et al. 2008; Sarioglu et al. 2005),

Ce=qe ¼ 1=qmbþ Ce=qm ð12Þ
where, qe is amount adsorbed at equilibrium concentra-
tion Ce, qm is the Langmuir constant representing max-
imum monolayer adsorption capacity and b is the Langmuir
constant related to energy of adsorption. The plots of
1/qe as a function of 1/Ce for the adsorption of copper
on Mg(OH)2 are shown in Fig. 5. The plots were found
linear with good correlation coefficients (>0.99) indicat-
ing the applicability of Langmuir model in the present
study. The values of monolayer capacity (qm) is found
to be 277.21 and 264.55 mg/g for AC and DC (Table 4).
The values of qm calculated by the Langmuir isotherm
were all close to experimental values at given experimental
conditions. These facts suggest that copper is adsorbed
in the form of monolayer coverage on the surface of the
adsorbent.

The essential characteristics of the Langmuir isotherm
can be expressed as the dimensionless constant RL.

RL ¼ 1= 1þ bcoð Þ ð13Þ
where RL is the equilibrium constant it indicates the type of
adsorption, b, is the Langmuir constant. co represents the
various concentrations of copper solution. 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 concen-
tration of copper studied.

3.6.3 Dubinin–Radushkevich isotherm

Dubinin and Radushkevich have proposed another isotherm
which can be used to analyze the equilibrium data. It is not
based on the assumption of homogeneous surface or con-
stant adsorption potential, but it is applied to estimate the
mean free energy of adsorption (E). This model is repre-
sented by (Tan et al. 2007),

qe ¼ qs exp �B"2
� � ð14Þ

where ε 0 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 from infinite distance in the
solution and qs is the D–R isotherm constant related to the
degree of adsorbate adsorption by the adsorbent surface.
The linearized form of Eq. (14):

ln qe ¼ ln qs � 2BRT ln 1þ 1=Ce½ � ð15Þ
The isotherm constants of qs and B are obtained from the

intercept and slope of the plot of lnqe versus ε
2, respectively

(Demiral et al. 2008). 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 from infinity in the
solution and the relation is given as,

E ¼ 1=
p
2B½ � ð16Þ

The magnitude of E is useful for estimating the type of
adsorption process. It was found to be 10.21 and 12.36 kJ/mol
for AC and DC, respectively, which is bigger than the energy

Table 6 Thermodynamic parameters for the adsorption of copper

Temperature (K) AC DC

Kc ΔGo (J/mol) ΔHo (kJ/mol) ΔSo (J/mol K) Kc ΔGo (J/mol) ΔHo (kJ/mol) ΔSo (J/mol K)

313 0.2654 −711.33 0.2791 −726.03

323 0.5411 −1333.15 0.5406 −1451.73

27.1165 0.0665 22.0181 0.07265

333 0.7654 −2566.1 0.7863 −2177.05

343 1.1155 −2225.15 1.1738 −2903.03

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

ln
K

c

1/T(1/K)
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0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320

Fig. 7 Plot of log Kc and 1/T. Conditions—pH, 7.0; current density,
0.025 A/dm2
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range of adsorption reaction, 8–16 kJ/mol. So the type of
adsorption of copper on magnesium hydroxide was defined
as chemical adsorption.

The correlation coefficient values of different isotherm
models are listed in Table 4. The Langmuir isotherm model
has a higher regression coefficient (R200.999) when com-
pared to the other models for both AC and DC source. The
value of RL for the Langmuir isotherm was calculated from
0 to 1, indicating the favorable adsorption of copper.

3.7 Thermodynamic parameters

The amount of copper adsorbed on the adsorbent increases
by increasing the temperature indicating the process to be
endothermic. The diffusion coefficient (D) for intraparticle
transport of copper species into the adsorbent particles has
been calculated at different temperature by,

t1=2 ¼ 0:03xro
2=D ð17Þ

where t1/2 is the time of half adsorption (s), ro is the radius of
the adsorbent particle (in centimeters), D is the diffusion
coefficient in square centimeters per second. For all chem-
isorption systems, the diffusivity coefficient should be 10−5

to 10−13 cm2/s (Yang and Al-Duri 2001). In the present
work, D is found to be in the range of 10−10 cm2/s. The
pore diffusion coefficient (D) values for various temper-
atures and different initial concentrations of copper are
presented in Table 5.

To find out the energy of activation for adsorption of
copper, the second-order rate constant is expressed in Arrhe-
nius form (Golder et al. 2006),

ln k2 ¼ ln ko � E=RT ð18Þ
where ko is the constant of the equation (in grams per milli-
gram per minute), E is the energy of activation (in joules per
mole), R is the gas constant (8.314 J/mol/K) and T is the
temperature in kelvin. Figure 6 shows that the rate constants
vary with temperature according to Eq. (18). The activation

Table 7 Comparison between
the experimental and calculated
qe values for different initial
copper concentrations of
10 mg/L in first and second-
order adsorption kinetics at
various temperatures and pH 7

Current
source

Temperature
(K)

qe
(exp)

First-order adsorption Second-order adsorption

qe
(Cal)

k1
(min/mg)

R2 qe
(Cal)

k2
(min/mg)

R2

DC 313 7.61 1.601 −0.0061 0.8854 7.661 0.0762 0.9954

323 8.86 2.112 −0.0054 0.8625 8.881 0.1561 0.9998

333 9.11 3.122 −0.0046 0.8331 9.115 0.2552 0.9955

343 9.21 4.077 −0.0039 0.7966 9.246 0.3656 0.9966

AC 313 7.35 1.563 −0.0026 0.9612 7.965 0.0731 0.9991

323 8.81 2.012 −0.0018 0.6532 8.773 0.1626 0.9998

333 9.08 3.001 −0.0011 0.8462 9.161 0.2513 0.9999

343 9.16 4.165 −0.0063 0.7756 9.216 0.3432 0.9998
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Fig. 8 Flow diagram of the
pilot plant electrocoagulation
system. (1) AC/DC Power
Supply, (2) electro coagulation
cell, (3) water tank, (4) inlet
pump, (5) flow meter, (6) gas
outlet, (7) setting tank, (8)
sludge collection tank, (9)
filtration unit, (10) recirculation
pump, and (11) treated water
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energy (0.445 and 0.336 kJ/mol for AC and DC, respectively)
is calculated from slope of the fitted equation. The free energy
change is obtained using the following relationship

ΔG ¼ �RT lnKc ð19Þ
where ΔG is the free energy (in kilojoules per mole), Kc is the
equilibrium constant, R is the gas constant and T is the tem-
perature in K. The Kc and ΔG values are presented in Table 6.
From the table, it is found that the negative value of ΔG
indicates the spontaneous nature of adsorption. Other thermo-
dynamic parameters such as entropy change (ΔS) and enthalpy
change (ΔH) were determined using the van’t Hoff equation,

lnKc ¼ ΔS

R
� ΔH

RT
ð20Þ

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. 7). 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 copper on the
adsorbent. Positive values of entropy change show the in-
creased randomness of the solution interface during the
adsorption of copper on the adsorbent (Table 6). Enhance-
ment of adsorption capacity of electrocoagulant (magnesium
hydroxide) at higher temperatures may be attributed to the
enlargement of pore size and or activation of the adsorbent
surface (Vasudevan et al. 2010d). Using the Lagergren rate
equation, first-order rate constants and correlation coeffi-
cients were calculated for different temperatures (305–
343 K). The calculated qe values obtained from the

Fig. 9 SEM images of the anode after electrocoagulation by a AC and
b DC

Fig. 10 EDAX for copper-
adsorbed electrocoagulant
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second-order kinetics agrees with the experimental qe
values better than the first-order kinetics model. Table 7
depicts the computed results obtained for the first- and
second-order kinetic models using AC and DC. These
results indicate that the adsorption follows second-order
kinetic model at different temperatures used in this
study.

3.8 Pilot scale study

A bench scale capacity cell (Fig. 8) was designed,
fabricated and operated for the removal of copper from
water. The system consists of AC/DC power supply, an
electrochemical reactor, a water tank, a feed pump, a
flow control valve, a flow measuring unit, a circulation
pump, settling tank, sludge collection tank, filtration
unit provisions for gas outlet and treated water outlet.
The reactor is made of PVC with an active volume of
2,000 L. The magnesium anode and cathode each con-
sist of five pieces situated approximately 5 mm apart
from each other and submerged in the solution. The
total electrode surface area is 1,500 cm2 for both cath-
odes and anodes. The cell was operated at a current
density of 0.025 A/dm2 and the electrolyte pH of 7.0.
The results showed that the removal efficiency of 97.8
and 97.2 % with the energy consumption of 0.634 and
0.996 kWh/kL was achieved at a current density of
0.025 A/dm2 and pH of 7.0 using magnesium as elec-
trodes using AC and DC, respectively. The results were
consistent with the results obtained from the laboratory
scale, showing that the process was technologically
feasible.

3.9 Surface morphology

3.9.1 SEM and EDAX studies

In order to gain more insight into the effect of alternating
current, the morphology of the electrode surface after two
kinds of electrolysis (AC and DC) was characterized by
SEM as shown in Fig. 9a and b. It can be observed that
when the AC was fed, less disordered pores formed and a
smooth microstructure of magnesium suggesting the mag-
nesium electrodes were dissolved uniformly during the elec-
trolysis. 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

Fig. 11 FTIR spectrum of
copper-adsorbed magnesium
hydroxide
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Fig. 12 XRD Spectra of Mg–Cu electrocoagulant
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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
(Li et al. 2009). Energy-dispersive analysis of X-rays was
used to analyze the elemental constituents of copper-
adsorbed magnesium hydroxide shown in Fig. 10. It shows
that the presence of Cu, Mg, and O appears in the spectrum.
EDAX analysis provides direct evidence that copper is
adsorbed on magnesium hydroxide.

3.9.2 FTIR studies

FTIR spectrum (Fig. 11) of copper–magnesium hydroxide
shows the sharp and strong peak at 3,452.84 cm−1 implies
the transformation from free protons into a proton-
conductive state in brucite. The 1,640.43 cm−1 peak indi-
cates the bent vibration of H–O–H. The band at 669.93 cm−1

corresponds to Mg–O stretching vibration. Cu–O vibration
at 875.21 cm−1 also observed.

3.9.3 XRD studies

X-ray diffraction spectrum of magnesium electrode coagulant
showed very broad and sallow diffraction peaks (Fig. 12).
This broad humps and low intensity indicate that the coagu-
lant is amorphous or very poor crystalline in nature. This may
be due to the crystallization of magnesium hydroxide is a very
slow process resulting all magnesium hydroxides found to be
either amorphous or very poorly crystalline.

4 Conclusion

The results showed that the optimized removal efficiency of
97.8 and 97.2 % was achieved for AC and DC source at a
current density of 0.025 A/dm2 and pH of 7.0 using mag-
nesium as both anode and cathode. The magnesium hydrox-
ide generated in the cell removes the copper present in the
water, reducing the copper concentration to less than 1 mg/L,
making it safe for drinking. The results of the scale-up study
show that the process was technologically feasible. Lang-
muir adsorption isotherm was found to fit the equilibrium
data for copper adsorption for both AC and DC. The adsorp-
tion process follows second-order kinetics. Temperature stud-
ies showed that adsorption was endothermic and spontaneous
in nature.
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